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DECOMPOSITION OF ALKANAMINIUM 
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ABSTRACT 

Thermal properties of unbranched compounds of general formula [(C,,Hlri+ ,),,NHD_,,]~ 
PbC16, with II = l-4 and p = 2-4, and several other cyclic and open chain branched aliphatic 
alkanaminium hexachloroplumbates were examined by thermoanalytical methods (DTA, TG, 
and DTG). Complementary information was gathered by performing thermolyses in an 
apparatus enabling quantitative determination of evolved chlorine. Thermal decomposition of 
the compounds studied takes place in two stages: 
(i) liberation of chlorine 

(R,>NH,-,)zPbCl,(,, + Clzcn, + [Pbcl, +2(R,NH-,)Cl](s, 

(ii) volatilization of amine hydrochlorides (a = 0) or decomposition of quaternary salts 
(a=l) 

[Pbcl, +2(R,NH,_,)Clj(h, --, PbClzrcj +~FQ-.NH~-~+,~~, +2(1- u)HCl,,, +2aRCl,,, 

Amounts of chlorine evolved were usually less than stoichiometric as some was consumed in 
secondary processes. 

For compounds with well-defined decomposition steps the thermodynamics and kinetics 

of the first stage were examined. The crystal lattice energies of the compounds were estimated 
using the Kapustins~i-Yatsimirs~i equation. Derived values. together with those available 
from the literature, were used for the estimation of the enthalpy of formation and enthalpy 
changes for the first step of the thermal decomposition of the salts. The kinetics of the 
thermal decomposition were analysed by considering two different forms of kinetic equation, 
i.e. the “classical” form and that based on an assumption: a =f( t, T). No substantial 
differences between kinetic parameters derived by these methods were found. Some aspects of 
this problem are discussed, particularly with regard to the existing controversy over the 
adequate form of kinetic equations under non-isothermal conditions. 

* Presented in part at the 8th International Conference on Thermal Analysis, Bratislava, 
Czechoslovakia, August 1985 [I]. 
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INTRODUCTION 

Solid derivatives of hexachloroplumbic acid are interesting model com- 
pounds for the investigation of properties of hexachlorometallates of the 
main group IV elements owing to the unique behaviour of the central atom 
[2,3]. These compounds may be considered as molecular complexes of PbCl, 
and appropriate chloride salts or other donors (e.g. chloroalkanes). Lead 
tetrachloride is thermodynamically unstable and this feature is due to the 
relatively high Pb4+/Pb2+ potential (+ 1.5 V [4]) compared with that of 
Cl */ 2Cl- ( + 1.36 V [5]). Molecular complexes of PbCl, can exist, however, 
because the compound exhibits relatively strong electron-acceptor proper- 
ties. Thermal stability of hexachloroplumbates, i.e. derivatives originating 
from PbClg-, is limited and depends markedly on the structure of cations 
forming appropriate salts. Hexachloroplumbates of various salts have been 
examined in the past [6] and this work is a continuation of the cycle. The 
choice of alkanaminium cations for the study creates an opportunity for 
examining the influence of the size and structure of the cation on thermal 
features of hexachloroplumbates in a relatively wide range. On the other 
hand, these derivatives are relatively simple as model compounds for the 
investigation. A further aim of this work is to provide basic thermochemical 
characteristics for alkanaminium hexachloroplumbates. Such data are of 
interest since they can provide important information on the thermal be- 
haviour of the compounds of this group. These characteristics are not 
available for the majority of hexachloroplumbates studied. We also intend to 
examine some aspects of the kinetics of the thermal decomposition of some 
of the compounds studied, particularly in relation’ to the application of 
various kinetic methods and computational procedures. 

EXPERIMENTAL 

All reagents used were the best available grades. Hexachloroplumbic acid 
and its alkanaminium salts were prepared by reported methods [2,6,7]. The 
synthesized salts were analysed for Pb(I1) and Pb(IV). Compounds more 
than 96% pure, with respect to Pb(IV) content, were always used for 
investigations. 

The thermal analyses were performed on an OD-103 derivatograph 
(Monicon) with a-Al,O, as reference, in a dynamic atmosphere of nitrogen. 
The sample was placed on one of the platinum plates (ref. 8, Appendix 1, 
No. 4). Other operating conditions are described in Table 1. 

The isothermal experiments were carried out by the procedure described 
previously [9]. Details of analytical methods used have also been reported 
elsewhere [ 93. 
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TABLE 2 

(Y versus T dependencies for the first stage of the thermal decomposition of hexachloroplum- 

bates 

a T W 
Substance No. a 

7 10 

0.1 378.4 397.1 

0.2 386.8 405.8 

0.3 392.0 412.3 

0.4 395.0 417.3 

0.5 397.3 421.6 

0.6 399.8 425.7 
0.7 401.9 429.4 
0.8 403.3 433.4 
0.9 404.9 437.8 

a For information see Table 1. 

15 19 20 22 

352.9 372.9 370.1 385.5 
363.2 379.5 381.7 397.4 
370.6 383.8 388.6 405.1 
375.4 386.6 393.5 411.2 
379.4 389.5 397.7 414.9 
383.4 391.8 401.4 418.2 
386.8 393.8 403.7 420.9 
390.5 396.1 406.6 423.2 
395.6 399.1 410.5 425.7 

In the case of compounds showing well-defined reaction stages the 
experimental TG curves were used for the examination of thermodynamics 
and kinetics of the first step of thermolysis. The temperature (T) values 
corresponding to certain values of the extent of reaction (a) were de- 
termined as previously described [6,10]. Each (Y vs. T data point used for the 
calculations was obtained from at least three replicate measurements. This 
information is compiled in Table 2. 

RESULTS AND DISCUSSION 

1. General features of the thermal decomposition 

All alkanaminium hexachloroplumbates studied undergo decomposition 
upon heating to 700 K. Thermal analyses of four compounds chosen as 
examples are shown in Figs. 1 and 2, and the results of thermoanalytical 
investigations of all the compounds examined are compiled in Table 1. 

Thermal decomposition of 3-methyl-l-butanaminium hexachloroplum- 
bate (Fig. 1A) presents the simplest reaction pattern. In the first step of its 
thermolysis one molecule of Cl, from one molecule of hexachloroplumbate 
is released. As a result of this process a mixture of PbCl, and 2 molecules of 
[(CH,),CHCH,CH,NH,]Cl is formed from which the latter compound 
volatilizes in the second stage. The shape of thermoanalytical curves corre- 
sponding to the second step is the same as that in the case of volatilization 
of pure amine hydrochloride [ll]. This implies that both components of the 
mixture occur as separate crystal forms. Several other hexachloroplumbates 
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Fig. 1. Thermal analyses of 3-methyl-1-butanaminium hexachloroplumbate (A) and piperi- 
dinium hexachloroplumbate (B). The dashed lines indicate the theoretical weight losses in the 
first (1) and second (2) reaction stage, respectively. 
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L 

73 

Fig. 2. Thermal analyses of N-propyl-1-propanaminium hexachloroplumbate (A) and 
N, N, N-triethylethanaminium hexachloroplumbate (B). The dashed lines indicate the theoreti- 
cal weight losses in the first (1) and second (2) reaction step, respectively. 
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studied, namely: 2-propanamine, 2-methyl-1-propanamine, and cyclohe- 
xanamine, show similar behaviour upon heating (Table 1). 

A somewhat different pattern of thermolysis is exhibited by hexachlorop- 
lumbates of piperidine and N-propyl-l-propanamine. The first step of the 
thermal decomposition of both these derivatives is identical to that for 
3-methyl-l-butanaminium hexachloroplumbate. The second stage is more 
complex since two peaks are seen in the DTA and DTG curves. Thermoana- 
lytical investigations revealed that PbCl 2 undergoes no thermal transforma- 
tions between room temperature and - 690 K [13]. Thus, the observed 
effects cannot be due to the presence of this compound. On the other hand, 
pure alkanaminium chlorides, which are expected to be formed in the first 
stage, should volatilize smoothly as was demonstrated in our previous work 
[ll]. A possible explanation of this phenomenon could be that lead chloride 
and amine hydrochlorides form complex salts either instantaneously with 
the decomposition of parent molecules of hexachloroplumbates or upon 
further heating of the mixture of solid products of the first step. Such species 
may exhibit different behaviour upon heating to that characteristic of pure 
PbCl, or amine hydrochlorides, and thus their presence could complicate 
the course of thermolysis. The extend of transformation of both reactants 
into mixed derivatives is presumably the major factor affecting the course of 
the second stage. The thermoanalytical curves in Fig. 1B indicate that only a 
minor part of the products of the first step is involved in the formation of 
mixed salts. On the other hand, upon decomposition of N-propyl-l-propan- 
aminium hexachloroplumbate (Fig. 2A) mostly mixed salts are formed. This 
means that the second stage, corresponding to the decomposition of the 
latter compound, shows no feature characteristic of the volatilization of pure 
amine hydrochloride [ 111. 

Mixed salts undoubtedly occur also upon decomposition of other 
hexachloroplumbates studied. The effects due to their presence are, however, 
often overshadowed by other processes whose nature will be discussed 
subsequently. 

Interactions between PbCl, and piperidine or N-propyl-1-propanamine 
hydrochlorides, leading to the formation of mixed salts, have not, so far, 
been investigated. In our previous work [6] we have shown that some other 
amine hydrochlorides mixed with PbCl, (in the ratio 2 : 1, respectively) 
exhibit similar behaviour upon heating to that characteristic for the residue 
from decomposition of appropriate hexachloroplumbates. Further support 
for this hypothesis comes from the fact that the existence of double salts 
between PbCl, and NH,C1[14-171 or other hydrochlorides or organic bases 
(e.g. quinolinium chloride [18]) has been confirmed experimentally. Ther- 
molysis of (NH,),PbCl, presents a complex pattern also [6], and this 
behaviour can be mostly ascribed to the formation of double salts with the 
participation of solid products from the first stage of the process. 

Thermal decomposition of the remaining compounds investigated exhibits 
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a more complex nature, but some general regularities can be seen. The total 
weight loss estimated from TG curves corresponds always, within experi- 
mental error, to the formation of PbCl,. The residue was sometimes 
light-grey in colour which could be due to the contamination of PbCl, with 
traces of carbonization products. This indicates that both Cl, and ap- 
propriate amine hydrochlorides volatilize completely during the thermal 
decomposition of the compounds studied. As thermoanalytical data show 
the pathways for the thermal processes are apparently not simple. To obtain 
further insight into this problem we determined the amounts of chlorine 
evolved under various experimental conditions. The results, presented in 
Table 3, indicate that decompositions carried out at temperatures corre- 
sponding to the first step always afforded more chlorine than those per- 
formed at higher temperatures. The amounts of liberated chlorine decrease 
with a decrease in the flow rate of the inert gas through the reactor and in 
the presence of the appropriate amine hydrochlorides. Further, when the 
compounds studied were covered with a layer of a foreign substance (PbCl,) 
the values of v were lower than those obtained in the case of pure 
substances. A similar effect causes the increase of the mass of the sample. 
All this evidence shows that some of the chlorine is consumed in secondary 
processes. Moreover, the results of isothermal investigations indicate that 
processes leading to the consumption of chlorine occur predominantly in the 
gaseous phase, and this is borne out by the fact that all factors influencing 
diffusion of products to the gas phase and their removal from the reaction 
zone also affect markedly the amounts of evolved chlorine (Table 3). When 
the reaction stages are clearly separate in the temperature scale, the chlorine 
liberated in the first step is removed from the reaction zone before the 
alkanaminium chlorides begin to sublime. This reaction course is actually 
observed only for the compounds listed in Table 2. Data from isothermal 
experiments generally confirm this hypothesis although stoichiometric 
amounts of chlorine have not always been detected upon decomposition of 
these compounds at low temperatures. 

A possible source of this discrepancy may be the experimental conditions 
which have been chosen arbitrarily to enable a comparison of properties of 
various compounds upon heating (Table 3). 

It is generally recognized that amine hydrochlorides exist in the gaseous 
phase in the form of dissociated fragments, i.e. amines and HCI [ll]. 
Therefore, only non-protonated alkanamines participate in gas-phase chlo- 
rination processes. Such processes primarily lead to the substitution of H 
atoms, bonded to nitrogen, by chlorine, giving chloramines [19-221, i.e. 

NH%,, + 3%(g) + NCl,(l, + =q,, AH,,, = - 0.8 kJ mall’ (1) 
The estimated AH value from the available literature data [23], for reaction 
(l), indicates that the process requires only a small thermochemical barrier 
to be overcome. This barrier should increase when all reactants in the 
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TABLE 3 

Isothermal decomposition data a 

Substance Additional substance ’ VAr T 
No. (weight, mg) (cm3 min -I ) (IQ ;Rmg) (Ymole W) 
(Table 1) 

4 

5 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

200 

200 

200 

200 

200 

200 

200 

200 

200 

200 

200 

200 

200 

200 

200 

200 

200 

415 
530 

445 
510 

485 
665 

400 
530 

445 
515 

500 
585 

415 
555 

445 
515 

495 
565 

435 
525 

425 
515 

405 
575 

425 
525 

475 
545 

415 
555 

455 
555 

405 
575 

80 

80 

80 

80 

80 

80 

80 

80 

80 

80 

80 

80 

80 

80 

80 

80 

80 

84 
52 

35 
35 

100 
24 

67 
39 

16 
8 

5 
3 

57 
51 

64 
43 

50 
25 

95 
51 

85 
52 

93 
67 

83 
51 

8 
4 

94 
17 

100 
53 

85 
52 
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TABLE 3 (Continued) 

Substance 
No. 
(Table 1) 

Additional substance ’ VAr 
(weight, mg) (cm3 min-‘) TK) 

19 

20 

PbCl, (400) 
(c-C6H,,NH,)C1 (160) 

21 

PbCl, (400) 
(c-C,HiiNH,)Cl (160) 

22 

PbCl, (400) 

(C,H,,NH,)Cl(l60) 

23 

200 400 
545 

20 385 
200 

20 535 
200 

200 395 
455 
570 

20 415 
200 

20 545 
200 

PbCl, (400) 

(CsH,oNH,)Cl(l60) 

200 455 
515 

80 

80 

80 

80 

80 

320 
640 

80 

320 
640 

80 

80 

;mole 48) 

81 
58 

73 
83 

75 
79 
38 
78 
67 
45 

88 
80 
71 

25 
51 
48 
38 
44 
33 
31 
55 
46 
42 

32 
44 

24 
19 
16 

VAr is the argon flow rate through the reactor. T is the temperature of thermolysis. For a 
given substance the thermolysis temperatures were chosen on the basis of the TG curve. In 
most cases they refer roughly to T, =o,z and Ta=o,8, if a corresponds to the total weight loss 
upon heating of a given compound to 700 K. )72 is the sample weight. Y is the mole ‘% of 
liberated oxidant, determined by the analytical ratio of the number of moles of oxidant 
trapped in the KI absorbers to the number of moles of Pb(IV) in the reactant. 
Additional substances were placed as a layer covering the reactant. 

gaseous phase are considered and may change with the extent of substitution 
of N-H by alkyl groups. These changes can be expected, however, to be 
rather small and this implies that chlorination of amines should proceed 
easily in our experimental conditions. On the other hand, thermochemical 
data suggest that thermal stability of chloramines decreases with the extent 
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of substitution [23]. Thus, these derivatives should instantaneously undergo 
further transformations leading to more stable products, e.g. according to 
reaction (2) 

2NCl,(l, + N2(g) + 3Cl2(,) AH = -460 kJ mall’ (2) 
Protonated amines are, generally, more resistant toward reaction with 

chlorine than are non-protonated forms. Thus the chlorination processes 
occurring with the participation of the condensed phase are unlikely. None- 
theless, such processes cannot be excluded and they may, at least in part, be 
responsible for the differences in the behaviour of individual hexachlorop- 
lumbates during thermolysis. If chloramines are considered only as inter- 
mediate forms one can expect chlorination processes to be highly ex- 
othermic. Indeed, exothermic effects have been observed in DTA curves of 
some of the compounds studied (Table 1). This effect was particularly 
pronounced when a relatively large sample of the hexachloroplumbate of 
l-azabicyclo[2.2.2]octane was analysed in a platinum crucible (Table 1). 

Taking into account these considerations the primary processes during 
decomposition of alkanaminium hexcahloroplumbates can be expressed by 
reactions (2) and (3) 
(i) first step 

( RpNH4--p),Pbc~6,c, + Cl,&, + [PbCl, + 2(R,NH,_,)C1]~s, (3) 

(ii) second step 

[PbCl, + 2(R,NH,-,)Cl](s, + PbCl,(,, + 2Rp-.NH3-p+o(g) 

+ 2(1 - a)HCl(,, + 2aRCl(,, (4) 

where a = 0 for primary, secondary, and tertiary alkanaminium hexa- 
chloroplumbates and a = 1 for quaternary salts. For individual compounds 
two reaction stages may overlap. Moreover, the overall process can .be 
complicated by the participation of chlorination processes. In consequence, 
many of the compounds studied show unique behaviour upon heating and 
only qualitative comparison of their thermal properties is possible. In fact all 
primary derivatives present a fairly simple decomposition pattern [6]. The 
course of thermolysis becomes more complex with an increase in the degree 
of substitution and with an increasingly complex alkyl group. An example of 
a compound exhibiting a complex thermal decomposition pattern is given in 
Fig. 2B. 

Specific temperatures of thermolysis give a picture characteristic of a 
given compound, but some general features can be seen. Temperatures at 
which the onset of decomposition (T,,,,) occurs increase gradually in the 
order: primary < secondary < tertiary < quaternary hexachloroplumates. 
The peak temperatures in DTG and DTA also roughly follow this order. For 
quaternary salts, however, T,,, values are always markedly higher than 
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those of other compounds in the series. The same trend has also been 
observed upon thermal decomposition of appropriate chloride salts [ll]. 

Decomposition of some of the compounds studied is preceded by melting 
and presumably even phase transition. These features of hexachloroplum- 
bates have not been examined in detail. 

Some aspects of thermal decomposition of methyl-substituted aminium 
hexachloroplumbates have been examined previously [24]. Although those 
investigations were conducted in different experimental conditions they lead 
essentially to the same conclusions. 

2. Thermochemistry of alkanaminium hexachloroplumbates 

Various relations between thermochemical quantities for the compounds 
studied can be conveniently presented in the form of a thermochemical cycle 
(Fig. 3). All magnitudes shown in the cycle refer to 298 K and 1 atm: AH, 
denotes the enthalpy of formation of a given substance; .!I + 3RT is the 
lattice enthalpy; U represents the lattice energy; AH, denotes the enthalpy 
of the thermal decomposition of hexachloroplumbate; and AH, is the 
enthalpy of volatilization of alkanaminium chloride. 

From the thermochemical cycle the following two relationships result 

AH;,_[(RpNH,_p)2PbCl,] = 2AH&[R,NH;&] + AH&[PbClZ,-] 

-U”[(RpNH ,_,),PbCl,] - 3RT (5) 

AHj[(RpNH4&PbCl,] = AH&[C12] + AH&[PbCl,] 

+2AH,$[R,~ONH,~,+,] + 2(1 - a)AHr$[HCl] + 2aAH&[RCl] 

- 2AH,O[ (R,NH,_,)Cl] - AH& [ (R,NK-p),PbCl,] (6) 

AHf,gQl + AHf,C[PbC121 + 2AHf,g[Rp-aNH3-p+a1 
c 

Clztgj + PbC12tcj 

+ 2(l-a~A~~,~[~Cll + 2aAHf,qlRC11 + 2R 
P-a NH3-p+a(g) 

+ 2(1-a)HCl(g) + 2aRCl(g) 

I 
-2AH"[(R NH p 4-JC11 

1 

c12kl) + pbC12(c) 

+ 2(RpNH4_plCL(c) 

I 

-AHd[(RpNH4_p)2PbClsl 

1 

2R NH+ 
2- 

p 4-p(g) + pbC16fg) 
* 

U[lR NH4_ )2PbC161 + 3RT 

(RpNH4_p)2PbC16c,-l 

Fig. 3. The thermochemical cycle (a = 0 in the case of primary, secondary, and tertiary 
hexachloroplumbates and a = 1 for quatemary salts). 
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In order to evaluate numerical values of both quantities defined by eqns. 
(5) and (6) it is necessary to know the values for the crystal lattice energy of 
alkanaminium hexachloroplumbates. Unfortunately, only the value of U for 
(NH,)*PbCl, has so far been reported [25]. To determine values we invoked 
the approximate method developed originally by Kapustinskii [26] and 
improved later by Yatsimirskii [27]. According to these authors the crystal 
lattice energy can be expressed with the equation [27] 

1 _ 0.0345 7 + O.O87(r, + Ye) 1 in kJ mol-’ (7) 
K A 

where (En) is the total number of ions in the simplest formula unit of the 
molecule; Z, and Z, denote the numerical values of the charges of cation 
and anion, respectively; and rK and rA are the “ thermochemical” ionic radii 

(in nm). For rp,,,-.,;- we assumed a value equal to 0.372 nm which was 
derived from eqn. (7) taking values of crystal lattice energies for rubidium, 
caesium, and ammonium hexachloroplumbates from ref. 25 and appropriate 
ionic radii of Rb+, Cs’, and NH,’ from ref. 5. Combining these values with 
values of rK listed in Table 4 we estimated crystal lattice energies for all 
hexachloroplumbates examined in this and our previous work [6]. They are 
listed in Table 4. 

The enthalpy of formation of crystalline hexachloroplumbates can be now 
evaluated from eqn. (5) assuming for AH&[PbCli-] a value equal to - 940 
kJ mol-’ [25]. Further thermochemical information regarding this group of 
compounds can be obtained by calculating the enthalpy of the thermal 
dissociation of the salts from eqn. (6). For this purpose we used necessary 
ancillary data from Table 4 and the following values of heats of formation 
of reactants (in kJ mol-‘): -359, -92, - 82, -112, - 132, and - 155 for 

PbCl2(c) vi, ~q,, ~231, CH,Cl(,, 1291, C,H,Cl(,, ~291, n-C,H,Cl(,, ~291, 
and n-C,H,Cl(,, [29], respectively. The derived values of both quantities are 
shown in Table 4. 

Crystal lattice energies of alkanaminium hexachloroplumbates generally 
decrease with an increase in the size of the alkyl substituent and with an 
increase in the number of alkyl groups attached to the nitrogen atom. Both 
these trends agree with eqn. (7). However, values of U do not vary signifi- 
cantly and this is because differences between “thermochemical” radii of 
cations are relatively small, which implies that this quantity refers rather to 
the distances between charged centres in the crystal lattice than to the true 
dimensions of ions [3,11,28]. 

The enthalpy of formation of crystalline alkanaminium hexachloroplum- 
bates is characteristic of a given compound, but some regularities may be 
seen. Plotting AH&[(R.,NH,,)2PbCl,] against the number of alkyl sub- 
stituents ( p), in the series of unbranched alkanaminium salts, gives a nearly 
linear decrease of values of this quantity in the range of p between 1 and 4. 
Values of AH& decrease gradually with increasing size of the alkyl group in 
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the series of primary, secondary, tertiary, and quaternary alkanaminium 
hexachloroplumbates, although this dependency is not linear. An exception 
is ammonium hexachloroplumbate whose AH:, and U values do not corre- 
late with those for other compounds. The enthalpy of formation of com- 
pounds possessing the same chemical formula decreases if the structure of 
alkyl substituents becomes more complex, e.g. AH,?) values in the series of 
butanaminium hexachloroplumbates follow the order: n-Bu > i-Bu > s-Bu > 
r-Bu. The latter regularity is also valid for appropriate amines (see Table 4) 
and it agrees with the well-known empirical rule relating thermodynamic 
stability to the structure of isomeric derivatives. 

Another quantity which was evaluated from the thermochemical cycle is 
the enthalpy of the thermal decomposition of hexachloroplumbates. Values 
for this quantity can be directly compared with those derived using the 
experimental (Y vs. T dependencies, i.e. from eqn. (8) 

AH: 1 
In (Y = - R r + const 

Reviewing data listed in the last two columns of Table 4 it may be seen that 
the agreement between these two sets of AH: values is rather poor. Only 
I-pentanaminium hexachloroplumbate values obtained by the application of 
both procedures show satisfactory agreement. There are several reasons for 
the observed discrepancies. Estimations based on the thermochemical cycle 
require that all reactants remain in their standard states and that they do not 
interact with each other. The compounds studied decompose at relatively 
low temperatures. Furthermore, all experiments were conducted under 
atmospheric pressure. Therefore A Hi values derived from eqn. (8) corre- 
spond roughly to the standard conditions. However, the expected solid 
products, i.e. PbC12 and amine hydrochlorides, can interact with each other 
in condensed phases. If the mixed salts are formed instantaneously with the 
decomposition of parent molecules the enthalpy gaps corresponding to 
reaction (3) would be lower than A Hi values from the thermochemical 
cycle since the system would not attain the enthalpy level of the pure 
components. The enthalpy changes corresponding to the above effect are 
difficult to assess and, thus, it is impossible to estimate how they affect those 
evaluated using AH: values derived from eqn. (8). Data in Table 4 seem to 
indicate that the formation of double salts is a major factor influencing 
experimental values for the enthalpy of the thermal decomposition. There is 
a further restriction on the applicability of eqn. (8). This equation can be 
used only if the system attains equilibrium at a given temperature. It is 
difficult to predict how far this is accomplished in our experiments. How- 
ever, if the process occurs very far from equilibrium it would involve the 
existence of an activation barrier higher than AH:. In such conditions the 
application of eqn. (8) would lead to higher AHi values, which does not 
agree with the results of our investigations. This discussion implies that 
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values of AH: derived from eqn. (8) can be considered as rough estimates. 
Therefore, only qualitative agreement between both sets of AH: values can 

be expected and this is demonstrated by the data listed in Table 4. 
Values for the enthalpy of the thermal dissociation of alkanaminium 

hexachloroplumbates, directly (from eqn. (8)) and from the thermochemical 
cycle (eqn. (6)), are positive. This means that all the compounds studied are 
thermodynamically stable. Indeed, these derivatives easily crystallize from 
aqueous solution containing both cations and PbCli- anion in appropriate 
concentrations by acidifying with HCl. On the other hand, many 
hexachloroplumbates, particularly those possessing long alkyl substituents, 
slowly decompose in the solid state, gradually losing Pb(IV). At least two 
effects contribute to this. Firstly, decomposition according to eqn. (3) is 
likely since the enthalpy change corresponding to this process is relatively 
low, and the system can gain enough energy from the environment to 
overcome the thermochemical barrier for the decomposition, even at am- 
bient temperature. Reaction (3) is irreversible in the solid phase since 
chlorine is removed instantaneously from the reaction zone. Thus, a mole- 
cule cannot return to the primary state once it has undergone destruction. 
Another possibility for acceleration of decomposition of hexachloroplum- 
bates is the fact that chlorination processes can occur in condensed phases. 
These processes have not been included in thermochemical cycle. However, 
from our previous considerations they could cause the thermochemical 
barrier for the decomposition to become lower than that predicted for 
reaction (3) or even cause it to become negative as the majority of chlorina- 
tion processes are exothermic. Such processes could proceed also inside the 
crystal lattice without release of chlorine. We believe the latter effect is 
mostly responsible for differences in the behaviour of individual al- 
kanaminium hexachloroplumbates upon storage. 

3. Kinetics of the thermal decomposition 

To obtain further information on the thermal behaviour of the com- 
pounds studied we attempted to examine the kinetics of the first step of the 
decomposition of some hexachloroplumbates which show well-defined reac- 
tion stages (Table 2). For this purpose four methods were applied to 
evaluate kinetic constants together with 14 integral functions corresponding 
to certain kinetic models for the process. These methods have been discussed 
in detail elsewhere [6]. To facilitate discussion we present in Table 5 a full 
set of the results of these calculations for 3-methyl-1-butanaminium 
hexachloroplumbate. Furthermore, selected kinetic data for the remaning 
five compounds listed in Table 2 are compiled in Table 6. 

In searching for an adequate model for the thermal process, i.e. the form 
of the g(l - CX) function, we examined the statistical functions ]Y] and 6. 
These functions attain values equal to 1 and 0, respectively, if a given model 
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TABLE 6 

Kinetic constants for the thermai dissociation of some ~an~i~urn hexachloroplumbates a 

Substance # Kinetic Method of calculation a 
No. (K mint) model a D E 
(Table 1) 

E Z E Z 

7 4.4 Rl 100 4.1 10 103 3.1 09 
R2 117 5.0 12 120 3.3 11 
R3 124 3.2 13 127 2.0 12 
Fl 138 8.7 15 141 4.9 14 
D3 254 1.7 30 257 5.4 28 

10 

15 

20 

22 

4.4 

5.0 

4.7 

5.2 

Rl 70.6 9.9 05 73.8 1.1 05 
R2 84.1 3.3 07 87.3 3.2 06 
R3 89.2 1.1 08 92.5 1.0 07 
Fl 101 1.2 10 104 9.4 08 
D3 185 3.2 19 188 1.4 18 

Rl 55.4 8.5 04 58.2 1.1 04 
R2 65.5 1.5 06 68.4 1.6 05 
R3 69.4 3.9 06 72.2 3.9 05 
Fl 77.9 2.2 08 80.8 2.1 07 
D3 145 4.1 16 148 2.2 15 

Rl 64.2 5.6 05 67.2 6.5 04 
R2 75.5 1.2 07 78.5 1.2 06 
R3 79.8 3.4 07 82.8 3.3 06 
Fl 89.4 2.5 09 92.4 2.1 08 
D3 166 3.2 18 169 1.5 17 

Rl 68.0 8.4 05 71.0 9.3 04 
R2 79.9 1.9 07 83.0 1.9 06 
R3 84.5 5.5 07 87.7 5.3 06 
F1 94.8 4.4 09 98.0 3.8 08 
D3 176 8.5 18 179 3.8 17 

a For explanation see Table 5. 

fits perfectly the experimental data. However, the use of this criterion only 
may lead to ~sleading conclusions. Since for the desc~ption of the kinetic 
phenomena Arrhenius type equations were applied, the derived apparent 
activation energy refers to the energy barrier for the process. This approach 
also requires that there exists only one step which determines the kinetics of 
the process. From this it must be concluded that only such models for which 
corresponding E values are higher or eventually somewhat lower than the 
thermoche~cal barrier for the process have real physical meaning. If the 
activation barrier is much lower than AH the overall process would involve 
several steps to attain the energy level of the products. In these conditions 
the application of the Arrhenius model would not be justified. Moreover, 
more complex analysis would be necessary to describe the kinetics of such 
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processes. For these reasons Pl, P2, P3, P4, A2, and P3 reaction models have 
been excluded from further consideration. 

The results of calculations for all six compounds examined seem to 
indicate that phase-boundary processes determine the kinetics of the thermal 
decomposition of hexachloroplumbates. There are some facts which support 
this concept. Firstly, g(1 - a) functions corresponding to these models fit 
the experimental curves quite well. Secondly, these mechanisms predict the 
existence of a relatively small activation barrier over that resulting from the 
thermochemical requirements. Moreover, experimental conditions favour 
processes occurring on the surface of a condensed phase. For these reasons 
values of E and Z corresponding to Rl, R2, and R3 mechanisms are listed 
in Table 6. Table 6 also includes kinetic constants for Fl and D3 reaction 
models to enable comparison of the data from this work with those for other 
hexachloroplumbates [6]. The diffusion models fit the experimental data 
poorly and it does not seem to be likely that the process can be realized for 
these pathways. 

Data in Table 6 demonstrate that values of E generally follow the same 

trends as AH: values. On the other hand Z is a rather mathematical 
constant without true physical significance, and as shown in Tables 5 and 6 
values of this quantity depend markedly on the mathematical method 
applied. 

Taking into account these considerations it may be concluded that an R2 
mechanism most probably controls the kinetics of the thermal decomposi- 
tion of the compounds studied. This means that a molecule has to overcome 
only a slightly higher activation barrier than that resulting from AH:. This 
tends to confirm the conclusions of the previous section regarding the 
thermal stability of hexachloroplumbates. 

4. Further remarks 

Four methods chosen in this work to examine the kinetics of the thermal 
processes are based on the integral type equations, although they do not 
have the same origin. Methods A and D are based on the assumption that 
the rate of non-isothermal processes can be expressed with eqn. (9) 

g = :/(l - a) exp( - E/RT) 

which results from the isothermal rate equation by substituting d t = dT/+ 
(method A is known as Coats and Redfern’s method [33]). On the other 
hand, methods B and E proceed from the assumption that the extent of 
reaction is a function of both time and temperature and thus the rate 
equation can be written in the form [32] 
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Despite obvious differences in the origin of both approaches and differences 
in the computational procedures applied, the apparent activation energies 
derived do not differ significantly. Differences in the Z constant are more 
pronounced. Methods based on eqn. (10) always yield lower Z values. 
Interesting features show statistical functions 1 r 1 and 6. Correlation coeffi- 
cients are always somewhat higher in the case of method B than A. On the 
other hand, values of the 6 function do not permit one to judge whether 
method D or E is a better approximation of the experimental data. Method 
D can be considered accurate from a computational point of view since 
values of p(x) were calculated from the Legendre series [31], which ap- 
proximates the latter function precisely. 

It is apparent from this study and our previous study [6] that both 
methods describe the experimental data equally well. Also the derived 
kinetic constants are very similar. This implies that both eqn. (9) and eqn. 
(10) can be applied to the description of kinetic phenomena under non-iso- 
thermal conditions. 

We intend to comment on the latter point particularly in view of recent 
criticism of eqn. (10) by some authors [34,35]. To prove that eqn. (10) is 
unsound Kemeny and Granasy have shown recently [34] (Fig. 2) that eqn. 

(11) 

$i = ;f(l - cu)(l + ((T- T,)/T’)E/R) exp( -E/RT) (11) 

which results directly from eqn. (10) [32], would lead to a much higher rate 
of reaction than that predicted from isothermal measurements. Unfor- 
tunately, this cannot be considered as proof of the non-validity of eqn. (10) 
since the authors compared in their work two different physical quantities, 
namely da/dt, which according to the classical definition expresses the rate 
of the process, and da/dT (actually in eqn. (6*) [34] the authors show 
@dcu/ dT = d X/dt), which can be called a rate for non-isothermal processes. 
The assumption which the authors made, i.e. dT = +dt, is inappropriate (in 
the case of eqn. (6*) [34]) since treating (Y as a function of t and T, values of 
the non-isothermal extent of the reaction refer to different temperatures, and 
not time, and therefore the proper form of the kinetic equation is that shown 
by (10) and consequently (11). We would like to point out that time is not a 
parameter which describes the behaviour of the system in non-isothermal 
experiments. What we really measure in these conditions is da/dT =f( T) 
and (Y = f( T). Thus, optional transformations of da/dT to dcu/dt by 
substituting dT/dt = +, particularly in the case of eqn. (lo), are unjustifia- 
ble. If a = f( t, T) the rate of reaction, in the classical meaning, is given by 
the partial derivative (a&/at), which is actually expressed by the same 
equation as the rate of isothermal processes. Therefore, using eqn. (lo), 
identical values of the rate of the process for isothermal and non-isothermal 
conditions would be obtained. 
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Instead of the procedure presented in ref. 34 it would be more ap- 
propriate to compare kinetic constants derived by methods based on both 
eqn. (9) and eqn. (10) with those resulting from isothermal measurements. 
The kinetic constants, corresponding to certain reaction models, are actually 
only important characteristics for the compounds or systems studied and so 
far this information only has been collected in the literature. 

We have shown earlier [32] that the reference point in non-isothermal 
conditions is best assumed to be 0 K. Such an assumption was made several 
years ago for the temperature integral, i.e. /; exp( -E/RT), and we do not 
see any reason why the integral /cdT, which occurs during the derivation of 
eqn. (11) [32], should be treated differently. Furthermore, the reference point 
for temperature must be the same for any system investigated and cannot 
depend on individual features of a given substance (e.g. To cannot corre- 
spond to the onset of decomposition, equilibrium temperature, etc.). This 
implies that experiments whose primary objectives are kinetic investigations 
should be conducted in such a way as to enable the temperature growth of 
the system starting from absolute zero. Thus, measurements carried out in 
hyperbolic heating programmes are not adequate for kinetic study [32]. 
From this point of view the considerations in the Appendix of ref. 34 do not 
provide proof of the non-validity of eqn. (10). 

The workers questioning the validity of eqn. (10) voice one main objec- 
tion, viz. (Y is not a state function. It is obvious that this quantity depends on 
the reaction pathway and thus, it is not a state function in a thermodynami- 
cal sense. We do not agree, however, that it is unjustifiable to express cx as a 
total differential with t and T. Widely used descriptions of kinetic phenom- 
ena are based on the Arrhenius model. The basic assumption of this 
approach is that there exists a “bottleneck” for the process, i.e. only one 
pathway which controls the rate of the process. The mathematical descrip- 
tion of the reaction pathway is given by the form g(1 - a) or f(1 - CX). 
Furthermore, values of E and Z correspond only to a given reaction model. 
Taking into account these considerations eqn. (10) is valid and this results 
from the application of strict mathematical rules to the expression for 
isothermal conditions [32]. We would like also to emphasize that without 
such an assumption there would be no reason to collect kinetic information. 

The discussion of basic problems of chemical kinetics was not a primary 
objective of this work. We have analysed briefly some of these which link 
directly to our study. We intend to present more details regarding this 
subject in a separate note. 

ACKNOWLEDGEMENT 

The authors would like to thank Mrs. Irena Nikel for experimental 
assistance. 



263 

REFERENCES 

1 J. Szychhnski and J. Blaiejowski, Thermochim. Acta, 92 (1985) 799. 
2 J. Szychlinski, Wiad. Chem., 20 (1966) 495. 
3 E. KowaIewska and J. Blaiejowski, Thermochim. Acta, 101 (1986) 271. 
4 R.B. Heslop and P.L. Robinson, Inorganic Chemistry, 3rd edn., Elsevier, Amsterdam, 

1967. 
5 Handbook of Chemistry and Physics, 66th edn., The Chemical Rubber Co., Boca Raton, 

Florida, 1985/86. 
6 J. Blaiejowski, J. Szychlinski and E. Kowalewska, Thermochim. Acta, 66 (1983) 197 and 

references cited therein. 
7 R.D. WheaIy and D.R. Lee, Inorg. Chim. Acta, 1 (1967) 397. 
8 G. Liptay (Ed.), Atlas of Thermoanalytical Curves, Akademiai Kiado, Budapest, 1973. 
9 J. Blaiejowski and J. Szychlinski, Thermochim. Acta, 35 (1980) 211. 

10 J. Blaiejowski, J. SzychIinski and K. Windorpska, Thermochim. Acta, 46 (1981) 147. 
11 J. Blaiejowski and E. Kowalewska, Thermochim. Acta, 105 (1986) 257. 
12 R.C. Mackenzie, J. Therm. Anal, 21 (1981) 173. 
13 N. Rysava, J. Tmka, J. Novak and D. Schultze, J. Therm. Anal., 26 (1983) 101. 
14 N. Demassieux, C.R. Acad. Sci. (Paris), 156 (1913) 892. 
15 N. Demassieux, Ann. Chim. (Paris), 20 (1923) 233. 
16 L. Wilkinson, N.O. Bathurst and H.N. Parton, Trans. Faraday Sot., 33 (1937) 623. 
17 Gmelin Handbuch der Anorganischen Chemie, Vol. 8, TI. C3 (Blei), Verlag Chemie, 

GMBH, Weinheim/Bergstr., 1970, p. 1126. 
18 W.M. Dehn, J. Am. Chem. Sot., 48 (1926) 275. 
19 E.H. Rodd, Chemistry of Carbon Compounds, Vol. 1, Part A, Elsevier, Amsterdam, 1951, 

p. 393. 
20 S. Komori, M. Okahara and Y. Harada, Kogyo Kagaku Zasshi, 66 (1963) 1850. 
21 J.J. Lagowski (Ed.), The Chemistry of Non-Aqueous Solvents, Acidic and Basic Solvents, 

Vol. 2, Academic Press, New York, 1967, p. 354. 
22 W.A. Guillory, M. King and J.L. Mack, J. Phys. Chem., 73 (1969) 4370. 
23 D.D. Wagman, W.H. Evans, V.B. Parker, R.H. Schumm. I. Halow, SM. Bailey, K.L. 

Chumey and R.L. NuttaIl, J. Phys. Chem. Ref. Data, 11 (1982) Suppl. 2. 
24 J. Blaiejowski and J. Szychlinski, Thermochim. Acta, 36 (1980) 197. 
25 H.D.B. Jenkins and K.F. Pratt, Adv. Inorg. Chem. Radiochem., 22 (1979) 1. 
26 A.F. Kapustinskii, Q. Rev. (London), 10 (1956) 283. 
27 K.B. Yatsimirskii, Zh. Neorg. Khim., 6 (1961) 518. 
28 J. Blaiejowski, Thermochim. Acta, 68 (1983) 233. 
29 J.B. Padley and J. Rylance, Sussex-N.P.L. Computer AnaIysed Thermochemical Data: 

Organic and Organometallic Compounds, University of Sussex, 1977. 
30 S.G. Lias, J.F. Liebman and R.D. Levin, J. Phys. Chem. Ref. Data, 13 (1984) 695. 
31 J. Blaiejowski, Thermochim. Acta, 48 (1981) 125. 
32 J. Blaiejowski, Thermochim. Acta, 76 (1984) 359. 
33 A.W. Coats and J.P. Redfern, Nature (London), 201 (1964) 68. 
34 T. _Kemeny and L. Granasy, J. Non-Cryst. Solids, 68 (1984) 193. 
35 J. Sest& Thermochim. Acta, 98 (1986) 339. 


