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The effect of concentration of benzoic acid and composition of the binary solvent water-methano' 
on the rate of decomposition of 1.3-bis(4-methylphenyl)triazene has been studied. It has been 
found that both general acid catalysis by undissociated benzoic acid and catalysis by the proton 
are significant. The rate constant kHA of general acid catalysis decreases monotonously with 
decreasing amount of water in the mixture due to preferred solvation of the activated complex 
as compared with the educts. The rate constant kH of the catalysis by proton in its dependence 
on methanol concentration exhibits a minimum for 80% (by wt.) of methanol in the mixture. 
This phenomenon is caused by formation of the conjugated acid from more basic methanol 
and proton with simultaneous solvation by water and methanol; the particle thus formed is 
a weaker acid as compared with the complexes existing in water or in methanol. The kH value 
is higher in methanol than in water due to preferred solvation of the educts as compared with 
that of the transition state. 

As compared with individual solvents, solvent mixtures are substantially more 
complex from the standpoint of description of chemical and physical processes taking 
place therein. The interpretation of measured manifestations of most varied pro
cesses in mixed solvents is usually based - beside the structural properties of the 
solvent itself (see e.g. ree) - predominantly on an empirical description (for 
a survey see e.g. ref. 2 ). The most widespread parametric scales are the Y scale by 
Grunwald and Winstein 3, the ET (30) scale by Reichardt in the modification by 
Langhals4 , and the scale by Kamlet and TaftS - 7 • With regard to the large number 
of mixed solvents it is advantageous to use a description by empirical function 2 ; 

the procedure based on the additional Gibbs energy8 proved to be relatively suitable. 

A special standing among mixed solvents is assumed by mixtures water-organic 
solvent, particularly in connection with studies of behaviour of ions in these media. 
In this respect the most significant ion undoubtedly is the proton9 • Neglecting the 
media formed by concentrated solutions of acids, one can study the behaviour of 
proton in a mixed aqueous-organic solvent preferably with the help of the following 
methods: dissociation of weak acids (e.g. refs 10 - 14), electrochemistry 1 5, the Gibbs 
energy changes accompanying the proton transfer from a standard solvent (water) 
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into a mixed one16 ,l 7, a reaction with suitably sensitive substrate. Such substrates 
undoubtedly include triazenes which are split into the respective diazonium salt 
and amine by action of the proton, a general acid, or its dimeI'. This reaction can 
be carried out practically in any solvent as we showed in earlier papers t 8, t 9 of this 
series which also give a survey of reactions of triazene derivatives. Our studies 18 - 20 

as well as those by other authors21 show that the decomposition is subject to general 
acid catalysis and mechanistically represents an electrophilic substitution at nitrogen 
atom (A-S E2). The mechanism involving protonation with subsequent decomposition 
of the protonated substrate in thc rate-limiting step (A-i) is not likely (even in aprotic 
solvents t 9) with respect to the reactivity of triazenes, although it continues to be 
mentioned in literature (ref. 22 and a survey in ref. 18 ). 

The aim of the present communication is to adopt L,3-bis-( 4-l11cthylphenyl)triazene 
as a substrate labile to acids for measurements (and interpretation) of the activity 
of benzoic acid and of the proton formed by its dissociation in aqueous methanol. 

EXPERI MENT A L 

The synthesis of 1,3-bis(4-methylphenyl)triazene, drying of methanol. and kinetic measurements 
are described elsewhere 1 8. The data obtained were treated statistically according to our own 
programs using a PC-AT. In the optimizations the objective function was constructed as a sum 
of squares of differences of logairthms. 

RESULTS AND DISCUSSION 

Like in the measurements with trichloroacetic acid 18 also the decomposition with 
benzoic acid exhibits a dependence of the observed rate constant kOb' on the analy
tical concentration C of the catalyst acid in a form corresponding to the participation 
of both general acid and the proton in the reaction. The dependence can be quantitati
vely described as follows 

(1) 

whcre kliA and kH are the catalytic constants in the reaction of the substrate with 
nondissociated acid and proton, respectively, and K" is the dissociation constant 
of general acid. The constants kHA and kHK~/2 are presented in Table I. The same 
table also gives the standard deviations s which in average vary about the value of 
0·1 units of log kobso which indicates a relatively good quality of interpretation of 
experimental data by Eq. (1). From the data of Table I it follows that both the rate 
constants mentioned decrease with decreasing water content in the mixed solvent, the 
decrease in kHA being faster. In neat methanol the kHA constant is statistically in
significant as compared with the kHK~/2 constant. which indicates that the substrate 
reacts only with the proton. 
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The decrease in the kHA constant with decreasing content of water in the mixture 
was expected. Since the proton transfer from general acid to substrate is connected 
with creation of charges in the transition state, the latter is more solvated than the 
educts in any solvent. A transition from a better solvating solvent to a worse one is 
predominantly connected with a decrease in solvation of the activated complex, 
hence also with a marked deceleration of the reaction. The change in solvation ability 
can be due to both the change in relative permittivity of medium and that in quality 
of specific solvation at the molecular level. The latter case usually leads to nonlinear 
dependences on some characteristics reflecting the mixture composition 2 •4 ,8. In our 
case it is possible to find a very close dependence of logairthm of the kHA rate con
stant on the volume fraction of solvent (xwt) as follows: 

log kHA = (3'09 ± 0'13) - (4'97 ± 0'2l) xwt ' 

11 = 8, s = 0'137, r = 0·994 . 

(2) 

A markedly worse fit of the dependence is obtained with the application of molar 
fraction (Xmol): 

TABLE I 

log kHA = (2'49 ± 0'12) - (4'86 ± 0'33) Xmo l , 

11 = 8, S = 0·2l9, r = 0·987 . 

(3) 

Weight concentraions of methanol in water (w(w, %) the concentration ranges of benzoic acid 
(~c, mol dm - 3), the number (n) of experimental rate constants determined in the solvent of the 
given composition, the catalytic constants (kHA and kH' dm3 -1 s -1), and the residual standard 
deviations (s) in Eq. (1) (in logarithmic units) 

w(w ~c n kHA k H . 10- 2 S 

20 7'5.10- 4-2'5.10- 2 22 148 15'3 0'1469 
30 2'1.10-'4- 3'5.10- 2 39 29·6 14·4 0·1453 
40 6'0.10- 4-5'2.10- 2 31 12·9 7'59 0'0828 
50 6'0.10- 4-5'6.10- 2 28 6·03 4'03 0·1263 
60 1'0.10- 3 -1'6.10- 1 32 1'04 3·21 0'0880 
70 6'0. 10-'4 -4,5. 10- 1 40 0·269 3·19 0'0848 
80 1'2.10- 3 -8'2.10- 1 36 0·179 2·17 0'0765 
90 5'6.10- 3-1'3.10° 40 0'0413 3'19 0'2646 

100 5'7.10- 2 -2'2.10° 30 a 30'7 0·1439 

.. Statistically insignificant (0'000 308). 
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A similarly significant dependence was also found with the Y parameter by Grun
wald and Winstein 23 : 

log kHA = - (1'05 ± 0'10) + (1'02 ± 0'06) Y, 

n = 8, s = 0·185, r = 0·990. 

(4) 

In all the cases the statistically insignificant value of log kUA for neat methanol was 
excluded from the regression. With respect to kHA the mixed solvent studied behaves 
as an ideal mixture (in terms of the published theory8 the additional Gibbs energy 
is statistically insignificant), the macroscopic quantity (volume of solvent components) 
and not the ratio of molecules being substantial. The III value found in the equation 
by Grunwald and Winstein 3 in unexpectedly high as compared with the value found 
for non catalyzed solvolysis of acyitriazenes24, and it indicates a rather charged 
transition state. As the kUA constant reflects the situation in general catalysis, the 
dependence of log kHA vs log K" is also interesting in the sense of the Bronsted equa
tion. This dependence (with the K" values taken from refs 25 . 26) reads as follows: 

log kHA = (8'78 ± 0'67) + (1·50 ± 0'12) log K", 

n = 8, s = 0'252, r = 0·981 . 

(5) 

As the regression coefficient in Eq. (5) is distinctly greater than one, the found 
decrease of kUA with decreasing water concentration is connected with a more exten
sive solvation of the transition state during the proton transfer to the more basic 
nitrogen atom of triazene (compared with the solvation of the dissociation products 
after the proton transfer to the respective oxygen-containing solvent). 

A somewhat more complicated situation is encountered with the reaction of the 
proton solvated in the given medium and the triazene substrate. The combined 
constant kuK~/2 decreases with decreasing water content, but after dividing it by 
the K~/2 value (taken from refs25 ,26) we obtain the kH constant which at first de
creases and, after reaching the minimum at 80°:; (by wt.) methanol, it steeply in
creases to attain a value which is higher than that in water (Table I). If we only 
consider the reaction with the proton as an unsolvated particle, then the rate constant 
kUA should increase on transition from water to methanol. The starting species are 
more solvated (the localized charge on the proton) than the transition state (the 
charge is delocalized), hence a transition to a less solvating solvent leads to a slight 
increase in the reaction rate. This process probably is significant at higher methanol 
concentration in the mixtures, and it has the consequence that the catalytic rate 
constant k" is greater in methanol than in water. As, however, the proton is not 
free in the given medium, but is bound to a solvent molecule and further sol
vated 9 •27 •28 , it behaves - in fact - as a new acid whose properties are continuously 
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or abruptly changed with solvent changes. In any case the main factor is the strength 
of the conjugated acid formed (which is indirectly proportional to the basicity 
of the host conjugated base and its solvation27 ,28). Due to the + I effect of alkyl 
group, alcohols are usually more basic than water and the corresponding conjugated 
acids are weaker than H30+. Alcohols theoretically also have a greater solvation 
ability (due to their higher basicity) for the conjugated acid formed. In fact, however, 
alcohols (due to the presence of bulky and non polarized alkyl group) stabilize charged 
particles substantially worse than water does, which can be seen from the standard 
molar Gibbs energies of the proton transfer from water to organic solvent (~Gt' 
refs 16.17). The last paper cited studies the proton transfers from water to aqueous 
organic mixtures, and the dependence found between ~Gt and composition of the 
binary solvents show minima about 60~~ (by weight) of the organic solvents (methoxy
ethanol, 1 ,2-dimethoxyethane). The same response to changes in solvent composition 
is also exhibited by the potential of glass electrode: the minimum for aqueous methan
ol was found between 60 and 70% (by weight) of methanol 29 . From the analysis 
given it follows that the proton in aqueous methanol is bound predominantly to the 
alcohol, and the conjugated acid formed is solvated by methanol and water: in the 
most stable arrangement probably by one molecule of methanol and two water 
molecules (molar ratio 1 : 1). The number of molecules in the solvate can be even 
greater (at the same molar ratio) but never smaller. If the concentration of proton
-solvent adduct were linearly dependent on the molar concentration of solvent, no 
extremes could be observed but, instead, again only a linear dependence. If we turn 
back to the reaction studied, we can state that the decrease in the kH rate constant 
with decreasing water content is unequivocally connected with formation of less 
strong conjugated acids in the solution. A small shift in position of the extreme 
(after recalculation to the same characteristics of composition, e.g. molar fraction) 
as compared with the data of the glass electrode potential 29 is due to a superposition 
of the manifestations of the conjugated acid and (probably) linear increase in kll 
caused by different solvation of the educts and of the transition state. 
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