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ABSTRACT 

Thermal properties of hydrochlorides of several aromatic mono-amines were examined by 
thermoanalytical methods (TG, DTG and DTA). The majority of hydrochlorides studied 
undergo decomposition upon heating with the simultaneous release of HCl and amines to the 
gaseous phase. The thermal dissociation of these derivatives proceeds essentially in one step, 
in which up to 88% of the sample volatilizes, followed by a slow step, seen as a “tail” in TG 
curves, due to the decreased geometric surface area of the condensed phase. This thermal 
behaviour is also typical of hydrochlorides of other nitrogen organic bases and can be 
qualitatively accounted for by the Jacobs and Russell-Jones model for the kinetics of 
dissociative sublimation processes. Some of the compounds studied, however, decompose in 
two distinct stages. The first step corresponds to the release of HCl while the second one is 
the volatilization of free amine. The latter thermal decomposition pattern is characteristic of 
compounds exhibiting the complex structure of an amminium cation. 

The thermodynamics and kinetics of thermal dissociation were examined using non-iso- 
thermal TG curves. The enthalpies of volatilization were evaluated from the Van’t Hoff 
equation. These derived values, together with information from the literature, were used to 
estimate the enthalpy of formation and crystal lattice energy of some of the salts. The 
“thermochemical” radii for amminium ions were also evaluated from the 
Kapustinskii-Y’atsimirskii equation. The Jacobs and Russell-Jones approach was applied to 
describe the kinetics of volatilization. However, standard phonomenological procedures do 
not seem to be appropriate for examining the kinetics of dissociative volatilization processes. 

INTRODUCTION 

Aromatic mono-amines can form salt-type derivatives with numerous 
acids due to the presence of the lone electron pair at the nitrogen atom. For 

* This paper is dedicated to Professor W.W. Wendlandt on his 60th birthday. With his many 
contributions he drew the attention of scientists to the importance of thermoanalytical 
methods in chemistry. Through his work he has influenced many chemists including the 
authors of this article. 
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this reason aromatic amines behave similarly to aliphatic amines [l] or 
nitrogen aromatic bases [2]. However, while the presence of aliphatic sub- 
stituents at. the nitrogen atom increases the basicity (or proton affinity) of 
amines, the attached phenyl groups markedly decrease the electron density 
at the nitrogen atom, thus decreasing the capability of interaction with the 
proton [3-61. Therefore, one might expect differences in the behaviour of 
salts derived from both of these groups of amines. 

Hydrochlorides of an-tines are the simplest ionic derivatives of organic 
compounds. Some of the most important properties of these derivatives are 
their thermochemical and thermal characteristics which so far have only 
been examined thoroughly in this laboratory for several alkanaminium 
chlorides [1,7]. Information on the thermal behaviour of hydrochlorides of 
aromatic amines is scattered and fragmentary [g-14]. In continuation of our 
study on the thermal properties of simple salts of amines we extend the 
investigation to the hydrochlorides of aromatic amines. In such a study we 
expected to gather more information on the behaviour of highly unsymmet- 
rical ions. Other aims of this work are to provide the basic thermochemical 
characteristics for solid amine hydrochlorides and to establish general regu- 
larities between the structure of an amine cation and the thermal properties 
of amine hydrochlorides. Moreover, this study should also help to elucidate 
general features governing the thermal dissociation of amminium salts. 

EXPERIMENTAL 

N-Methyl-N-phenyl-benzenamine (Eastman Kodak), benzenemethan- 
amine (Fluka AG, Buchs SG), N-methyl-benzenemethanamine (Schuchard), 
N, N-dimethyl-benzenemethanamine (Aldrich), N-methyl-N-phenyl-ben- 
zenemethanamine (Schuchard), N-(phenylmethyl)-benzenemethanamine 
(Fluka AG, Buchs SG) and N, N-bis(phenylmethyl)-benzenemethanamine 
(Ubichem Ltd., U.K.) were used as received. Benzenamine (P.O.Ch., Poland), 
N-methyl-benzenamine (Fluka AG, Buchs SG) and N, N-dimethyl-ben- 
zenamine (P.O.Ch.) were purified following methods described in the litera- 
ture [15,16]. N-Phenyl-benzenamine (P.O.Ch), N, N-diphenyl-benzenamine 
(Koch Light Lab.), N-phenyl-benzenemethanamine (P.O.Ch.) and N- 
phenyl-N-(phenylmethyl)-benzenemethanamine (Fluka AG, Buchs SG) were 
purified by repeated crystallization from various solvents (e.g. light petro- 
leum, methanol and ethanol). N, N-Diphenyl-benzenemethanamine was 
synthesized and purified by a method described elsewhere [17]. All amines 
were checked for purity by GC (liquid samples) or elementary analysis (solid 
samples), and also by determination of their boiling or melting points. They 
always showed a purity of > 99%. 

The hydrochlorides were prepared by passing a stream of dried HCl 
through a solution of the amine in anhydrous diethyl ether or benzene 
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Fig. 1. Thermal analyses of hydrochlorides of benzenamine (A), N, N-dimethylbenzenamine 
(B) and benzenemethanamine (C). (1) in (B) = melting; (1) and (2) in (C) = phase transitions. 

[18,19]. The resulting precipitates were filtered and thoroughly washed with 
ice-cold, dry solvents. The majority of compounds were recrystallized from 
methanol-diethyl ether mixtures and finally dried in a vacuum desiccator 
over P205. The purity of the hydrochlorides was checked by elementary 
analysis and by mercurometric determination of chloride ions. The com- 
pounds used in the thermoanalytical investigations were > 99% pure. All the 
hydrochlorides studied were ground in an agate mortar before analysis. 
Highly hygroscopic derivatives, e.g. N, N-dimethyl-benzenamine hydrochlo- 
ride, were additionally dried by heating for 2 h in vacua (in a vacuum 
pistol), prior to analysis, at temperatures just below the onset of decomposi- 
tion. 

Thermal analyses were carried out on an OD-103 derivatograph (Moni- 
con) with a-Al,O, as reference, in a dynamic atmosphere of nitrogen. The 

TABLE 1 

cx versus T dependence for the volatilization of benzenamine hydrochloride (A), N, N-dimeth- 
ylbenzenamine hydrochloride (B) and benzenemethanamine hydrochloride (C) (cf. Fig. 1) 

T 6) 
(Y = 0.10 0.18 0.26 0.34 0.42 0.50 0.58 0.66 0.74 

A 408.6 420.0 426.8 431.8 436.1 439.6 442.8 445.9 448.4 
B 377.0 386.7 392.8 397.7 401.6 405.0 407.8 410.6 412.7 
C 483.9 495.8 503.6 509.4 514.0 517.9 520.9 524.5 528.2 
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sample was placed on one platinum plate of a polyplate sample holder (ref. 
20, Appendix 1, No. 4). Other operating conditions were: mass of sample 
= - 50 mg, heating rate = - 5 K mm’, sensitivities of DTG, DTA and TG 
galvanometers = l/10, l/3 and 50 mg, respectively. 

For the compounds showing a one-step thermal decomposition pattern 
(Fig. 1) the numerical values of temperature (T) corresponding to certain 
values of the extent of reaction ( CY) were derived as previously described [21]. 
For each such compound, a set of a-T data points was obtained as a mean 
from at least three replicate measurements. An example is given in Table 1. 

RESULTS AND DISCUSSION 

General characteristics of the thermal decomposition 

Typical results of the thermoanalytical investigations are presented in 
Figs. 1 and 2. Table 2, on the other hand, gives essential parameters 
characterizing the thermal behaviour of all the compounds studied, derived 
from the thermal analysis curves, together with the available information 
from the literature. The majority of hydrochlorides studied show simple 
thermal decomposition patterns (Fig. 1 and Table 2 - “regular”). The 
thermoanalytical curves for these derivatives demonstrate that their dissocia- 
tion proceeds in two stages. The first step, in which up to 88% of the sample 

, I’, I , r I I I 

Temperature in K 

Fig. 2. Thermal analyses of N-phenyl-N-(phenylmethyl)-benzenemethanamine hydrochloride 
(A), the residue after heating the compound at 420 K for 1 h (B) and pure N-phenyl-N-(phen- 
ylmethyl)-benzenemethanamine (C). 
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volatilizes, is followed by a slow step, seen as a “tail”, in which the 
remaining part of the sample disappears. Complementary investigations, 
analogous to those performed previously [1,2], revealed that the composition 
of the solid phase remained unchanged during both decomposition stages. 
Thus, the participation of side processes (e.g. destruction of organic frag- 
ments of molecules [98]), which could cause such an effect, must be 
excluded. It may, perhaps, be worthwhile to mention that noticeable decom- 
position of several amines (see e.g. refs. 9, 999103) has been observed at 
temperatures much higher than those characteristic of the dissociation of 
appropriate hydrochlorides (Table 2) and under specific conditions. A 
possible explanation of the observed effect comes from the kinetic consider- 
ations which will be presented below. 

Quite different thermal decomposition patterns are shown by compounds 
4, 5 and 14 (Table 2 - “complex”). The thermoan~ytical curves for these 
derivatives show that their dissociation is accomplished in two distinct steps 
(see, e.g., Fig. 2A). The weight loss in the first stage corresponds to the 
release of one molecule of HCl from one molecule of the salt. This means 
that the rate of HCl release is higher than the rate of amine evaporation and 
thus the second step should represent the volatilization of pure amine. 
Indeed, the thermogr~ of pure ~-phenyl-~-(phenylmethyl)-benzene- 
methanamine (Fig. 2C) and that of a residue after heating of its hydrochlo- 
ride at a temperature corresponding to the first step are identical (Fig. 2B), a 
fact which fully supports the above concept. Such a thermal decomposition 
pattern is characteristic of rather complex hydrochlorides of aromatic amines 
and has not been observed upon thermolysis of alkana~nium chlorides 111 
or hydrochlorides of simple nitrogen aromatic bases [2]. 

Thorough examination of the thermal analysis curves reveals that ad- 
ditional endothermal effects are seen in DTA curves of compounds 2, 3, 7, 8 
and 11 (Table 2). The appropriate effects for compounds 2, 3, 8 and 11 
originate from fusion and the observed melting points correspond satisfacto- 
rily with those reported in the literature. Two additional effects observed 
before the onset of volatilization of benzenemethanamine hydrochloride 
were ascribed to the solid-phase transitions since they occur far below the 
literature m.p. values for the compound. Fusion processes have also been 
reported for several other amine hydrochlorides, i.e. compounds 1, 4, 7, 10, 
13 and 15. Corresponding effects were not monitored in our experiments. 
Comparison of literature melting points with peak temperatures in DTG 
and DTA, and 7”,, and T&, reveals that the aforementioned derivatives 
melt when the volatilization process is far advanced. It may be that weak 
thermal effects originating from fusion are masked by much stronger ther- 
mal effects resulting from volatilization. 

The temperatures of thermolysis, namely, TP (from DTG and DTA), Torn, 

T To.74 0.1, and AT,, are the features characteristic of a given compound; 
nevertheless, some general trends can be revealed. Successive substitution at 
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the nitrogen atom by the methyl group in the series of benzenamines causes 
a gradual decrease of all the characteristic temperatures of thermal dissocia- 
tion of the appropriate hydrochlorides. Introduction of the phenyl group 
instead of hydrogen in the same series of derivatives, results in a further 
decrease of their thermal stability. It is worth mentioning that fully phenyl- 
substituted amine, i.e. N,N-diphenyl-benzenamine, does not form a hy- 
drochloride under ordinary conditions [104]. For benzenemethanamine hy- 
drochlorides all characteristic effects generally occur at higher temperatures 
than those for benzenamine hydrochlorides. However, trends in the char- 
acteristic thermolysis temperatures and thus in the thermal stability with 
substitution at the nitrogen atom by the methyl or phenyl groups are similar 
to those discussed above for the latter group of compounds. Moreover, 
successive substitution at the nitrogen atom by the PhCH, group leads to a 
decrease in characteristic thermolysis temperatures and consequently in 
thermal stability. An exception is N-methyl-N-phenyl-benzenemethanamine 
hydrochloride which does not follow the above trends. We have also made 
several attempts in order to synthesize N, N-diphenyl-benzenemethanamine 
hydrochloride. Unfortunately, our efforts did not succeed. 

Nature of the volatilization process 

Numerous experimental facts indicate that hydrochlorides of aromatic 
amines behave in condensed phases as typical ionic substances [19,105,106]. 
These derivatives show similar thermal properties to those characteristic of 
hydrochlorides of aliphatic amines or aromatic bases [1,2,7]. These and other 
similarities in the behaviour of various amine hydrochlorides demonstrate 
that the mechanism of the volatilization process is essentially the same for 
various amine hydrochlorides [1,2,7] and that the overall process can be 
summarized by the equation 

Am . HCl (cj -+ Am (gj + HCl (gJ (1) 

Since the vapour pressure of HCl at the decomposition temperatures is very 
high, it is transferred instantaneously to the gaseous phase. The amines 
released are characterized by fairly high boiling points [36]. Thus, less stable 
derivatives volatilize at higher temperatures as demonstrated by the two-step 
thermal decomposition pattern (cf. Table 2, compounds 4, 5 and 14). The 
remaining compounds studied decompose essentially in one step with the 
simultaneous release of both products to the gaseous phase. The question 
remains, however, whether gaseous products behave as kinetically free 
fragments or whether they interact with others forming aggregates. Weak 
interactions between compounds may be expected on the basis of both 
theoretical considerations [6,107-1091 and certain experimental evidence 
[llO] for simple model systems. Also the behaviour of some aromatic amines 
in non-polar solvents tends to confirm the existence of such interactions 
[ill-1131. 
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Enthalpy of volatilization 

In several recent reports we demonstrated that dynamic thermogravimet- 
ric data can be used for the determination of the enthalpy of thermal 
dissociation of hydrochlorides of amines [1,7] or mono-nitrogen aromatic 
bases [2]. For this purpose the following equation was used: 

AH 
In (Y = - * + constant 

where AH, is the enthalpy of the thermal process and R is the gas constant. 
The main premise of this approach is that the system attains equilibrium at 
a given temperature, T, and that dissociation fragments form an ideal gas 
mixture. This implies that the only energy barrier existing for the process is 
the thermochemical one, i.e. AH,. Then the fraction reacted, (Y, is equal to 
$P/P,, where P is the equilibrium vapour pressure at a given T value and 
PO is the atmospheric pressure. It is worth mentioning that eqn. (2) results 
directly from the application of the Van’t Hoff rule to reaction (1). 

An example of a fit of eqn. (2) to the experimental (Y vs. T data points for 
benzenamine hydrochloride (Table 1) is shown in Fig. 3A, whereas the 
values of AH, evaluated for all the compounds studied are summarized in 
Table 3. The value of the heat of dissociation of benzenamine hydrochloride 
from this work correlates fairly well with that estimated by Konstantinov et 
al. [ll] on the basis of measurements of the dissociation pressure. This value 
is, however, markedly lower in comparison with that derived from the 
calorimetric measurements [ll]. Values of AH, determined in this work for 
benzenamine hydrochloride and N, N-dimethyl-benzenamine hydrochloride 

Fig. 3. Experimental (Y vs. T data points for the volatilization of benzenamine hydrochloride 
(Table 1) together with curves calculated from the relationships: (A) (Y = exp[ - A H,/(2RT) 
tconstant] (obtained after rearrangement of eqn. (2), values of AH, and the constant from 
Table 3): (B) eqn. (5) (values of X,, X, and E from Table 4, @ = 5 K min-‘); (C) 
(Y = 1 - (1 - TZ/@ exp[ - E */(RT)]j2 (obtained after rearrangement of an equation for the 
contracting surface area model, values of Z and E * from Table 4). 
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TABLE 3 

Thermochemistry of the volatilization of hydrochlorides of aromatic mono-amines 

Substance 
No. 
(Table 2) 

Constant ’ AH: (kJ mol-‘) 

This From the 
work ’ literature b 

Calculated from the 
standard enthalpies of 
formation at 298 K ’ 

1 20.5 155 158.2 (380-480) [II] 173.0 
165.5 [ll] 

2 22.0 162 
3 20.8 145 175.4 
7 21.9 195 
8 20.6 179 
9 19.5 161 

10 21.7 171 
11 22.3 197 
13 21.5 189 
15 23.1 196 

Values of AH, and the constant were calculated from eqn. (2) within a range of (Y from 0.1 
to 0.74. The linear correlation coefficient / r 1 was always better than 0.999. 
The temperature range (K) is given in parentheses. 
Values used in the calculations are (kJ mol-I): AH&[HCl] = -92.3 [36,114]; AH&,[Ph- 
NH,] = 87.1 [6.115]; AHfO,[PhN(CH&] =100.5 [6,116]; AH&[PhNHz.HCl] = -178.2 
[115]: AH&[PhN(CH,),.HCI] = -167.2 [115]. 

show rather poor agreement with those calculated on the basis of the 
standard enthalpies of formation. One possible explanation for such a 
discrepancy might be that the values used in the latter estimation were taken 
from various sources and that some of them might not be adequate. Other 
reasons will be discussed below. 

Kinetics of volatilization 

The volatilization of amine hydrochlorides cannot be considered as a 
simple physical process since it involves a chemical reaction. This category 
of processes is often called dissociative volatilization processes to distinguish 
them from chemical processes on one side and from typical physical 
processes on the other. So far, several models have been proposed to 
describe the kinetics of such processes. In this work we invoked the 
phenomenological theory outlined by Jacobs and Russell-Jones [117]. The 
main premise of this approach is that the migration of molecules over the 
surface of a condensed phase, followed by their diffusion through the gas 
phase, determines the kinetics of the whole process. A detailed discussion of 
this method and its adaptation to non-isothermal conditions have been 
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presented elsewhere [7,117]. The final form of the integral equation, ade- 
quate for linearly increasing temperature conditions, is given below. 

(XJ-A,‘a,)[l - (I - a)1’3] + ;[l - (1 -t~)“~] 

10 = _I_ X, 
3FT 

3/2 exp[ -E/(2RT)] (3) 

where X1, X, and E are constants and E can be identified with the 
apparent activation barrier for the process, @ is the heating rate, CL@ 
represents the initial radius of particles from which the volatilization process 
occurs, and A denotes the distance between collisions (i.e. the distance which 
a molecule travels after leaving the condensed phase, before a collision 
occurs). A can be identified using the mean free path of volatilizing 
molecules in the gaseous phase. The values of this quantity are of the order 
of 1O-6 to lo-* m, at atmospheric pressure. Therefore, for a great extent of 
the volatilization process the term A/a, is negligible since the initial 
dimensions of drops or crystals are a few orders of magnitude higher than A. 
Then, eqn. (3) can be simplified to the form 

X,T[l - (1 - (u)ti3] + i[l - (1 - a)*j3] = ii$]T3”2 exp[ -E/(2RT)] 

(4) 

which may be considered as an equation describing the kinetics of the first 
step of the volatilization of amine hydrochlo~des showing a “regular” 
decomposition pattern (Table 2). 

The situation changes at the end of the process, however, when the partial 
pressure of the volatilizing species drops markedly. Then the mean free path 
for the molecule increases in comparison with the dimensions of drops or 
particles, and A approaches a, in magnitude. This leads to a gradual 
decrease of the rate of the process since both terms involving A/a, in eqn. 
(3) are negative. The above effect is seen in TG curves of all amine 
hydrochlorides showing a “ regular” thermal decomposition pattern (Table 
2) and has also been observed upon non-isothermal volatilization of hydro- 
chlorides of alkanamines (1,7] and nitrogen aromatic bases [2]. Therefore, 
this phenomenon, i.e. the decrease in the rate of volatilization with the 
geometric surface area of a condensed phase, appears to be characteristic for 
the volatilization of hydrochlorides of nitrogen organic bases. It is worth 
mentioning that this effect has been predicted earlier by several authors 
[117-119]. However, except in our studies, it has not yet been reported in 
non-isothermal investigations. 

We would like to comment on the latter statement since a referee of one 
of our previous works argued that the effect might result from the experi- 
mental conditions. Thus, we performed thermal analyses of the same sub- 
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stance placed on a platinum plate using various masses and heating rates. A 
slow step was always observed in the TG curves, although it usually 
occurred at somewhat different extents of reaction. We then used different 
sample holders with the sample mass and heating rate kept constant. We 
noticed that the effect was much weaker if the sample was placed in 
crucibles (platinum or ceramic) instead of on a platinum plate. Therefore, it 
seems that the effect is strong only when the substance is placed in a thin 
layer on a relatively large surface. Presumably the use of a platinum plate as 
a sample holder increases the probability of formation of a large number of 
small drops or particles through which the volatilization process is re- 
strained. More details regarding this effect will be presented in a separate 
communication. 

Since the ratio A/a, changes during the course of the process, eqn. (3) is 
not suitable for fitting the experimental data points. Moreover, this equation 
presents an entangled form of a mathematical relationship and, thus, it is 
difficult to apply statistical optimization procedures. Therefore, we at- 
tempted to fit the experimental (Y vs. T data with the equation in a 
simplified form, i.e. eqn. (4). Substituting 1 - (Y = _V this equation can be 
rearranged to the standard quadratic equation for which only one square 
root, i.e. that given by eqn. (5), is physically significant. 

/ 
+ \i( X,T)' - 2,‘3( X,/Q) T3’2 exp[ -E/(2RT)] + 2XzT+l13 (5) 

Using the experimental (Y vs. T dependencies and applying the DFP 
optimization procedure [120,121], we derived values of XI, X2 and E which 
are listed in Table 4. The fit of eqn. (5) to the experimental (Y vs. T data for 
the volatilization of benzenamine hydrochloride (Table 1) is shown in Fig. 
3B. Equations (4) and (5) are the simplified forms of eqn. (3); therefore, the 
derived constants may not be fully representative for the kinetics of the 
volatilization process. Nevertheless, some idea of the significance of thus 
derived parameters may be indicated. Equations (3)-(5) are most sensitive to 
changes in E since this parameter occurs in the exponential term. Thus, one 
can identify this parameter with the activation barrier for the process. As 
may be seen in Table 4 values of E are usually somewhat lower in 
comparison with the appropriate values of the enthalpy of volatilization. 
This might indicate that the process does not require the activation barrier 
to be overcome above that resulting from thermochemical requirements. It is 
more difficult to ascribe a physical significance to X, and X,. Both 
constants should be positive. This is only observed in the case of X,: The 
majority of derived values of XZ are negative. This discrepancy may result 
from the simplifications introduced in eqn. (3) in order to obtain a simple, 
non-entangled form of the kinetic equation. Thus, values of X, and X, 
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TABLE 4 

Kinetic constants for the volatilization of hydrochlorides of aromatic mono-amines 

Substance From the Jacobs and 
NO. Russell-Jones model: 
(Table 2) eqns. (4) and (5) a 

From the contracting surface 
area equation h: 
L_(L_a)“‘= 

T(Z/Q) exp]- E */CRT)1 

1 
2 
3 
7 
8 
9 

10 
11 
13 
15 

E Xl X,x104 E * Z 
(kJ mol-‘) (R-‘/z s-‘) 0-l) (kJ mot-‘) (s-l) 

146 1470 - 7.4 83.2 4.3x105 
140 1020 - 8.6 87.2 2.3 x 10” 
132 1160 - 8.5 71.9 6.6 x 10’ 
169 651 - 8.3 105.0 2.0 x loh 
169 1610 - 5.0 96.3 4.6~10’ 
161 122 9.2 86.3 1.4x10’ 
152 1540 - 5.4 92.3 1.7x10h 
174 1330 - 8.0 106.0 2.8 x loh 
152 1540 - 5.4 102.0 1.1 x 10h 
171 2210 - 8.1 106.0 7.5 x loh 

Numerical values of E, X, and X, were derived using the DFP optimization procedure 
[120,121]. 
Values of E * and Z were evaluated from the logarithmic form of the equation shown in 
the Table. i.e. ln([l -(l- e)“z]/T) = ln(Z/@)-( E */R)(l/T) and using standard 
least-squares procedure. 

should be considered rather as purely mathematical constants without any 
true physical significance. 

From the formal point of view the classical methods can be used to 
describe the kinetics of volatilization of amine hydrochlorides. According to 
this approach, the kinetics of the process should follow the integral equation 
[122]: 

g(l -a) = T(f) exp[ -E*/(RT)] (6) 

where g(1 - a) denotes a mathematical function describing the physical 
kinetic model for the process (see ref. 21, Table l), E * and Z are constants 
and E * can be identified with the apparent activation energy for the 
process. Using the experimental (Y vs. T data points and applying the 
standard least-squares procedure, the numerical values of E * and Z were 
derived for various g(l - a) functions [123]. As an example, the values of 
both constants for the contracting surface area model (R2) are shown in 
Table 4, whereas Fig. 3C gives the fit of eqn. (6) to the experimental data for 
benzenamine hydrochloride. We chose these data for the presentation since 
the R2 model has been proposed to describe the kinetics of volatilization of 
some ammonium salts [117,124]. 
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Reviewing all the results of the calculations we noticed that E * values 
show the same trend as appropriate AH, values. Moreover, we found that 
E */AH, ratios are almost identical for a given kinetic model (Table 5). It 
is, however, worth noting that values of E * are usually much lower 
compared with the appropriate values of the enthalpy change for the 
process. Only for diffusion reaction models is E * comparable to AH,. The 
questions are how to choose the classical methods for describing the kinetics 
of dissociative volatilization processes and what physical meaning can be 
ascribed to thus derived values of the constants E * and Z. To answer these 
questions, let us remember the basic assumptions of this approach. The use 
of an Arrhenius equation to describe kinetic phenomena requires that just 
one step determines the kinetics of the whole process (i.e. “bottleneck”). The 
derived values of E * then refer to the energy barrier for the process. It is 
not known a priori whether a process actually involves one slow step and 
such information cannot be obtained from simple kinetic considerations. 
The widely used approach based on the “goodness of fit” of kinetic 
equations to the experimental (Y vs. T data points, using various statistical 
methods in order to discern different kinetic models, usually fails, since 
several kinetic functions often fit the experimental data equally well. Nor 
can it be ignored that the dissociative volatilization processes may proceed 
through several steps and that more advanced kinetic analysis would be 
required. All these facts imply that both kinetic constants, especially Z, 
should be considered as mathematical parameters without true phasical 
significance. On the other hand, on performing any kinetic analysis for 
simple chemical systems information is expected on the microscopic mecha- 
nism of the process, particularly the energy barrier for the process. Other- 
wise, there is not much reason for such an analysis. As mentioned above the 
classical approach does not seem to provide such information: it would 
indicate that only diffusion kinetic models are probable mechanisms for the 
dissociative volatilization of hydrochlorides of nitrogen aromatic bases. For 
other reaction models E * is much lower in comparison with AH,. There- 
fore, it is unlikely that the molecule can reach a high energy level as a result 
of the thermodynamic requirements if the rate-determining step has such a 
low activation barrier. 

Thermochemical characteristics 

The relations between various thermochemical quantities are convenient 
to consider on the basis of the thermochemical cycle. The cycle, in an 
appropriate form, is presented in Fig. 4. From the thermochemical cycle the 
following relationships can be evaluated: 

AHt(l,[Am.HCl] =AHtp[Am] +AHt,[HCl] -AH: 

AHp,[AmH+] = AH,qp[Am] + AHf,[H+] - PA[Am] 
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Elements 
AHt,glHCII+AHf.glAml 

- Am,*, + H%, 

PA \\! 
- Am.HCllc, AmH:g,+ Cl(B,- 

U+2RT 

Fig. 4. The thermochemical cycle. All quantities refer to 298 K and 1 atm. Am is the aromatic 
amine; AH, is the enthalpy of formation of a given substance; U + 2 RT is the lattice 
enthalpy; U is the lattice energy; PA is the proton affinity of an organic base; and AH, is 
the enthalpy of volatilization. 

U’[Arn. HCl] = AH,?,[AmH+] + AHts[Cl-] - AHt,[Am- HCl] - 2RT 

(9) 

The values of AH, derived from eqn. (2) do not refer to 298 K. Therefore, 
they should be corrected according to the equation: 

AH&8 = AH,+AH;+XAH;- ‘AC;dT 
J (10) 

298 

where AH: represents the enthalpy of fusion, the term ZAH: arises from 
any polymorphic transitions which these compounds may undergo between 
298 K and the onset of the fusion or volatilization process, and the term 
j&AC: dT results from the heat capacity changes of the reactants. 

The pertinent data for AH: are not available for the compounds studied. 
Therefore, we estimated the numerical values of this magnitude using an 
empirical relationship relating to the entropy of fusion: AS: = AHf,/T, = 
constant. The value of AS: was assumed to be 13.6 J mol-’ K-r [7] on the 
basis of the available literature data for mono-n-alkanarninium chlorides 
[125,126]. Taking this value and temperatures of melting from Table 2 we 
evaluated the enthalpies of fusion for compounds 2, 3, 8, 9 and 11. For the 
other compounds studied, the term AH: was ignored since they melt and 
decompose simultaneously and the process of fusion presumably does not 
affect the thermodynamics of their decomposition. For the heat of each 
polymorphic transition in benzenemethanamine hydrochloride, we arbi- 
trarily assumed a value of 4 kJ mol-’ [l]. The magnitude and sign of the 
heat capacity term is also difficult to assess in the absence of appropriate C’i 
data for the majority of reactants. In our latest work, devoted to the 
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thermochemistry of alkanaminium chlorides, we assumed that AC: can be 
approximated by the equation: 7.2 - 0.133T (J mol-’ K-‘) [l]. The same 
relationship can also be considered to hold for the compounds studied. The 
appropriate heat capacity terms were, thus, calculated in the temperature 
range 298 K-T,.,. The modified values of the enthalpy of volatilization are 
listed in Table 6. 

Other thermochemical quantities were evaluated from eqns. (7)-(9) using 
available literature values for AH&[Am] and PA[Am] (Table 6) and assum- 
ing AH&[HCl], AH&&H+] and AH&[Cl-] to be (kJ mol-‘): - 92.3 [36,114]. 
1536.2 [36,114] and - 233.1 [114], respectively. 

The evaluation of all thermochemical characteristics was only possible for 
a few of the compounds studied due to the lack of pertinent data regarding 
proton affinities and enthalpies of formation of amines. Therefore, it is 
rather difficult to reveal general correlations between the thermochemistry 
of these derivatives and the structure of amminium cations. The enthalpies 
of formation of crystalline hydrochlorides present a feature characteristic for 
a given compound. Values of AH&[Am - HCl] for hydrochlorides of ben- 
zenamine and N, N-dimethyl-benzenamine (Table 6) are markedly lower 
than those reported in the literature (Table 3). These differences may be 
partially due to the fact that the method applied is actually a non-equi- 
librium technique and, thus, the experimental values of CI (equal to i P/PO) 
might be somewhat lower than those corresponding to the equilibrium 
conditions at a given temperature. However, analogous effect can also arise 
from the imperfect behaviour of dissociation fragments in the gaseous phase. 
We believe that the latter effect is primarily responsible for the observed 
discrepancies. 

With respect to the crystal lattice energy problem, it would be appropriate 
to compare values derived from the thermochemical cycle with those 
evaluated independently from the crystal lattice parameters. Unfortunately, 
such data are not available for two reasons. Firstly, there are no methods to 
calculate the crystal lattice energy in the case of unsymmetrical ions. 
Secondly, a full structure of the crystal lattice has so far been established 
only for benzenamine hydrochloride [134]. To facilitate discussion regarding 
this quantity, we invoked an approximate method developed originally by 
Kapustinskii [135] and subsequently improved by Yatsimirskii [136]. The 
crystal lattice energy can be expressed with the equation [136] 

(11) 

where (Xn) 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 r, are the “ thermochemical” ionic radii 
(nm). Assuming rc,- is equal to 0.172 nm [137], we derived values of rK 
(Table 6). 
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The values of U decrease with increasing size of the cation, i.e. in the 
series of hydrochlorides of benzenamine and benzenemethanamine, and 
their appropriate methyl-substituted derivatives. These trends remain in 
accord with the Kapustinskii-Yatsimirskii formulae. However, it is interest- 
ing that the value of U for the hydrochloride of benzenemethanamine is 
only somewhat lower than that for NH,Cl [7]. On the other hand, the value 
of U for PhNH, . HCl exceeds the crystal lattice energy for methanamine 
hydrochloride [7]. It is also interesting that values of U for N,N-dimethyl- 
methanamine [l], N, N-dimethyl-benzenamine and N, N-dimethyl-benzene- 
methanamine are almost identical. All these facts indicate that the presence 
of phenylmethyl or phenyl substituents at the nitrogen atom usually causes 
an increase in crystal lattice energy. Since this quantity is affected mostly by 
Coulombic interactions between centres of negative and positive charges, it 
may be that the presence of both Ph and PhCH, cause a decrease in the 
distance between charges. On the other hand, the separation of charges 
should be determined predominantly by the N-Cl distance. It has been 
found that the hydrogen bond SN-H . . . Cl plays an important role in the 
structure of amminium chlorides and that this distance is affected only 
insignificantly by attachment to nitrogen groups [134]. Consequently, the 
values of the crystal lattice energy for hydrochlorides of aliphatic and 
aromatic amines are almost constant. 

Further progress in this area could be made by calculating the crystal 
lattice energy from lattice parameters or other parameters describing such 
systems. We are currently working on this problem. 
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