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Abstract In the present work, thermal decomposition
kinetics of tetraalkylammonium and 1,4-dimethylpyridini-
um salts of the complex anion bis(1,3-dithiole-2-thione-
4,5-dithiolate) bismuthate ([Bi(dmit),]”) are addressed.
Kinetic parameters for the decomposition reactions were
obtained utilizing the Ozawa and Coats—Redfern (CR)
models. Entropy, enthalpy, and free energy of decompo-
sition processes were calculated from the CR results, pro-
viding information on the thermodynamic characteristics of
the processes. The most probable mechanisms of thermal
decomposition were indicated for the studied systems,
along with their kinetic and thermodynamic parameters.
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Introduction

In the last two decades, there has been a great interest in
metal complexes, organometallics and related molecular
conductive systems due to the possibility of obtaining new
materials with optimized properties for technological
applications [1, 2]. The metal-like conductivity and
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superconductivity are among the most interesting phe-
nomena observed in these materials. In the late 1980s,
Kobayashi [3] described the structure of the salt [NMey]o s
[Ni(dmit);], (NMe,4 = tetramethyl ammonium and
dmit = 1,3-dithiole-2-thione-4,5-dithiolate, Fig. 1), where
layers of parallel planar units of [Ni(dmit),] exist in the
periodic structure, generating a « electron delocalization on
the solid. Until now, many publications have addressed
these systems and much effort is pointed to their synthesis
and crystal structure determination.

The solid-state structures of various salts of dmit-based
anions contain sulfur bridge interactions, resulting in
extended (or polymeric) structures, which, associated to the
pseudo-aromatic behavior of the m electrons of the ring,
make these materials suitable for technological applica-
tions which require fine control of small electronic currents
[4]. Applications based on organometallic ferromagnets,
non-linear optical materials, and conducting polymers
are the main focus of research in this area since the 1990s
[5, 6].

Salts of dmit complex anions can also be used as pre-
cursors of thin films, for which physicochemical solid-state
characterization and knowledge of the kinetic parameters
involved in thermal decomposition are necessary. Among
the methods for obtaining thin solid films, thermal
decomposition of precursors is an alternative, easier and
less expensive process than are chemical vapor deposition
[7] or Languimuir-Blodgett techniques [8]. In addition,
hybrid films of conducting polymers and dmit complexes
exhibit enhanced electrical and electrochemical properties
[9] and, due to the possible applications of these materials
in electronic devices, understanding their decomposition
kinetics is a key issue.

Among these metal-dmit complexes, [Zn(dmit)z]%
salts have a particular role as stable dmit precursor for use

@ Springer



346

A. M. Rocco et al.

S S\ /S/\[S -X
M
S%SIS/ \s | SFS

Fig. 1 Schematic molecular structure of [M(dmit),]™" anions

with other metals. Some structures of dmit complexes with
Zn, [Q],[Zn(dmit),] (Q = monovalent cation), have been
reported [10]; these complexes exhibit different tendencies
to associate in the solid state via S...S contacts [11]. In
[Q]2[Zn(dmit),], the metal atoms are solely bonded to the
dithiolate sulfur atoms within the anions, and thus have
distorted tetrahedral geometries. Particularly for [Q]
[Bi(dmit),], the packing of the anions in solid state is
strongly dependent on [Q"] [12].

The main goal of the present work is to study the ther-
mal decomposition kinetics of tetraalkylammonium and
dimethylpyridinium salts of bis(1,3-dithiole-2-thione-4,5-
dithiolate) bismuthate (—1) and to determine the most
probable mechanisms for the solid-state reactions involved,
correlating them with the crystalline structures and the
cations in [Q][Bi(dmit),].

Methods

The decomposition process under non-isothermal condi-
tions can be studied from a single thermogravimetric (TG)
curve utilizing the Achar differential equation [13], the
MacCallum—Tanner method [14], the Horowitz—Metzger
approximation method [15], or the Coats—Redfern (CR)
integral equation [16]. The Ozawa equation [17] can also
be used to obtain kinetic parameters associated with a non-
isothermal decomposition process, in which several dif-
ferent heating rates are used.

In the present work, the CR (Eq. 1) and Ozawa (Eq. 2)
methods were utilized to study the thermal decomposition
processes. The models and functions for the most common
mechanisms operating in solid-state decompositions, which
have been tested in the present work, are well known and
can be found in the literature.

g(@)] . [AR 2RT E,
w2 o5 (-] - W
logqﬁ—i—%zc (2)

In the above equations, « is the fractional decomposition,
T is the absolute temperature (K), A is the pre-exponential
Arrhenius factor (sfl), ¢ is the heating rate (K sfl), E,isthe
apparent activation energy (J mol™'), R is the gas constant
(J mol™' K™Y, g(a) is the integral function, and C is a
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constant value. For the CR equation, 2RT/E, < 1 and the
plot of ln[g(oc)/TQ] versus 1/T would give a straight line [18].
E, is then calculated from the slope and A was obtained from
the intercept.

Utilizing the data obtained from the CR equation, the
activation entropy (AS™), activation enthalpy (AH"), and
free energy of activation (AG”) were calculated as follows
[19]:

Ah
AS* =2.303 log <1og—>R (3)
kT,
AH* = E, — RTy, (4)
AG* = AH" — T, AS?, (5)

where h and k are the Planck and Boltzmann constants,
respectively, and Ty, is the peak temperature of the DTG
curve.

Experimental

The salts [1,4-dimethyl pyridinium][Bi(dmit),], [Me,Py]
[Bi(dmit),] (I), [NBuy][Bi(dmit),] (II), and [NEty]
[Bi(dmit),] (IIT) were synthesized and characterized pre-
viously by our group and the results can be found in details
in the references [13]. [Me,Py]Br, [NBuy]Br, and [NEt4]Br
were purchased from Aldrich Chemical Co., stored under
dry argon atmosphere and used without further purification.
A Perkin-Elmer TGA7 system was used for the TG anal-
ysis and the experiments were carried out under a nitrogen
atmosphere from room temperature to 600 °C with heating
rates of 5, 10, 15, and 20 K min~'. The flow rate of
nitrogen was maintained constant at 50 cm® min~'. The
initial mass of finely powdered samples was kept about
4 mg. Superficial conductivity measures were carried out
utilizing a nanovoltimeter HP and a four-probe electrode
system. Samples of the salts I, II, and III, previously syn-
thesized and characterized [8, 16], were submitted to 6 ton
pressure in order to obtain homogeneous pellets for the
superficial conductivity measures in a dry box.

Results and discussion
Superficial conductivity

The superficial conductivity values measured in a dry box
under argon atmosphere with humidity <0.01 ppm for the
samples I, II, and III, are (1.13 £ 0.18 x 10_7), (1.65 =
0.09 x 1077, and (2.50 £0.23 x 107% Q 'cm™,
respectively. The values obtained show a variation, of
about four orders of magnitude, depending on the cation.
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This behavior has already been described for other com-
plex systems [3] and it is known that the structural changes
induced by cation exchange strongly affect the electrical
properties of such systems [4]. For the studied compounds,
different crystal structures may be formed depending on
the cation, which reflects on the electrical properties of the
solids.

Thermal stability

TG curves at heating rates of 5, 10, 15, and 20 K min~! for
the salts I, II, and III are shown in Figs. 2, 3, and 4,
respectively. All three complex salts exhibited multi-step
decomposition processes: the temperature and mass loss
data for the [Q][Bi(dmit),] and [Q]Br salts are listed in
Table 1, where the temperature ranges are defined from the
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Fig. 2 TG curves for [Me,Py][Bi(dmit);]

100 [NBu,][Bi(dmit),]
90 +
o\\o 80
[}
2] T T T T T T T T T
g 150 200 250 300 350 400 450 500 550 600
704  5Kmin™
10 K min™'
15 K min™
60 20 K min~!

T T T T T T T T T
150 200 250 300 350
Temperature/°C

Fig. 3 TG curves for [NBuy][Bi(dmit),]
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Fig. 4 TG curves for [NEt;][Bi(dmit),]

Table 1 Temperature and mass loss data for [Q][Bi(dmit),] and
[Q]Br salts

Compound Temperature Mass
decomposition range/°C loss/%
I [Me,Py][Bi(dmit),] 180-225 18
[Me,Py]Br 160-260 100
I [NBuy][Bi(dmit),] 170-320 45
[NBuy]Br 155-211 100
I [NEt,][Bi(dmit),]
First step 170-245 15
Second step 260-330 40
Third step 335-390 20
[NEty]Br 225-270 100

onset temperature (start of the decomposition at the lower
heating rate) to the endset temperature (end of the
decomposition at the higher heating rate), covering the
entire range of decomposition temperatures for each step
studied. Despite the fact that systems I, II, and III exhibit
multi-step thermal decomposition curves, only III presents
superimposable TG curves, which do not (strongly) change
their shape for different heating rates. This characteristic
allows the calculation of the kinetic parameters by the
Ozawa method for the consecutive decomposition steps.
For salts I and II, only the first decomposition step on the
curve does not change with the heating rate and, conse-
quently, only this step was analyzed by the Ozawa method.
The first decomposition step of I begins at 180 °C, while
decompositions for II and III begin at approximately
170 °C (both recorded at heating rates of 5 K min~ ). The
first decomposition step of I occurs between 180 and
225 °C with 18% mass loss, and that of II, in the range of
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170-320 °C with a mass loss of 45%. These mass loss
values do not change with the heating rate, which enables
the analysis of these decomposition steps by the Ozawa
method. In Fig. 4, it can be seen that the decomposition of
IIT occurs in three consecutive steps, the first in the tem-
perature range of 170-245 °C, with mass loss of 15%; the
second from 260 to 330 °C, with mass loss of 40% and the
third in the range of 335-390 °C. A similar multi-step
thermal decomposition was observed for a Co-dmit com-
plex by Melo and co-workers [20]. In Melo’s paper, the
decomposition kinetics was studied utilizing the Zaské
method and the decomposition of the complex occurred in
two consecutive steps. The first occurred step at approxi-
mately 170 °C, similar to the temperature observed for the
decompositions of II and III. The Zaskd method, however,
does not provide information about the mechanism of the
thermal decomposition. In the present work, as well
as the kinetics study, the most probable mechanisms for the
thermal decompositions are also described.

The bromide salts of the cations, [Q]Br, were studied in
order to detect the influence of the cation, Qt, on the
thermal decomposition of the [Q][Bi(dmit),] salts. The TG
curves for [Me,Py]Br, [NBuy]Br, and [NEt,]Br are shown
in Figs. 5, 6, and 7, respectively. For all the [Q]Br salts,
thermal decompositions occur in a single step leading to
the complete decomposition of the sample. The decom-
position of tetraalkylammonuim and 1,4-dimethylpyridi-
nium bromides has not been reported previously in the
literature up to our knowledge and, comparing the [Q]Br
TG curves with those for [Q][Bi(dmit),], there seems to be
no obvious relationship between the nature of the cation
and the onset temperature for the decomposition of
[QI[Bi(dmit),]. As mentioned, the onset of the thermal
decomposition for II and III is about 170 °C, while
exchanging tetraalkylammonium by 1,4-dimethylpyridini-
um, the onset shifts to 180 °C.
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Fig. 5 TG curves for [Me,Py]Br
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Fig. 7 TG curves for [NEt,]Br

Kinetic parameters

In order to apply the Ozawa method [17] to study the kinetics
of a particular decomposition process, the thermal decom-
position curves must shift in the abscissa when the heating
rate is changed, however, the mass loss and the difference
between Tiendsery aNd Tonsery Must not change with heating
rate. For each I and II, only the first step in the thermal
decomposition behaves as assumed in the Ozawa method.
For all systems, however, the CR method was applied.

Despite the assumptions and general considerations of
Ozawa and CR methods are different, the combined
information acquired from the application of both to
complex systems may result in a more detailed description.
Recently, the CR method has been used successfully to
describe the thermal decomposition kinetics of different
systems [21, 22].

Table 2 lists the values of E,, log(A), r (correlation
coefficient), AS?, AH?, and AG?, for the first step of
decomposition of compounds I, II, and III and the second
and third steps of III utilizing the CR method. The
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Table 2 Kinetic parameters, correlation coefficients (r), and thermodynamic functions for I, II, and III calculated utilizing the CR method
(heating rate 5 K min_l)

Mechanism E,/kJ mol ™! log (A) r AS*/J mol™! AH"/kJ mol™! AG*/kJ mol™!

I

Me,Py[Bi(dmit),] D, 552.49 58.33 0.99270 868.01 548.54 135.66
D, 581.74 61.34 0.99436 925.65 577.79 137.50
Dy 584.19 60.97 0.99443 918.56 580.24 143.32
#Dy 582.56 60.78 0.99438 914.92 578.61 143.42
=F 289.42 30.70 0.99435 338.98 285.47 124.23
F, 26.79 0.96 0.95079 —230.46 22.84 132.45
F3 54.33 343 0.94108 —183.16 50.38 137.50
P; 130.52 13.60 0.99069 11.56 126.57 121.07
Aps 179.67 18.90 0.99173 113.04 175.72 121.95
As 132.79 13.86 0.99148 16.54 128.84 120.97
As 85.91 8.77 0.99094 —80.92 81.96 120.44
A4 62.47 6.19 0.99035 —130.32 58.52 120.50
R, 271.15 28.32 0.99161 293.41 267.20 127.64
R; 27191 28.23 0.99173 291.69 267.96 129.22

big

[NBu,][Bi(dmit),] D, 240.09 24.42 0.99474 218.02 235.78 122.81
*D, 241.74 24.32 0.9951 216.11 237.43 125.46
Dy 243.42 23.87 0.99544 207.49 239.11 131.60
#Dy 242.30 23.73 0.99521 204.81 237.99 131.87
“F 118.74 11.93 0.99544 —21.12 114.43 125.38
F, 3.54 —1,12 0.98343 —270.99 —0.77 139.65
F3 12.46 0.46 0.98635 —240.74 8.15 132.89
P, 52.36 4.80 0.99045 —157.64 48.05 129.74
Aps 68.29 6.46 0.98592 —125.86 63.98 129.20
As 4927 4.42 0.98465 —164.92 44.96 130.42
As 30.26 232 0.98162 —205.13 25.95 132.24
A4 20.75 1.21 0.97770 —226.38 16.44 133.74
R, 107.49 10.29 0.98943 —52.53 103.18 130.40
R, 108.04 10.18 0.98979 —54.63 103.73 132.04

Jiig

[NEt4][Bi(dmit),] D, 38.70 1.62 0.99936 —217.91 34.70 139.44

First step of dec. *D, 42.81 1.77 0.99903 —215.03 38.81 142.17
Dy 4729 1.60 0.99885 —218.29 43.29 148.21
#Dy 4431 1.27 0.99906 —224.61 40.31 148.27
“F 20.69 0.37 0.99733 —241.84 16.69 132.93
F, 11.70 —0.33 0.95136 —255.24 7.70 130.39
F; 4.54 —0.79 0.98711 —264.05 0.54 127.46
P, 1.94 —2.10 0.98778 —289.13 —2.06 136.92
Aps 10.29 —0.69 0.99612 —262.14 6.29 132.29
As 5.17 —1.36 0.99152 —274.97 1.17 133.34
As —2.25 x 1072 - 0.84835 - - -
A4 —2.61 - 0.99502 - —6.61 -
R, 17.41 —0.33 0.99845 —255.24 13.41 136.10
Ry 18.47 —0.37 0.99829 —256.01 14.47 137.53
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Table 2 continued

Mechanism E,/kJ mol~! log (A) r AS*J mol ™! AH/kJ mol ™! AG*/KJ mol™!
Second step of dec. *D) 46.51 2.36 0.99331 —205.13 41.79 158.33
*D, 46.84 2.12 0.99186 —209.72 42.12 161.27
*Dy 46.55 1.46 0.99231 —222.36 41.83 168.16
*Dy 47.66 1.56 0.99155 —220.45 42.94 168.18
F, 19.55 0.21 0.98866 —246.30 14.83 154.76
F, 7.30 —0.66 0.97666 —262.95 2.58 151.97
F; 16.10 0.63 0.97441 —238.25 11.38 146.74
P; 4.77 —1.47 0.96254 —278.46 0.05 158.25
Ais 11.42 —0.55 0.98073 —260.85 6.70 154.90
A, 6.73 —1.11 0.97140 —271.57 2.01 156.30
As —0.17 - 0.92874 - —4.89 -
Ay —-2.17 - 0.98052 - —6.89 -
R 19.59 —0.11 0.98719 —252.42 14.87 158.28
R3 20.65 —0.15 0.98743 —253.19 15.93 159.78
Third step of dec. D, 403.30 42.15 0.98111 555.80 398.02 44.72
D, 352.55 35.99 0.97202 437.86 347.27 68.94
D3 353.71 3547 0.97239 427.90 348.43 76.43
Dy 352.94 35.38 0.97215 426.18 347.66 76.76
*F 173.55 17.77 0.99151 89.00 168.27 111.70
F, 9.30 —0.40 0.97510 —258.91 4.02 168.59
F; 15.66 0.58 0.97517 —240.14 10.38 163.02
P; 86.30 8.61 0.97202 —86.39 81.02 135.93
Ays 120.59 12.30 0.97537 —15.74 115.31 125.31
A, 88.51 8.88 0.97427 —81.22 83.23 134.85
A 56.43 5.39 0.97186 —148.05 51.15 145.25
Ay 40.39 3.60 0.96910 —182.32 35.11 151.00
R 183.93 18.68 0.97595 106.42 178.65 111.00
R3 184.20 18.53 0.9761 103.55 178.92 113.10

mechanisms that give the best correlation coefficients are
marked with an asterisk. For the third decomposition step of
salt III, the values of r indicate that the mechanism of the
thermal decomposition is Fy, with E, ~ 173.55 kJ mol ™!
and log(A) ~ 17.77, calculated using the CR method.
Considering the F; mechanism, AS?, AH?, and AG” values
for this step were 89.00 J mol~!, 168.27 kJ mol™!, and
111.70 kJ mol ™", respectively. For the first and second
steps of decomposition of salt III, however, more than one
mechanism results in good correlation coefficients and it is
not possible to choose among them based only on the results
of the CR method. For both I and II, the mechanisms D, D5,
D5, Dy, and F| showed a good agreement with the experi-
mental data, however, the values of r (correlation coeffi-
cients) do not allow the unambiguously identification of
the mechanism for the thermal decomposition of these
salts. Sanchez and co-workers [23], studying penta-
methylcyclopentadienylrhodium (II) complexes, pointed
out that identification of the mechanism was not possible

@ Springer

utilizing only the values of the correlation coefficients from
the CR or MacCallum-Tanner methods. Different approa-
ches have been made for the supplementary analysis of the
kinetic data, based both on TG or DTG (first derivative of
TG curve) curve shape. The method proposed by Dollimore
[24, 25] allows one to separate mechanisms into groups. In
the present work, this approach is used in combination with
the Ozawa and CR methods in order to distinguish among
the possible mechanisms of thermal decomposition.

It is important to determine the kinetics of decomposi-
tion of [Me,Py]Br, [NBuy]Br, and [NEt4]Br and to com-
pare these with those of the equivalent [Q][Bi(dmit);]
complexes in order to identify the influence of the cation on
the decomposition of systems I, II, or III. The values of E,,
log(A), r, AS?, AH”, and AG” obtained for [Q]Br, utilizing
the CR method are listed in Table 2 and the functions that
give the better correlation coefficients are marked with an
asterisk. In Table 3, the kinetic parameters and correlation
coefficients for [Q]Br, calculated utilizing the CR method,
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are listed. The correlation coefficients obtained for  differences only in the third decimal place and do not allow
[Me,Py]Br (D,,, n = 1-3; P3) [NBuy]Br (D,, n =1 or 3; the unambiguous identification of the thermal decomposi-
P3; A,, n = 2or4; R,) and [NEt4]Br (F; A, 5, A,) exhibits tion mechanism for these salts.

Table 3 Kinetic parameters, correlation coefficients (r), and thermodynamic functions for [Q]Br calculated utilizing the CR method (heating
rate 5 K min’l)

Mechanism E,/kJ mol™! log (A) r AS*/J mol™! AH*/KJ mol™! AG*/kJ mol™!
[Me,Py]Br *D 193.55 19.07 0.99957 116.17 189.53 133.41
*D, 202.54 19.81 0.99974 130.34 198.52 135.55
*Ds 213.24 20.39 0.99777 141.44 209.22 140.89
Dy 204.92 19.44 0.99931 123.25 200.90 141.35
F, 108.29 10.70 0.99262 —44.09 104.27 125.58
F, 632.64 64.10 0.88312 978.36 628.62 155.93
Fs 1274.05 128.76 0.88445 2216.42 1270.03 199.17
*Py 42.58 3.61 0.99914 —179.85 38.56 125.46
Ais 68.90 6.55 0.99222 —123.55 64.88 124.58
A, 49.45 4.46 0.99165 —163.57 45.43 124.46
A 30.75 2.39 0.99032 —203.21 26.73 124.91
Ay 21.06 1.25 0.98869 —225.03 17.04 125.77
R, 99.11 9.32 0.99889 —70.52 95.09 129.16
R 101.47 9.43 0.99764 —68.41 97.45 130.51
[NBuy]Br *D 238.34 26.73 0.99351 263.31 234.55 114.44
D, 231.29 25.59 0.99029 241.48 227.50 117.34
*Dsy 245.18 26.67 0.99369 262.16 241.39 121.80
Dy 235.87 25.51 0.99156 239.95 232.08 122.62
F, 119.95 13.38 0.99254 7.70 116.16 112.65
F, 103.67 12.10 0.98178 —16.81 99.88 107.55
Fs 215.11 25.46 0.98295 239.00 211.32 102.30
#Py 57.31 6.06 0.99508 —132.46 53.52 113.94
Als 80.11 8.78 0.99366 —80.38 76.32 112.98
*A, 59.08 6.30 0.99354 —127.86 55.29 113.61
As 36.42 3.55 0.99164 —180.52 32.63 114.97
*Ay 2791 2.51 0.99665 —200.43 24.12 115.54
*R, 121.69 13.27 0.99408 5.59 117.90 115.35
R3 118.74 12.74 0.99247 —4.56 114.95 117.03
[NEt4]Br D, 483.74 47.64 0.98864 662.58 479.41 134.44
D, 458.57 4473 0.98018 606.86 454.24 138.28
D3 497.11 48.08 0.98931 671.00 492.78 143.42
D, 471.35 45.40 0.98205 619.69 467.02 144.38
*F 269.75 26.70 0.99498 261.64 265.42 129.20
F; 313.57 31.74 0.90086 358.14 309.24 122.78
F3 586.05 59.53 0.87477 890.24 581.72 118.22
P3 126.27 12.26 0.99026 —14.85 121.94 129.67
*A| 5 175.78 17.29 0.99502 81.46 171.45 129.04
*A, 129.97 12.67 0.99481 —7.00 125.64 129.28
As 84.28 8.00 0.99401 —-96.41 79.95 130.15
Ay 61.11 5.59 0.99316 —142.56 56.78 131.00
R 235.11 22.78 0.98318 186.58 230.78 133.64
R3 244.20 23.56 0.98911 201.52 239.87 134.95
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Table 4 Characterization of the mechanisms based on the shape of TG plots and the values of ALoT/AHIT

System Characteristics of Tonsery and Tendsery ALoT/AHIT Associated mechanisms
I [Me,Py][Bi(dmit),] Tionsety &3 Tiendsery d 1.02 F,(n=1,2,3)
[Me,Py]Br Tionsety &3 Tiendser) S 3.57 R, (n=2,3);
D,(n=1,2,3,4)
11 [NBuy][Bi(dmit),] Tionsety 45 Tendsery d 0.96 F,(n=1,2,3)
[NBuy|Br Tionsety 43 Tiendsery d 1.21 F,(n=1,2,3)
111 [NEt4][Bi(dmit),]
First step Tionsety &3 Tiendsery d 0.99 F,(n=1,2,3)
Second step Tonseyy d; Tiendsery d 1.01 F,(n=1,2,3)
Third step Tionsety 45 Tendser) d 0.97 F,(n=1,2,3)
[NEt4]Br Tionsety 3 Tiendsen) S 0.94 A, (n=2,3,4)

d diffuse, s sharp

Table 5 Values of the apparent activation energy and correlation
coefficients (r) calculated for all the studied systems utilizing the
Ozawa method

System E,/kJ mol ™! r
[Me,Py][Bi(dmit),] 294.4 0.9867
[Me,Py]Br 185.2 0.9911
[NBu,][Bi(dmit),] 110.2 0.9952
[NBuy]Br 137.6 0.9975
[NEt,][Bi(dmit),]

First step 61.1 0.9964

Second step 70.6 0.9974

Third step 164.8 0.9991
[NEt4]Br 126.5 0.9908

Using the approach of Dollimore and co-workers [24],
the ALoT and AHIT parameters (which are the low and
high temperature fractions of the DTG half-width peak)
were determined from the DTG curves for the different
systems. In Table 4, the values of ALoT/AHIT and the
characteristics of T(onsery and T(enasery With the associated
mechanisms are shown. From the analysis of the data in
Table 4, there is an indication that the salts I, II, III and
[NBu,]Br exhibit decomposition processes governed by the
F,, mechanisms, [Me,Py]Br by R, or D,,, and [NEt4]Br, by
A,. A separation by the parameters listed in Table 4
enables the mechanism to be identified or, at worst, nar-
rows the choice down to a few mechanisms [24]. In the
present case, the possible mechanisms were grouped, and
the comparison of the data obtained with the other methods
(CR and Ozawa) allows the determination of the most
probable mechanisms.

The apparent activation energy of the decomposition
processes was calculated using the Ozawa equation, in
which four different heating rates were used. The
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calculated values of E, and r are shown in Table 5. The
analyses of the data in Table 5 showed that, despite the fact
that Ozawa method neglects the mechanism function in
calculating kinetic parameters [17], the apparent activation
energy values are in good agreement with some of those
found utilizing the CR method. The comparison of the E,
values obtained from the Ozawa and CR equations, com-
bined with the analysis of the TG-DTG curve, allows one
to distinguish among the different possible mechanisms.
This approach was utilized by Diefallah in the study of the
kinetics of the non-isothermal decomposition of manga-
nese acetate tetrahydrate [26].

Based on the different analyses carried out, the most
probable mechanisms of thermal decomposition are listed
in Table 6. The decomposition of salts I, II and the third
decomposition step of III may be associated with a process
involving the anion [Bi(dmit),]™, since all the mechanisms
determined are F (first order), independent of the cation.
For the [Q]Br salts, there are different probable mecha-
nisms, indicating that both the cation and solid-state
structures strongly influence the kinetics of thermal
decomposition. The analysis of the mechanisms also indi-
cates that the cation is not involved in the first step of
decomposition of [Q][Bi(dmit),] salts.

The crystalline structures of I and II are comparable and
the interactions between the ligands and the bismuth atom
are similar. The structure of III, however, is quite unique,
exhibiting the dmit as a bridging ligand, which results in
strong intermolecular interactions than formed in the
structures of I and II. The differences in the crystal struc-
tures account for the higher decomposition temperature of
compound III.

Considering the most probable decomposition mecha-
nism for each salt, as listed in Table 6, activation entropy
values tend to be positive, except for [NBuy][Bi(dmit),]
and [NEty]Br. This general behavior reflects a higher
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Table 6 Most probable mechanisms for the decomposition of each salt and summary of the kinetic and thermodynamic parameters (determined

using the CR method)

Compound Most probable Decomposition E,/KJ mol ™! log (A) AS*/J mol™! AH*/KT mol ™! AG*/KJ mol ™!
mechanism function
[Me,Py][Bi(dmit),] F, —In(1—a) 289.42 30.70 338.98 285.47 124.23
[Me,Py]Br D, o 193.55 19.07 116.17 189.53 133.41
[NBuy][Bi(dmit),] F, —In(1 — @) 118.74 11.93 —21.12 114.43 125.38
[NBuy]Br R, 1-(1 — o) 121.69 13.27 5.59 117.90 115.35
[NEt,][Bi(dmit)]
First step D, - - - - - -
Second step D, - - - - - -
Third step F, —In(1 — @) 173.55 17.77 89.00 168.27 111.70
[NEt,]Br A, [-In(1 — 0)]*  129.97 12.67 —7.00 125.64 129.28

disorder of the products in comparison with the reactants,
since most of these products may be eliminated in the gas
phase. Other complex systems with similar structure
around the central metal ion (a distorted octahedron)
exhibit a similar behavior, such as the complex of man-
ganese(Il) with 1-phenyl-3-methyl-4-benzoyl-5-pyrazolone
[27]. While there are differences in the entropy values,
activation enthalpy values are positive for all systems and
activation free energy values are found in a narrow range
between 111.70 and 133.41 kJ mol ",

The AH” positive values obtained for the decomposition
reactions reflect the endothermic characteristic of the pro-
cesses, while the positive values of AG” are associated with
the non-spontaneity of the reactions, which is observed for
the decomposition of other inorganic systems [28].

Conclusions

Thermal decomposition of bismuth—dmit complex salts
was studied by non-isothermal kinetics, using Ozawa and
CR methods. These methods allowed to obtain the most
probable mechanisms for these systems, the kinetic and
thermodynamic parameters associated with the decompo-
sition process. Both tetraalkylammonium and 1,4-dim-
ethylpyridinium salts of [Bi(dmit),]™ decompose with a F
mechanism, which indicates that the first step of thermal
decomposition of these systems is strongly influenced by
the anion reaction. This statement does not hold for the
[Q]Br salts, which exhibit different thermal decomposition
mechanisms depending on [Q]. The influence of the cation
on the decomposition of [Q][Bi(dmit),] is not evident,
since the mechanisms are most probably associated to both
molecular and solid-state structures.

The thermodynamic parameters obtained for each
decomposition reaction reflect the mechanism associated as
well as the specific characteristics of the systems under

study. In general, the AG” (positive) values are found
between 111.70 and 133.41 kJ mol™', while AH” (also
positive) values exhibit a broader range, between 114.43
and 285.47 kJ mol~!. In contrast, the AS” values seem to
be more influenced by the molecular structure, varying
from —21.12 to 338.98 J mol .
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