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ABSTRACT 

Thermoanalytical methods (DTA, TG, and DTG) have been applied to the investigation 
of the thermal properties of tmbranched compounds of general formula [(C,H,,+,), 
NH,_,]Cl, with n =l-4 and p = 2-4, and several other cyclic and open chain branched 
aliphalic alkanaminium chlorides. Thermal decomposition of all the compounds studied 
occurs in one step and leads to their total volatilization. The experimental TG curves were 
used for the examination of the thermodynamics and kinetics of this process. The nature of 
the thermal decomposition of the salts is also considered. 

The enthalpies of the thermal dissociation were evaluated on the basis of the Van’t Hoff 
equation. Thus derived values together with the available literature data were used for the 
estimation of the enthalpy of formation and the energy of the crystal lattice of the salts. 
Furthermore, this information was used for the evaluation of the enthalpy of formation of 
quaternary alkanaminium ions and alkane cation affinities. The “thermochemical” radii for 
alkanaminium ions were also derived from the Kapustinskii-Yatsimirskii equation. 

The Jacobs and Russell-Jones approach was applied for the description of the kinetics of 
volatilization of amine hydrochlorides. It was found that this model approximates very well 
with the experimental TG data and evaluated values of the activation energy are very close to 
the values of the enthalpy for the process. Moreover, this approach accounts also for the 
limitation of the volatilization rate at the end of the process as a result of a decrease of the 
geometric surface area of a condensed phase. On the other hand, the application of the 
standard methods in the case of quatemary salts did not explain the basic questions regarding 
the kinetics and mechanism of the thermal decomposition of this group of compounds. 

The values of parameters characterizing thermal properties of alkanaminium chlorides, 
namely, temperatures of the thermal effects, as well as thermochemical and kinetic constants 
of thermolysis depend notably on the number of alkyl substituents and the length and 
structure of an alkyl group. The influence of the length and number of n-alkyl substituents on 
the values of both the enthalpy of formation and the crystal lattice energy is thoroughly 
discussed. The essential thermal and thermochemical characteristics for alkanaminium chlo- 
rides have been also reviewed. 

* Presented partly at the 8th International Conference on Thermal Analysis, Bratislava, 
Czechoslovakia, August 1985 [l]. 
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The chloride salts of aliphatic amines are one of the simplest ionic 
derivatives of organic compounds. They are formed upon interaction of 
amines with hydrogen chloride or chloroalkanes in condensed phases [2,3]. 
Many of these compounds have been known for a long time, and a number 
of their properties have been examined in the past. None the less, the nature 
of interactions which cause the formation of these derivatives is still not 
perfectly explained despite considerable theoretical [4-6] and experimental 
[7-91 efforts which have been undertaken quite recently. In the previous 
work, devoted to the the~~he~st~ of primary l-~an~nium chlorides 
[lo], we proved that an import~t source of information is the~o~~ytical 
investigations. The present work is a continuation of this study and its 
primary objectives are to reveal general features governing the thermal 
decomposition of alkanaminium chlorides and to establish general regular- 
ities between the structure of amine and thermochemistry and thermal 
properties of appropriate alkanaminium chloride salts. There were also other 
reasons for undertaking such a study. The examination of the thermal 
dissociation of mono-l-alkanaminium chlorides [lo], hexachlorostannates 
[ll], and hydrochlorides of aromatic bases [12] revealed that the non-isother- 
mal kinetics of the process differ significantly from those characteristic of 
typical chemical reactions. Extending the study we expected to gather more 
information regarding this phenomenon. Further, owing to the relatively 
high proton [13,14] and alkane cation [13,15] affinities of amines the 
appropriate amminium chlorides exist, in condensed phases, in the form of 
ion pairs in which the positive charge is gathered predominantly on the 
nitrogen atom, Therefore, this study should also provide information on the 
behaviour of highly unsymmetrical ions. Lastly, since alkanaminium chlo- 
rides are often used in organic synthesis, as catalysts, as solvents (in liquid 
state), etc., knowledge of their thermochemistry and thermal properties has 
also a considerable practical importance. 

EXPERIMENTAL 

All reagents used were the best available grades. The amine hydrochlo- 
rides were synthesized as previously described [lo]. Quatemary al- 
kanaminium chlorides were purified by literature methods [16,17]. The 
purity of the compounds was checked by elementary analysis. 

The thermal analyses were carried out on an OD-103 derivatograbh 
(Monicon) with CY-Al,O, as reference, in a dynamic atmosphere of N,. The 
samples weigbing 50 mg were placed on one platinum plate [lS] (Appendix 
1, No. 4). Other operating conditions were: heating rate = ea. 5 K min-i 
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Fig. 1. Thermal analyses of cyclohexanaminium chloride (A) and N,N,N-tributyl-l-butana- 
minium chloride (B). 

and sensitivities of DTG, DTA, and TG galvanometers = l/10, l/5 or l/3, 
and 50 mg, respectively. All the compounds studied, especially tertiary and 
quaternary salts, are hygroscopic. To avoid the presence of water the 
samples, ground in an agate mortar before weighing (if possible), were 
placed in a sample holder and heated 2 h in vacua (in a vacuum pistol), 
prior to analysis, at temperatures below the onset of volatilization. 

From the thermogravimetric curves, such as those shown in Fig. 1, the 
numerical values of the temperature (T) corresponding to certain values of 
the extent of reaction (a) can be derived [19]. For each compound investi- 
gated the set of a vs. T data points was determined from at least three 
replicate measurements. An example is given in Table 1. 

TABLE 1 

a! versus T dependency for the thermal dissociation of cyclohexanaminium chloride (A) and 
N, N, N-tributyl-1-butanaminium chloride (B) 

T(K) a 

0.10 0.18 0.26 0.34 0.42 0.50 0.58 0.66 0.74 0.82 

A 473.6 486.6 494.5 501.0 506.9 510.9 515.0 518.5 521.4 525.7 
B 451.2 456.7 460.4 463.9 466.8 469.1 471.6 474.1 476.7 479.6 
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RESULTS AND DfSCUSSION 

1. General characteristic of the thermal decomposition 

Thermoanalytical curves recorded by a derivatograph for two compounds 
chosen as examples are shown in Fig. 1. The thermal analysis run for 
cyclohexanaminium chloride (Fig 1A) is typical for all primary, secondary, 
and tertiary alkanaminium chlorides, whereas, the thermogram for N, N, N- 
t~butyl-l-but~~urn chloride (Fig. 1B) is characteristic of all quaternary 
salts investigated_ 

To facilitate further discussion we compiled in Table 2 the 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 characteristic feature of the thermal 
dissociation of all the compounds studied is that they undergo total volatili- 
zation upon heating to 700 IS, Thermogravimetric curves reveal, however, 
that the decomposition of quaternary salts proceeds generally in one stage, 
whereas volatilization of the remaining compounds investigated is accom- 
plished in two distinct steps. In the latter case, the first step, in which up to 
90% of the sample volatilizes (Table 2), is followed by a slow one, seen as a 
“tail”, in which the remaining part of the sample disappears, This effect has 
been observed also upon thermal dissociation of other compounds [f&12] 
and is explained by the mechanism of the process, which is discussed 
subsequently. The participation of side reactions (e.g. destruction of organic 
fragments of molecules [92]), which could also cause such an effect, has been 
excluded by performing previously-described tests [12], It may, perhaps, be 
worthwhile to mention that noticeable decomposition of several amines (e.g. 
refs. 93-97) has been observed at temperatures much higher than those 
characteristic of the dissociation of appropriate chloride salts (Table 2). 

Careful ex~nation of thermograms reveals that additions endothermal 
peaks are seen on DTA curves of some of the compounds studied before the 
onset of d~mposition- These effects can originate from polymo~~c 
transitions or from melting. Some of these effects were identified on the 
basis of the literature data, i.e. peaks corresponding to solid-phase transi- 
tions, for the compounds No. 1, 2, 3, and peaks resulting from fusion, for 
the compounds No. 1, 10, 11, 15, 16, 19, 20, and 22. It may be also seen in 
Table 2 that for the above-listed compounds the derived temperatures for 
the transitions agree fairly well with those reported in the literature. There 
have been also reports regarding the fusion processes of several other 
alkanaminium chlorides, i.e. compounds No. 2, 3, 4, 5, 7, 12, 17, and 18, 
which were not, however, monitored in our experiments. The comparison of 
the literature m.p. values with the values of peak temperatures in DTG and 
DTA, as well as values of T,, and To.sZ reveals that these compounds 
decompose while melting. Moreover, for the majority of them the reported 
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melting points correspond to temperatures at which the volatiliza~on pro- 
cess is far advanced. It may be that weak thermal effects originating from 
fusion are masked by much stronger effects resulting from the volatilization 
process. The endothermic peaks occurring in DTA curves of the compounds 
No. 10, 15, 16, 19, and 22, below the m.p., were ascribed to the solid-phase 
transitions. For compounds No. 8, 9, 21, and 23 the temperatures of the 
endothermic effects were ascribed arbitrarily to the polymorphic transitions 
(lower values) and melting (higher values), since no convincing data regard- 
ing these transformations, if any at all, could be found in the literature. An 
attempt at determining m.p. values for the last compounds by a standard 
capillary method failed owing to their highly hygroscopic nature. The 
thermal effect for ~~~~~-t~ethyleth~~nium chloride seen at 398 IS was 
ascribed to the polyrno~~~ tr~sfo~ation since Thompson and Kraus [98] 
noted that the compound decomposed without melting. On the other hand, 
the effect for N,N,N-tributyl-1-butanaminium chloride occurring at 351 K 
was ascribed to melting on the basis of the work of Coker et al [57], 
although the authors reported a much lower value for the m.p. than that 
found in the present work. The effect seen in the TG curve of the latter 
compound (Fig. lB), at the beginning of analysis, results from the absorp- 
tion of water from the environment and it was sometimes observed in 
thermal analyses of highly hygroscopic derivatives. The compounds studied 
presumably undergo phase transitions below room temperature also. Unfor- 
tunately, these tr~sfo~ations could not be detected with the method 
applied. 

The temperatures of thermolysis, namely, Tp (from DTG and DTA), TO,i, 
T o.82, and AiT, are the feature characteristic for a given compound; nevertbe- 
less, some general regularities can be revealed. For branched primary 
alkanaminium chlorides values of all the above-mentioned parameters are 
almost the same. They are also comparable with those found in the case of 
appropriate unbranched alkanamine hydrochlorides [lo]. This implies that 
the structure of an alkyl group has only a minor effect on the thermal 
behaviour of primary alkanaminium chlorides. The characteristic tempera- 
tures of thermolysis generally deerease on moving from secondary to tertiary 
derivatives. On the other hand, Tp, ToV1, To.s2, and AT, show rather complex 
dependencies on the length of the alkyl group. For the quatemary salts the 
values of all the above-mentioned parameters decrease significantly with an 
increase of the length of an alkyl substituent. Moreover, the characteristic 
temperatures of the thermal decomposition of these derivatives are much 
higher in comparison with those for other compounds studied. Also peak 
temperatures in DTG are higher than those in DTA. In the case of primary 
[IO], secondary, and tertiary alkanamine hydrochlorides the last dependence 
is reversed. 

Not too much attention has been devoted in the past tu the thermoana- 
lytical investigations of a~~~~urn chlorides. In the work of Myao 
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Tsin-Shen and Tronev [99] the DTA investigations of C,H,NH, - HCl, 
(C,H,),NH - HCl, and (C,H,),N - HCl have been reported. Unfortunately, 
our results differ markedly from those of the above-mentioned authors. We 
believe that these discrepancies result mainly from the differences in the 
experimental conditions. 

2. Nature of the thermal processes 

Numerous investigations proved that alkanaminium chlorides behave in 
condensed phases as typical ionic substances [8,27,100]. It can thus be 
expected that the thermal decomposition process followed by the transfer of 
molecules from the condensed to gaseous phase must involve several stages. 
The mechanism of volatilization of primary alkanaminium chlorides has 
been thoroughly discussed in our previous work [lo]. It may be assumed that 
the same mechanism also holds in the case of secondary and tertiary 
alkanamine hydrochlorides. Therefore, the overall process can be sum- 
marized with the equation 

(R,NH,-,)Cl(L,, + RpNH3-p(g) + fq,) 0) 

where R denotes alkyl group and p = O-3. 
There are only few reports regarding thermal decomposition of quaternary 

alkanaminium chlorides [2,30,101] and none of them is primarily concerned 
with the mechanism of the process. Following those reports we assumed that 
the overall process proceeds according to the equation 

(R,N)Cl,i,@ + R,N(g) + q,, (2) 

A similar pathway to that shown by eqn. (2) has been also predicted for 
the thermal decomposition of primary, secondary and tertiary alkanamine 
hydrochlorides [2] 

(R,NH,-,)Cl&,, + RJJ-iNHG-p(g) + RCl,,, (3) 

where p = l-3. We will discuss this issue in a subsequent section on the 
basis of the thermochemistry and kinetics of appropriate processes. 

Rough estimations made on the basis of the Clausius-Clapeyron equation 
using appropriate values of boiling points [102] and heats of vaporization 
[103] for amines prove that all the products formed in reactions (l-3) appear 
in the gaseous phase. However, this information does not give an answer to 
the question of whether the products behave as kinetically free fragments or 
whether they interact with other forming aggregates. The formation of weak 
complexes between amines and HCl can be expected on the basis of 
theoretical considerations [4-61, as well as certain experimental evidence 
[7,9]. Furthermore, some amines may interact with each other in the gaseous 
phase forming dimers [104]. It is worth mentioning that some theoretical 
considerations tend also to confirm this hypothesis [14,105]. 
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3. Thermodynamics of the thermal decomposition 

In the previous work concerned with the thermochemistry of mono-l-al- 
kanaminium chlorides we demonstrated that dynamic thermogravimetric 
data can be successfully used for the evaluation of the enthalpy of their 
thermal dissociation [lo]. For this purpose the following equation was used 

AH 
In (Y = - & + const (4) 

where AH, is the enthalpy of the thermal process and R denotes the gas 
constant. The main premise of this method is that the system attains 
equilibrium at a given temperature, T. This implies that the only energy 
barrier existing for the process is the thermodynamical one, i.e. AH,. Then 
the experimental degree of conversion, (Y, is equal to P/P,, where P is the 
equilibrium vapor pressure at a given T value and PO is the atmospheric 
pressure. Equation (4) results directly from the application of the Van? Hoff 
rule to reactions (l), (2), or (3). 

To meet the above requirements the thermal analyses were carried out in 
such a way as to eliminate all side factors which could affect the equilibrium 
conditions. Thus, the analyses were performed at moderate heating rate and 
using as small a sample weight as possible. Furthermore, the samples were 
always placed in thin layers on a relatively large surface to avoid side 
reactions and to enable free diffusion of gaseous products. 

The derived values of AH, are summarized in Table 3. For a few 
compounds studied the evaluated enthalpies of the thermal dissociation can 
be compared directly with those reported in the literature. The agreement is 
rather poor, partly because some of the literature data does not seem to be 
very adequate. Much more reliable sources of information are AH, values 
for reactions (1) and (2) derived from the standard enthalpies of formation 
of reactants. The latter values are always higher than those derived in this 
work in the case of primary, secondary, and tertiary alkanamine hydrochlo- 
rides and these discrepancies will be discussed subsequently. None the less, 
AH, values obtained by both ways mentioned above show similar trends. 
For quatemary salts both calculated values of AH, from values of the 
standard enthalpies of formation, as well as those evaluated from the data of 
Smith and Calvert [loll are surprisingly low in comparison with the values 
of the enthalpy for reaction (2) from this work. These differences are too 
high to be accounted for by non-perfect experimental conditions. The only 
explanation of these discrepancies is that reaction (2) requires fairly high 
activation barriers to be overcome over that resulting from the thermody- 
namical requirements. This implies that the process proceeds far from the 
equilibrium conditions and is fully supported by the data in Table 2. 

The values listed in the last column of Table 3 represent the enthalpy 
changes for the release of gaseous chloroalkanes and amines from al- 
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kanaminium chlorides. For primary [lo], secondary, and tertiary derivatives 
these values are comparable to the AH” values calculated for reaction (1). It 
could indicate that both reaction (1) and (3) might proceed simultaneously 
and this, of course, would cause the complex course of the thermal decom- 
position of these derivatives. The thermoanalytical investigations apparently 
demonstrate, however, that the process does not exhibit the complex nature. 

TABLE 3 

~e~~he~st~ of the thermal dissociation of ~~~~~ c&rides 

Substance Const a AH, a Enthalpy of volati~tion (kJ mol-‘f 

Eble 2) 
(kJ 
mol-‘) 

From literature b Calculated from the 
standard enthalpies of 
formation at 298 K ’ 

95.4 (439-533) [25] 

From 

ew. (1) 

180.3 

From eqns. 

(2) or (3) 

186.1 149 1 16.9 

2 17.6 

3 36.0 

4 19.2 

5 21.3 178 

6 33.7 308 

7 19.6 169 
8 20.2 159 
9 40.3 327 

10 18.4 159 
11 21.0 177 
12 21.0 182 
13 16.7 134 
14 33.3 265 
15 18.5 160 
16 18.6 162 
17 18.6 162 
18 20.5 173 
19 18.4 162 
20 19.2 169 
21 17.6 160 
22 19.4 171 
23 19.1 179 

145 

364 

167 

144.0 (533-569) [25] 
165.5 * 
167.3 ** 

167 (463-506) flOl] 

177.4 (498-560) 1251 190.5 * 
193.3 ** 
193.8 *** 
194.7 **** 
194.6 * 
197.5 ** 
202.4 *** 

181.2 
193.1 

116.8 (554-566) [25] 

210.9 198.5 

176.5 * 
182.8 ** 
168.8 * 
170.3 ** 
195.8 * 
198.6 ** 
199.1 *** 
200.0 **** 
195 * 
197.9 ** 
202.8 *** 
195.9 * 
209.1* * 
186.9 
198 
206.6 
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(Table 3 footnotes) 

’ Values of AH, and const were calculated from eqns. (1) or (2) within a range of (Y from 0.1 
to 0.82 (0.74). The linear correlation coefficient (r) was always better than 0.995 in the case 
of primary, secondary, and tertiary salts. For quaternary alkanaminium chlorides the values 
of r were always somewhat lower. b The temperature range, in K, is given in parentheses. ’ 
Values used in the calculations (k.J mol-I): AH&,[HCl] = -92.3 [102,106]; AH&[CH,Cl] = 
- 82.0 [107]; AH&[C,H,Cl] = - 112.1 [107]; AH&[ n-CsH,Cl] = - 132.4 [107]; AH&- 
C,H,,Cl] = -163.6 [107]; AH&[NH,] = -46.1 [102,106]; AH;s[CH,NH,] = -23.0 
[14,106,107]; AH;s[(CH,),NH] = -18.5 [107]; AH&[(CH,),N] = -23.7 [107]; 
AH&[C2H,NH,] = -47.5 11071; AH&[(C2H,),NH] = -72.6 [107]; AH&[(C,H,),N] = 
-92.8 [107]; A~~~~-C~H,NH~] = -70.2 [107]; A~~s[(~-C~H,~~NH] = - 116 [14,107]; 

A~~s[(~-C~H,)~N] = -161.0 [14,107]; A~~s~c-C~H,,NH*] = -105 (141; A~~~[(CH~)~NH 
-HCI] = -291.1 [108]; A~~=[(CH~}~N.HCl] = -281.5 * flO9] and -283.3 ** [log]; 
AH&[(CH,),NCl] = -274.5 * [IlO] and -276.0 ** [108]; AH;J(C,Hs)2NH.HCI] = 
-355.4 * [ill], -358.2 ** 11121, -358.7 *** [107], and -359.6 **** [113]; 
AH~G[(C2H5)sN- HCl] = -379.7 * [107], -382.6 ** [114], and -387.5 *** [ill]; 
AH&[(C2H5)4NCl] = -400.8 * [115] and -414 ** [ill]; AH~~[(n-C3H,)2NH.HC1] = 
-389.5 [116]; AH&[(n-C,H,),NeHCl] = -446.4 [116]; AH&I-C~H,)~NCI] = -500 
[116]; AH&[c-C,H,,NH,.HCl] = -408.2 [117]. 

Moreover, one might expect the existence of a fairly high activation barrier 
for reaction (3) on the basis of the previous considerations for quaternary 
salts. Since the applied method of investigation enables the excitation of 
only vibrational degrees of freedom in the molecule, the most probable 
primary dissociation pathway is that which requires the lowest value of 
energy, These facts, as well as numerous similarities in the thermal be- 
haviour of primary, secondary, and tertiary amine hydrochlorides and that 
of NH,Cl tend to confirm that the thermal decomposition of all these 
compounds follows eqn. (1). 

For the description of the kinetics of volatilization of primary, secondary, 
and tertiary alkanamine hydrochlorides we invoked the phenomenological 
theory outlined by Jacobs and Russell-Jones [1X3]. The main premise of this 
method is that the migration of molecules over the surface of a condensed 
phase followed by their diffusion through the gas phase determine the 
kinetics of the whole process. Despite some criticism of this approach [119] 
it has been proved that this model satisfactorily describes the kinetics of 
non-isothermal dissociation of ammonium and several mono-l -alkanamine 
hydrochlorides [lo], hexachlorostannates [ll], and hydrochlorides of aromatic 
bases [12]. The detailed discussion of this method and its adaptation to the 
non-isothermal conditions have been presented elsewhere [10,118]. The final 
form of the integral equation, adequate for linearly increasing temperature 
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conditions, is given below. 

(I- d’3 + (A/u,> = L x, 
1 + (A/u,) I() 3 a, 773Pe-E/2RT (5) 

where XI, X2, and E are the constants and E identifies the apparent 
activation energy for the process, @ is the heating rate, a, represents the 
initial radius of particles from which the volatilization process occurs, and A 
denotes the distance between collisions (i.e. a distance which a molecule 
travels after leaving the condensed phase, before a collision occurs). At 
moderate pressures of a foreign gas, P = atmospheric pressure, A +Z a,, and 
the influence of this parameter on the kinetics of the process is negligible. 
Then, eqn. (5) can be simplified to the form 

X,T[l - (1 - CK)~‘~] + a[1 - (1 - OL)~‘~] = $( XI/@)T3’2 e-E/ZRT (6) 
which actually describes the kinetics of the first, fast step of the thermal 
dissociation of primary, secondary, and tertiary alkanamine hydrochlorides. 

TABLE 4 

Kinetic constants for the ~o~ati~~tion of alkauamine hydr~~o~des 

2 118 7.04 - 7.9 x 1o-4 79.1 
4 164 1050 -3.6~10-~ 91.0 
5 168 3340 -4.4x1o-4 97.8 
7 148 140 -6.0~10-~ 92.4 
8 148 1030 - 3.3 x 1o-4 87.4 

10 152 259 - 3.8 x 1O-4 86.9 
11 178 11000 - 1.6 x 1O-4 97.1 
12 182 9070 -1.6~10-~ 100.0 
13 127 42.6 -5.3x1o-4 72.7 
15 161 783 -1.6~10-~ 87.4 
16 149 141 -4.8 x 1O-4 88.6 
17 144 73.3 -6.1~10-~ 88.3 
18 169 3630 - 2.1 x 1o-4 93.2 
19 159 506 - 0.91 x 10-4 88.4 
20 161 492 -4.3xlo-4 92.5 
21 151 76.2 -5.3xlo-4 87.2 
22 158 273 -5.8~10-~ 93.6 
23 151 37.5 - 6.9 x 1O-4 96.3 

Substance From the Jacobs and Russell-Jones From the surface contracting 

gble 2) 
model: eqn. (6) area equation: 1 - (1 - CY)‘~ = 

Z(T/@)e-E"/RT 

E(kJ Xl (K-l” X, E*(kJ 2 
mol-‘) s-l) (K-v mol-‘) (s-l) 

1 138 30.7 - 5.6 x 1O-4 80.8 8.9x103 
2.3 x lo4 
1.4 x 10s 
1.5 x lo6 
2.1 x 105 
4.8~10~ 
5.4x104 
1.0x 106 
1.0x lo6 
7.5 x lo3 
5.4x104 
6.6X104 
6.6X10” 
4.1 x 10s 
5.2x104 
1.3 x lo5 
2.0x104 
1.5 x lo5 
8.0 x lo4 
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Numerical values of the kinetic constants, giving the best fit of eqn. (6) to 
the experimental (Y vs. T dependencies, were found using previously de- 
scribed procedure [lO,ll]. These values are listed in Table 4. 

From the formal point of view the volatilization of primary, secondary, 
and tertiary alkanamine hydrochlorides can be considered as a chemical 
reaction. Thus, the kinetics of the process should follow the integral equa- 
tion [120] 

g(l - a) = Z( f ) emE*lRT (7) 

where g(l - a) denotes the mathematical function describing the kinetic 
model for the process (see ref. 19, Table l), E* expresses the apparent 
activation energy, and Z is the constant. The application of the standard 
least squares procedure to the experimental a vs. T data points permitted 
the calculation of E * and Z for various g(l - a) functions [19,121]. These 
calculations revealed that usually several reaction models fit very well with 
the experimental thermogravimetric curves. In Table 4 only the kinetic 
constants for the surface contracting area mechanism (R2) are given, since it 
has been found that this model describes satisfactorily the kinetics of 
sublimation of some ammonium salts under atmospheric pressure [118,122]. 
Also our studies proved that experimental data correlate fairly well with the 
R2 reaction model. 

The values of E from the Jacobs and Russell-Jones equation are very 
close to the appropriate values of the enthalpy of volatilization. This fact 
could indicate that the process does not require overcoming any activation 
barrier over that resulting from the thermochemical requirements. It would 
also mean that volatilization of alkanamine hydrochlorides takes place near 
the equilibrium conditions. The meaning of Xi and X, is not defined 
precisely, but both constants should be positive. The data in Table 4 show, 
however, that this is actually observed only for Xi. All the values of X, are 
negative. This discrepancy may result from the neglect of two terms holding 
A/a, in eqn. (6), which are formally negative (see eqn. (5)). These facts 
imply that both Xi and X, in eqn. (6) should be considered rather as 
mathematical constants without true physical significance. 

Perhaps the most important feature of the Jacobs and Russell-Jones 
equation is that it predicts the decrease of the rate of the volatilization with 
the decrease of the geometric surface area of a condensed phase. This effect 
had originally been predicted by Fuchs [123] and its existence has been 
proved later by other authors [118,124,125]. However, except in our studies 
[lo-121, this phenomenon has not been so far reported in non-isothermal 
investigations. 

As was mentioned earlier, if A/a, is small as is valid for the first step of 
volatilization, an adequate form for the description of the kinetics of the 
process is eqn. (6). However, at the end of the process the mean free path for 
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TABLE 5 

The ratio of E*/AH, for various reaction models 

Mechanism of 
the process a Rl R2 R3 Pl P2 P3 P4 Fl A2 A3 Dl D2 D3 D4 

E*/AH, 0.48 0.55 0.57 0.35 0.31 0.23 0.10 0.63 0.30 0.19 0.98 0.83 1.17 1.10 

a For details see ref. 19. Table 1. 

the molecules increases in comparison with the dimensions of drops or 
crystals, and A approaches a, in magnitude. This causes a gradual decrease 
of the rate of the process as both terms holding A/a, in eqn. (5) are 
negative. The above effect is clearly seen in thermogravimetric curves of all 
alkanamine hydrochlorides studied. We also proved that this phenomenon is 
of a general nature and occurs upon non-isothermal volatilization of a 
number of other compounds [lo-121. 

The question remains of how to interpret the values of kinetic constants 
for alkanamine hydrochlorides derived on the basis of eqn. (7). Our experi- 
ence suggests that 2 should be treated only as a purely mathematical 
constant. On the other hand, since the exponential term in eqn. (7) links 
directly to the Arrhenius equation the values of E* can be considered as an 
apparent activation energy for the process. Reviewing the kinetic calcula- 
tions it is noticed that values of E* show the same trends as appropriate 
AH, values. Furthermore, we found that the ratios of E */A H, are almost 
identical at a given kinetic model for all primary, secondary, and tertiary 
alkanamine hydrochlorides (Table 5). It is, however, surprising that values of 
E* are usually much lower than appropriate values of the enthalpy change 
for the process. Only E * values for diffusion mechanisms are comparable to 
those of AH,. For the two reaction models often proposed for the descrip- 
tion of the kinetics of dissociative sublimation, namely Rl [126-1281 and R2 
[118,122], the values of E* are only equal to 0.48 and 0.55 of the AH, 
values, respectively. Many efforts have been made in the past to explain 
these low values of E* [127-1291. However, it seems unlikely that the 
molecule can reach a high energy level resulting from AH, if the rate 
determining step has such a low activation barrier. One could, thus, expect a 
much more complex nature for the process. On the other hand, the apparent 
difficulties in the interpretation of E * can be concealed in eqn. (7). Perhaps 
it would be more adequate to consider this equation against two molecules 
of gaseous products. Such a concept would require that the transition state 
for the volatilization of alkanamine hydrochlorides is a loosely bonded 
complex of amine and HCl. Then, following the suggestion of Meschi and 
Searcy [130], the exponent in the kinetic equation should admit the form: 
exp( - E */2RT) and all the values of E * would be a factor of 2 higher 
compared with those derived from eqn. (7). The above considerations clearly 
demonstrate that eqn. (7) presents a rather purely formal approach to this 
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TABLE 6 

Kinetics of the thermal dissociation of quaternary akanaminium chlorides a 

Kinetic model 
for the 
process b 

Rl 
R2 
R3 
Fl 
Dl 
D3 
D4 

Kinetic constants 

E* Z E* Z 

177 2.8 x 10” 149 2.6 x lOlo 
204 3.8~10’~ 173 2.9x10” 
214 2.0~10’~ 181 1.4~10’~ 
235 4.9x1016 200 3.0~10” 
359 1.3x10z7 303 1.2x10= 
432 6.2~10~~ 367 3.3~10~’ 
406 2.3x10” 344 1.5~10~~ 

Kn-W-b)d’JlCl 
E* Z 

160 2.0 x 1013 
184 5.7 x 10” 
193 4.0 x 1o16 
213 1.9 x 1019 
323 6.2x103’ 
391 2.6 x 1O37 
366 4.4x 1O34 

Kn-GW,Wl 
E* Z 

129 1.5 x 1o’O 
149 1.5 x 10’2 
156 6.8 x 1012 
172 1.3 x 1015 
262 4.2 x 10 24 
316 8.4 x 1O29 
296 4.3 x 1O27 

* Kinetic constants were calculated from eqn. (7). E* = apparent activation energy (kJ 
mol-‘); Z = constant (s-l). b For details see ref. 19, Table 1. 

problem. Much more realistic seems to be the Jacobs and Russell-Jones 
model which predicts the activation energy values in accord with well known 
physical significance of this magnitude. 

To examine the kinetics of the thermal decomposition of quatemary salts 
we used a standard procedure based on eqn. (7). The kinetic constants for 
some selected mechanisms of the process are listed in Table 6. It is 
interesting that we obtained the highest values of the correlation coefficient 
always in the case of the Fl mechanism. Also R2, R3, A2, A3, Dl, D3, and 
D4 reaction models correlate fairly well with the experimental thermogravi- 
metric curves. Unfortunately, the adopted approach to the problem was 
purely formal and the derived values of an apparent activation energy do 
not seem to provide reliable information on the height of the energetic 
barrier for the thermal decomposition process. 

5. Thermochemical characteristics 

Many thermochemical quantities for the compounds studied can be 
derived from a simple Hess’s law. The various relations between these 
quantities are usually presented in the form of a thermochemical cycle. In 
our latest work devoted to the thermal properties of primary l-alkanamine 
hydrochlorides we presented such a cycle [lo]. The thermochemical relation- 
ships derived in that work are also valid for all primary, secondary, and 
tertiary alkanamine hydrochlorides and we therefore used them for the 
evaluation of the following quantities 

AH&[(R,NH,_,)Cl] = AHP,[R,NH,_P] + AH&[HCl] - AH,0 (8) 

AH&[R,NH,+_,] = AHP,[R,NH,_,] + AHP,[H+] - +R,NH,-,] (9) 

U’[(R,NH,_,)Cl] = AH;$$NH4+_p] + AH&[Cl-] 

-AH&[(R,NH,_p)C1] - 2RT 00) 
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All magnitudes in eqns. (@-(lo) refer to 298 K and 1 atm: A Hf denotes the 
enthalpy of formation of a given species (p = l-3); U + 2RT is the lattice 
enthalpy; U represents the lattice energy; PA is the proton affinity of an 
amine; and AH, identifies the enthalpy of volatilization. 

The AH, values derived in this work do not refer to 298 K and therefore 
were modified according to the equation 

Afc.298 = AH,+AH;+ZAH,o- =AC;dT 
J 298 

(11) 

where AH, is the enthalpy of volatilization from eqn. (4); AH,‘1, expresses 
the enthalpy of fusion; the term XAH: 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 /2&AC: dT 
accounts for the change of enthalpy resulting from the changes of heat 
capacities of reactants. Since the pertinent data for AH: are not available 
we estimated the numerical values of this magnitude using empirical rela- 
tionship relating to the entropy of fusion: AS: = AHL/T,,, = const. The 
value of AS: was assumed to be 13.6 J mol-’ K-i [lo] on the basis of the 
available literature data for mono-l-alkanaminium chlorides [131,132]. Tak- 
ing this value and temperatures of melting from Table 2 we evaluated the 
enthalpies of fusion. They are listed in Table 7. For compounds No. 2, 4, 5, 
7, 12, 13, 17, and 18 the term AH: was ignored since they melt and 
decompose simultaneously and the process of fusion presumably does not 
affect thermodynamics of decomposition of these derivatives. None of the 
heats of phase transitions for alkanamine hydrochlorides studied are availa- 
ble. Such transitions amount usually to values ca. 4 kJ mol-l [10,131,133], 
and this value has been arbitrarily chosen for this quantity (Table 7). The 
magnitude and sign of the heat capacity term is also difficult to assess in the 
absence of appropriate C: data for the majority of salts and gaseous 
products. On the basis of C,” =f(T) dependencies for NH,Cl [134], 
(CH,NH,)Cl [133], ammonia [134], methanamine [134], and HCl [134] we 
found that ACp” for the volatilization of both ammonium chloride and 
methanaminium chloride vary with temperature similarly and can be ap- 
proximated with the equation: 7.2 - 0.133T (in J mol-’ K-l). We assumed 
that this relationship also holds for the remaining alkanamine hydrochlo- 
rides. Some idea of the validity of this assumption may be gauged from the 
fact that the expected increase of the heat capacity caused by an increase in 
the size of an alkyl group should be similar for both salts and appropriate 
amines. It may, perhaps, be worthwhile to mention that the above regularity 
regarding AC: does not exist upon dissociation of alkanamine hydrochlo- 
rides in aqueous solutions [135,136]. In the latter case, however, the reported 
differences are mostly due to the interactions of amines and their cations 
with the solvent. The estimated values of the heat capacity term are shown 
in Table 7, and the modified values of AH: are listed in Table 8. 
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TABLE 7 

Ancillary data for the evaluation of thermochemical parameters ’ 

Substance (R,NH,-$1 R,NHs -p R,NH:_, 
No. 
(Table 2) 

AH: ISAH,o &‘a~AC, dT AH&” PA= AH;’ 

1 
2 
4 
5 
7 
8 

10 
11 
12 
13 
15 
16 
17 
18 
19 
20 
21 
22 
23 

6.1 4 
4 

5.7 4 
5.9 8 
6.6 

6.2 4 
5.7 4 

6.7 4 
6.5 
5.9 4 
7.0 4 
7.1 4 

- 7.4 - 18.5 934 584 
- 5.9 - 23.7 950 563 
-7.3 - 72.6 953 511 
-6.6 - 92.8 978 465 
- 7.2 -116 961 459 
-5.3 - 161 988 387 
-7.2 - 83.8 929 523 
-6.8 -144 969 423 
-7.6 - 156.6 966 414 
- 5.2 - 222 993 321 
-7.3 - 98.8 930 507 
- 7.4 - 104.8 934 497 
- 7.4 - 120.9 938 477 
-6.8 - 179.2 968 389 
-7.6 - 121 932 483 
-7.7 - 105 937 494 
- 8.4 - 3.4 950 583 
-7.9 - 48.9 954 533 
- 9.6 - 4.2 979 553 

a All values in kJ mol- . ’ b The standard enthalpies of formation of gaseous amines at 298 K 
were taken from refs. 14 and 107. The value of AHf8 for 3-methyl-1-butanamine was 
estimated by the Benson’s group additivity method [137]. ’ Proton affinities were taken from 
ref. 138 and corrected relative to the PA value for ammonia of 860 kJ mol-’ [139]. The value 
of PA for 3-methyl-l-butanamine was assumed to be 932 kJ mol-’ [14,139]. 

To evaluate thermochemical quantities from eqns. (8)-(10) we used 
AH&[R,NH3_,] and PA[R,NH,_,] values listed in Table 7. Further, we 
assumed for AH&[HCl], AH&[H’], and AH&[Cl-] values equal to (in kJ 
mol-‘): -92.3 [102,106,134], 1536.2 [102,106,134], and -233.1 [106], re- 
spectively. The derived standard enthalpies of formation and crystal lattice 
energies for alkanamine hydrochlorides studied are presented in Table 8. 

The values of the enthalpy of volatilization of amine hydrochlorides 
examined in this work generally show similar regularities to those observed 
for mono-1-alkanaminium chlorides. The AH, values for branched primary 
alkanamine hydrochlorides are comparable with those for unbranched de- 
rivatives [lo]. Moreover, they are almost the same for both groups of 
compounds and the observed differences are within experimental uncertain- 
ties. A gradual increases of AH, values with an increase of the size of an 
alkanaminium cation can be observed. This regularity is particularly pro- 
nounced in the case of cyclic derivatives, but does not hold, however, for 



276 

TABLE 8 

Thermochemical quantities for alkanaminium chlorides at 298 K ’ 

Substance b AH,0 AH& (kJ mol-‘) u” (kJ mol”‘) 

No. Formula (kJ mol-‘) Ttis From This From 
WO& literature work literature 

1 (Me,NH,)Cl 167 - 278 - 291.1[108] 624 627 [IQS] 0.188 
0.208 

(0.223) 

0.197 

0.207 

(0.224) 

0.202 
0.223 

(00.248) 
0.177 
0.197 
0.195 
0.257 

(0.271) 
0.179 
0.181 
0.190 
0.203 
0.179 
0.28r. 
0.192 
0.187 
0.197 

155 

(=I 

- 271 

(-2725 

- 281.5 [109] 
- 283.3 {108] 
- 274.5 ill01 
- 276.0 [lO8] 

596 596 [Ias] 

(5761 502 fll5f 
523 po] 
548 [Z41] 
552.8 fl42] 
566 [XOSj 
617 fill] 4 I74 -331) - 355.4 frrl~ 

- 358.2 [112] 
- 358.7 [lo71 
- 359.6 [113] 
- 379.7 [107] 
- 382.6 11141 
- 387.5 jlll] 
- 400.8 fll5] 
-414 BlI] 
- 389.5 frl61 
-446.4 fll6I 
- 5oQ flf61 

612 

607 11.11; 5 (Et,NX-QCl 185 - 370 597 

6 (Et4N)C1 

7 ~~*~~~~~~ 176 -384 
8 (n-fr,NTW 174 -427 
9 (+Pr,WJ (1821 (-4775) 

10 (CPrNN,)Cf 180 - 356 
11 ( i-Pr2NH,)CI 190 - 426 
12 (n-BuzNH,)C1 190 - 439 
13 ( n-Bu ,NH)Cl 139 -453 
14 (n-Bu,N)Cl (158) (-534) 
15 (i-BuNH,)Cl 178 - 369 
16 (sBuNH,)Cl 179 - 376 
17 (t-BuNH,)U 169 - 382 
18 (&&l#H$J 180 -452 
19 (i-PentNH,)CT 180 - 393 
20 ~~~~~~C~ 183 - 380 
21 PjT+HCI 178 - 274 
22 PipHCl 190 -331 
23 Quin e HCI 200 -297 

(5753 422 [IIs] 
641 [lZl.j 
593 tll6] 
575 flwq 
550 [1X6] 

6435 
576 

(546) 
642 
611 
615 
536 

(521) 
638 
635 
621 
603 
638 
636 
619 
626 
612 

* Y&es obtained by extrapolation or estimated are given in parentheses. b For names of the 
compounds see Table 2. 
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P 

Fig. 2. The enthalpies of formation (A) and crystal lattice energies (B), both in kJ mol-‘, for 
I(C,H Zn+l)pNH4_p]Cl against the number of allcyl groups (p): X, n =l; U, n = 2; 0, 
n = 3; A, n = 4; values with comma were obtained by extrapolation or estimated. 

reveals, however, that the AH& values for unbranched alkanaminium chlo- 
rides, of general formula (R,NH,_p)Cl, show interesting trends against the 
number of R groups. Thus, we plotted in Fig. 2 values of AHtc derived from 
this work together with appropriate data taken from ref. 10 (the enthalpies 
of formation of mono-1-alkanaminium chlorides from our previous work 
were modified using more reliable data for the enthalpies of formation of 
amines [14,107]). With the exception of ~rno~urn chloride these values 
decrease proportionally with the number of R substituents in the amine 
molecule, i.e. if R = Me, Et, and n-Pr. Similar regularities have been also 
observed by other authors [108,111,116]. Following the suggestion of these 
authors we assumed that analogous trends are valid for appropriate 
quatemary salts. Thus, extrapolating AHtG values the standard enthalpies of 
formation of (Me,N)Cl, (Et,N)Cl, and (n-Pr,N)Cl (Table 8) are obtained. 
Unfortunately, this regularity does not hold for n-Bu substituted derivatives 
and the value of AH,O,[(n-Bu,N)Cl cannot be estimated by the above 
procedure. 

To facilitate discussion of the crystal lattice energy problem, we invoked 
an approximate method developed originally by Kapust~s~i [143] and 
improved later by Yatsimirskii [l&If. Following these authors the crystal 
lattice energy can be expressed with the equation [l&I] 

u_ 120 2 KWZKZA) - 
* hcfcd 

[1-(s) + 0.087( rK + rA) ] inkJmol-’ 

(12) 
where (Xn) is the total number of ions in the simplest formula unit of the 
molecule; 2, and Z, denote the numerical values of the charges of cation 
and anion, respectively; and rK and ?+A are the *‘thermochemical” ionic radii 
(in nm). Assmning an r,,- value equal to 0.172 nm 11451 we derived the 
values of rK listed in Table 8. 
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The crystal lattice energies generally decrease with an increase of both the 
size of an alkyl substituent and the number of alkyd groups at the nitrogen 
atom and these facts agree with the Kapustins~i-Yatsi~sk~ formula 
discussed above. This regularity is clearly seen in Fig. 2 where the values of 
U” for (R,NH,_,)Cl (R = Me, Et, n-Pr, and n-Bu) are plotted against p 

(far p = 0 and 1 the appropriate values were taken from ref. 1.0). For the 
series of branched mono-alkanamine hydrochlorides studied the values of 
U0 do not change significantly with the size of an alkanaminium cation. It is 
worth mentioning that a similar dependency has been also observed previ- 
ously for unbranched derivatives [lo]. Figure 2 shows that values of tr” 
depend linearly on the number of alkyd subs~tuents for a given R. Thus, 
applying an approbation procedure U” values for appropriate quaternary 
salts are obtained. They are listed in Table g. ~~Therm~he~c~’ radii 
exhibit expected trends against the structure of an a~~~i~ cation. 
This quantity presents, however, only an empirical constant and does not 
provide direct information on the true dimensions of ions. None the less, 
this magnitude appears to be very helpful in the examination of crystal 
lattice energy problems and, as has been proved many times in the past, it 
can be used for the estimation of unknown crystal lattice energies f143-1451. 

Unexpected trends for AHp, and U” of n-Bu substituted alk~a~~urn 
chlorides (Fig. 2) make impossible the estimation of any of these quantities 
for (n-Bu,N)Cl in the manner described previously. Therefore, we made an 
effort to evaluate these characteristics using information from the literature. 
Conway et al. 1173 derived the ionic radii for n-Pr,N+ and I~-Bu~N+ being 
equal to 0.452 and 0.494 nm, respectively, on the basis of the bond length 
analysis. Assuming that “thermochemical” radii for these ions change 
proportionally to those given above values for rK of n-Bu,N” equal to 0.271 
nm are obtained. Substituting this value in eqn. (12) gives U” for (n-Bu,N)Cl 
equal to 521 kJ mol-‘. This value seems to be very probable considering 
previously discussed trends of crystal lattice energies (Fig. 2). Great dif- 
ferences from the linearity observed for other compounds of the (pt- 
Bu,NH,_,)CI series requires, however, further exa~natio~_ 

Our present ~uw~edge of the chemistry of quaternary alkanaminium salts 
reveals that R4N+ ions actually exist in the solid and liquid state. For better 
understanding of various thermochemical problems it is, however, necessary 
to know the thermochemical characteristics for these species in a hypotheti- 
cal gaseous state. One of the most important quantities describing properties 
of these ions is the enthalpy of formation. This characteristic refers directly 
to the alkane cation affinity. To handle this problem let us consider two 
pathways for dissociation of alkanaminium ions [13] 
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Pathway (13) is available for ammonium and primary, secondary, and 
tertiary alkanaminium ions and the enthalpy change for this process is 
named proton affinity (PA). On the other hand, pathway (14) exist for all 
types of alkanaminium ions and the enthalpy for this process is named, by 
analogy, alkane cation affinity (AKA). Applying simple Hess’s law to both 
above equations gives 

AKA[R,_,NH,_,] = AH&[Rp-NH+,] + AHP,[R+] + E4[R,NH3_,] 

-AH&[RpNH+] - AH&[H+l (15) 

For the compounds of the series R,_,NH,_, (R = Me, Et, n-Pr, n-Bu, and 
p = 1, 2, 3) th e appropriate alkane cation affinities can be evaluated from 
the available literature data. Thus, taking previously mentioned values for 
AH: [H+], PA[R,NH,_,] (Table 7, ref. lo), AH&[R,_,NH,_,] and 
AHP8,[R,NH3_-p] (Table 7, footnotes at Table 3, AHP,[n-BuNH,] = -92.0 
[14,iO7]), and assuming for AH&[Me+], AH&[Et’], AH&[+Pr+], and 
AHtJn-Bu’] values equal to (in kJ mol-r) 1095, 917, 868, and 839 [146], 
respectively, we have derived appropriate alkane cation affinities. They are 
shown as points in Fig. 3. Of course, this procedure does not allow 

;t--LL 0 1 2 3 
P-l 

Fig. 3. Alkane (R) cation affinities for R,_,NH,_,: X, R = Me; 0, R = Et; 0, R = n-Pr; 
and A, R = n-Bu (4 denotes the extrapolated value). 
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evaluation of alkane cation affinities for tertiary amines. However, from a 
simple thermochemical cycle for quaternary salts 

AKA[R,N] = AHP,[R,N] + A@*[R+] + AH&[Cl-] - AH&[(R,N)Cl] 

- U” [ (R,N)Cl] - 2RT (16) 
Therefore, using appropriate values for AH&[R,N], AH&[(R,N)Cl], and 
U’[(R,N)Cl] listed in Tables 7 and 8 and previously indicated values for 
AHls[R+] and AH&[Cl-] we derived MeiK4, Et&f, and n-P&4 for Me,N, 
Et,N, and n-Pr3N, respectively. These values are shown as points in Fig. 3 
(for p - 1 = 3). The derived alkane cation affinities for tertiary amines fit 
quite well with other values and this makes the standard enthalpies of 
formation and crystal lattice energies for quaternary salts estimated by 
extrapolation more realistic. 

Alkane cation affinities for a given series of amines (R constant) can be 
satisfactorily approximated with a simple quadratic equation. Using a stan- 
dard computer program we derived coefficients for this polynomial (Table 
9). The points belonging to the solid lines in Fig. 3 correspond also to this 
equation. Examining the data indicates that curves for EtK4 and n-PrK4 
show almost the same curvature and that they are only shifted by a constant 
value equal to - 21.5 kJ mol-‘. Assuming that the same tendency holds for 
n-Bu cation affinity we have estimated, from the available data, that the 
values of this quantity should be shifted by -4.5 kJ mol-’ against the 
appropriate values for n-P%4 (Fig. 3). By extrapolation a value equal to 
392 kJ mol-l for n-BuK4 of n-Bu,N (Table 9) was obtained. Combining 
this value with those for other quantities in eqn. (16) we have obtained a 
value of - 534 kJ mol-’ for the standard enthalpy of formation of N,N,N- 
tributyl-1-butanaminium chloride (Table 8). Further, using the estimated 
values of AHtc for quaternary chlorides (Table 8) true enthalpies of the 
thermal decomposition of these derivatives can be predicted from eqn. (2). 
These characteristics were calculated assuming appropriate values for the 
enthalpy of formation of amines and chloroalkanes (see Table 7, footnotes 
at Table 3, and AHt&n-C,H,Cl] = -154.5 kJ mol-’ [107]) (Table 8). The 

TABLE 9 

Alkane cation affinities of R,_,NH,_, and enthalpies of formation for R4N+ a 

R Polynomial approximating AK4 RK4 of R,N AHrI)BtR4N+ I 
(c.f. Fig. 3) 

Me -7.7(p -1)2 +51s(p -1)+443.1 
Et -6.8(p -1)2 +55.2(p -1)+305.1 
n-Pr -5.9(p -1)2 +55.2(p -1)+283.7 
n-Bu - 5.9( p - 1)2 + 55.2( p - l)+ 279.2 

a All values in kJ mol-‘. 

from the 
polynomial 

529 
409 
396 
392 

542 
415 
311 
225 
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comparison of these estimated enthalpies of the thermal dissociation with 
those derived from the thermogravimetric curves (Table 3) shows clearly that 
the latter exceed the expected AH, values for the process from ca. 100 kJ 
mol-‘, in the case of (n-Bu,N)Cl, to ca. 200 kJ mol-l, for (Me,N)Cl. These 
facts strongly support the concept of the existence of the kinetic barrier for 
the process. 

Lastly, from eqn. (14) 

AH;g[R,NH,+_,] = AH&[Rp-~NH4-_p] + AH&[R+] 

-AKA[R,_,NI-&] (17) 
Therefore, using the appropriate ancillary data from Tables 7 and 9, as well 
as values reported earlier in the text, we estimated standard enthalpies of 
formation of quaternary alkanaminium ions. They are shown in Table 9. 
These characteristics were not previously available. 

6. Final remarks 

The enthalpies of formation of crystalline alkanaminium chlorides derived 
in this and previous work [lo] are slightly lower compared with those 
obtained by the calorimetric method. These differences may be due partially 
to the fact that the method applied is actually a non-equilibrium technique. 
Thus, the experimental P/P,, values (equal to a) might be somewhat lower 
than those corresponding to the equilibrium conditions at a given tempera- 
ture. An analogous effect can, however, also be caused by the imperfect 
behaviour of decomposition fragments in the gaseous phase. We discussed 
this issue earlier in the text and we believe that this is the main factor 
causing the observed discrepancies. On the other hand, the agreement can be 
considered as quite good, taking into account that both characteristics have 
been obtained by the application of totally different techniques. 

The last question remaining is why the crystal lattice energy is affected 
only insignificantly by the size and structure of an alkanaminium cation. To 
explain this phenomenon factors influencing this quantity must be consid- 
ered. As is well known, in the case of ionic crystals the crystal lattice energy 
is affected mainly by the coulombic interaction between charged centers. 
For the compounds studied here these centers are located on N and Cl and 
they are virtually the same. Therefore, nearly constant values of the crystal 
lattice energy might be obtained if the N-Cl distance was independent of 
the size of an alkyl substituent. This conclusion is fully supported by the 
results of crystallographic investigations. It has been found that the hydro- 
gen bond >N-H - - - Cl, whose distance is affected only insignificantly by 
the attachment to nitrogen alkyl groups, plays an important role in the 
structure of alkanaminium chlorides [147-1491. Alkyl substituents which, of 
course, have much larger dimensions than N, H or Cl atoms are placed in 
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the lattice in such a way that the distance between N and Cl is uninter- 
rupted. Sometimes, they form chains [147] or layered structures [150]. 
Undoubtedly, these considerations would be strengthened by the calculation 
of crystal lattice energies using lattice parameters. We are currently working 
on this problem. 
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