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Based on the earlier paper introducing a concept of the apparent parachor of a solute in the
solution, we have eliminated in the present work algebraically the effect which is introduced
into this quantity by the additivity of the apparent molal volumes. The difference remaining
from the apparent parachor after subtracting the contribution corresponding to the apparent
volume (for which the present authors suggest the name ‘‘metachor”) was evaluated from the
experimental values of the surface tension of aqueous solutions for a set of 1,1-, 1,2- and 2,1-valent
electrolytes. This difference showed to be independent of concentration up to the very high values
of the order of units mol dm ™3 but it was directly proportional to the number of the free charges
(with a proportionality factor 5 + 1 em?® mol™! identical for all studied electrolytes). The
metachor can be, for this reason, a suitable characteristic for detection of the association of ions
and formation of complexes in the solutions of electrolytes, up to high concentrations where
other methods are failing.

Looking for methods applicable to detection and identification of the formation
of complexes and association of the ions in the strongly concentrated solutions
of electrolytes (the number of such methods is still unsufficient), one of the present
authors has offered in his previous paper’ a theoretical basis for the Sugden parachor
of the individual liquid substances to which Sugden assigned the formula

P = (Mfe) s*”, (1)

derived from the postulated independence of temperature (where M is the molecular
mass of a substance, ¢ is its density and ¢ its surface tension at given temperature).
It was shown that in this expression, the theoretically derived denominator of the
exponent, y, approached in average the empirical value of Sugden, y = 4. Intro-
ducing approximations based on the same model, the author substantiated the
additivity of the parachors of components in ideal liquid mixtures which is analogous
to the additivity of the molal volumes. In a next step, he formulated' for the case
of the non-ideal mixtures (as e.g. the aqueous solutions of electrolytes), a concept
of the apparent parachor of a solute IT, — in analogy to the concept of the apparent
molal volumes. Apparent parachor of a solute IT, represents that part of the para-
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1062 Celeda, Skramovsky ¢

chor of the solution as a whole, (M/g) ¢'/*, remaining per one mol of the solute
after subtraction of the parachor of the solvent which is taken as a pure free substance
at given temperature, xoPo = xo(My/0,) 05”. There, M = x;My + x;M, is the
average molecular mass of the solution, ¢ is its density and o is its surface tension.
From the above definition, we obtained for evaluation of the apparent parachors
of the electrolytes in aqueous solutions, IT, (using conversion of the molar fractions
to mass percents gq,), a formula’

1, = (My[q,) [(1000""[g) — &5"(100 — q1)/eo] - (2)

Indices 0 and 1 relate to the pure solvent and solute, respectively. Applying the same
conversion, one gets an analogous expression also for the apparent volume of a so-
lute'.

&, = (M,],) [(100]¢) — (100 - q,)feo]. ()

This quantity includes all volume changes of the solvent resulting from the solvent
interaction with particles of the dissolved substance. For evaluation of both quantities
from the data measured in the solutions and in the pure solvent (g, 0o, 0, o), it is
convenient to modify (2) and (3) to a form

1, = (M,/q,) [100(c/a0)'” (20/0) — (100 — qy)] Po[M,, “

where P, is the parachor of pure solvent and

b, = (Ml/‘h) [100(00/0) - (100 - ‘h)] Vo/Mo > (5)

where ¥, denotes the molal volume of pure solvent and the ratio Vo/M, is the specific
volume per 1 kg of solvent.

Experimentally it was found that the apparent volumes of strong electrolytes
in aqueous solutions increased linearly with the second root of concentration c.
This fact is known as the “Masson square root rule”? and its validity was verified
up to the highest concentrations by Geffcken?®, Scott*, Root® and others. Since the
contribution of surface tension of liquid compounds compensates in the parachors
the temperature dependence of the corresponding molal volumes, it is reasonable
to ask whether it does not also compensate the above described concentration
dependence od apparent volumes in the solution, observed with strong electrolytes.
The model used in the above cited paper! does not answer this question which can be
solved only experimentally. This has been the first task of the present paper.

It is further known that apparent volumes of strong electrolytes in aqueous solu-
tions, @7, which were extrapolated using the Masson rule to an infinitely diluted
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solution can be additively divided into ionic volumes representing at given tempera-
ture a characteristic constant for each ion. As far as this point is concerned, one
of the present authors has shown in an earlier paper® that similar additivity is ob-
served also with apparent volumes @] extrapolated to the “anhydrous” state of the
electrolyte (i.e. to the curve @,¢, = 1, corresponding to a 100% filling of the solu-
tion with apparent volumes of the ions ®}). These volumes represent (since under
such conditions disappear the volume changes of the solvent in the field of the ions),
the “true” volumes which the ions would have if they existed as a pure compound
in the form in which they exist in a solution. In this way we came to the second ques-
tion whether also the apparent parachors of the electrolytes IT9, IT}, after extrapola-
tion to the infinitely diluted solution and to the above mentioned “anhydrous” state
can be divided into similar additive constant ionic contributions. One can also ask
whether there is some correlation between the values of these ionic constants and che-
mical structure of the electrolyte which would permit to obtain some additional
independent structural information, in addition to that obtained from the apparent
volumes of the electrolytes®. At the present state of theory of the aqueous solutions
of electrolytes, this problem, too, can be solved only experimentally which is thence
the second task of the present work.

EXPERIMENTAL

Surface tension of the aqueous solutions of strong electrolytes was measured on samples with dif-
ferent percentual contents ¢; and the same solutions were used also for determination of the
density g, to ensure consistency of the results. We have taken advantage of the fact that quantities
o as well as ¢ appear for the solution and for the solvent (water) in equations (4) and (5) in a ratio.
For this reason, we are able to use (without visibly affecting the results) uncorrected values for the
surface tension ¢’ and density @’ of the solutions and water. The values were measured within
short time intervals, with the same pycnometer and capillary and they were evaluated without
correction for the atmospheric uplift pressure (respectively vapour tension). Only for evaluation
of the coefficient following the broken bracket (related to a pure solvent), we have applied values
dy and @, tabulated for given temperature.

Surface tension of the solutions was measured by the bubble method” modified in a same
way as in the earlier works®®. The solutions were prepared from redistilled water and reagent
grade chemicals without further purification. The influence of surface active impurities was
eliminated by their adsorption on preceding 10 bubbles; the 11" bubble was used for the mea-
surement. Density ¢” and ¢ were determined by the usual pycnometric method (¢ was measured
at the beginning and the end of each of the series of solutions, using the same pycnometer).
All measurements with more concentrated solutions were carried out at 25°C. For diluted solu-
tions, where even small temperature differences can lead to large differences in the resulting
apparent parachors and volumes of the solute, we have chosen the temperature 20°C in order
to reduce the temperature gradient. All parachor values were calculated with the Sugden value
¥y =4,
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RESULTS AND DISCUSSION

In this work we are summarizing the results obtained for strong inorganic 1—1, 1 -2
and 2—1 electrolytes. The experimental surface tension data and uncorrected values
for density of the solutions are presented for the first two types in Tables I and II.
As one can see, the parachors I1, evaluated from these data are not concentration-
independent and their value increases linearly with the square root of concentration c,
similarly to the apparent volumes. Hence follows that the surface tension contribu-
tion to the apparent parachor does not compensate the concentration dependence
of the apparent molal volumes of the electrolytes. Examples are shown in Fig. 1.
The left-hand side shows also the way in which concentration ¢’ corresponding to the
“anhydrous” state of the electrolyte is determined using graphical extrapolation
of the apparent volumes to the curve ¢'®; = 1 (or 1000 if the concentration is ex-
pressed in moldm~3 and the apparent molal volumes in cm® mol™"), as well as,
the subsequent determination of the parachors of a solute in this ‘‘anhydrous”
state I} (by means of the vertical dashed lines). The results have shown that in this
way obtained experimental values of parameters I1}, as well as, values I79 extrapolated
to the infinitely diluted solution can be divided into ionic contributions remaining
constant within the experimental error. One of these constants has to be of course
chosen arbitrarily. In the case of the apparent molal volumes, it is reasonable to select
potassium chloride since it represents a combination of two particles of different
size, yet, with an isoelectronic rare gas configuraticn, so that the volume can be
distributed in proportion corresponding to the volume ratio calculated from their
crystallographic radii®'°.

Taking into account that molal volume of a substance Mg, appears in the formula
of its parachor (1) as a coefficient, we applied the same approach also for the ap-
parent parachors of potassium chloride, dividing them in proportion to the ratio
of the apparent volumes of considered ions (cm?® mol™'): #°(K*) = 5-8 and #°(Cl")
= 20-0 accepted from the above cited paper'® as well as @'(K*) = 11:6 and &'(C1™)
= 261 from paper®. From these, in this way calculated, individual parachors of ions
K* and Cl-, we determined, by gradual subtraction from the experimental apparent
parachors of other salts (applying least square analysis), the apparent parachors
of other ions. Results are presented in Table III. Standard deviation between the
experimentally obtained values of the apparent parachors of electrolytes I19, IT; and
the values formed additively from the ionic increments according to Table III is
equal to +1-0 for the case of 1] and +0-7 for the case of I1] (for Na* ions this
degree of fitting is obtained with values calculated for the monoaquocomplex®:'?).

From the above result it is evident that within the limits of attained accuracy
of the measurement and extrapolation procedure, the additivity of the apparent
ionic parachors of strong electrolytes holds in the whole concentration range (under
the assumption that we compare values corresponding to the same ““degree of filling”
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TABLE 1
Aqueous solutions of uni-univalent electrolytes

’ ’

qy 4 Q
NacCl“ 20°C
0 73-40 099800 — — —
0-487 73-53 1-:00155 159 62-2 53
0-511 73-53 1-00163 170 646 50
1-019 73-69 1-00519 17-5 67-5 56
NaCl25°C
0 72:58 09958 — — —
512 7409 1-0328 176  68:0 57
990 7534 10670 19-1 709 52
1509 7715 1-1063 19-8 73-6 54
1993 79-33 11440 205 767 58
NaBr 20°C
0 73-40 0-9972 - — —
1-80 73-63 1-0112 24-1 83-4 4-5
3-56 7391 1:0252 241 84-8 50
NaBr 25°C
0 72-:58 0-9958 - - -—
10:21 7441 1-:0793 250 900 58
20-17 7605 1-1724  26°1 912 51
30-07 78-85 1:2797 27-1 95-3 56
40-37 81-89 1-4125 278 971 56
NaNOj;, 20°C
0 73-40 0-9972 — — —
2:57 73-81 1-0146 283 96-2 45
5:06 7420 10316 293 979 44
NH,NO, 25°C
1994  76:10 1-:0797 490 1559 4-4
2972 7779 1-1231 49-7 1572 4:2
39-66 7990 1-1705 50-1 1584 4-1
49-68 8195 1-2198 506 159-6 41

1030, 10311, 10°M,

5:56
17-:30
22:44
24-25

10-82
20-95
30-22
40-08

19-84

49-70
57-54

2:02
4-52

0:79

2:63
5-18

21-66
34-38
49-40

¢ 10’0, 10°H, 10°M,

7367
76-43
7818
78:71

72-58
73-98
75-73
77-53
79-47

74-19
77-82
79-64

73-53
73-77

73-40
73-47

73-40
73-81
74-18

71-90
75-69
7774
81-:02

KCl25°C
10311 287
111107 301
111474 308
11580 316

KC125°C
09958  —
10778 354
11659 362
12577 37-1
13699 380

KI 25°C
111609 472
115362 49-3
16717 495

KIO, 20°C
10145 334
10365 344

KClO, 20°C
09972 —
10023 49-4

KNO;, 20°C
09972  —
10139 380
10299 392

NH,NO,* 30°C

0-9964 -

1-0840 50-4
1-1424  50-5
1-2160  51-0

98-0
102-5
105-6
108-0

118:2
120-9
123-5
1255

149-2
153:2
156-3

111-3
117-6

156-8

126-8
129-4

159-6
1586
160-3

49
50
54
54

5:0
52
52
50

40
3-8
41

46
57

42

53
50

44
4-0
4-0
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TABLE I

(Continued)

49, o o 10%®, 103, 10°Mm, | ¢ o’ ¢ 10%®; 1037, 10°M, ,
NH,Cl, 20°C NH,Br, 25°C

0 73-50 09970  — - — 1976 7572 1-1167 444 1434 47

6:60 7552 1-0165 380 1272 5-4 20-46 7616 1-1218 443 1444 52
1227 77-34 1-0342 379 1267 5-4 2477 76:76 1-1515 446 1444 48
19-11  79-42 1-0533 386 1282 52 30-29 7793 11921 448 1451 49
22-:28  80-32 1-0620 389 1286 51 40-11  80-20 1-2713 452 1460 48

KOH¢, 20°C KHCO,,25°C '
0 7275 09982  — — — 0 7258 09958 — — —
409 7418 10358 63 374 65 999 7399 10630 369 1209 46

9-32 7629 1-0845 82 435 67 15-07 7528 10990 378 1266 55
13-92 7852 1-1283 103 467 57 17-63 7579 11172 385 1285 55
18:69 80-12 1-1746 110 506 63 20-03 76:05 1-1351 389 1286 52

“ Data with the density corrected for atmospheric pressure.

of the solution with apparent volumes of the ions i.e. we take values corresponding
to the same ratio c/c’ in the range 0— 1), similarly as it was found for the apparent
volumes®*1:12, Comparison of the apparent parachors which were obtained at mutual-
ly non-corresponding concentrations ¢, cannot serve (due to their large concentra-
tion dependence) as a basis for conclusions concerning the chemical structure of the
electrolytes in solutions.

Table III shows that the values of the apparent parachors in aqueous solutions,
119, and, IT}, increase, for identical charges, in proportion to the crystallographic
dimensions of the ions. On contrary, the slope of the concentration increase of the
parachor which is evaluated from the difference I — 119 increases sharply in the
direction from the univalent to bivalent ions. This slope increases also with the hydra-
tion of the ions as it is possible to see on the sequence I™—Br™—Cl~, or, on com-
parison of the halide ions with the more extensively hydrated'® polar ions HCO3
and OH™ (in the case of univalent anions), or, on comparison of the bulky and thus
less hydrated ions SO;~ with the smaller and therefore more strongly hydrated
ions CO3}~ (in the case of bivalent anions). From the slope of the concentration
dependence of the apparent parachors of electrolytes in aqueous solutions (defined
by equations (2) and (4)), it is thence possible to draw conclusions on the hydration
of the electrolytes, as well as, on their association. This can be demonstrated on a case
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of potassium carbonate (which is fully dissociated to the 2nd degree), showing a much
steeper concentration increase of the apparent parachor than KHCO; (dissociated
practically only to the Ist degree), or, on the case of potassium hydroxide (Fig. 1,
right-hand side) — in spite of the fact that the last one belongs to very strongly
hydrated uni-univalent electrolytes. It is, of course, required that the parachor is
measured in a wide concentration range.

Ammonium ion represents an anomaly since its apparent parachor is within
the error limits independent of concentration. In comparison with other univalent
cations, this ion behaves unusually also in other ways. Its apparent volume!3, equiva-

‘I ABLE I1

Uni-bivalent inorganic electrolytes

7 o ¢ 10°®, 10, 10°M, ;| q, o’ ¢ 10°¢, 10°m, 10°M, ,
(NH,)SOy, 20°C K,CO3, 20°C

0 73-40 09972  — — — 232 7403 10180 165 849 125

500 7450 10270 556 1906 96 | 521 7464 10439 196 885 106
(NH,),S0y, 25°C : K,COj3, 25°C

10:04 7491 1-0547  58-:8 2005 99 0 72:58 0-9958 - - —
15-45 7597 1-0858 614 2057 90 11752 7679 11574 282 1104 97
2000 7693 11120 633 210-1 87 | 2489 7916 12345 309 1190 98
24-89 7846 1-1391 656 2181 92 |

30-06 8010 1-1696 670 223-0 94 Na,CO;, 20°C

3498 8214 11974 688 2300 99

4031 8467 12224 716 2400 105 O 7340 099712 — - -

2-15 7408 10196 —2:3 258 112
5:06 7486 1-:0502 -+03 296 98

Na,SOy, 20°C K,Cr0,°% 20°C

0 73-40 0-9972 — - -
2:46  74-01 1-0201 124 70:7 117
500 7464 10436 158 768 105

1-954 73-10 1-0138 413 1555 119
3-898 73-37 1-0301 400 1471 104
6688 7385 10520 458 1644 105

Na,Cr,0,° 20°C ; K,Cr,0,%20°C

4-088 73-:20 10296  66:7 2232 9-8 0 72-75  0-9982 — - —
5-893 73-37 1-0434 695 2300 92 5-48 7340 10373 920 3030 11-8
7-414 73-52 1-0554  70-6 2325 90 834 7363 10585 934 3028 103

? Density values corrected for atmospheric pressure.
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lent conductance'* and ionophoretic mobility’® (determined for NH ions iso-
topically labeled with nitrogen !N, in the solutions of non-labeled ammonium nitrate
and ammonium chloride) are very little dependent on concentration. Decisive
seems to be the different structure of the hydration sheath (resulting from the tetra-
hedrally arranged N-H bonds, fitting well the structure of liquid water to which
the ions can be hydrogen-bonded without perturbing it).

It is worth to note that the parachors corresponding to the ‘‘anhydrous” states
of the HCO;~ and COj~ ions (in contradiction with their apparent volumes®)
are mutually very different despite that their crystallographic radii are nearly the
same. This difference cannot be, within reasonable limits, removed by another distri-
bution of the apparent parachors between the cation and the anion. In order to bring
the value of IT; for CO3™ close to the value for the HCO; anion, one would have

80
60
10%p
10%¢
20
30
200
200
10°N
160 10°0
120
50
| | [ | | | |
0 1 Z 9 16 0 7 4 9 16
c,m(aldm‘3

FiG. 1

Experimental apparent parachors IT, (dm® mol~! (mN/m)!/#) (lower part) and apparent molal
volumes &, (dm3 mol™ 1) (upper part) of uni-univalent electrolytes: NH,CNS (1), KI (2) and KBr
(3) in aqueous solutions, 25°C (left section) and uni-divalent electrolytes: (NH,), SO, (1) and
K,COj; (2) compared with potassium hydroxide (3) 25°C (right section)
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to increase the value of the apparent parachor for cation K* from 40 to 90 units.
Consequently, the apparent parachor value of the much bulkier anion Cl1~ would
drop down to 40 units which is far below the correspondingly altered value for the
K* ions. Such a low value is hard to accept from the physical point of view, inde-
pendently of which model of surface tension of the solution we have selected.

This proves that also in the parachors corresponding to the ““anhydrous” states
of the ions remains preserved (independently on the effect of the ionic volume itself)
the specific contribution of the surface tension. This contribution is visibly higher
for the bivalent ion CO3~ than for the univalent ion HCO;3 . From that we have
concluded that apparent parachors of the electrolytes may provide information
on constitution of the electrolytes in a solution, in addition to that obtained from the
apparent volumes®'1°.

Since the concentration dependences of the apparent parachor and apparent
volume of the electrolytes follow parallel trends, it was obvious that the most simple
way how to separate the above effect of the dissociation state of the electrolytes
on surface tension of their aqueous solutions was to calculate the mutual ratio
od both these quantities I7,/®;. As follows from equation (4) and (5), this ratio
eliminates the molecular mass of the solute and thus also the effect resulting from the
additivity of the atomic masses. The only remaining interrelation is the dependence
between the surface tension of a solution and its density.

It was observed that the values of ratio I7,/®, (calculated from the data in Tables],
I1) changed only slightly with concentration ¢. These changes were by one order
of magnitude smaller than the changes of the values IT, and &; themselves and,
in addition, they were quite irregular. For some electrolytes, the above ratio increased
slightly with increasing concentration while with some other electrolytes it went

TaBLE IIT
Individual ionic apparent parachors IT?, IT{ (dm® mol ™! mN'/4 m

~1/4y in aqueous solutions

fon  103m? 10%m 10%(1{— mP) | Ion 103m?  10%m  103ur) — mp)

Nat® —-10 8 18 CNS~ 119 145 26
K* 20 40 20 NO3 100 116 16
NH} 49 48 —1 HCO3 90 128 38
ol 71 90 19 OH~ 7 59 52
Br~ 90 106 16 CO3%~ 5 175 170
1~ 119 130 11 S0%~ 66 193 127

“Na%t as NaH,0".
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slowly down and in some cases it fluctuated (within experimental error) around
the mean value in a range +1%. This approximate invariance of the ratio I7,/®,
with changing concentration allowed us to assume that this ratio would keep its
value also in a hypothetical “pure state”, in which the electrolyte (preserving its
structure and the force interactions of its particles in the form in which they exist
in a solution) would fill up the entire volume as a pure substance and the concentra-
tion of the solvent would drop to zero. In this “pure” component state, the apparent
volume and apparent parachor should become identical with the true molal volume V
and true parachor P of the above hypothetical “‘pure” substance — the structure
and interaction of particles of which would correspond to the state in which the
electrolyte exists in a solution.

From the definition of the parachor of a pure substance (1) (where the first coef-
ficient signifies the molal volume of this substance), extrapolated ratio P/V should be
equal to the y-root of surface tension ¢, of the above described hypothetical form
of the electrolytes in a ‘“‘pure” state. Results are summarized in Table IV. The un-
certainty in extrapolation to the zero content of water does not exceed +2% for the
values P/Vand +10% (for y = 4) for the values ¢4. It is surprising that quantity o,
is very little sensitive to a choice of parameter y in the formula of the parachor.
In the range from y = 1 to y = 8 (which in direction up and down far exceeds the
theoretically derived limits for the temperature invariance cf the rarachor'), the
apparent parachor I7; evaluated from (4) changes its value within the range ¢f two
orders of magnitude, however, deviations of the calculated value of o'y from the mean
value attain in average +10%, close to the limits of accuracy of the extrapolation
procedure.

The value of surface tension ¢, determined in the above described way from the
apparent parachor of the electrolyte in its aqueous solution can be therefore regarded
as a characteristic of the state of the electrolyte in the soluticn, which, though it is
evaluated from the values I7;, unlike them is (within physically justifiable limits
of variability of parameter y) practically independent on accuracy with which we know
the correct value of IT,. It is quite acceptable to take for all electrolytes a common,
Sugden’s value y = 4. The data given in Table IV were calculated using this value.

As one can see in this Table, it is impossible to find any univocal relation between
the ratio I7,/®, (respectively value o) for different electrolytes and their apparent
volumes &, (the values shown in the Table are presented for the value ¢ = 1 mol.
.dm~?). In general, the only thing one can find out is that surface tension of the
hypothetical substances corresponding to the dissolved form of strong electrolytes
increases in direction from the salts with the bulky ions to the salts with ions with small
radii. Bivalent anions shift the position of the electrolyte to a higher place in the
sequence than one might expect from their crystallographic radii. This is in agreement
with the Coulomb law: Separation energy of the particles of the substance, deter-
mining (as shown by the experimental data‘) the surface tension of this substance
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in a liquid state, goes up with decreasing ionic radii and with increasing ionic charges.
Both effects are, nevertheless, mixed together so that the region of 1,2-valent electro-
lytes considerably overlaps the region of 1,1-valent electrolytes. It is therefore impos-
sible to determine unequivocally from the ratio I7,/®, (in spite of its temperature
invariance) the valence type of the electrolyte and thus also the degree of its associa-
tion. As far as the values ¢, are concerned, these seldom exceed the value of 20,
which indicates that the ionic contribution to surface tension of the solutions is
based on mutual separation of the hydration sheaths of the ions and not on separation
of the anhydrous ions themselves. The experimentally observed invariarce of ratio
11, /(I)I has shown that the concentration dependence of the apparent parachors I7,
of strong electrolytes in aqueous solutions is overwhelmingly a result of the con-
centration dependence of their apparent volumes &,. The inclusion of the surface
tension does not contribute to the concentration dependence of I7; by any important
additional effect. We could therefore assume that it should be possible to separate
the contribution of the surface tension to the parachor of the electrolyte as a con-
centration invariant in which all effects included in the molal volume of the electro-
lytes (i.e. the concentration dependence, the additivity of atomic masses and volumes
etc.) which make from the parachor a quantity of questionable diagnostic value
in comparison with the molal volume itself!®, should be eliminated. As the result,
one should get a pure effect of virial interaction ion-water and ion-ion, responsible
for the changes in the surface tension of the solutions.

TABLE IV
Extrapolated ratios IT,/®, and surface tensions of electrolytes in the hypothetical pure state
Electrolyte ¢°C 10%®¢, I1,/®, o, | Electrolyte (°C 10°®¢;, IH/®, o,
NH,CNS 25° 58 310 92 | KHCO, 25° 37 330 119
KCIO, 20° 53 310 92 | NaNO, 20° 38 333 123
KI 25° 47 314 97 | (NH,),S0, 25° 59 334 124
Na,S,0;  25° 80 314 97 K,S0, 25° 44 335 126
NH,NO;  25° 48 315 99 l KIO, 20° 36 3:36 127
30° 50 314 97 | KClI 25° 29 3-41 135
KNO, 25° 40 317 101 | NaNO; 20° 30 3-43 138
NaClO, 20° 50 317 101 | NaBr 25° 25 3-50 150
NH,Br 25° 43 322 108 | K,CrO,4 20° 49 3:70 187
K,Cr,0, 20° 103 3-24 110 | NaCl 25° 18 3:80 209
Na,Cr,0; 20° 73 325 112 | NalOj 20° 26 3-85 220
KBr 25° 36 325 112 K,CO, 25° 19 393 239
NH,CI 20° 38 3:28 116 KOH 20° 7 (4:8) (531)
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We were able to carry out this separation in a purely algebraic way. Using ap-
propriate transformation, we have derived from equations (4) and (5) an expression
for a new quantity

M., = II,|o"” — &, = [(0]oo)"" — 1] 71, (6)

where ¢ (moldm™3), which was substituted for (q,/100) ¢/M, denotes the molar
concentration of the electrolyte in a solution. For a pure liquid substance (where
11, = P, #; = Vand ¢, = o), this quantity equals zero according to both the first
and second formula in (6). If in the solutions of this substance, the above difference
does not equal zero then its value represents the additional effect by which this
substance contributes, by interaction of its particles, to the apparent parachor
(contribution not included in its apparent volume in the solution). An appropriate
name for the new quantity may be the ‘“‘metachor”, M, ;. This name and symbol
will be used in the further text. The dimension of this function agrees with that of the
molal volume, i.e. dm® mol 1.

The values of the thus defined metachor, evaluated from the experimental data,
are given in the last column of the Tables I and II. As one can see, the metachors
for uni-univalent electrolytes range, in aqueous solutions, between 5-0 + 1:0 cm® .
. mol~! while for uni-bivalent electrolytes they vary between 10-5 + 1:5 cm® mol™?,
independently of the concentration of the electrolyte, the apparent volume and ap-
parent parachor values and the crystallographic radii of the ions, etc. The ranges
for the two valence types do not overlap and there is a wide, statistically significant
gap between both of them which can be fully exploited for diagnostic purposes. This
makes from the metachor a quantity which can be with convenience used for detec-
tion of the association of ions and formation of complexes in the solutions of electro-
lytes. Because of its concentration invariance, the metachor can be used up to the
highest concentrations where other methods are failing. In addition, the metachor
(as it is defined by equation (6)) has a preference of being independent on our know-
ledge of the exact value of density of a solution. As one can see from equations (4)
and (5), even small errors in determination of density ¢ lead to deviations in the values
of IT, and @, (especially then at low concentrations) but these errors are in the value
of the metachor mutually compensated. This is very important for applications
of the metachor as a structurally dependent characteristic of the electrolytes in aque-
ous solutions, if we consider that the metachor is a difference function evaluated
from two values which are both by one order of magnitude larger. The right-hand
side of equation (6) offers an explanation for that. There, density ¢ appears already
only to such extent in which it participates in conversion of the mass percents g
(which are known in the case that solutions were prepared by weighing of their
components), to molar concentration c. Thus, e.g. determining the density of the
solution with accuracy to the third decimal place, we obtain, by this procedure,
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the metachor values also with an error in the range 10 1%, On contrary, the same
accaracy of measurement can lead in diluted solutions to values I1; and @, which
can be erroneous by 100% (or more), without visibly affecting the metachor value.

An example of applicability of the metachor for determination of the dissociation
egree of the electrolytes in aqueous solutions can be illustrated on comparison
of KHCO; and K,CO;. The metachor value of the former salt (which dissociates
in the whole range of the studied concentrations practically only the to first degree)
equals only to one-half of the value of the latter salt, dissociating to the second degree.
The described experimental observations led us to an attempt to investigate more
closely the physical significance of the new quantity introduced in this paper which
we have named the “metachor”. The solution of this task was based on the coverage
model used in previous papers'-®. According to this model: a) each particle forms
in a solvent (from the point of view of the cohesion interactions) its own domain
which can be in rough approximation represented by a spherical step-function
model'*17721 " j e as a sphere separated from the surrounding unaffected solvent
by a sharp boundary, b)in the process of splitting of the column of the liquid, the
surface-area proportion of these domains in the newly formed surface is equal to the
volume proportion of these domains in the solution, i.e. ¢V} (there, ¥, — dm® mol™*
— is the overall volume of these ““‘active” domains per 1 mol of the solute).

Denoting g, the effective surface tension corresponding to the work connected
with separation of the domains from the free solvent and o, a similar quantity cor-
responding to separation of the domains from one side of the splitting plane from the
domains in the opposite surface layer, we get for the resulting surface tension of the
solution:

o= (1—=cV)l oo+ 2(l = cV{)cViao,, + (cV{) a, ?)
or
Ao = cV{(Aey — ) + (cV])* 6 €))

in which we substituted As for the difference ¢ — ¢, Ao, for o, — o, and 16 for
Ya, + 01) — 04,1. Up to concentrations for which the product c¥Vy does not exceed
10—159% of the total volume of the solution, the first coefficient in the quadratic
term in (8) is at least ten times smaller than the coefficient in the linear term and it can
be therefore, in approximation, omitted. In the ideal case, where 6, 1 equals 4(o, +
+ o), the value of 6 becomes equal to zero, eliminating thus the whole quadratic
term. In real cases, one can expect on the basis of simple electrostatic considerations
that the gap between the separation energy “hydration sheath — hydration sheath”
(0,) and the separation energy “hydration sheath — water” will be somewhat larger
(though not very pronounced) than the gap between the latter energy (c,,,) and the
separation energy ‘“‘water-water” (d,). As a result, o, ; does not lie exactly in the
centre between ¢, and o, but slightly lower. We must therefore assume that coeffi-
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cient 6 in the quadratic term has a zero or positive value (nevertheless substantially

smaller than Ac, in the linear term). This shifts even further the concentration

limits up to which one can omit in (8) the quadratic term against the linear term.
Ratio (¢/a,)"" in (6) can be under these circumstances expanded in a series

(/a0)'"” = 1 + (Ad[ao)]y — (Acfoe)* (y — 1)[2y* . (9)

Starting with the third term, all terms become for Sugden’s value y = 4, even for the
highest commonly observed differences between o and o, (which for the aqueous
solutions of strong electrolytes seldom exceed 20 mN m™"'), negligible in comparison
with the second term. For this reason it is possible (due to the approximative character
of the given model solution of the whole problem)torestrict the expansion up to the
second term. Substituting the thus approximated expression (9) into (6) and replacing
Ac with a similarly approximated expression (8) which was derived from the coverage
model, one has partially compensated the omission of the positive, quadratic term
in (8) by the omission of the negative, quadratic term in (9) so that the approximation
degree of the resulting expression

M., = (V{|y) Ao, (10)

providing the physical interpretation of the quantity “‘metachor” is further improved.

From equation (10) it is evident that the metachor should be (within the tolerances
given by approximations inherent to the model and deviations connected with the
omission of the higher-order terms) independent of concentration ¢ — as far as the
molal volume of the interaction spheres V; and the corresponding surface tension o,
are also concentration independent. This can be reasonably expected for concentra-
tions at which some free solvent still exists in a solution, so that the form of the
solvates, as well as, character of the force interactions between them is not visibly
changing with increasing concentration.

Assuming that the Coulomb forces between the charges of the ions (respectively
dipoles of the water molecules) represent the main contribution to the cohesive
interactions in the aqueous solutions of strong electrolytes, we obtain direct pro-
portionality between the radii of the active domains of the ions and the square root
of their ion charge z (ref.'7). This presentation of the problem leads to its solution
in terms of the step-function model already mentioned'*-'7~ 2!, We assume that the
separation of each ionic hydration complex from the adjacent particles takes place
in such a distance from its centre, r, in which the separation work drops, with de-
creasing field intensity, into the region of energies of the thermal motion, nct de-
pending on the charge z. The particles situated inside this critical boundary are
exempt from the separation process due to their high separation work. The total
number of separation events in the splitting plane per 1 mol of a z-valent ionic
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species and thus also its active molal volume V| as well as the product V| Ac, (Ao,
being independent of z) will then be proportional to the surface area of a sphere
with radius r, i.e. to r; and, since the radii corresponding to identical field intensities
are. according to Coulomb law, proportional to z'/?, we thus obtain in (10), direct
proportionality between V| Ag, and z.

Considering also the direct proportionality to the number of the univalent counter-
-ions (z) which is then simply a matter of trivial additivity, we have come to a direct
proportionality between the metachors of the electrolytes and the number of the
charges in their molecules in the given state of dissociation. The experimentally
found ratio between the metachors of the 1,1 and 1,2-valent electrolytes (given
in Tables I and II) has in this way got its theoretical substantiation.

Basing on the earlier results obtained with the 1,1- and 1,2-valent electrolytes,
we started to measure solutions of the 2,1-valent electrolytes. This time we con-
centrated directly on determination of the metachors M, ,. The right-hand side
of equation (6) shows that, unlike with the apparent parachors and the apparent
volumes, for the determination of the metachors one need not know the density
of the solutions with great accuracy; it is sufficient to measure with an accuracy
to the third decimal, which is quite acceptable for determination of the molal con-
centration c¢ (for its evaluation from the ratio of the weighed components) and for
determination of the surface tension by a bubble method. With respect to equation (6),
we did not prepare any more the solutions by weighing the both components (salt
and water) but we adjusted directly their molarities ¢ by weighing the salt into
a marked vessel (filling the solution up to the mark under temperature stabilized
conditions, with subsequent analytical control). From the known ¢ and ¢ values,
we evaluated directly the metachors according to the right-hand side of equation (6),
avoiding thus the roundabout way with the apparent parachor and apparent volume.

TABLE VI

The metachor values of some bi-univalent electrolytes in aqueous solutions up to high concentra-
tions

MgCl, 25°C CaCl, 20°C Mg(Cl10,), 25°C Ca(ClOy), 25°C
¢ o 10°M,; ¢ o 10°M,, ¢ o 10°M,, ¢ o 10°M,
0 7258 — 0 7340 — 0 7258 — 1440 7595 82

1-117 7655 11-5 1-20 77-55 11-5 1:06 7572 10-0 1-79  76:86 81
1-50 78-00 12-1 275 8494 13-5 130 7620 94 243 7865 84
2:00 80-00 12:3 3-22 8765 141 1-61 7694 91 277 79-44 82
251 8276 13:3 465 9443 140  2:79 79-80 86 307 8062 87
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As a check, we have measured in the same way also the metachors of some uni-
univalent electrolytes (Table V). Results obtained for bi-univalent electrolytes are
summarized in Table VI. They support both earlier findings according to which:
a) the metachor M, , is little (or not at all) dependent on the concentration of the
strong electrolytes in aqueous solutions, b) the metachor is strongly dependent (within
the experimental error even proportional to) on the number of the charges in the
molecule of the electrolyte in its given dissociation state, irrespective of the volume
differences between the small and large cations (Mg?*, Ca?™) or small and bulky
anions (CI7, ClO;). The metachor keeps both these properties up to the very high
concentrations. This is important for detection of the association and complex
formation in the strongly concentrated solutions of electrolytes where we still have
ashortageof reliable and generally applicable methods. (At very high concentrations —
from 3 to 9moldm™2 Cl~ — the metachor values of the chlorides are for both
valency types increasing whereas the slightly lower values for perchlorates are
evidently connected with partial association already setting in. The possibility
to differenciate between both valency types is, however, not affected since the dif-
ferences between the both types far exceed, even in these cases, the experimental
error limits).

LIST OF SYMBOLS

c molar concentration (mol dm™3)
c’ molar concentration in the extrapolated state corresponding to zero content of water
(mol dm™3)

3

M molar mass of the substance (kg mol~ h

M, molar mass of the dissolved electrolyte (kg mol~!)

M, molar mass of the solvent (kg mol~!)

P parachor of the substance in pure liquid state (dm? mol ™! mN'/4 m~ 174

P,  parachor of the solvent at given temperature (dm3> mol ™ 'mN*/4 m~1/4)

90 mass % of the solvent (kg per 100 kg solution)

q, mass Y, of the electrolyte (kg per 100 kg solution)

Vv molal volume of the substance in pure liquid state, M/¢ (dm3 mol™?)

Vo molal volume of the pure solvent at given temperature (dm3 mol™1)

X mole fraction (dimensionless)

¥ dimensionless exponent denominator in the formula of the parachor

ot dimensionless ionic charge (a multiple of elementary charge unit)

M, ; metachor of the electrolyte in the given solution (dm?3 mol™ 1)

I, apparent parachor of the electrolyte in the given solution (dm> mol ™! mN'/4 m~1/4%)
?  apparent parachor of the electrolyte at infinite dilution (dm3 mol ™! mN!/4 m~1/4)
mn; apparent parachor extrapolated to zero content of water (dm> mol ! mN!/4 m~1/%

0 density of the pure liquid substance and of the solution (kg dm_3)

0 experimental density non-corrected for atmospheric pressure (kg dm™3)
0o density of the solvent at the given temperature (kg dm™?)

o surface tension of the pure liquid substance and of the solution (mNm™1)

oy surface tension of the solvent at the given temperature (mN m™ )
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I . N N

—
N = O O

13.
14.
15.
16.
17.
18.
19.
20.

21.

surface tension of the dissolved electrolyte in the hypothetical pure state (mN m™1)
apparent molal volume of the electrolyte in the given solution (dm3 mol™!)
apparent molal volume of the electrolyte at infinite dilution (dm® mol™"')

apparent molal volume extrapolated to zero content of water (dm3 mol™!)
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