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Abstract

Thermal properties and thermal decompositions of [NEt,],[M(dmit),] (M = Ni(ll), Pd(l11), dmit = 1,3-dithiole-2-thione-4,5-dithiolate) have been
studied by thermogravimetry (TG). The TG analysis has shown that the complexes are thermally stable up to 460 K and the decomposition
of the complexes occurs in three consecutive stages up to 873 K. A thermal stability scale for [M(dmit),]*~ anions was based on the thermal
properties. Kinetics parameters, such as activation energy, E,, and kinetic apparent pre-exponential factor, In A4y, have been calculated from the
thermogravimetric data at heating rates of 10, 15, 20 and 25 K/min involving differential (Friedman’s equation) and integral (Flynn-Wall-Ozawa’s

equation) methods.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Compounds containing the heterocyclic dianion 1,3-dithiole-
2-thione-4,5-dithiolato, [C3Ss]%~, [dmit]?—, have been the sub-
ject of a substantial amount of research. The extensive research
has been facilitated by the efficient synthesis of [dmit]>~ by
alkali metal reduction of carbon disulfide, see Scheme 1 [1,2].
The interest in this anion is primarily as a precursor to elec-
tronic and photonic materials [3]. The coordination complexes
of [dmit]?—, especially those of nickel and palladium, have been
particularly well studied. Various papers have been published on
salts of [M(dmit)2]"~ (M=Ni and Pd and 0 <n<2). The inter-
est is due to the discovery that certain salts of [M(dmit)>]"~
(M =Ni, Pd), have metallic-like conductivity. At least, eight
[M(dmit)2]"~ salts (M = Ni, Pd) are found to be superconductors
[4].

While the organic and coordination chemistries and crystal
structure of dmit-containing compounds have been examined
extensively [5-8], thermal behaviour and thermal properties of
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these compounds are rare in literature. Among the very few
reports on the thermal behavior of dmit complexes are those on
Co, Cd and Zn dmit complexes [9,10]. There clearly remains
much to investigate in the area of thermal properties of dmit
compounds. Inmaterials science, thermal properties have crucial
importance.

To complete the characterization of these compounds we have
investigated the thermal properties and the thermal decompo-
sition kinetics of [Et4N]2[M(dmit)2] complexes (M =Ni, Pd).
Kinetic parameters such as activation energy, E,, and apparent
pre-exponential factor, In Aapp, have been calculated using both
the Friedman [11] and Flynn-Wall-Ozawa (FWO) [12,13] meth-
ods. We now report our results.

2. Kinetic studies

The Arrhenius parameters, In A, E,, together with the reaction
model are sometimes called the Kinetic triplet. The correlation
of kinetic parameters with the apparent kinetic model does not
allow a correct analysis to be obtained from only one experimen-
tal TG-DTG curve [14]. This problem can be solved, however,
if a multiple-scan method is employed.
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Scheme 1. Simplified synthetic pathway for [M(dmit),]? complexes.

2.1. Calculation of the activation energy

For kinetic analysis, model-free isoconversional methods
play an important role. These methods are based on the isocon-
versional principle that states that the reaction rate at a constant
extent of conversion is only a function of the temperature [15].

¢ In(Ge/e), __Fo 0

dr-r R
Henceforth, the subscript @ will indicate the values related to
a given extent of conversion. By rearranging Eq. (1), one can
arrive at Eqg. (2)

do do E,
In (dt) —In (ﬁdT> — In[A( )] — 2 )

where f(«) is a function called reaction model (RO) which
describes the dependence of the reaction rate on the extent
of reaction, T is the temperature, E; and InA are the Arrhe-
nius parameters (activation energy and pre-exponential factor,
respectively) and R is the molar gas constant (8.314 J/K mol).

The Eq. (2) is the basis of the differential isoconversional
method of Friedman [11]. By ploting In (de/dr) against 1/7, one
directly obtains —Ey/R for a given value of «.

Use of Eq. (1) in its integral form and the lin-
ear Doyle’s approximation (Inp(x)=—1.052x-5.331) [16,17]

(p(x) ~ exp(—x)/[x(x + 2)]) allows one to arrive at Eq. (3)

In(B) = In [ AEs } 5331105222 (3)
Rg (@) RT

where B is the heating rate, g(«) is a function called reaction

model. The Eq. (3) is the basis of the integral isoconversional

methods of Flynn and Wall [12] and Ozawa (FWO) [13]. For

a given value of «, the plots of In 8 versus 1/T, shows straight

lines whose slopes give —E,/R values.

In order to avoid questionable values of pre-exponential
factor in this work the intercept in Y axis n (In[A(f«))] and
InN[AEa/Rg()]—5.331) from plots of Friedman and Flynn-Wall-
Ozawa are denoted as apparent pre-exponential factor (In Aapp).

The Friedman method and the FWO method are both “model
free” methods based on multiple heating rate experiments, where
a kinetic model is not required to calculate the activation energy.

3. Experimental
3.1. Preparation of solid [Et4N]>[M(dmit); ] complexes

[EtaN]2[Zn(dmit),] was synthesized according to a literature
procedure [1]. To a red solution [Et4N]2[Zn(dmit)>] (1 mmol) in
MeOH (30 ml) was added an aqueous solution of NiCl,-6H20
(I mmol in 10ml) or PdCl; (Lmmol in 10 ml). The reaction
mixture was stirred for 24h at room temperature, the dark
green [Et4N]2[Ni(dmit)2] or brown [Et4N]2[Pd(dmit),] precip-
itate was collected by filtration and recrystallized from MeOH.
Yield: 86% (Ni); 78% (Pd).

3.2. Characterization

3.2.1. IR and UV—vis spectroscopy

Fourier transform infrared spectra (FTIR) of the solid sam-
ples in Csl pellets were recorded using a Nicolet 760 Magna-IR
spectrometer, in the region 4000-400 cm~1. UV-vis spectra in
CH3CN solution were obtained using an HP845a diode array
spectrophotometer.

3.2.2. Thermal analysis (TGA)

Thermogravimetric analysis (TGA) curves were obtained
using a TGA 50H Shimadzu Instrument in a dynamic atmo-
sphere of nitrogen (50 cm3/min) at different heating rates (10, 15,
20 and 25 K/min) from room temperature to 873 K, with 10 mg
samples. The TG-DTG data were used to obtain kinetic param-
eters using both the Friedman and Flynn-Wall-Ozawa method.

4. Results and discussion

4.1. Absorption (UV—vis) and vibrational spectroscopy
(FTIR)

The UV-vis spectra of the complexes showed absorption
bands at 226, 262, 314, 402 and 586 nm ([Et4N]2 [Ni(dmit),])
and 220, 278, 316, 438 ([Et4N]2 [Pd(dmit);]) ascribed to —mr*
intraligand transitions of the dmit?~. The bands in the region at
430-590 nm correspond to characteristic bands as also observed
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Fig. 1. Infrared vibrational spectrum for (a) Et4NBr (b) [EtsN], [Ni(dmit),] and
(c) [EtaN] [Pd(dmit)z].

for [Nay(dmit)] and [Zn(dmit)2]?~ [18]. The band at 314 [Ni
complex]/316 nm [Pd complex] can be assigned to the d—p inter-
action due to interaction between the d orbitals (metal ion) with
the p orbitals of the dmit moieties [19,20].

Fig. 1 shows the infrared spectra of [Et4N]2 [M(dmit),] as
well as that of Et4NBr. Each of the square planar [M(dmit),]?~
(M=Ni or Pd) dianions possess a Dop structural symmetry,
and has 45 vibrational modes. These modes may be classi-
fied as Raman active (8ag + 7B1g +4Bog + 2B3g), silent (3ay),
and infrared active (5B1, + 8By, +8B3y). The B, are out-of-
plane vibrations and the By, and By, are in-plane vibrational
modes. The band at ~1028 cm~! is assigned to the C=C dis-
placement out of plane. The band at ~1059 cm~! is assigned to
S—C—S + C=S stretch and the band at ~1454 cm~1 is assigned
to C=C stretch [21-24].

The bands at 3000 and 2979 cm~* and the low intensity bands
at 1500 and 1100 cm—1, 785 and 419 cm~1 are assigned to the
tetraethylammonium cation. Table 1 lists the most important
bands and assignments for both complexes.

Table 1
Assignments for the vibrational frequencies in the [M(dmit),]2~ dianion

Wavenumbers (cm~1) Mode description assignment

1444 v(C=C)
1419 v(C=C)
1053 v(C=S)
1034 v(C=S)
1001 v(Ce-Sm)
895 v(Ce—Sm) + v(Ce—Sa)
523 v(C=S) + v(Ct-S)
463/453 @(SCtS) + V(Ce—Sm) + v(Ce—Sa)
441 w(SCtS)
v: (strefcmng mode), w: (wagging mode),
/Sa\ C/ Sm
s=cy I’
C
g vgt

4.2. Thermogravimetric analysis (TGA)

Both complexes were studied by thermogravimetric analysis
from room temperature to 873 K in a nitrogen atmosphere. The
temperatures ranges of the decomposition stages, DTG(max) and
weight loss data for the [EtsN]2[M(dmit)2] (M =Ni, Pd) and
Et4NBr are listed in Table 2.

The TG-DTG curves at the heating rate of 10 K/min for
the [Et4N]2 [M(dmit)2] (M = Ni, Pd) and Et4NBr are shown in
Fig. 2(a)—(c). The decompositions of the [Et4N]> [M(dmit);]
complexes occur in three stages without formation of thermally
stable intermediates, while the decomposition of Et4NBr occurs
is a single stage reaction.

4.2.1. [EtyN] [Ni(dmit)>]

From the TG-DTG curve in Fig. 2(a), it can be seen that
[EtsN]2 [Ni(dmit)2] is thermally stable up to 440 K, but then
decomposes in three stages. The first stage, between 440 and
491K, brings a 10.15% mass loss. The second one occurs in
the temperature range of 491-540K and is associated with a
26.11% mass loss. The third stage occurs in the temperature
range of 540-663 K, with a 22.20% mass loss. Mass loss was
still being observed up to 873 K.

4.2.2. [EtyN]; [Pd(dmit)>]

The TG-DTG curve of [Et4N], [Pd(dmit),], see Fig. 2(b),
indicates that the complex is thermally stable up to 463 K.
The decomposition, as does that of [Et4N]2 [Ni(dmit)2] occurs
in three distinct stages: in the temperature ranges 463-520,
520-571 and 571-680 K the weight losses are 12.23, 11.08 and
7.48%, respectively. As with [Et4N]» [Ni(dmit),], mass loss was
still being observed up to 873 K.

4.2.3. General considerations on the thermolysis

Initially it was considered that the first decomposition stage
was related to the decomposition of the cation and loss of lower-
mass and volatile fragments. Indeed, the thermal analysis of
the Et4NBr shows only one decomposition step in the range
of 453-873 K as can be seen in Fig. 2(c). The decomposition of
Et4NBr starts atabout 453 K, which is similar to the temperatures
observed for the complexes. However, the mass losses found
for [Et4N]2 [M(dmit);2], are not in agreement with the value
calculated for the loss of the cation.

The thermal decomposition products of dmit and dithiolene
compounds have not been reported previously in the literature.
We can only make assumptions about the products formed dur-
ing the decomposition of [Et4N]> [M(dmit)2]. However, metal,
e.g., Mn(l1), Fe(ll), Ni(ll), Cu(ll) and Zn(Il), complexes with
the ligand cyanodithiolformate, which have some structural sim-
ilarities with dithiolene complexes, have been studied by Prasad
[25]. This study provides a guide to the products obtained from
the dmit compounds. The first mass loss may correspond to the
loss of two CS fragments from the dmit ring. The second and
third decomposition stages may correspond to the loss of CS,.
The coefficient of the products may change from a complex to
other due to metal-ligand bonding force and/or ionic size (r).
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Table 2

Stages, temperatures ranges, DTGmax) and weight loss data for the [Et4N],[M(dmit),] (M = Ni, Pd) and for the Et;NBr salt

Temperature range (K)

DTG(max) (K) Mass loss (%)

Complexes Stage

[EtaN]2[Ni(dmit)2] | 440-491
I 491-540
1 540-663

[EtaN]2[Pd(dmit)2] | 463-520
1 520-571
1 571-680

Et4NBr | 453-873

473.2 10.15
513.7 26.11
575.0 22.20
513.0 12.23
537.2 11.08
580.3 7.48
609.2 99.97

Different coefficients and products were observed for the com-
pounds of cyanodithiolformate [25].

Even if the observed mass losses were in agreement with
specific calculated values, the TGA technique, being involved
with just mass loss, cannot provide any structural information
of the decomposition products.

Melo et al. observed a similar multiple-step thermal
decomposition for an unspecified dmit based cobalt complex
[9]. They observed three decomposition stages at 400-570,
570-710 and 710-850 K. These values are lower than those
obtained in our study. Incredibly Melo et al. did not specify

which cobalt-dmit complex they were studying. Some of us
have investigated the thermal stabilities of [Q][Bi(dmit)z]
complexes (Q =tetraalkylammonium and dimethylpyridinium).
Interestingly here too, a three stage decomposition process
for the [Et4N][Bi(dmit)2] complex [26] was observed. In this
case, the ranges found, 443-518, 518-603 and 603-663 K, are
close to those found for the Ni and Pd complexes. By con-
sidering the temperatures for the onset of decompositions for
dmit-complexes, a thermal stability scale can be established as
[Et4N]2[Pd(dmit),] > [EtaN][Bi(dmit),] > [Et4N]2[Ni(dmit),] >
[Q]:[Co(dmit),], where Q = cation, x and y are integers.
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Fig. 2. TG-DTG curves for (a) [Et4N]2 [Ni(dmit),], (b) [Et4N]> [Pd(dmit),] and (c) Et4NBr at a heating rate of 10 °C/min.
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Fig. 3. (a) a—T curves for [Et4N], [Ni(dmit);] at different heating rates. (b) Reaction rate curves for [Et4N], [Ni(dmit)] at different heating rates. (c) «—T curves
for [EtaN], [Pd(dmit),] at different heating rates. (d) Reaction rate for [EtsN], [Pd(dmit),] at different heating rates.

4.3. Evaluation of kinetics parameters

The a—T and da/dr—T plots obtained for the [Ets4N]»
[M(dmit)2] (M =Ni, Pd) complexes at different heating rates
are shown in Fig. 3(a)—(d). Using these data, plots of In(d«/dz)
versus 1/T (Friedman’s equation) [11] and of In 8 versus 1/T
(FWO’s equation) [12,13] are obtained. From the slopes values
(Ea/R), a number of activation energies are obtained, with all
depending on the extent of conversion.

In order to estimate the pre-exponential factor, InA, some
authors assume the thermal decomposition to be a series of
successive first-order. With the reaction order n as unity, the
intercept in Y axis is In A.

It should be emphasized that by this method the pre-
exponential factor can be evaluated. However, the force-fitting to
a first order reaction model cannot lead to reliable values of In A.
Vyazovkin and Kesnikovich [27] have clearly shown that incor-
rect identification of the reaction model leads to errors in the
values obtained for the pre-exponential factor. Vyazovkin also
showed that as they cannot be estimated independently of Ej,
being subjected to a linear relationship between the activation

energies (E,) and the logarithm of the pre-exponential factors
(InA) denoted as compensation effect [28]. A model indepen-
dent estimate of pre-exponential factor can only be obtained
though the use of an artificial isokinetic relationship (IKR) [28].

In order to avoid questionable values of pre-exponential
factor in this work the intercept in Y axis (In[A(fl«))] and
IN[AE4/Rg(c)]) from plots of Friedman and Flynn-Wall-Ozawa
are denoted as apparent pre-exponential factor (In Aapp).

In Fig. 4(a) and (b) are shown the dependences of both the
activation energy and apparent pre-exponential factor on the
extent of conversion of the Ni complex. From the graphs, approx-
imately four E; maximum values can be detected, indicating that
the thermal decomposition of the Ni complex occurs in more
than three steps.

The first stage of the decomposition occurs in one step with
a decrease in the dependence of E; on «, in the range of
100-130 kJ/mol. This behavior is an indication of a reversible
reaction, such as solid <> solid + gas, which is found for many
solid-state reactions [28]. In the second step, we see more than
one E; maximum. We can suppose that the second stage of the
thermal decomposition occurs in 2-3 steps with a maximum
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Fig. 4. Dependence of the E; and InAapp on extent of conversion for decom-
position of [Et4N]2 [Ni(dmit)z] (a) using Friedman method and (b) using FWO
method.

value of E, in the range of 100-115kJ/mol. Increasing depen-
dence of E; on « is found in competing or consecutive reactions.
Such processes also occur frequently in solids, which decom-
pose according to a solid — solid + gas reaction, and which are
related to processes proceeding with a change from a kinetic to
a diffusion regime [29]. Increasing dependence of E; on « is
also found for the third stage, which occurs in a single step with
E; maximum values in the range of 130-150 kJ/mol. In this lat-
ter stage, we observe quasi-constant E, values, which suggest an
independence of E; on the extent of decomposition. The increas-
ing dependence on E; has been related previously to competing
reactions or due to consecutive reactions [26,28].

In Fig. 5(a) and (b) are shown the dependences of both the
activation energy and apparent pre-exponential factor on the
extent of decomposition of the Pd complex. Similarly to the Ni
complex, the Pd complex also shows a decreasing dependence of
E; on « in the first decomposition stage with maximum values in
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Fig. 5. Dependence of the E; and InAgpp on extent of conversion for decom-
position of [Et4N], [Pd(dmit),] (a) using Friedman method and (b) using FWO
method.

the range of 200-340 kJ/mol. As mentioned above, this behav-
ior is found in reversible reactions such as solid <> solid + gas
[28]. The second decomposition stage occurs in 1-2 steps with
a maximum value of Ej, in the range of 220-350 kJ/mol, with
increasing dependence of E; on «. The third decomposition stage
occurs with an increasing dependence of E; on « and appears
to involve 2-3 steps with a maximum value of Ej in the range
of 300-500 kJ/mol. As mentioned above, the increasing depen-
dence of E; on o may be related to competing reactions or due
to consecutive reactions [26,28].

For both complexes, a variation in the values of the activation
energy can be observed, see Figs. 4 and 5. Vyazovkin [28] has
shown this behavior in homogeneous phases. The explanation
for the variation of activation energy as a function of the extent
of the conversion or reaction progress has been a controversial
subject for many years, with several proposed explanations for
the variation of E; with the extent of the conversion, see the
review by Galwey [30].

A variation in activation energy can be observed for both
elementary and complex reactions. An elementary reaction can
show variable activation energy during its progress, as a result
of product formation and the consequent heterogeneous nature
of the residual solid sample. Such changes lead to systematic
changes in the reaction kinetics. Solid-state reactivity of an
elementary reaction could also be affected by experimental vari-
ables that can change at a reaction interface.

The reaction is called a complex reaction if two or more ele-
mentary steps, each having unique activation energies, control
the rate of product formation. In such a reaction, a change in the
activation energy would be observed as the extent of conversion
increase. This change will depend on the contribution of each
elementary step, which gives an “effective” activation energy
that varies with the extent of the conversion. Kinetic complex-
ities are not limited to multiple chemical steps. They may also
include physical processes having different activation energies.
The experimental activation energies and pre-exponential fac-
tors are listed in Table 3.

A comparison of the dependence of E, on « for the complexes
shows that the E;—a dependences sometimes show a drastic
drop inthe E, values. Thisusually occurs at the point of transition
from one mass loss step to another, when the reaction rate shows
a marked decrease.

The first decomposition stage shows a decrease of the acti-
vation energy for [EtsN]>[M(dmit);] (M =Ni, Pd) using both
methods. At the beginning of the second stage as shown by both
methods, the activation energy increases for both complexes,
with higher values for the Pd complex.

At the end of the third decomposition stage for each complex,
the process evidently accelerates with more than 40% weight
loss occurring in the temperature range of 540-680 K. For both
complexes, the highest decomposition rates were reached at the
end of the third step, with some changes in the activation energy.

On the basis of these results, the proposed stability scale is
confirmed and the second step (Pd) and third step (Ni) show
higher E; values and represent the rate-determining steps.

Some values of the activation energy, calculated by the FWO
method, are lower than those obtained by the Friedman method.
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Table 3

223

Activation energies “E,” and apparent pre-exponential factor “In Azpp” of [Et4N]2[Ni(dmit),] and [Et4N]2[Pd(dmit),] using Friedman and FWO methods

a TEA; Ni-dmit, TEA, Pd-dmity
Friedman method FWO method Friedman method FWO method
E, (kJ/mol) In Agpp E, (kJ/mol) In Agpp E, (kJ/mol) In Agpp E, (kJ/mol) In Agpp

0.02 123.0 24.2 122.2 316 247.9 58.2 221.6 60.7
0.05 98.9 18.5 116.7 29.6 149.9 30.3 173.2 44.5
0.10 106.1 19.8 113.8 28.4 194.4 40.3 179.7 44.4
0.15 67.3 9.6 104.3 25.4 322.7 70.3 220.1 53.2
0.20 115.7 21.0 99.7 23.7 271.7 59.4 247.1 59.0
0.25 111.9 20.4 107.8 25.3 200.1 411 249.2 59.0
0.30 94.1 16.4 100.9 23.4 1723 34.2 265.4 62.4
0.35 96.1 16.8 104.0 24.0 356.6 75.3 201.7 46.8
0.40 103.9 18.4 103.3 23.7 222.3 44.0 2712 62.1
0.45 108.0 19.1 105.4 24.0 194.4 375 261.7 59.3
0.50 105.3 18.2 108.9 24.7 1815 343 240.2 53.9
0.55 97.3 15.9 108.8 24.4 200.4 38.1 2184 48.6
0.60 106.7 17.3 105.2 23.3 226.8 431 212.6 46.8
0.65 134.4 22.6 109.8 23.9 339.1 66.2 201.0 43.6
0.70 149.2 25.3 130.4 28.0 3111 58.9 276.3 59.0
0.75 146.0 24.4 137.0 28.9 336.3 62.9 270.1 56.6
0.80 149.6 24.8 138.4 28.8 375.55 69.5 3111 64.0
0.85 153.6 25.3 1433 29.5 488.9 90.4 411.4 82.9
0.90 147.7 23.9 140.9 28.8 664.9 124.1 486.6 97.2
TEA = tetragihylammonium; In Azpp = the intercept in Y axis.

This is due to the Friedman method being very sensitive to exper- ~ Acknowledgements

imental noise, and so tends to be numerically unsound when
employing instantaneous rate values. However the FWO method
produces a systematic error in E; when it varies with. This error
does not arise in the Friedman method [15].

As a summary, the thermal decomposition of the com-
plexes shows that for both complexes the second stage is
the rate-determining step and from the Ea/a graphs the first
decomposition step contains an initial reversible step such as
solid <> solid + gas and other irreversible steps.

5. Conclusion

In this paper, the thermal properties and thermal decom-
position of [EtsN]>[M(dmit),] complexes (M=Ni or Pd;
dmit =1,3-dithiole-2-one-4,5-dithiolate) have been studied
by thermogravimetry (TG). The TG analysis has shown that
the complexes are thermally stable up to 440K and their
decomposition occurs in three consecutive stages up to 873 K.
Kinetic parameters such as activation energies, E,, and kinetic
apparent pre-exponential factor, In Aapp, have been determined
from the thermogravimetric data using heating rates 10, 15,
20 and 25 K/min involving differential (Friedman’s equation)
and Integral (Flynn-Wall-Ozawa’s equation) methods. The Pd
complex, [Et4N]2[Pd(dmit);] is slightly more stable than the Ni
analogue. From the dependence of E; on extent of conversion
it may be concluded that the reactions under consideration are
typical complex muti-step reactions. The E;—a dependence
values are in agreement with the stability scale found for the
dmit complexes.
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