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The effect of the cations Li+, Na+ , K+, Rb+ , Cs+, NHÍ, Tl+, Mg2*, 
Ca2+, Sr2^, and Ba2+ on the formation of hydrogen phosphites in saturated 
aqueous solution has been studied using solubility diagrams in ternary 
systems containing phosphite, phosphorous acid, and water. This influence 
has been evaluated employing the relationship between the effective po
larization strength of the cations, considering the mode of their hydration, 
Pef, and the composition of the saturated aqueous solution at invariant 
points of the solubility curve at the beginning of the hydrogen phosphite 
formation. The composition of the saturated solution has been expressed in 
terms of the ratio of the stoichiometric ratio of the phosphorous acid and 
phosphite amounts, Rstoich, and the real mole ratio of their amounts, Äreab 

M = Rst0iCJRKa\. It has been found that the relationship between the effective 
polarization strength and quantity M can be expressed for the studied set of 
cations by the equation 

M= 1.01(105-Prf/pm-2)-2.51 

It follows from this dependence that the effective polarization influence of 
the cations under the given conditions favours the formation of hydrogen 
phosphites and increases the strength of their hydrogen bonding, as obser
ved earlier in a study of the changes in the standard Gibbs energy for the 
corresponding phase reactions. 

Используя диаграммы растворимости в тройных системах, содер
жащих фосфит, фосфористую кислоту и воду, изучено влияние катио
нов Li+, Na + , К + , Rb+, Cs+, NH+, Tl+, Mg2*, Ca 2 +, Sŕ+ и Ba2+ на 
образование гидрофосфитов в насыщенном водном растворе. Это 
влияние было оценено, используя зависимость между эффективной 
поляризационной силой катионов, учитывающей способ их гидрата
ции, Pcf, и составом насыщенного водного раствора в инвариантных 
точках кривой растворимости в начале образования гидрофосфитов. 
Состав насыщенного раствора выражен посредством отношения сте-
хиометрического отношения количеств фосфористой кислоты и фос-

* For Part К see Ref. [1]. 
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фита, /?st0ich> к действительному молярному отношению, ЯтЫ, M = 
= ŝtoich/̂ reai- Обнаружено, что взаимосвязь между эффективной поля
ризационной силой и величиной M может быть выражена для изу
чаемого набора катионов с помощью уравнения 

М= 1,01(105-РеГ/пм-2)-2,51 

Из данного выражения следует, что эффективное поляризационное 
влияние катионов при данных условиях ведет к предпочтительному 
образованию гидрофосфитов и увеличению прочности их водородного 
связывания, как отмечалось ранее при изучении изменений стандарт
ной энергии Гиббса для соответствующих фазовых реакций. 

In a study of the solubility diagrams for ternary systems with phosphites, 
phosphorous acid, and water [1—19] it has been found that various types of 
hydrogen phosphites are formed and some of them are repeated with various 
metals. Some systems involve only a single type of hydrogen phosphite, e.g. for 
lithium, LiH(HP03), other systems contain several hydrogen phosphites, e.g. for 
manganese, MnH 2 (HP0 3 ) 2 H 2 0, Mn3H2(HP03)4 • 1.5H20, MnH 6 (HP0 3 ) 4 H 2 0, 
and Mn2H6(HP03)5-4H20. Hydrogen phosphites with one hydrogen atom in 
the phosphorous acid, replaceable by a metal, corresponding to the charge unit 
on the cation occur most often. The systems have been studied under identical 
pressures and temperatures and thus the variability in the hydrogen phosphite 
types and their stability depend on the effect of the cations and on the com
position of the studied system [20]. This paper deals with the most common type 
of hydrogen phosphite with the anion H(HP0 3 )", in order to elucidate the effect 
of the cations Li+, Na + , K+, R b \ Cs+, NH4

+, Tl+, Mg2 +, Ca2 +, Sr2*, and Ba2+ 

on its formation in saturated aqueous solution. 

Dependence between the polarizing effect of the cations and the composition 
of a saturated aqueous solution at invariant points of solubility diagrams 

Selection of the characteristic parameters 

To compare the systems with different cations, a suitable state of the system, 
characteristic from the given point of view, had to be found. An analysis of the 
solubility diagram indicated that these conditions were met by the state of 
saturated solution at the invariant point of the solubility curve at which the 
studied type of hydrogen phosphite begins to be formed. The state of a solution 
is best characterized by its composition. For the study, the ratio of the amounts 
of phosphorous acid and the given phosphite, Äreal, was selected and related to 
the stoichiometric ratio of these amounts, Ästoich. The quantity, characterizing 
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saturated solution at the given invariant point of the solubility curve, is thus the 
ratio of the stoichiometric ratio of the amounts of phosphorous acid and the 
phosphite and the real ratio of their amounts, M = Rst0iCJRTeSi\. The polarization 
strength of the cations, P = q/r2, where q is the charge number of the cation and 
r is its radius according to Goldschmidt [21] (or Yatsimirskii [22] for NH/), has 
been selected as the characteristic parameter of the cations. 

Dependence of the composition of saturated aqueous solution, 
expressed in terms of M, on the polarization strength of the cation, P 

The experimental data for M have been taken from the works dealing with 
the formation of hydrogen phosphites and employing solubility diagrams for 
the appropriate systems with phosphites [1—9]. The dependence of the com
position of saturated aqueous solution, M, on the cation polarization strength, 
P, is depicted in Fig. 1 and the appropriate values are given in Table 1. The unit 

Fig. 1. Dependence of the ratio of the 
stoichiometric ratio of amounts of phos
phorous acid and phosphite and the real 
ratio of their amounts, M, on the polariza
tion strength of the cation, P, at invariant 
points of the solubility diagram for the 
beginning of the hydrogen phosphite 

formation. 
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value of M is marked in the figure, as the boundary between the phosphites that 
are congruently soluble in water and those soluble incongruently. The following 
conclusion can be drawn from the distribution of the points: 1. The smallest 
amount of phosphorous acid, H 3P0 3, required for the phase reaction with 
formation of hydrogen phosphite, is demanded by dipotassium phosphite, 
K 2 HP0 3 and the largest amount by calcium phosphite. 2. A better stability of 
hydrogen phosphites is obtained in saturated aqueous solution in the presence 
of cations with a single charge than with doubly charged cations which yield, 
except for magnesium cation, Mg2*, hydrogen phosphites that are incongruent-
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Table 1 

Dependence of the ratio of the stoichiometric ratio of the amounts of phosphorous acid and 
phosphite, Ästoich, and the real ratio of their amounts, ÄreaI, at an invariant point of the solubility 
curve, M, on the polarization strength of the cation, P, and its effective polarization strength, Pa, 

for hydrogen phosphites 

Cation 

Li + 

Na+ 

K+ 

Rb+ 

Cs+ 

NH4
+ 

ТГ 
Mg2* 
Ca2 + 

Sr2+ 

Ba2+ 

PlOVpm"2 

16.4 
10.4 
5.65 
4.50 
3.67 
4.89 
4.50 

32.9 
17.8 
12.4 
9.78 

P e r 105/pm"2 

3.55 
4.92 
5.65 
4.50 
3.67 
4.56 
4.19 
4.54 
3.07 
3.16 
3.43 

-^real 

1.028 
0.336 
0.303 
0.557 
0.841 
0.554 
0.744 
0.456 
1.245 
1.106 
1.066 

M = RstoiJRl 

0.973 
2.976 
3.300 
1.795 
1.189 
1.805 
1.344 
2.193 
0.803 
0.904 
0.938 

ly soluble in water. 3. From the point of view of the polarization strength, the 
points are distributed nonuniformly, with a large scatter and especially the 
position of the magnesium cation is exceptional. An approximately linear 
arrangement of the points is only obtained with the cations that have little effect 
on water molecules (K+, Rb+, Cs+, NH^, Tl+). However, with the other cations 
the selection of the polarization strength is unsuitable and a cation must be 
selected the size of which corresponds to the concrete situation in saturated 
aqueous solution. It is obvious from the behaviour of the cations that in 
selecting the radius of a cation with a strong polarizing effect the cation interac
tion with water molecules must be considered. 

Effect of hydration on the cation polarization strength 
and the relationship between the quantities M and Pef 

It is generally known that cations are hydrated in aqueous solutions and the 
mode of hydration variously affects the cation polarization strength, even within 
a group of cations with similar electron configurations. Hence, for evaluation of 
the polarizing effect of a cation, its hydration mode must be known. According 
to the present knowledge, cations are classified from the point of view of 
hydration into strictors and dilators [23—34]. Strictors strongly affect water 
molecules in their vicinity and form a hydration sphere. Thus they are often 
termed positively hydrated cations (Li+, Na + , ТГ, Mg2*, Ca2 +, Sr2*, Ba2+). 
Among dilators are large cations that cannot be accomodated in the cavities of 
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the water structure and perturb this structure. They exhibit an attraction force 
toward water molecules, but it is weak in relation to their size and the resultant 
effect is only a reorientation of water molecules and labilization of the water 
structure (Rb+, Cs+). These cations cannot be considered as having a proper 
hydration sphere and are termed as negatively hydrated cations. Samoilov [23] 
has demonstrated that strictors maintain water molecules in their neighbour
hood in an equilibrium position for a longer time than is the time of their 
equilibrium position in the structure of water alone; on the other hand, water 
molecules are maintained for a shorter time in the vicinity of dilators. 

It can be seen that the polarization effect of magnesium cation in an aqueous 
medium is comparable with that of the alkali metal cations, owing to its 
hydration. The polarizing effect is thus substantially weaker than that of the 
cation alone. Hence the polarization strength of a cation in an aqueous medium 
depends on the way of its interaction with water molecules. A hydration sphere 
is an inseparable part of small cations with two charges, Me2+, and the species 
[Me(H20)6]

2+ is formed. This species has been demonstrated in structural stu
dies with many cations, both in aqueous solutions and in a crystalline state [26, 
35—41]. The size of such a hydrated cation is virtually the same in solution and 
in a crystal. With magnesium cation, the size of the species [Mg(H20)6]

2+ has 
been given as ref = 210 pm by X-ray structural analysis and its polarization 
strength, P = 32.9-10~5 pm"2, decreases to the value of the effective polariza
tion strength, Pef = 4.54- 10~5pm~2. The other studied strictors do not form 
such a compact hydration sphere as cation Mg2+, in view of their size and 
charge, and water molecules in their vicinity are only strongly polarized. This 
conclusion follows from many properties of aqueous solutions, such as the 
energy barrier that must be overcome in exchange of water molecules in the 
hydration sphere [23, 26], the bonding energy of water molecules in the hydra
tion sphere [41], the viscosity coefficient [25, 31, 42—47], and the entropie 
change of water molecules in the surroundings of cations [48]. The polarization 
of water molecules with these weaker strictors decreases the favourable effect of 
the cations on the formation of hydrogen phosphites. In determining the extent 
of positive hydration of the given cations it is advantageous to relate the 
polarization strength to that of a cation the effect of which on the neighbouring 
water molecules is minimal, i.e. potassium cation [23, 25, 26, 31, 32, 41, 47] for 
which it follows from X-ray diffraction [49] that it can replace a water molecule 
in the structure of an aqueous solution. Hence its effect on water molecules can 
be neglected and its polarization strength P considered as being equal to 
effective polarization strength Pef = 5.65- 10"5pm"2. To assess the changes in 
the structure of water molecules in the vicinity of the positively hydrated cations 
Li+, Na+ , Tl+, Ca2+, Sr2*, and Ba2+, the change in the entropy of hydration 
caused by the presence of the cations in the water structure has been selected as 
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a suitable structural characteristic. The greater this change, the more rigid is the 
hydration sphere and the weaker is the polarizing influence. On the basis of the 
values for the change in the entropy of hydration given by Krestov [48], the 
effective polarization strength of these cations, Pef, can be determined from this 
linear dependence, using the polarization strength of potassium cation as the 
standard. These polarization strengths are listed in Table 1. The Rb+ and Cs+ 

cations, being dilators, increase the mobility of water molecules in their vicinity 
and thus their polarizing effect is not influenced by water molecules. This is also 
confirmed by the change in the entropy of hydration during the formation of 
their hydration sphere, compared with potassium cation. Their effective po
larization strength is only determined by their own size and charge, similar to 
potassium cation (Table 1). Ammonium cation occupies a special position. In 
view of its size it should act as a dilator, but the change in the entropy of 
hydration occurring during its hydration is larger than with potassium cation 
and its effective polarization strength is somewhat decreased. This decrease can 
be explained by the formation of a system of hydrogen bonds formed between 
the ammonium cation and the neighbouring water molecules. The hydration 
sphere is thus stabilized and the polarizing effect decreased. The set of values 
obtained for Pef and M is given in Table 1. It was further treated by linear 
regression from which it follows that the relationship between M and Pef is 
linear, with a correlation coefficient of Rk = 0.953. The linear relationship 
between effective polarization strength Pef and the composition of saturated 
aqueous solution at an invariant point on the solubility curve expressed in terms 
of quantity M, is expressed by the equation 

M = 1.01(105-Pef/pm-2) - 2.51 (7) 

in the studied set of 11 cations. 

Discussion 

The analysis of the dependence between the polarizing effect of the cations 
and the composition of saturated solution at invariant points of the solubility 
curve in ternary systems with phosphite, phosphorous acid, and water indicates 
that the polarizing effect of the cations favourably influences the formation of 
hydrogen phosphites and thus also their hydrogen bonding. The effect of the 
cation positive charge is manifested in a decrease of the electron density at the 
bond between the phosphorus atom and the oxygen atom in the hydroxyl group 
and thus its protonation, as the basis for hydrogen bonding between phosphite 
anions, is facilitated. The stabilization of the hydrogen bond system in hydrogen 
phosphites thus increases with increasing polarization strength of the cation. 
Among the cations studied, K+, Na+ , and Mg2+ exhibit the most favourable 
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effect on the hydrogen bonding and the formation of the hydrogen phosphites. 
The least favourable effect is exerted by Ca2+, Sr2*, and Ca2+ and with them an 
excess of phosphorous acid over the stoichiometric amount is required for the 
formation of incongruently soluble hydrogen phosphites. This conclusion on 
the effect of cations on the formation of hydrogen phosphites from phosphites 
and phosphorous acid at equilibrium in saturated aqueous solution is in agree
ment with the results obtained for the changes in the standard Gibbs energy, 
AG0 [1, 7]. The largest changes in standard Gibbs energy AG° and the most 
favourable effect on the formation of hydrogen phosphites have been found for 
K+, Na+, and Mg2+, the smallest changes in standard Gibbs energy AG° and the 
least favourable effect on the formation of hydrogen phosphites for Sr2+ and 
Ca2+. 
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