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Rate and equilibrium constants for the hydrogen-bond dimerization of benzoic acid and meta- and para-
substituted compounds in N,N-dimethylformamide have been determined by the measurement of the ultrasonic
absorption in the 15—95MHz frequency range at 20°C, and the Hammett rule for the rapid monomer-dimer reac-
tion has been examined. The forward and backward rate constants are 0.67 X 108 sec-! and 2.8 X 107 sec-1 m-! for
para-toluic acid, 0.90x 108 sec~! and 1.9 X 107 sec-! m~* for meta-toluic acid, 1.6 x 108 sec* and 1.5x 107 sec-1 m-1
for benzoic acid, 2.1 X 108 sec~* and 2.4 X 107 sec~*M~! for para-chlorobenzoic acid, and 3.3 X 108sec-1 and 1.6 x 107
sec~tM~! for metachlorobenzoic acid respectively. The forward and backward activation enthalpies for benzoic acid
are 8.4 kcal/mol and 3.3 kcal/mol respectively. Using the substituent constants in Jaffe’s table, the reaction con-
stants in the Hammett rule are calculated to be 1.2 and —0.33 for the forward and backward reactions respectively.

There have been many reports? about the association
of benzoic acid in nonassociated solvents. Maier and
his coworker? found an excess absorption in carbon
tetrachloride solutions of benzoic acid; they attributed
this absorption to a perturbation of the equilibrium
between the monomer and the hydrogen-bonding dimer
of benzoic acid.

On the other hand, the Hammett rule, which is
often used to account for the effect of substituents on
aromatic compounds, has been used in studying the
reaction of hydrolysis, acid dissociation, and so on.34
The Hammett rule is characterized by a parameter
which is independent of the reaction system, depending
only on the substituents. It may be expected that the
rule would hold true also for the rapid association and
dissociation reactions for benzoic acid and meta- or
para-substituted compounds. The ultrasonic absorp-
tion method, which provides a means of determining
the rate constants for a reaction occurring in such a
short time as shorter than 10-7sec, seems to be very
useful for examining the Hammett rule for this reaction.
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Rassing and his coworkers® have already studied the
Hammett rule for several para-substituted benzoic
acids, but their measurements were limited to a few
frequencies.

In this paper, we will present the ultrasonic absorp-
tion results for various meta- and para-substituted
benzoic acid compounds and will evaluate the thermo-
dynamic and kinetic values associated with the dimeri-
zation reaction.

Experimental

The ultrasonic absorption measurements were carried out
in the frequency range from 15 to 95 MHz using the pulse
technique which had been developed in our laboratory.®)
The cell was improved to prevent the dissolving of the binding
materials into the solution by covering the transducer with a
fused quartz plate 2 mm thick. The chemicals used were
benzoic acid, meta-, para-toluic acids, meta-, para-chloro-
benzoic acids, aniline, and methyl benzoate as solutes and
N, N-dimethylformamide (DMF) as the solvent. These were all
of the purest grade obtainable and were used without further
purification. The measurements were made at various
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temperatures for benzoic acid and at 20°C for the other com-
pounds.

Results and Discussion

Figures 1—5 show the ultrasonic absorption spectra
in N,N-dimethylformamide solutions of benzoic acid,
meta-, para-toluic acids, and meta- and para-chloro-
benzoic acids at 20°C. These spectra can be represented
by the following formula for a single relaxation:

A

2 —

A 7T M
where « is the absorption coefficient, f'is the frequency,
S+ is the relaxation frequency, and A and B are con-
stants. Table 1 shows the ultrasonic parameters for
these solutions.

As is shown in Fig. 6, the excess absorption was not
observed in the pure solvent, N,N-dimethylformamide,
or in the solutions of aniline or of methyl benzoate
in the frequency range used in this experiment.

These results lead us to the conclusion that the
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Fig. 1. Ultrasonic absorption spectra in DMF solution of
benzoic acid at 20°C: (1) 3.0m; (2) 2.5m; (3) 2.0m; (4)
1.5m; (5) 1.0Mm.
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Fig. 2. Ultrasonic absorption spectra in DMF solution of
m-toluic acid at 20°C: (1) 3.0m; (2) 2.4m; (3) 1.9m;
(4) 1.5m; (5) 1.2m.
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Fig. 3. Ultrasonic absorption spectra in DMF solution of

p-toluic acid at 20°C: (1) 1.3m; (2) l.1m;
(4) 0.71m; (5) 0.57m.
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Fig. 4. Ultrasonic absorption spectra in DMF solution of
m-chlorobenzoic acid at 20°C:
1.9M; (4) 1.5Mm;

120

(5) 0.9m.

(1) 3.0m;

100+

®
o
T

[+
o

of f2, 10-16dB sec?/cm

H
o
T

20

10

f, MHz

50

100

@) 2.4m;

@)

Fig. 5. Ultrasonic absorption spectra of DMF solution of
p-chlorobenzoic acid at 20°C:
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TABLE 1. ULTRASONIC PARAMETERS FOR THE SOLUTION
OF BENZOIC ACID, m-TOLUIC ACID, p-TOLUIC ACID,
m-CHLOROBENZOIC ACID, AND f-CHLORO-
BENzOIC AcCID AT 20°C

M A B 2

10-16 dB sec? cm™? MHz
Benzoic acid
3.0 37 41 45
2.5 37.5 36.5 42
2.0 31.2 32.0 40
1.5 19.1 31.7 37
1.0 14.6 28.7 33
m-Toluic acid
3.0 41.0 49.2 35
2.4 40.8 39.0 30
1.9 34.0 36.4 29
1.5 32.5 34.2 27
1.2 30.2 32.2 25
p-Toluic acid
1.3 45.1 30.0 25
1.1 39.2 31.8 23
0.88 35.5 28.8 21
0.71 30.8 27.6 20
0.57 27.2 27.0 18
m-Chlorobenzoic acid
3.0 44.6 37.6 80
2.4 39.5 31.7 75
1.9 31.7 30.3 70
1.5 26.2 28.7 68
0.9 21.5 23.5 63
$-Chlorobenzoic acid
1.4 17.7 30.5 50
1.1 18.3 27.9 47
0.87 21.0 24.0 45
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Fig. 6. Ultrasonic absorption spectra at 20°C: (P, DMF;
Q, DMF solution of methylbenzoate 30 vol%; @, DMF
solution of aniline 50 vol%,.

excess absorption is associated with the reaction the
site of which exists in the carboxyl group of benzoic
acid and its substituted compounds. It has been
reported? that the equilibrium between the monomer
and the dimer formed by the intermolecular hydrogen
bonding between the carboxylic proton and carbonyl
oxygen exists in the solution of benzoic acid. Provided
that the ultrasonic absorption is ascribed to the mono-
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mer-dimer reaction, the reaction scheme can be written

as:
Fn \O H

o~
(2)

><_
where £, and ,, are the forward and backward reaction
rate constants respectively and where X is meta- or
para-substituent. Then, the rate equation can be
represented by:

d[Az]

OHO\
\OH 0/

=kn[Ai]* — kilA] 3)

where [A,] and [A2] are the concentrations of the
monomer and the dimer respectively. The relation
between the relaxation frequency, f,, and the total
concentration, [C,], is expressed by the following
equation:

@nf,)? = (1/7)* = 8k1akn[Co] + kio® )
where 7 is the relaxation time.

Figure 7 shows the experimental plots of (2nf;)2
vs. [G,] for five compounds; the linearity of these plots
confirms our assumption that the ultrasonic absorption
is associated with the monomer-dimer reaction. The
values of k;, and k,, were obtained from the intercept
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Fig. 7. The plots of (27f;)? vs. concentration at 20°C: (P,
benzoic acid; @, p-toluic acid; @, p-chlorobenzoic acid;
@, m-chlorobenzoic acid; O, m-toluic aid.

TABLE 2. THE KINETIC VALUES OBTAINED FROM ULTRASONIC
ABSORPTION SPECTRA AND SUBSTITUENT CONSTANTS

ki 105 kyy, 107

Compound seo-1 ooyl KM c
p-Toluic acid 0.67 2.8 2.4 —0.170
m-Toluic acid 0.90 1.9 4.8 —0.067
Benzoic acid 1.6 1.5 10 0
p-Chlorobenzoic acid 2.1 2.4 9.3 0.227
m-Chlorobenzoic acid 3.3 1.6 20 0.373
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and the slope of the curve in Fig. 7, while the equilibrium
constant, K, was calculated by K==#,,/k,;. These values
are listed in Table 2.

According to Eyring’s rate theory, the rate constant
can be written as:

kT _AFy
ko= e"p( RT)
kT _ AHF | ASF
=5 exP( rT T R) )

where k; is the rate constant, « is the transmission coef-
ficient, k is the Boltzmann constant, 7 is the absolute
temperature, R is the gas constant, AF7 is the activation
free energy, AH? is the activation enthalpy, and AS7 is
the activation entropy. Figure 8 shows the plots of
In k;/T vs. 1]T for benzoic acid. Figure 9 shows the
activation enthalpies which were calculated from the
slopes in Fig. 8; it also shows the enthalpy change
obtained through the difference between the activation
enthalpies for the forward and backward reactions.

5

logyo k| T

\M

I !
3.3 34 3.5

1/Tx 10°

Fig. 8. Dependence of logk;/T on 1/T for benzoic acid:
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Fig. 9. Energy potential curve for monomer-dimer reaction
in DMF solution of benzoic acid.

Now, provided that k, and k; are the rate constants
for the reaction in the unsubstituted compound and in a
compound substituted in meta- or para-positions
respectively relative to the carboxyl group, the fol-
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lowing expression can be derived from Eq. (5):

k, _ AFx—AF;

1
", RT

= op (6)

where AF; and AF; are the activation free energies
for benzoic acid and substituted compounds respectively.
Equation (6) shows the well-known Hammett rule. ¢
is the substituent constant, which depends only on the
nature and position of the substituent, X, and p is the
reaction constant, which depends on the reaction, the
condition under which it takes place, and the nature
of the side chain.

In Fig. 10 the rate constants for the five compounds
which were obtained in this experiment are plotted
against the values of ¢ found in Jaffe’s table.” The
values of the reaction constants, p, obtained from the
slope in Fig. 10 are 1.2 for the dissociation and —0.33
for the association in this reaction system.
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Fig. 10. The relation between the rate constant and the
substituent constants: @, kg O, kg

As is shown in Fig. 7, the dependence of the relaxation
frequency on the concentration shows that the excess
absorption may be attributed to the perturbation of the
equilibrium between the monomer and the dimer of
benzoic acid or substituted compounds. The value of
enthalpy change for benzoic acid, 5.1 kcal/mol, is small,
as the breakage of the two hydrogen bonds in the
dimer.2:8) Borucki, however, has reported that the
enthalpy change in the monomer-dimer reaction for
bonzoic acid in a polar solvent is smaller than that in a
nonpolar solvent. The value, therefore, seems to be
reasonable for the enthalpy change for the hydrogen
bonding.

Figure 10 shows that the Hammett rule can be
applied to the hydrogen-bonding reaction of meta-
and para-substituted compounds of benzoic acid. Ac-
cording to previous theoretical studies of the Hammett
rule,310:11) g can be correlated with the electron density.

7) H. H. Jaffe, Chem. Rev., 53, 191 (1953).

8) W. Maier, Z. Elektrochem., 64, 132 (1960).
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10) H. H. Jaffe, J. Chem. Phys., 20, 279 (1952).
-11) H. H. Jaffe, ibid., 21, 415 (1953).
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When the tendency of substituents to be electron donors
increases and when the electron density at the reaction
site becomes high, ¢ becomes more negative. As can
be seen in Fig. 10, in the compound of which o is great,
i.e., in which the electron density at the reaction site
is low, the hydrogen bond in the dimer is weak and
the rate of dissociation is fast, while in that of which
¢ is small, i.e., in which the electron density is high,
the bond is strong and the rate is slow. On the other
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hand, the reaction constant for the association is nega-
tive, and the activation enthalpy for the association
is increased with 6. That is, the monomeric state is
stabilized and the rate of association is decreased with
an increase in o. Consequently, the rates for the
formation and breakage of hydrogen bonds in these
compounds depend on the eclectron density at the
reaction sites.






