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Volume Changes of Ionization of Ethylenemalonic acid
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��������� �	 
������ �������� �	 1,1-cyclopropanedicarboxylic acid (ethylenemalonic acid)
have been determined at 25 oC for various degrees of neutralization of the acid. From the
densimetric titration curve the apparent molar volume of undissociated acid, as well as the
volume changes for ionization of the first and the second carboxylic group, ∆V1 and ∆V2,
respectively, have been calculated. The resulting values at infinite dilutions, ∆V1

∝ = −7.0
ml/mol COOH(1) and  ∆V2

∝ = −28.9 ml/mol COOH(2) are comparable to those found for other
weak diprotic acids.
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ethylenemalonic acid (EMA; 1,1-cyclopropanedicarboxylic acid) could be helpful in

interpreting the experimental results. Therefore, some measurements with water

solutions of this diprotic organic acid have been undertaken. In this contribution we

present densimetric studies. On the basis of these experiments the apparent molar volume

of unionized EMA, >〈COOH
COOH , have been calculated, as well as the volume change for

ionization of the first and of the second carboxylic groups.
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���������� Ethylenemalonic acid (!"#$ 1,1-cyclopropanedicarboxylic acid, ≥ %&'( ���

�������	 �� )���* +� ��� ����������� ����� ����� ������ 	�������	 ����� ��� ���	*

The concentration of the stock solution of EMA was determined by potentiometric and

conductometric titrations with NaOH.

Potentiometric titration curves were recorded at 25,C by Metrohm automatic titrator

736 GP Titrino using glass and calomel electrodes.

Densities of the solutions were measured with a Paar digital density meter DMA 60 with

external measuring cell DMA 602. An ultrathermostat attached to the instrument

controlled the temperature at 25.00 - 0.002,C. The accuracy of density measurements

was within -4.5·10-6 g cm-3.

�	����� �� ���������

The densimetric titration curve of aqueous solutions of ethylenemalonic acid is presented

in Figure 1. As expected, the slope of the curve changes at the degree of neutralization

αn = 0.5. From these values the apparent molar volume, φV, has been calculated from
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where ρ and ρo are densities of a solution and water, respectively, and M is the molar

mass of partially neutralized EMA. From eq 1 calculated values of φV are plotted as

function of the degree of neutralization, αn , in Figure 2. The value αn = 1 corresponds to

complete neutralization of both carboxylic groups. Since the measurement were

performed with solutions in which the solute concentration was small, the distinction

between the degree of ionization, α, and neutralization, αn

[ ] [ ]( )α α= + −+ −
n H OH c/     (2)
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Figure 1. Densimetric titration of aqueous solutions of  ethylenemalonic acid at 25 oC

and at concentration  c = 0.0248 mol/L.

needed to be taken into account. In eq 2, which follows from the electroneutrality

condition, the concentration of H+ ions, [H+], was ���������	 ��
� ��� �������	 �. ��
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� OH− ions, [OH−], can be neglected.

Obviously,  the degree of ionization of the first carboxylic group, α1, is α1 = 2α for

0 05≤ ≤αn . , and of the second group, α2, is  α2 =  2α - 1 for 05 1. ≤ ≤αn . Figure 2

shows that the apparent molar volume first decreases with the increasing degree of

neutralization  until  α� 1 2*3$ ��	 ����� ���� � ������� 	������� 
� ��� ��� � �� 
���� �	*
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From the experimental values for the acid and its monosodium and disodium salts we can
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Figure 2.  Apparent molar volume of partly neutralized EMA in water at 25 oC as a

function of the degree of neutralization. Concentration  c = 0.0248 mol/L.

estimate the apparent molal volume, φu, of undissociated acid, as well as the volume

changes for ionization of the first and the second carboxylic groups, ∆V1 and ∆V2,

respectively. The conductivity measurements have disclosed [1] that the ionization

reaction

> >
COOH
COOH

COOH
COO H〈 〈→

−
+ +     (3)

proceeds far at experimental concentrations. Therefore, the molecules and ions must

contribute to the measured apparent molar volume, φV. It is well known that the

additivity principle [2]

c cV i iφ φ= ∑     (4)
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may be expected to be fulfilled very closely at high dilutions, and to be a reasonable

approximation at moderate concentrations. By applying eq 4 to the process 3 we obtain

( )c c c cV u d Hφ α φ α φ α φ= − + + +1 1 1 1 1     (5)

where φd1 stands for the apparent molar volume of the >〈
−

COOH
COO  constituent. Upon

rearranging eq 5 we get

φ φ
α

α
α

φ φu
V

H d=
−

−
−

++
1 11

1

1
1( )     (6)

The value of φd1 was obtained from the extrapolated value of φV at α1 = 1 (αn =  0.5),

which is φV of the >〈COOH
COONa species, taking into account the value of the apparent molar

volume [3] of Na+  ion at the experimental concentration. The degree of ionization, α1, of

the first carboxylic group at αn =  0.5 has been calculated from eq 2. From eq 6

calculated value of φu is φu = 89.7 ml /mol EMA.

We can calculate also the volume change of ionization for the process 3, ∆V1, from

∆V
H d u1 1= + −+φ φ φ     (7)

The resulting value is −6.7 ml/mol EMA, which is the ionization volume for the first

carboxylic group. Similarly, we can obtain the ionization volume, ∆V2, for the second

ionization step

> >
COOH
COO

COO

COO H
−

→
−
−

+〈 〈 +     (8)

∆V
H d d2 2 1= + −+φ φ φ     (9)

The apparent molar volume of the >〈 −

−

COO

COO  species, φd2 = 54.7 ml/mol EMA, has been

obtained from the experimental value of φV at αn = 1 (α2 = 1), taking into account φV(Na+)
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at the experimental concentration, which has been calculated from its conventional value

at infinite dilution, φ
Na+
∝ , and the limiting expression of Debye and Hückel [4]

( )φ φ νi i i i iz z c= +∝ ∑0 660 2 2
1
2.   (10)

The resulting value is ∆V2 = −27.9 ml/mol COOH(2). We see that both ionization volumes

are negative, a situation that is normal because of the electrostriction of water produced

by the ions resulting in a ionization process.

For solutions in which EMA is partly neutralized with NaOH combination of eqs 3-7

gives

φ φ α α φ φV u n Na H
V= + + −+ +1 1 2∆ ( )   (11)

for the range 0 05≤ ≤αn . . From this expression we can obtain the intermediate volumes

of ionization between the individual experimental points
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 Similarly, for the range 05 1. ≤ ≤αn  we get

φ φ φ α α φ φV Na d n Na H
V= + + + −+ + +( ) ( )1 2 2 2∆   (13)
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It has to be mentioned that for the range05 1. ≤ ≤αn  the quotient 2∆αn/∆α2 ≈ 1. From

eqs 12 and 14 calculated values of the intermediate volumes of ionization are presented

in Figure 3. The sharp decrease of  the curve at αn = 0.5 can be ascribed to the releasing

of the  proton  from both carboxylate groups to which  it is  bound  by the intramolecular
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Figure3. Volume change on ionization of partly neutralized EMA at 25 oC as a function

of the degree of neutralization. Concentration  c = 0.0248 mol/L.

hydrogen bounds above αn = 0.5. It is interesting that a similar ∆Vi curve has been

observed with the high molecular weight copolymer of maleic acid with ethylene

obtained by direct dilatometry [5].

Usually the ionization volumes at infinite dilution are reported. The apparent molar

volumes of the H+, Na+, and the ethylenemalonate anions, >〈 −COO

COOH  and >〈 −

−

COO

COO , have been

expressed from eq 10, and for the apparent molar volume of undissociated acid φu it was

assumed thatφ φu u= ∝ . The resulting values of the ionization volumes are  ∆V1
∝ = −7.0

ml/mol COOH(1) and  ∆V2
∝ = −28.9 ml/mol COOH(2). These values are comparable to

those found for other weak acids.



110

REFERENCES

[1]  W. L.German, G. H. Jeffery, A. I. Vogel, J. Chem. Soc. 1935, 1624-1630.
[2]  H. S. Harned, B. B. Owen, The Physical Chemistry of Electrolytic Solutions; Reinhold, New York,
       pp 396-406.
[3]  F. J. Millero, Chem. Rev. 1971, 71, 147-176.
[4]  S. Glasstone, Thermodynamics for Chemists; Van Nostrand, New York, 1953, pp 436.
��� �� �����
��, J. Phys. Chem. 1978, 82, 2313�2316.

�	
����

������ �
������
� ������������
����
� ������ ������ !������
����� ������" ��� �
 �
��#��
������� ��$��
��
���� ������ ��� %� �& ������� '������� (� �
�� �� ���� ����������#�� ����
������
���$��� ��� ���
#��
� �
$������ ����� $����� ���������
�� ������ �� $������ ������� � �

�����
���� ��$� �� ���'� �
� ������ ������� ∆�� �� ∆��� �� ���� $�������� ��� ������#���
�
����#����� ∆V1

∝ = −7.0 ml/mol COOH(1) in  ∆V2
∝ = −28.9 ml/mol COOH(2), sta primerljivi z rezultati,

ki so jih dobili z drugimi šibkimi dvobaznimi kislinami.


