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The specific rate constants for the acid-catalysed hydrolysis of ethyl hydrogen succinate
in water and in a series of acetone-water and dioxane-water mixtures were determined at
30-45 °C. The solvent composition covered the range 0-90% by weight of the organic
solvent. The rate was found to decrease to a minimum at about 80% of the organic
solvent then to increase again with successive addition of the latter. In dioxane-water
medium a slight initial increase in rate on the first addition of dioxane to water was
observed and attributed to an increase in the number of "free" water molecules. The
activation energy showed only slight dependence on solvent composition. The radius of the
activated complex was calculated in the two media. The thermodynamic parameters were
evaluated and discussed in terms of solvent composition. The reaction proved to be
essentially an ion-dipole rather than an ion-ion interaction. A comparative discussion of
the specific solvent effects of the two solvent systems under consideration is presented,
based on the respective bond energies as given by the heats of mixing of the solvent
components.
Introduction
The problem of the acid-catalysed hydrolysis of
half esters of dicarboxylic acids has not yet received
enough attention from the viewpoint of solvent
effects. In the present study we report rate measurements on ethyl hydrogen succinate in water,
aqueous acetone and aqueous dioxane. The dielectric
constant of these media can be varied over a wide
range and hence the changes in solvation that
reactants and activated complex undergo upon
transfer from a protic solvent, such as water, to a
protic-dipolar aprotic or a protic-non-polar solvent
mixture will be quite evident. Consequently, in
order to determine the effect of the medium on the
reaction under investigation, the correlations between rate constants and solvation properties,
expressed in terms of water concentration and dielectric constant were studied and compared in the
two different media under similar conditions.
Experimental
Ethyl hydrogen succinate was prepared from
succinic anhydride according to Nielsen [1]. The
half ester, a colourless liquid at room temperature,
was dried under vacuum. Analysis showed absence
of succinic acid within the limits of titration error.
Acetone and dioxane were purified using standard
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methods [2]. The reaction was acid-catalysed using
0.05 M HCl, in a series of acetone-water and
dioxane-water mixtures with a composition range
0 - 9 0 % by weight of the organic solvent. The kinetic
procedure followed to determine the reaction rates
was based on titrating samples of the reaction
mixture at different time intervals against standard
NaOH solution. The indicator used was a mixture
of equal volumes of 0.1 % solution of methylene blue
and neutral red in absolute ethanol. Completion of
the reaction was ensured by heating samples in
sealed ampoules at 65 °C for several days. The
readings obtained were concordant with those
calculated on theoretical basis.
Results and Discussion
The reaction followed a first order kinetic law up
to about 70%"completion in the temperature range
30-45 °C. The specific rate constants in the two
solvent media are collected in Tables I and II. The
Arrhenius equation was strictly followed and good
linear plots of log k ' against 1/T were obtained from
which the isocomposition activation energies E e
were obtained and are also compiled in Tables I
and II.
The values of E c vary very little with solvent
composition in the solvent range used indicating
that any lowering of the activation energy due to
solvation of the activated complex is almost balanced by a similar increase in E c due to solvation of
reactants. The values of E c lie in the range normally
obtained for most esters hydrolysing via A A C 2
mechanism [3].
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Table I. Observed rate constants and activation energies for acid hydrolysis of ethyl hydrogen succinate
in acetone-water mixtures.
Solvent
k' x 106, min-1
composition
Ec
acetone [H 2 0]
30 °C 35 °C 40 °C 45 °C [kcal/mole]
[wt % ] [moles/1]
0.00
12.01
24.61
33.24
42.52
57.19
73.40
85.69

55.52
47.61
39.91
34.74
29.39
21.19
12.61
6.56

174
151
129
112
96
70
66
77

263
224
191
166
136
105
96
118

389
331
275
240
188
145
140
174

563
461
424
341
288
204
191
263

14.55
14.40
14.30
14.18
14.18
14.03
14.00
14.67

Table II. Observed rate constants and activation energies for acid hydrolysis of ethyl hydrogen succinate
in dioxane-water mixtures.
Solvent composition k' x 106, min-1
dioxane H 2 0
[wt%] [moles/1]
35 °C 40 °C 45 °C

Ec
[kcal/mole]

0.00
15.30
30.32
40.11
50.05
69.55
79.51
89.62

14.55
14.78
14.40
15.03
13.96
14.03
14.02
13.82

55.52
47.28
39.23
33.91
28.39
17.38
11.70
5.92

263
274
230
200
177
151
132
145

389
407
320
277
251
219
200
209

563
587
513
437
355
309
275
288

Rate and solvent composition
Fig. 1 shows a plot of the rate constants against
the weight percentage of the organic solvent. The
rate decreases as the medium is enriched in the
organic solvent, passes through a minimum at about
7 5 - 8 0 % of the latter and thereafter increases again.
This minimum corresponds to the maximum in the
acidity function of the mixed solvent near this
composition [4]. On the other hand, the first
additions of dioxane to water increase the rate to a
slight extent up to about 1 5 % dioxane. This initial
increase in rate may be explained by the increase in
the number of " f r e e " water molecules brought about
by structural changes of water through little additions of dioxane [5, 6].
The dependence of the reaction rate on water
concentration of the mixed solvent is represented by
a plot of log k' against log [H 2 0], illustrated in Fig. 1.
The linear part lies in the region of high water
content of the reaction medium and the slope in this
region is unity. This indicates that the first-order
nature of the reaction with respect to water is
preserved. In solvent mixtures containing more

log [ H 2 O ]

Fig. 1. Variation of the rate constant with solvent
composition and water concentration at 35 °C.
than 8 0 % dioxane and 7 5 % acetone the rate
increases because the acidity function rapidly decreases [4].
Rate and dielectric constant
The dielectric constants of the solvent mixtures
were obtained by interpolation from the data of
Äkerlof [7]. Lowering of the dielectric constant
causes a decrease in rate. Application of the
electrostatic theories [8-11] of reaction rates to the
present data corresponds to the plots of log k'
against 1/D, ( D — 1 ) / ( 2 D + 1), log D a n d D as shown
in Fig. 2. Generally, the plots are linear in the high
dielectric constant range, while a non-linear change
is observed at low dielectric constants. Good linear
relationships are obtained for the plot of log k'
against log D in concordance with Böhme and
coworkers [12, 13] and Fainberg and Winstein [14].
Even better plots are obtained for log k' against D
as was previously found b y Tommila and coworkers
[6] for the hydrolysis of some monocarboxylic esters
in acetone-water mixtures. Deviations from linearity
were attributed by Laidler and Eyring [8] as
probably due to the preferential solvation, or
solvent sorting, of the activated complex by water,
which is the higher dielectric component of solvent
mixture. The radii r* of the activated complex,
calculated using the ion-dipole interaction theory [9],
were obtained to be 4.0 Ä in acetone-water and
4.5 Ä in dioxane-water mixtures.
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Thermodynamic parameters of the activated complex
The extent of solvation of the activated complex
can better de discussed b y considering the thermodynamic parameters. Table I I I collects the values
of the free energies /IF*, enthalpies ZlH* and
entropies A S* of activation. It is noticed that A F*
increases with increasing acetone content. On the
other hand, in dioxane - water media A F* decreases
first, then increases as dioxane is added. The latter
change causes an initial increase in rate followed by
a regular decrease with dioxane content. The values
of A H* do not show a marked dependence on solvent
composition but this is due to the weak change of E
in the range studied. The variation of the entropy
of activation is not linear throughout the same
range of solvent composition. According to Hudson
and Saville [15] this is indicative of specific solvation
effects resulting in non-random distribution of
solvent molecules differing largely in their polar
character. In other words, solvation of the activated
complex will be largely effected as the relative
concentrations of the solvent components change.
Finally, the limited changes in the values of the
thermodynamic parameters with changes in solvent
composition can be taken as a further evidence that
the mechanism operating is the same throughout
the whole range of solvent composition and is
therefore independent of the dielectric constant.

40
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Fig. 2. Dependence of the rate constant on the dielectric constant of acetone-water ( O ) and dioxanewater ( # ) mixtures at 35 °C.

Comparative discussion of reaction rates in acetonewater and dioxane-water mixtures
Fig. 3 shows a plot of log k' against mole per cent
of the organic solvent in acetone-water and dioxane-

Table I I I . Thermodynamic parameters of activation at 25 °C.
a) Acetone-water mixtures.
Parameter

Acetone [wt % ]
0.00
12.01

24.61

33.24

42.52

57.19

73.40

85.69

25.52
13.94

25.63

25.72

25.80

25.92

26.02

13.69

38.44

39.04

13.57
40.09

13.39

37.59

13.57
39.70

26.08
13.42

26.14

13.79

41.11

41.39

14.06
38.84

Dioxane [wt % ]
0.00
15^30

30.32

40.11

50.05

69.55

79.51

89.62

kcal/mole

25.52

25.50

25.60

25.69

25.76

25.83

13.94

14.17
36.80

13.79

14.42

13.41

38.36

36.59

13.35
40.30

25.86
13.42

25.94

J H * , kcal/mole

40.40

40.69

13.21
41.00

AF*,

kcal/mole

A H * , kcal/mole
—JS*.

cal/mole K

b) Dioxane-water mixtures.
Parameter

ZlF*,
—A S*,

cal/mole K

37.61
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water mixtures for the acid hydrolysis of ethyl
hydrogen succinate. It is clear that the rate in
dioxane-water mixtures is always higher than that
in acetone-water mixtures containing the same
amount of the organic solvent. This could be
attributed to a specific solvent effect which, in the
case of dioxane cosolvent, renders the formation of
a solvation sheath of water molecules round the
activated complex more easy to form than in the
case of acetone cosolvent. In other words the
availability of water molecules to interact with the
activated complex is larger in the case of dioxane
than acetone cosolvents, and hence the rate will be
higher in the former than in the latter medium.
This argument is further evidenced by comparing
the bond energies between water and dioxane or
acetone. Before the water molecules in the solvent
mixture can react in the hydrolysis reaction, bonds

2

2
C7>
o

2

2

Organic solvent [mole*/.]

Fig. 3. Comparative plot of log k' of the reaction
against the mole per cent of the organic solvent at
35 °C.

between them and other solvent molecules must
presumably be broken. As judged from the relation
between the mutual attraction of solvent components and the heats of mixing A H m , a small heat of
mixing implies that the bonds between the components are weak and that the water molecules are
more readily available for the solvation, whereas
the reverse is true if the heat of mixing is large
[16, 17]. However, the influence of this mutul
attraction should be significant only at low water
concentrations, where practically all water molecules have an opportunity to be bound to the
organic component. The mixing of dioxane and
water is endothermic while that of acetone and
water is exothermic at high molar concentrations of
the organic solvent, as shown from the heats of
mixing recorded in Table IV [18-21]. This indicates
that the attraction between water and dioxane is
much weaker than in the case of water and acetone
and thus the transition state will be more solvated
and hence less energetic at low water concentrations
in dioxane-water than in acetone-water mixtures.
The effect of this factor is quite clear b y inspecting
Fig. 3 where rate differences are largest at higher
contents of the organic cosolvent of the reaction
medium. Wider differences appear when log k ' is
plotted as a function of D (Fig. 2), particularly at
low dielectric constants. This is attributed to the
fact that in two isodielectric media, the water
content in dioxane-water is of course larger than
that in acetone-water due to the much lower dielectric constant of pure dioxane than pure acetone.
Hence, the rate in the former medium will be much
higher than in the latter.

Table I V . Heats of mixing (zl H m ) at 25 °C (cal/mole).
Organic solvent
[mole % ]

10

20

30

40

50

60

Acetone - water

60

— 188

— 172

— 122

— 83

— 60

—

Dioxane-water

25

— 130

—

—

+ 20

+ 70

+ 104

84
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