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Using the method of the addition of another salt worked out and verified in the previous work, 
it has been concluded from experimental densities of aqueous NaCI + HCI solutions that even 
in highly diluted solutions, H+ ion exists as integral H30+ species which is bonded to the 
"ice-like" structure of surrounding water only by relatively weak hydrogen bonds. This bonding 
does not prevent the outer hydration sheath from fully participating in hydration equilibria of 
other ions present in solution. The hypothesis about the stable H 90t complex could not be 
maintained. 

~~~~~~~-~ - - -------------

In view of the importance of the knowledge of structural incorporation of hydrogen 
ion in solution for the biochemistry and physical chemistry of aqueous electrolyte 
solutions, the present work attempts at contributing with the use of the so far not 
applied method to the solution of the question whether excess proton in water is 
bonded to the bulkier hydrate cluster O(H-OH2)~' i.e. H 40;, as concluded from 
X-ray and I R evidence of the "ice-like" structure of the liquid water 1- 5 by a number 
of authors6 - II and further supported by Grahn 12 on the basis of quantum mechani
cal calculation of the energy of H-OH2 bonds in the complex (which was two 
times greater than the average energies of the electrostatic bond between water 
molecules and univalent ions I3 ,14), or whether proton is strongly bound to only one 
H2 0 molecule to form H30+ particle, from which any of the three protons can 
jump (via tunneling effect l5 ) to the adjacent molecule, thus forming the basis for 
the known high molar conductance of hydrogen ion in aqueous solutions. 

Confrontation 16 of the hydration numbers of H + ion in solution determined by 
statical methods with the measured 17 - 22 electrolytic transport of water on H + 

ion allows to conclude that in intervals between proton jumps, the H+ ion migrates 
in dilute solutions in the outer electrostatic field as a stokes ian particle of molar 
conductance 30 ±5 S cm2 mol- 1 (25°C) dragging 12 ±2 H 20 molecules (including 
the water contained in the electrostatically bound hydration sheath). When compared 
to the hydrates of other univalent ions 23 , the radius of this particle is 0·44 nm. This 
corresponds to the loosely packed structure, which was confirmed also on the basis 
of the apparent 24 molar volume tf> of strong acids in aqueous solutions and of the 
low slope of their massonian tf> - cl (2 straight line25 . At high concentrations (5 mol. 
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. dm- 3 and higher), this structure transforms into the more packed one, in con
sistency with the assumption about transformation of the cluster into the radially 
close-packed hydration sheath electrostatically bound to the discrete H30 + particle 
which was detected in this region by IR spectra26. The same conclusion has been 
drawn also from measurements of apparent (resp. partial) molar volumes of strong 
acids in highly concentrated aqueous solutions of salts27. The problem represent 
dilute solutions for which the known methods do not provide detailed information 
about bonding within the cluster. This problem is dealt with in the present work. 

THEORETICAL 

The method is based on the assumption28 that the known increase in the apparent 
volume of strong electrolytes 4> with increasing concentration of their aqueous solu
tions c is predominantly (and at concentrations higher than 1 mol dm - 3 essentially 
completely) caused by the continuous reduction of electrostatically bound hydration 
sheaths of ions (which from this aspect can be included in the content of "mobile" 
water). From this it was concluded29 that when some ionic species is bonding water 
by short-range forces to form the aquocomplex, the ligands which are thus excluded 
from the "mobile" water content participating in electrostatic hydration equilibria, 
the apparent volume of a second strong electrolyte added will increase with increasing 
concentration at a faster rate than if all the water were available for hydration of the 
ions. For this electrostatic hydration, and thus also for the apparent volume of 
the ionic species present in solution, one common functional dependence on the 
total volume fraction of the "mobile" water in solution has been accepted (irrespec
tive of the composition of the latter), with density taken as equal to that of free 
liquid water at a given temperature, along with the already proved30 additivity of 
apparent molar volumes of ions measured in thus defined corresponding states. 
As far as the shape of this function is concerned, the linear dependence of 4> (dm3 . 
. mol-l) on the square root of concentration c (mol dm- 3 ) was accepted for the 
free (non-associated) ions. This dependence found empirically by Masson25 to hold 
for strong electrolytes was theoretically supported for the low concentration re
gion31 - 33 by using Debye-Hiickel model of ion atmospheres and its validity was 
experimentally verified34- 36 up to the highest concentrations realizable, even though 
here the Debye-Hiickel model is no more valid. 

The dehydration model of the concentration increase of 4>, along with the above 
mentioned linear dependence on C I / 2 made it possible to introduce24.37-39 - in 
addition to the apparent molar volume 4>0 extrapolated to c = 0 - also the concept 
of "anhydrous" volume 4>' extrapolated to the hypothetical state in which the volume 
fraction of the "mobile" water equals to zero and the whole volume of the solution 
is filled with ions (including their stable aquocomplexes which do not undergo 
dehydration according to Masson's square-root rule), i.e. to concentrations c' 
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defined by the condition c' </J' = 1. By introducing parameters A (kg mol- 1) and B 
(kg mol- 3 / 2 dm3 / 2), the values of which for each electrolyte are determined by 
empirical adjustation from densities of aqueous solutions of a given electrolyte 
(using minimalization of the sum of squared deviations) according to the relation 

{! = (!o + Ac - BC3 / 2 (1) 

derived from the Masson's rule, and using further the parameters qJ0 (kg mol-I) = 
= {!o</J° and qJ' = {!o</J' ({!o is the density of the pure liquid water at a given tempera
ture), the values of which are determined from experimental values of parameters A 
and B according to the relations 

A = M _ qJ0 (2) 

(3) 

the following expression is obtained29 for the density of mixed solution of two strong 
electrolytes (1,2) 

where q = qJ;lqJ~. If any of two electrolytes forms aquocomplexes with n molecules 
of water which do not participate in hydration equilibria of ions, its molar mass 
Min Eq. (2) should be increased by adding n-multiple of molar mass of water. This 
changes its parameter q, i.e. the whole semicubic term in Eq. (4), for which the 
symbol y has been introduced29• Comparison of densities {!(exp) determined for 
mixed solutions with the {! values calculated for the same solutions from Eq. (4) 
by substituting alternative values of the parameter q makes it possible to decide 
between different aquocomplexes considered for the electrolyte under study, providing 
that the value of n for the other one (i.e. the added "indicator" electrolyte) is known. 
As shown in the previous work29, the sensitivity of the semicubicterm y to the 
differences in the values of parameter q is proportional to the product Cl C2' which 
confirms that the described method requires the simultaneous presence of both 
electrolytes. 

EXPERIMENTAL 

For determining the form of H+ ions in aqueous solutions by the above method, Wirth's data3 :! 

on densities of mixed HCI + NaCI solutions at 25°C obtained (similarly as those for KCI + NaCI 
solutions32 used in the previous work29) by magnetic float method with the temperature stabilized 
to ±O·OOloC (ensuring the measurement of densities on sixth decimal) have been used. Because 
of the agressive medium, silver-coated flasks were replaced by pyrex flasks. and the solutions 
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were prepared as earlier, using the water of maximum available purity (density I?o = 0'997074 kg . 
. dm - 3). The preparation of solutions, the determination of ci and c2 and the procedure used 
in the measurements were described in detail elsewhere32 ,33. 

RESULTS AND DISCUSSION 

As the described method is based on the determination of the existence of aquo
complexes of a given electrolyte from the volume changes of the added salt as "indi
cator" due to competitive dehydration, one has to know whether and what aquo
complexes are formed by the indicator. In the case of H+ ions in aqueous solutions, 
the only accurate data available so far are those for mixed HCI + NaCl solutions. 
The state of Na + ions in its aqueous solution was determined in the previous work29 

from densities of aqueous solutions of potassium and sodium salts, assuming that 
K + ions do not form stable aquocomplexes. There are no direct physical methods to 
verify this assumption. 

With respect to the importance of this question in connection with the conclusive 
evidence based on the results of the present work, we attempted at finding the solu
tion by an indirect method by comparing the rp' values for potassium salts obtained 
by extrapolation of rp to the "anhydrous" state with the corresponding crystallo
graphic parameters. On the basis of the independence of rp' values on temperature, 
found experimentally for potassium halides28 , data for 18°C reported in preceeding 
work28 were used for rp~. In treating these data we have presumed that on decreasing 
volume fraction of water in the solution, the ions with opposite charge agglomerate, 
their arrangement resembling the cubic NaCllattice (Glueckauf's as well as Frank
-Thompson's "quasi-lattice" structure40 - irrespective of the lattice which a given 
salt forms in the solid state). In dividing the molar volume of salts rp' to the ionic 
volumes CP;, we took as a guidance the ratio of cubes of the mean tabulated values 
of crystallographic radii rj in CsCI as the salt with the bulkiest (of the aquocomplex 
formation least capable) and in the size least different anions and cations. The other 
ionic volumes were calculated by subtracting successively CP~I- or rp~s+' respectively 
(and then the so obtained individual volumes of other cations) from the extrapolated 
experimental values of the molar volumes cP' of the other halides. 

By this way, the following values of cP'- (cm3 mol-I) and r _ (pm) were determined 
for halogenide ions, compared to the crystallographic radii rj (cryst.) reported41 : 

CP~1 = 27·1 r C1 -

CP~r = 33·3 rBr -

cP; = 43·0 r[-

= 178 
= 191 
= 208 

rCl - (cryst.) = 181 
rBr - (cryst.) = 195-196 
r[- (cryst.) = 216-220 

which can be taken as a good agreement. The low negative deviation of r _ can be 
regarded as insignificant in view of the approximative character of the model. 
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The result confirms the well known fact that Cl-, Br -, and I - ions do not form 
aquocomplexes in aqueous solutions and speaks also for the adequacy of the extra
polation model used. 

The values of cp~ and r + which, along with previous data, were obtained for 
Group IA cations, are presented in Table I. It is evident that the extrapolated volumes 
of Cs +, Rb +, and K + ions correspond to crystallographic radii of these ions as 
SUCh4I ,4Z i.e. without fomation of aquocomplexes, while for all three small ions, 
Na +, Li +, and H+, there are significant negative differences that exceed markedly 
the deviations found for halogenide ions and attain even negative values of cp~. 
This indicates that up to the highest realizable concentrations these ions exist in 
aqueous solutions as aquocomplexes. (Formulas in parentheses at cp~ and r + denote 
the electrolyte, solution of which was used to obtain data). 

The confirmation of the hypothesis about non-existence of K + ion in the form 
of aquocomplex in aqueous solutions provides additional support for the conclusions 
concerning the formation of the monoaquocomplex of Na + ions, arrived at in the 
previous workz9 from densities of mixed aqueous solutions of potassium and sodium 
salts. This makes also the results of the present work more reliable and justifies the 
conclusions about H+ ions drawn from the densities of mixed NaCI + HCI solu
tions, Na + ion being taken as the monoaquocomplex. The important conclusion 
is that the previous method based on comparison of the extrapolated values of cP' 
in solution of only one electrolyte with its crystallographic data does not depend 
on the present method of mixed solutions that is based on the dehydration competi
tion of the components, irrespective of their crystallographic parameters - even 
though both methods start from experimental densities of aqueous solutions. 

Using Eq. (4) (Na+ taken as Na(HzOt complex), the following theoretical densi
ties of mixed aqueous NaCI + HCI solutions were calculated: 

TABLE I 

Apparent volumes of IA group cations extrapolated to ('H20 = 0, <P~(cm3 mol-I, ref. Z8 ) and 
the evaluated radii r + (pm), compared with the crystallographic ionic radi r +, crys!. (refs4I .4Z) 
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(I) Q(HCI) for the case where on increasing concentration of the solution, the de
hydration of H+ ion leads from the very beginning to anhydrous HCI molecules, i.e. 
all the water bound to H + ion participates in distribution hydration equilibria of 
present ions, 

(2) e(H30 . CI) for the case where H + ion exists in aqueous solutions (at least 
in the concentration region studied) as the stable monohydrate, exchanging protons 
with surrounding water molecules but not allowing the water molecule to which 
the proton is bound at a given moment to participate in hydration equilibria of the 
other ions, and 

(3) uCH904' CI) for the case where H+ ion exists as the stable tetrahydrate6 •7 ,12. 

I n order to eliminate the interfering effect of ion association, data only up to concen
trations at which the solutions of each single component attain density of around 
1'036kgdm- 3 , i.e. up to I moldm- 3 for NaCl and c. 2moldm- 3 for HCI, were 
used. The parameters of the components obtained by adjustation to the experimental 
densities of the solutions of each component separately, using Eqs. (1) to (3) (in units 
given above), were as follows: for NaCI . H2 0 A = 0'041934, B = 0'001914, cp~ = 
= 0'03454, cp~ = 0·04368 (in the previous work 29 0'041920, 0'001914, 0'03454, 
and 0'04373, respectively) and for HCl: A = 0'018410, B = 0'000870, cpg = 0'018055, 
cp? = 0'036073, cp~ = 0'090119, cp~ = 0'02370, (P~ = 0'04040, and cp~ = 0'09297, 
giving qo = 0'5426, ql = 0'9249, and q4 = 2·1284 (i.e. Bq-1 /2 for model (1) 
0'00118, for model (2) 0'000905, and for model (3) 0'000596). 

The inaccuracy of experimental determination of densities which (as judged from 
the differences between two parallel measurements) amounts to several units of sixth 
decimal in the cited work (at maximum one unit of fifth decimal), results in a certain 
range of the values of adjusted parameters A, B, corresponding to these experimental 
errors. This is documented by the value of A (NaCI) calculated (by the method of 
minimalization of the sum of squared deviations) earlier29 from data reported in 
work 32 and now from those reported in work33 . As a result, in the mean of the 
concentration range studied (around 0·5 mol dm - 3 NaCI), the difference in the 
results is 7 units and at the upper limit (I mol dm- 3 ) 14 units of sixth decimal, 
which corresponds to the differences between parallel experiments reported in each 
work separately. The same uncertainty occurs also with the densities of mixed solu
tions calculated theoretically from Eq. (4). The present method of mixed solutions 
makes it possible to differentiate only between such models and in such concentration 
ranges for which Eq. (4) gives differences which are significantly greater than the 
above uncertainty, i.e. greater than several units of sixth decimal at both C1 and C2 

around the mean one, for which case the highest sensitivity of the method is attained. 

The results are summarized in Table II (for increasing NaCI concentration at 
constant HCl concentrations) and in Table III (for increasing HCI concentration 
at constant NaCI concentrations). Experimental data for the whole region investigated 
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lie close to the densities calculated for the monohydrate. The deviations ~(1, e) = 

= (I(H30Cl) - (I( exp) are in the region of sixth decimal (only seldom they exceed 
one unit of fifth decimal), i.e. at limits of the accuracy of the method, and are ran
domly scattered to positive and negative values. This indicates that they originate 
from experimental errors and not from the inadequacy of model 2. Therefore, Eq. 
(4) with the parameter q corresponding to the monoaquocomplex of H+ can be taken 
as a correlation equation in which accidental errors in experimental data are 
eliminated. Hence, the differences in theoretical values of (I of the other two models 
can be calculated from this correlation curve, to ascertain whether the mutual devia
tions ~(O, 1) = U(HCI) - (I(H30Cl) and ~(4, 1) = u(H904CI) - U(H30Cl) signi
ficantly exceed experimental errors. 

For estimating to what extent the real situation is described by assuming the ap
parent ionic volume being the square-root function of the filling of the solution by 
the proper ionic volumes, resp. of the volume fraction of the "mobile" water, in 
addition to the deviations ~(1, e), in Tables II and III are also presented the cor
responding values of the semicubic term Yt. by which this concentration dependence 
is incorporated in the theoretically calculated values of U(H30Cl) and on which in 
the present work the differentiation between aquocomplexes is based. As it is seen, 
the semicubic term corrects the theoretical density in the case of the monohydrate 
to fifth and sixth decimal even if itself attains the values higher by three orders of 
magnitude. With models 1 and 3, starting already from the low concentrations of 
both components of mixed solutions (of magnitude 10- 1 mol dm- 3), theoretical 
densities calculated from models 1 and 3 deviate significantly from experimental 
ones. The described test based on the density of mixed solutions thus excludes 
without any doubt the existence of the stable complex 0 (H-OH2)j proposed by 
Higgins and Grahn, having the high energies of hydrogen bonding between the central 
H30+ particle and three OH2 ligands bonded to it. It proves that H+ - similarly 
to Li + (reU8) and Na + (refs28 .29) ions - exists in aqueous solutions (in contradistinc
tion to the bulky K+, Rb+, Cs+ (ref. 28), and NH1 (refs43 .44) ions) as the stable 
monoaquocomplex MH20+ which in dilute solution is incorporated via hydrogen 
bonding to the "ice-like" structure of the liquid water to form larger clusters. These 
aqditional water molecules are however bound so weakly that they are not prevented 
from participating in equilibrium distribution of water between electrostatically 
bound hydration sheaths of all the present ions. By the independent way, an addi
tional support is thus provided for the conclusion that small H +, Li +, and Na + 
ions from the upper left-hand corner of the Periodic system form homological 
series24.28.29.45, as far as their chemical structure in aqueous solution is concerned. 
This series differs from the sequence of the other univalent Group IA cations (K + • 
Rb+, Cs+, and Fr+) as a result of the predominant energy of the covalent bond 
in the monoaquocomplex (which increases steeply with decreasing ionic radius) 
over the energy of the electrostatic ion-dipole interaction. This may be cause why 
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there is the steep jump in the properties of ions in aqueous solutions on going from 
the first to the second group: of the jump from the low stokes ian molar conductances 
(H + around 30 (ref.1 6), Li + 38, and Na + 50 S cm2 mol-I at 25°C) to the values 
close to 80 S cm2 mol- 1 as well as the jump in the formation of crystallo-hydrates 
and in the hygroscopicity of ion combinations with such anions as SO~ -, N03", etc. 
This can also explain the high solubility of the combinations with bulky anions 
(CIO';-, PtCl;) as compared to KCl04 or K 2PtCI6 , and especially the strikingly 
different functions of H + and Na + ions compared to K + ions in biological systems, 
particularly in cell membranes. In this jump from the aquocomplexes to the ions 
with hydration sheaths bound purely electrostatically, which occurs in Group IA 
between Na + and K + ions, one could perhaps find the "chemical" theoretical basis 
for the generally accepted empirical classification of ions in aqueous solutions as 
"structure-formers" and "structure-breakers". 
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