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The effect of the cations Li*, Na*, K*, Rb*, Cs*, NH;, TI*, Mg,
Ca’*, Sr’*, and Ba®* 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,
P, 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, R4, and the real mole ratio of their amounts, R,
M = R,/ Ra- 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(10°- B;/pm~?) — 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.

Hcnonb3ys muarpaMMbl pacTBOPHMOCTH B TPOMHBIX CHCTEMAX, COZiEp-
xammx pochur, pochopucryio kucnoTy M BOIy, H3yUEHO BIMSHHE KaTHO-
HoB Li*, Na*, K*, Rb*, Cs*, NH/, TI*, Mg**, Ca**, S©** u Ba’* ma
06pa3oBaHKe THAPOPOCHHUTOB B HACHILIEHHOM BOIHOM pacTBOpE. JTO
BJIMAHHE OBUIO ONIEHEHO, HCIOJIb3Ys 3aBHCHMOCTb MeXAy 3(h{eKTHBHOM
NOJIAPH3aLMOHHOM CHJION KaTHOHOB, YYHMTHIBAIOLIEH CIIOCO6 MX rHApaTa-
1y, Fy, ¥ COCTAaBOM HACBIIIEHHOTO BOAHOTO PacTBOpa B MHBapHAHTHBIX
TOYKaX KPHBOW pacTBOPHMOCTH B Havalie 06pa3oBanus ruapodocduToB.
CocraB HaCBHIIEHHOTO PacTBOPA BBIPaXkeH IMOCPEACTBOM OTHOILEHHS CTe-
XHOMETPHYECKOIO OTHOLICHHS KOJH4eCTB (ocdhopHucToil KHCIOTH U (oc-

* For Part V see Ref. [1].
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duta, Rgin, K ACHCTBUTENILHOMY MOJSPHOMY OTHOIIEHWIO, R, M =
= Ryoich/ Ricat- OOHAPYXEHO, HTO B3aMMOCBA3b MEXAY 3PPeKTHBHOMN MOJIs-
PU3ALMOHHON CHJIOH M BEeJIMYMHOW M MoOXeT ObITh BBIpaXkeHa LI H3Y-
yaeMoro Habopa KaTHOHOB C MOMOIIbIO YPaBHEHHUSA

M = 1,01(10°- Pyjnm %) — 2,51

VI3 maHHOTO BBIpaXKEHHS ClIeayeT, YTO 3Q(eKTUBHOE MOJIAPU3ANUOHHOE
BJIMSIHAE KAQTHOHOB IIPU [AHHBIX YCJOBUSAX BeAET K MPEOYTHUTENLHOMY
o6pa3oBaHuio ruaApodOCHUTOB U YBEIMUCHHUIO IIPOYHOCTH UX BOJOPOJHOTO
CBSI3bIBAHMS, KAK OTMEYAJIOCh paHee NpH U3y4YeHHH U3MEHEHHUH CTaHaapT-
Hoi#i 3Heprun I'n66ca mns cooTBeTcTBYIONIMX (ha30BBIX PEAKIMIA.

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(HPO,), other systems contain several hydrogen phosphites, e.g. for
manganese, MnH,(HPO;), - H,0, Mn;H,(HPO,),-1.5H,0, MnH(HPO,),- H,O,
and Mn,H,(HPO,);-4H,0. 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(HHPO,) ™, in order to elucidate the effect
of the cations Li*, Na*, K*, Rb*, Cs*, NH}, TI*, Mg?*, Ca’*, Sr’*, and Ba’*
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, R,.,, was selected and related to
the stoichiometric ratio of these amounts, R. 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 = R /R, The polarization
strength of the cations, P = g/r’, 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
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Fig. 1. Dependence of the ratio of the @ ¢
stoichiometric ratio of amounts of phos- Ro R
phorous acid and phosphite and the real On'
ratio of their amounts, M, on the polariza- 9Cs
tion strength of the cation, P, at invariant ! Bgz' o, L";"o
points of the solubility diagram for the 2 Ca®
beginning of the hydrogen phosphite 1 1 1 1 1 1
formation. 0 5 w0 15 2 2 P107m’

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;PO,, required for the phase reaction with
formation of hydrogen phosphite, is demanded by dipotassium phosphite,
K,HPO; 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, Mg?*, 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, R, and the real ratio of their amounts, R, at an invariant point of the solubility

curve, M, on the polarization strength of the cation, P, and its effective polarization strength, P,
for hydrogen phosphites

Cation p. los/pm_z Pef' l()s/prn’2 chal M= Rstoich/Rreal
Li* 16.4 3.55 1.028 0.973
Na*t 10.4 4.92 0.336 2.976
K+ 5.65 5.65 0.303 3.300
Rb* 4.50 4.50 0.557 1.795
Cs* 3.67 3.67 0.841 1.189
NH; 4.89 4.56 0.554 1.805
Ti* 4.50 4.19 0.744 1.344
Mgt 329 4.54 0.456 2.193
Ca?t 17.8 3.07 1.245 0.803
Sr2+ 12.4 3.16 1.106 0.904
Ba’* 9.78 343 1.066 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 P,

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*, TI*, Mg?*, Ca’*, Sr?*, Ba’").
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, Me?*, and the species
[Me(H,0)4** 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(H,0)s** has
been given as r, = 210 pm by X-ray structural analysis and its polarization
strength, P = 32.9-10~° pm~2, decreases to the value of the effective polariza-
tion strength, P, = 4.54-107° pm~2. The other studied strictors do not form
such a compact hydration sphere as cation Mg?*, 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 entropic
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 P, = 5.65-10~°pm~2 To assess the changes in
the structure of water molecules in the vicinity of the positively hydrated cations
Li*, Na*, TI*, Ca’*, Sr**, and Ba’*, 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, P,;, 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 P, and M is given in Table 1. It was further treated by linear
regression from which it follows that the relationship between M and P is
linear, with a correlation coefficient of R, = 0.953. The linear relationship
between effective polarization strength P.; 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(10°- Py/pm~2) — 2.51 )
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 Mg?* 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 Ca’*, Sr**, and Ca?* 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,
AG° [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 Mg?*, the smallest changes in standard Gibbs energy AG® and the
least favourable effect on the formation of hydrogen phosphites for Sr** and
Ca’t,
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