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A DILUTION EFFECT IN REACTIONS BETWEEN DIPOLAR
MOLECULES IN SOLUTION!

By Osias Baw? anp Cyrias OUELLET

Abstract

A study has been made of the variation of the reaction rate coustant with
increasing dilution in the case of three reactions between pairs of dipolar sub-
stances in ethanol solution.  The reactions examined were those between aniline
and 24-dinitrochlorobenzene, p-toluidine and 2 4-dinitrochlorobenzene, and
p-toluidine and 2 t-dinitrobromobenzene. As the concentrations of the re-
actants in the first two cases are increased 50-fold, the bimolecular velocity
coefficient decreases by approximately 129, in the case of the frst reaction, and
by 7% in the case of the second one. The rates decrease sharply as the solubility
limits of the products in ethanol are approached, while they become relatively
constant as high dilutions are attained.

Introduction

In kinetics, the name given to the variation in the constants of the Arrhenius
equation, viz. k, 4, and E as a function of a change in initial concentration of
the reactants, is the ‘ditution effect’. The dilution effect has been experimentally
studied and theories have been developed for ion-ion, 1on-dipole, enzyvme,
and chain reactions, as well as for unimolecular decompositions (8). Apart
from their possible significance in the interpretation of reaction mechanism
and solvent effects, these dilution effects are of interest because thev may have
to be taken into account in the comparison of the rates of a reaction in different
solvents. We are here concerned with the dilution effect in the case of reactions
between two dipolar substances.

The bimolecular velocity coefficient of reactions between alkyl halides and
ions in hydroxylic solvents increases as the dilution is increased, often tending
to a limiting value at high dilutions which is from two to four times as great
as the value found at a concentration of one gram mole per liter. Thus Hecht
and Conrad (8) found that the ratec of the reaction between methyl iodide and
sodium ethoxide in ethanol solution at 36°C. was doubled when the dilution
was increased from 2 to 100 liters per mole. Acree and Robertson (1) inter-
preted these phenomena in terms of the dual hypothesis and derived a relation
of the type

Bo= kn+ alk;— kw)
where %; and %,, are the reactivities of the ion and of the undissociatec mole-
cule, and a is the degree of ionization. Later workers, e.g. Mitchell (7) found
that k., was negligible in many reactions of this type, and thus concluded that
the bimolecular velocity coefficient calculated on the basis of the concentration
of the reactive ion rather than on the total concentration of base was inde-
pendent of dilution.
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The observation of a dilution effect in a dipole—dipole reaction where a is
assumed to be negligible appears to have been first made by Rlieinlander (11)
in 1923. Rheinlander in measuring the rates of rcactions between several
aromatic compounds of the type CeH,y(NO,),X with aniline and methvianiline
in ethanol, observed in the case of 2,4-dinitrobromobenzene that when the
concentration of the halide was kept constant and that of the base increased,
the value of £ diminished. When that of the halide was increased the value of £
also diminished, although more slowly. This same observation was later con-
firmed for analogous reactions by van Opstall (13) and by Peacock and Singh
(10). The latter authors investigating the reaction between several aromatic
amines and 2,4-dinitrochlorobenzene in ethanol solution found that a decrease
in velocity of 209%; and an increase in the energy of activation of about 500 cal.
per mole was in certain cases found to attend a doubling of .the concentration.
The dilution effect thus measured by these authors was examined over a small
range of variation of concentration and was incidenta! to a study of the effect
of various tunctional groups on the reaction rate.

The present work was initiated with the view of accurately determining the
dilution effect in reactions of the type examined by Peacock, and over a wide
range of concentrations. Although the investigation could not be further ex-
tended, the results, in spite of their limited scope, are presented as a contri-
bution to the experimental data on the subject.

Experimental

Examining the rate of reaction between aniline and 2,4-dinitrochlorobenzene
(I), p-toluidine and (I), and p-toluidine and 2,4-dinitrobromobenzene (II) in
ethanol solution aver a concentration range varying from 1 to 50 on a relative
scale necessitated the use of large volumes of ethanol at the low concentrations,
in order to secure a significant accuracy in the determination of £. Commercial
ethanol was refluxed for several hours with silver nitrate and potassium hy-
droxide to remove aldehydes. In order to remove the small amount of water
present an azeotropic distillation with about 159, benzene by volume was
carried out. After distilling off the initial ternary azeotrope through a 30-plate
bubble-cap column, the binary azeotrope benzene-ethanol was distilled off until
the index of refraction of a distillate sample equalled 1.3593 for the sodium D-line
at 25°C. The remaining solvent, approximately 509, by volume of the original
mixture, had an index of refraction np= 1.3595 at 25°C., which is that of
absolute ethanol at 25°C. The binary azeotrope was then utilized in removing
water from a fresh sample of commercial absolute alcohol.

According to the data of Barbaudy (2), the purity of the solvent is estimated
to be in excess of 99.69, ethanol, the principal impurity considered to be
benzene. It is notable that both benzene and water, together and separately,
raise the index of refraction of ethanol, the former linearly throughout the
entire range of concentration, and the latter attaining a maximum np =-1.3629
at close to 80%, ethanol at 25°C.
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Merck's acetanilide was saponified with sodium hyvdroxide, and the resulting
aniline was steam-distilled, extracted with ether, and fractionally distilled,
setting aside the first and last quarters. It was kept at all times in the dark,
and coloration was very slight.

Merck’s p-toluidine was crystallized from petroleum ether. The product
melted sharply at 43.6°C., and was kept also in the dark. Eastman Kodak's
2,4-dinitrochlorobenzene was decolorized with charcoal and subsequently
crystallized from a methanol-ethanol solution. The product had a melting
point of 50.8°C. Brickman's 2,4-dinitrobromobenzene was crystallized from
a methanol-ethanol solution, the product melting at 71.8°C,

The reactions were carried out in Kimble volumetric flasks of 100, 250, and
500 ml. capacity, suspended in a 110 liter constant-level water bath whose
temperature was constant to 0.01°C. The temperature of the bath was read on
a certified thermometer of the Bureau of Standards. The dilution effects were
measured at 35.07°C.

Solutions of 1, I, and of p-toluidine were prepared by weighing the reactants
and dissolving in ethanol to the required strength in a volumetric flask. Aniline
solutions were approximately prepared, and these were then volumetrically
estimated Dy means of a titration with a standard solution of potassium bro-
mate, by the method of Riedel (12).

A rcaction was initiated by adding a determined volume of one reactant
solution to a determiined volume of the other, both already at the temperature
of the water bath, and, as quickly as possible, followed by the adjustment of
the volume to the mark with ethanol. The flask was then well agitated. The
timing was started after one half of the aniline or p-toluidine solution had been
added to the solution of the halide. Only one analysis was performed per experi-
ment, since at high dilutions, there was relatively little product formed. Re-
actions were performed in duplicate and halted at from 109, (high concen-
tration region) to 409, (low concentration region) completion.

For personal use only:

~ The three reactions occurring are

NO,

2R</;>NH + \/—_>NO;——> RC:> NH-— <‘_>\To +< N NH HX

R = H X =l H
R = CH, X =/ (2)
R = CH;, X = Br (3)
The above reactions are of the second order (10, {1), following the law
dx.
— = kleg — 2x) (b —
7 (@ —2x) (b — x).
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where x is the concentration in gm—ion per liter of the halide ions produced,
¢ and b are the initial concentrations in mole per liter of the amine and the
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dinitrohalobenzene respectively. According to Rheinlander (11) and Peacock
and Singh (10), these reactions proceed in two steps. First one molecule of the
amine attacks a molecule of the 2,4-dinitrohalobenzene forming 2,4-dinitro-
diphenvlamine or 2,4-dinitro (4-methyl) diphenvlamine plus the hydrogen
halide. An additional molecule of the amine now reacts with the hydrogen
halide molecule formed at a rate far greater than in the first step. The rate-
determining step is the first one.

Analyses of the halide ions produced by the reaction were performed by
precipitating with silver nitrate and weighing as silver chloride or bromide.
A reaction was terminated by inverting the flask containing the reaction mix-
ture into a beaker containing dilute silver nitrate solution and a dilute solution
of nitric acid, both in slight excess. The flask was then rinsed thoroughly by
washing with water and benzene. It was verified that no detectable halide ions
were produced {rom the 2,4-dinitrohalobenzene in acid aqueous medium.

In the case of the reaction between aniline and I, the molarities of the aniline
solutions were approximately twice those of the solutions of I. In view of the
precision sought an expanded version of the following classical equation was

used:
h= ' [b(“ - 2“')} , @)
ta — 2b) a(b — x)

where a, b, and x arc defined as above, and ¢ is the time measured in minutes.

Expanding the logarithm term,

A— B 1 1
== = 11 —(A4d+B)+ =(4*+ 4B BY) +..... :| 3
A [ F @B+ LB + ®)
where 4=2" 2b and B = _(L_-_ib ; 4), (5)
a — 2x a

It g— = b+ (59 of b), then accuracy in k to five significant figures is obtained

with the first two terms of the above expansion. There results

_ 2x 'I:l + (a — x) ((L—Qb):|' )
ta(a — 2x) ala — 2x)
In the case where % = b, the above equation reduces tao
2x
= —. @
ta(a — 2x)
Results

The analytical data and the calculated values of the constant % for various
initial concentrations of the reactants are given in Tables I, I, and III. In
Fig. 1, kt is plotted vs. tin the case of the reaction between anitine and I, where
the concentration of the former is initially 0.3218 2 and that of the latter
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TABLE 1
DILUTION EFFECT
REACTION BETWEEN ANILINE AND 2, 1-DINITROCHLOROBENZENE (1)

Aniline I s AgCl ‘ Flask : Clions s

couc.,, | conc., Iu.nle, weight, | volume, conc., ? (:Slf’l})mxn 121

mole/l. 1 mole/L . gm. | ml. . gm—ion/L. M .

— P— [P - i -
0.006418 | 0.003200 | 12760. 0.0845 | 500 | 0.001178 713
0.006-118 | 0.003200 | 12760. 0.0847 500 | 0.001182 | -
0.07945 | 0.04000 | 852.6 0. 4609 250 | 0.01286 039
0.07915 | 0.0-+000 852.6 0.4635 250 ‘l 0. 0129+ A
0.1511 { 0.07700 222.5 0.2115 100 ‘ 0.01476 7 025
0.1511 0.07700 222.5 0.2097 I 100 | 0.01463 £
0.2424  0.1230 93.50 02380 | 100 | 0.01661 6,732
0.2424 1 0.1230 93.40 0.2323 100 [ 0.01621 e
0.3278 1 0.1600 79.45 0.323% | 100 0.02274 6.336
0.3278 10,1600 i 79.45 0.3251 i 100 l 0.02269 \ e
TABLE I

DILUTION EFFECT
REACTION BETWEEN p-TOLUIDINE AND 2,4-DINITROCHLOROBENZENE (I)

| '
|

? F
p-Toluidine i I AgCl ? Flask Clions

cone., ~oconc., 'Efl‘?‘le' weight, volume, ‘ conc., i lle(mclea_nl) >< 195
mole/I. | mole/1. - gm. ml. . gm-ion/L -mole - muin.
— i | —— - - -
0.006400 | 0.003200| 13256. 0.0751 250 | 0.002096 2.2
0.07000 | 0.03500 | 696.5 0. 2623 100 | 0.01834 2.249
0.07000 | 0.03500 | 696.4 0.2619 100 ! 0.01824
H |
0.1280 ; 0.06400 | 350.6 0. 4549 100 | 0.03174 2.192
0.1280 ; 0.06400 | 350.7 0. 4547 100 |, 0.03173
0.2360 ¢ 0.1180 5.7 | 0.7200 100 [ 0.05029 2.152
0.2360 { 0.1180 \ 133.3 0.6812 100 | 0.04752
: |
0.2800 : 0. 1400 132.5 l 0.8912 100 | 0.06219 2.155
0.3200 ; 0.1600 135.2 1. 1004 100 | 0.07676
0.3200 | 0.1600 86.7 0.8428 100 | 0.058%0 2.109
0.3200 ! 0.1600 7.8 0.7884 100 | 0.05500
|
—— ! — —

TABLE [il
DiLuTiON EFFECT
REACTION BETWEEN p-TOLUIDINE AND 2,4-DINITROBROMOBENZENE (II)

- |
p-Toluidine II e AgBr Flask | Br ions \ 5
conc., conc., Ir‘r;ri“:” weight, volunie, conc., {en(l(:lca_ll‘)mia l_q

mole/{. mole/l. - grm. ml. gm-ion /L. -fuote -
0.07000 | 0.03500 551.2 0.3766 100 0. 02006 3.467
0.07000 0. 03500‘ 551.2 0.3757 100 0. 02001 .
0. 1280 0. 06400 215.8 0.5840 100 0.03110 3.422
0.2360 0.1180 114.0 1.0501 100 (. 05591 3 351
0.2360 0. 1180 105. 6 1.0094 100 0.05374 :
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Fic. 1. Reaction belween 0.16 3[ 2. 4-dinitrochlorobenzene and 0.3218 M aniline in ethunol
solution at 35.07°C.
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0.1600 M. The linear curve up to 139, completion of the reaction indicates that
the reaction follows the second order law up to that region. The slope of the
curve, &, 1s equal to 6.34 X 107 1. mole™ min.™! for this reaction.

Discussion

The dilution effects in the three reactions investigated are illustrated in IFigs.
2, 3, and 4, where the values of k are plotted against the concentrations of the
dinitrohalobenzene. It is seen that k decreases with increasing concentration.
The decrease is 3.39%, for a 3.4-fold increase in concentration in the casc of the
reaction p-toluidine—II; 6.69, for a 50-fold increasc in concentration in the
case of the reaction p-toluidine-I, and 119, for a 50-fold increase in concen-
tration in the case of the reaction aniline-I.

The values of % in the reactions with I level off at low concentrations where
the solution tends toward ideality; they decrease sharply at the higher concen-
trations, where the saturation point of the 2,4-dinitrohalobenzene in ethanol
is approached. However, the effects are so small that the exact forms of the
curves cannot be obtained.

In principle, it is difficult to apply the second-order law in the presence of a
dilution effect, since the rate constant or the activity coefficients of the re-
actants may be expected to vary during the course of the reaction as the con-
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CONC. 24-DINITROCHLOROBENZENE (MOLE/LITER)

F16. 2. Dilution effect in the reaction between 2,4-dinitrochlorobenzene and aniline in ethanol
solution at 85.07°C.
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CONC. 2,4-DINITROCHLOROBENZENE (MOLE/LITER)

Fic. 3. Dilution effect in the reaction between 2,4-dinitrochlorobenzene and p-toluidine in
ethanol solution at 35.07°C.
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Frc. 4. Dilution effect in the reaction between 2,4-dinitrobromobenzene and p-toluidine in
ethanol solution at 85.07°C.

centrations of the reactants decrease. However, if the dilution effects were
caused by certain groups in the reacting molecules whose concentration in the
medium remains constant because these groups are not destroyed in the re-
action, then & would be affected by the initial concentrations only and the
second-order law would hold. In our reactions, the nitro groups could play such
a role. In fact, the works of Rheinlander (11) and Peacock and Singh (10) and
somme of our results (Fig. 1) suggest that & remains essentially constant during
a reaction of the type with which we are concerned. Owing to the poor solu-
bility of the products, our experiments at the higher concentrations, where a
drift in the value of & would be detectable, had to be stopped at about 12%,
conversion, and the second-order law was taken as a sufficient approximation.

A dilution effect of opposite sign to the one reported here has been found by
Peacock and Singh (9) for the reaction between benzyl chloride and aniline at
35° and 40°C. in ethanol. They observed a rise in the reaction rate of 209, at
35°C. and 189, at 40°C. for a doubling of the concentration. It thus appears
that the roles of the solvent ethanol in this type of reaction between an aryl
amine and an aryl halide are dissimilar, being dependent upon whether the
halogen atom is attached directly to the benzene nucleus, although activated
by two nitro groups in o-, p-positions, or whether it is attached to the benzene
nucleus through a methylene group.

A theory of the dilution effects should take into account such constitutional
factors together with the physical influence of dipole-dipole association, and
the degrees of solvation of both the reactants and the activated complex. That
dipole-swarming can lead to either a positive or a negative dilution effect is
shown by Hartmann's theory (3, 4, 5) which has been applied to the reaction
between pyridine and methy! iodide. For the reactions studied in this work,
it seems that Hartmann's theory would predict a curvature opposite to that
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shown in Figs. 2 and 3. However, the very small variations of &2 in our case
preclude a fruitful application of Hartmann's equations since even the sign
of the effect thev predict depends rather critically on certain constants such as
molecular radii which are not known with enough precision.
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Résumé

On a étudié l'effec de la dilution sur la vitesse de réaction entre trois paires
de substances dipolaires en solution dans I'éthanol, soient: entre aniline et le
2,4-dinitrochlorobenzéne, la para-toluidine et le 2,4-dinitrochlorobenzéne, la
paratoluidine et le 2,4-dinitrobromobenzéne. Dans les deux premiers cas une
augmentation de concentration d'un facteur de 50 produit une diminution de
la constante d’environ 129; et 79, respectivement. Pour la troisiéme réaction,
la concentration n'a pu &tre augmentée que d'un facteur 3.4 A cause de la faible
solubilité du 2,4-dinitrobromobenzéne dans 1'éthanol: il en est résulté une
diminution de 39, dans la constante de vitesse. En général les constantes
décroissent rapidement lorsqu’on approche la limite de solubilité des réactifs:
par contre elles varient peu aux grandes dilutions.
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