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1. Introduction 

From soon after the inception of theory of electrolytes until 
the present, the chemical literature is replete with articles 
dealing with the measurement, magnitude, and influence on 
chemical phenomena in solution of the solvation numbers of 
ions. No recent or extensive summary of such data has been 
compiled. The purpose of this review is to  assemble and com- 
pare data on solvation numbers reported up to  1969. 

11. Methods of Measurement 

A. TRANSFERENCE 

1 .  Theoretical and Experimental 

The transference or transport number of an ion is the fraction 
of the total current carried by that ion. Since the velocities 
of the two ions of an electrolyte are not equal, different con- 
centration changes will occur in the regions of the cathode 
and anode, respectively, and these changes may be used to 
evaluate transference numbers. 1, 

In general, for an ith-type ion, the transport number is 
given by the expression 

t ,  = n,u ,e , /Cn,u ,e ,  (1 1 
where n, is the number of the ith-type ions per cubic centi- 
meter, and u, and e ,  are the velocity and charge, respectively, 
of this type of ion. Since e ,  = z,e,, where z ,  is the valence and 
e, the electronic charge, then 

t ,  = n,u,z,/Cn,u,z, (2) 

(1) W. Hittorf, 2. Phjisik. Chem., 39, 612 (1901). 
(2) W. Hittorf, ibid., 43,239 (1903). 
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where the summation in the denominators of eq 1 and 2 are 
taken over all the ions in solution. 

Hittorf’s method consists of chemically analyzing the 
contents of various portions of the solution of an electrolytic 
cell, and of ascertaining the faradays which flow through the 
cell using a silver or other type coulometer, or other current 
measuring device in series with the cell. 

Washburn3 has given a formula for the calculation of the 
transference number, t ,  of an ion formulated as follows. Let 
No and NF be the number of equivalents of an ion associated 
initially and finally with a given weight of solvent. Let NE be 
the number of equivalents of this ion added to  the solvent by 
the electrode reaction, and tNE be the number of equivalents 
of this ion lost to  the solvent by migration. Then 

NE - No = NE - NEt (3) 

wherefore 

NO - NE f NE 
NE 

t =  (4) 

The moving boundary method of transference numbers is 
based on the fact that when a solution of one electrolyte is 
placed above a solution of another electrolyte in a tube and 
a direct current is passed from bottom to top, the boundary 
between the two solutions will become sharp and will move 
up the tube. 

Let V be the volume in liters swept out per faraday of 
current passed, and VC be the equivalents of selected ion 
constituent passing per faraday a fixed plane in the tube, 
where C is the equivalents per liter of the selected ion. Also 
let I be the constant current flowing for r seconds. 

t = VCF/rI ( 5 )  

The moving boundary method can be used under certain 
conditions to measure the transference number of ion con- 
stituents in mixtures of electrolytes. 

MacInnes4 discusses in detail methods of forming the 
boundary and of making the measurements. 

2. Solvation of Ions: 
“True” Transference Numbers 

Transference number measurements may be used to  deter- 
mine the solvation of ions in solution. In the case of water 
solvent, solvation is termed hydration. 

“True” transference numbers are those obtained by a 
method which is not influenced by the movement of solvents 
of solvation. Among the early workers in the field of solvation 

(3) E. W. Washburn, “Principles of Physical Chemistry,” McGraw- 
Hill, New York, N .  Y., 1921, p 276. 
(4) D. A. MacInnes, “The Principles of Electrochemistry,” Reinhold, 
New York, N. Y., 1939, Chapter 4. 
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using the Hittorf method were Nernst,6 Buchbock,B Wash- 
burn?*8 and their associates. A second solute, e.g., sucrose or 
raffinose, was included in the solution in the Hittorf cell. 
The changes in salt and solvent concentrations were referred 
to the second solute. The second substance, being composed 
of neutral molecules, was uninfluenced by the passage of the 
electric current. However, the ratio of the reference substance 
to the water was changed in the electrode regions of the cell 
if the solvent was carried along by the moving ions. By 
determining accurately the concentration of the reference 
substance, the “true” transference number of the ion constit- 
uent and An, the increase or decrease of the number of moles 
of water, in a given electrode portion per faraday of electricity 
passed was calculated. A polarimeter was used by Wash- 
burng-16 to determine the concentration of reference sub- 
stance. 

Taking An as the net effect of the solvent carrying by all the 
ions present, for the cathode portion in the case of a binary 
electrolyte An becomes 

(6) 

where ro and ra are the “true” transference numbers of the 
cation and anion, respectively, and nsc and n: are the number 
of moles of solvent carried per mole by cation and anion. 
These differences in terms of the moles of solvent carried per 
mole of cation as a function of the moles of solvent carried 
per mole of anion can be written from eq 6 as follows. 

An = rant - 7,n: 

(7) 

Mixed solvents are now used extensively, and since true 
transference numbers are used in electrochemical calcula- 
tions, methods of obtaining these and the solvation numbers 
of ions in mixed solvents have been devisedll using Wash- 
burn’s equation for the difference between the true transference 
number, 7, and the Hittorf transference number, t .  Equation 
8 was obtained where AgFsol is the grams of solvent trans- 

ferred per faraday, g,,l the grams of solvent, and n, the 
equivalents of solute in naol moles of solvent. From the above 
equation true transference numbers can be found from 
Hittorf ones without having a knowledge of the molecular 
weight of the solvent. 

(5) W. Nernst, C. C. Gerrard, and E. Oppermann, Nachr. Kgl.  Ges. 
Wiss. Gottengin, 56, 86 (1900). 
(6) G. Buchbock, Z .  Physik. Chem., 55,563 (1906). 
(7) E. W. Washburn J .  Amer. Chem. SOC., 31, 322 (1909); Z. Physik. 
Chem., 66,513 (19095. 
( 8 )  E. W. Washburn and E. B. Millard, J .  Amer. Chem. Soc., 37, 694 
(1915). 
(9) D. M. Mathews. J.  0. Wear, and E. S. Amis, J .  Znorg. Nucl. 
Chem., 13,298 (1960). 
(10) W. Ves Childs and E. S. Amis, ibid., 16, 114 (1960). 
(11) J.  0. Wear, C. V. McNully, and E. S. Amis, ibid., 18,48 (1961). 
(12) J. 0. Wear, C. V. McNully, and E. S. Amis, ibid., 19, 278 (1961); 
20, 106 (1961). 
(13) J.  0. Wear, J. T. Curtis, Jr., and E. S. Amis, ibid., 24,93 (1962). 
(14) J. A. Bard, J.  0. Wear, R .  G. Griffin, and E. S. Amis, J .  Electro- 
anal. Chem., 8,419 (1964). 
(15) R. G.  Griffin, E. S. Amis, and J. 0. Wear, J .  Znorg. Nucl. Chem., 
28, 543 (1966). 
(16) J. R.  Bard, E. S. Amis, and J. 0. Wear, J .  Electroanal, Chem., 11, 
296 (1966). 
(17) J. 0. Wear and E. S. Amis, J .  Inorg. Nucl. Chem., 24,903 (1962). 

With true transference relations 9 and 10 can be written for 
a solvent containing two components A and B. In these 

(9) AgFw)A = M ( s o ~ ) ~ n C ( a o ~ ) ~ + C  - M ~ ~ I ( A ) ~ ~ ( s o I ) A T ~  

equations AgF(sol)A and AgF,,l are respectively grams of 
solvent A and total grams of solvent, transferred from the 
anode to the cathode; M ( s o ~ ) ~  and M ( s o ~ ) ~  are respectively 
the molecular weights of solvent components A and B; 
n c ( s o ~ ) ~  and n c ( s o ~ ) ~  are respectively the moles of solvent 
component A and B solvating the cation; n a ( s o ~ ) ~  and n a ( , o ~ ) ~  
are respectively the moles of solvent components A and B sol- 
vating the anion; and re  and ra  are respectively the true 
transference numbers of the cation and anion. 

Dividing eq 9 by M ( 6 0 ~ ) ~  gives for a pure solvent eq 6. 
Equation 6 has an infinite number of solutions, but these can 
be reduced by assuming that and n ( s 0 1 ) ~  must be 
integers and have upper and lower limits. 

A reasonable lower limit would be zero for the values of 
~ Z ( , ~ I ) A  and n ( 8 0 ~ ) ~  for an unknown system. The maximum 
upper limit for n c ( s o ~ i ~  would be the moles of solvent A per 
mole of cation in the solution assuming the anion is not 
solvated, and the maximum upper limit of n a ( s o ~ ) ~  would be 
the moles of solvent per mole of anion in the solution assum- 
ing the cation is not solvated, and similarly for n c ( s o ~ ) ~  and 
na(sol)B. The total number of moles of solvent A solvating 
the ions must not exceed the moles of solvent A in the solu- 
tion. The relation 

can be stated where n ( 8 0 ~ ) ~  is the total moles of solvent A in 
the solution and n, is the equivalents of solute. Equation 11 
can be programmed and solved for all possible values of the 
integers, provided the necessary transference and solution data 
are available. Equation 10 can be expanded and eq 9 substi- 
tuted into it to give 

Equation 12 can be solved in the same manner as eq 11. 
Remy and coworkers l8 determined differences in ionic hy- 

dration by measuring the volume change in the two halves of 
a solution separated from each other by a parchment paper 
membrane in a cell through which current was passed. 
Change in volume due to  electroosmosis of the solvent alone 
was negligibly small in 1.0 N electrolyte solutions at which 
concentrations their measurement were made (see also the 
work of Baborousky).19 

3. Solvation Numbers 

MacInnes4 calculated, employing eq 7, the number of moles 
of water carried per mole of cation for different assumed hy- 
drations of the chloride ion (see Table I). 

In the studies of Remyla parchment paper served as 
the reference boundary with respect to which volume 
changes in the electrode regions were measured. MacInnes4 
shows that in the case of the indifferent reference substance 

(18) H. Remy,Z. Physik. Chem., 118,161 (1925); 124,41,394 (1926). 
(19) G. Baborousky, ibid., 129, 129 (1927). 
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method the number of moles of water transferred per faraday, 
An of eq 7, in various electrolytes in 1.0 N solutions were 
identical with the number of moles of water carried per far- 
aday in 1.3 N solutions except for hydrochloric acid which 
shows a small variation in the two concentrations (see Tables 
X and XI of Chapter 4 of ref 4). He also compares An values 
for the indifferent reference substance and the parchment 
paper methods (see Table IX, Chapter 4). Since the An values 
at the two concentrations of electrolytes are almost identical 
using the indifferent reference substance approach, probably 
“true” and Hittorf transference numbers each have the same 
values for the same electrolyte a t  the two concentrations. 
The values of nsc were calculated from eq 7 for the cations 
of HC1, KCl, NaC1, and LiCl for the parchment paper data 
using nsa = 4 for the chloride ion (Table I). The nsc for the 
various cations in the case of the indifferent reference sub- 
stance and in the case of parchment paper approach each 
other. 

Washburn? reported Hittorf transference measurement of 
H+, Lif, Na+, Rb+, and Cs+ ions at  25” in 1.25 N solution 
for nsc’- equal to  4 and 9. The data for nsC’- equal to 9 quoted 
by GlasstoneZOtzl are given in Table I. 

From Hittorf data1zp13 a t  25” using an inert reference, 
Wear and Amis,17 employing eq 9, calculated the maximum 
and minimum values for the moles of water and of ethanol 
in multiples of four solvating the cations and anions of 
LiCl in various weight per cents of the ethanol component of 
the solvent. Similar calculations were made using eq 9 for 
the cations and anions of KC1 in water. The maximum and 
minimum number of moles of water and of ethanol trans- 
ported at  25’ by Li+ and C1- ions at  different weight per 
cents of ethanol in water solvents, and for K+ and C1- ions 
in water, are recorded in Table I. For lithium chloride the 
trends indicated in the table are what is expected, except for 
the maximum number of moles of water around the anion. 
The authors felt that either the value at  80 wt ethanol is 
too low or the value at 90 wt ethanol is too high, since the 
primary solvation shell of lithium ion is four molecules in 
both waterZo and ethanolzz and the primary solvation shell of 
chloride ion23 is eight molecules of water. Wear and Amis” 
assumed that solvation occurs in multiples of four. In addi- 
tion hydrogen ion combines with four waters to  form the 
pyramidal H904+ complex stable up to  lOOoZ4 and it was 
found that much hydration is a buildup of tetrahedrons25 The 
most common buildup appears to  be a dodecahedron, which 
is five tetrahedrons. This is probably sound reasoning since 
the structure of water is tetrahedral and secondary solvation 
is probably greatly influenced by water structure as well as 
statistics, electrostatics, and chemical affinity. 

A discrepancy between the numerical transport of water 
and the transport values of the cations found from cathodic 
or anodic determinations in the case of chlorides, bromides, 
and iodides of the alkali metals, the alkaline earth metals, 
and hydrogen was traced to  the swelling of the parchment 

(20) S. Glasstone, “Textbook of Physical Chemistry,” 2nd ed, D. Van 
Nostrand, New York, N. Y., 1946. 
(21) S. Glasstone “An Introduction to Electrochemistry,” D. Van 
Nostrand, New Ydrk, N. Y., 1942, p 115. 
(22) 0. Ya. Samoilov, Izu. Akad. Nauk S S S R ,  Otd. Nauk, 398 (1952). 
(23) Q. Osaka, Bull. Chem. SOC. Jap.,  12, 177 (1937). 
(24) K.  P. Mishchenko. Zh. Fiz. Khim.. 26.1736 (1950). , .  . I  

(25) M. Efgen and L. DeMaeyer, in “The Structure of Electrolytic 
Solutions W. J. Hamer, Ed., Wiley, New York, N. Y., (1959), Chapter 
5 ;  Chem’Eng. News, 39 (7), 40 (1961). 

membranes caused by the electrolytes with a consequent 
decrease in mobility of the anions.ze 

between close or chemical 
hydration and the wider or physical hydration complex ions, 
presumably in chemical hydration complex ions form. 
Physical hydration, considered a hydrodynamic phenomenon, 
is due to  electrostatic attraction of the solvent dipoles by an 
ion. It was felt that no method existed for the determination 
of chemical hydration alone. 

A comparison of the solvation numbers in normal solutions 
of several salts determined by the parchment paper, salting- 
out, and diffusion methods has been made.z7 Assuming the 
chloride ion to  have a solvation number of 4, the solvation 
numbers of the other ions have the following ranges: Naf, 
8-17; K+, 5-14; Li+, 13-15.5; Br-, -3-7.5, and I-, 2-5. A 
comparison of the solvation of certain ions in 1 and 0.1 N 
solutions, respectively, the values: Li+, 13-14-62; 

Solvation numbers of other ions have been measured 
using the parchment paper method;30,31 see Table I. 

The solvation numbers listed in Table I (ref 28) for K+, 
Na+, Li+, C1-, and Br- ions were checked,3z and the transport 
number of the hydrogen ion was determined. This paper 
lists the hydration numbers of the above ions as determined33 
using their activities. 

using 
camphor as the inert substance in Hittorf experiments in 
methyl, ethyl, and n-propyl alcohol solvents. In a given 
alcohol the solvation of the lithium ion decreased with in- 
creasing concentration of the LiC1. 

It was observed35 through ion hydration derived from the 
transport of water that Kohlrausch’s law of independent 
migration of ions is not exact in fairly concentrated solutions. 
Also, for concentrated solutions the electroosmotic transport 
does not interfere with electrolytic transport in the determina- 
tion of hydration. 

The hydration of the S042- ion was determined3e using 
three parchment paper diaphragms in a four-compartment 
cell; see Table I. 

It was concluded37 that all methods used to  date on ion 
hydration were open to  objections, but the most promising 
method involved ultrasonic vibrations. 

The agreement in transference number values with neutral 
solutions obtained by the analysis of the anode and cathode 
layers that the high hydration values a s ~ r i b e d ~ ~ ~ ~ ~  to 
alkali metal cations in dilute solution by transference measure- 
ments, with or without a reference substance, are spurious. 

A distinction has been 

K+, 5-29.3; C1-, 4-26.6; I-, 2-31.4. 

The solvation of the ions of LiCl was 

(26) H.  Baborousky, Chem. Listy, 26,414 (1932). 
(27) J. Baborovsky, Collect. Czech. Chem. Commun., 6, 283 (1934). 
(28) J .  Baborovsky, 2. Physik. Chem., A168,135 (1934). 
(29) H. Ulich, ibid., A168, 141 (1934). 
(30) J .  Baborovsky, ibid., 129, 129 (1927). 
(31) J.  Baborovsky and 0. Viktorin, Collect. Czech. Chem. Commun., 
5 ,  518 (1933). 
(32) J.  Baborovsky, J.  Vesilek, and A. Wagner, J .  Chim. Phys., 25, 
452 (1928). 
(33) E. Schreiner, Z .  Anorg. Allg. Chem., 121,321 (1922); 135,333 (1924). 
(34) J. N. Pearce and W. G.  Euirsole, Proc. Iowa Acad. Sci., 33, 1 5 1  
(1926). 
(35) J. Baborovsky, Collect. Czech. Chem. Commun., 1,315 (1929). 
(36) J. Baborovsky, Trans. Electrochem. Soc., 75, 6 pp (preprint) 
(1939). 
(37) J.  Baborovsky, Collecf. Czech. Chem. Commun., 19,542 (1938). 
(38) L. Nickels and A.  J. Allmand, J .  Phys. Chem., 41, 873 (1937). 
(39) H .  Remy, 2. Physik. Chem., 118, 161 (1926). 
(40) J .  Velisek, Chem. Listy,  20,242 (1926). 
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Table I 

Solvation of Various Ions by Different Electrolytic Transference Methods 

Assumed solvation Solvation no. n of Concn of Tcmp, 
C Ref no. Solvent Ref ion no. n of ref ion Solvated ion ion electrolyte, Nc 

Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
58% EtOH 
58% EtOH 
58 EtOH 
58% EtOH 
80% EtOH 
80% EtOH 
80% EtOH 
80% EtOH 
90% EtOH 
90% EtOH 
90% EtOH 
90% EtOH 
HzO 
Hz0 
Hz0 
Hz0 
Ha0 
HzO 
Hz0 
HzO 
HzO 
HzO 
B O  
Ha0 
HzO 
Hz0 
HzO 
HzO 
HzO 
Hz0 
Hz0 
HzO 
HzO 
HzO 
Ha0 
HzO 
HzO 
Hz0 
Ha0 

Cl- 
c1- 
c1- 
c1- 
c1- 
c1- 
c1- 
c1- 
c1- 
c1- 
c1- 
Cl- 
Cl- 
c1- 
c1- 
c1- 
Cl- 
Cl- 
c1- 
c1- 
c1- 
c1- 
c1- 
c1- 
c1- 
c1- 
c1- 
c1- 
c1- 
c1- 
c1- 
c1- 
CI- 
c1- 
c1- 
c1- 
c1- 
c1- 
Cl- 
c1- 
CI- 
c1- 
c1- 
c1- 
c 1- 
Cl- 
c1- 
c1- 
c1- 
c1- 
c1- 
c1- 
c1- 
c1- 
Cl- 
Sola- 
cue+ 
Na+ 
K+ 
Na+ 
Li+ 
Li+ 
Li+ 

0 
4 
8 
0 
4 
8 
0 
4 
8 
0 
4 
8 
0 
4 
8 
4 
4 
4 
4 
4 
4 
4 
4 
4 

18 (max HzO) 
0 (min HzO) 

13 (max EtOH) 
2 (min EtOH) 
4 (max HzO) 
0 (min HzO) 

17 (max EtOH) 
3 (min EtOH) 

10 (max HzO) 
5 (min HzO) 

17 (max EtOH) 
0 (min EtOH) 

69 (max HzO) 
0 (min HzO) 

52 (max HzO) 
0 (min HzO) 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
3.0 

10.7 
8.5 
5 
5 
5 
7 
7 
7 

H+ 
H+ 
H+ 
cs+ 
cs+ 
cs+ 
K+ 
K+ 
K+ 
Na+ 
Na+ 
Na+ 
Li+ 
Li+ 
Li+ 
H+ 
K+ 
Na+ 
Li+ 
H+ 
cs+ 
K+ 
Na+ 
Li+ 
Li+ 
Li+ 
Li+ 
Li+ 
Li+ 
Li+ 
Li+ 
Li+ 
Li+ 
Li+ 
Li+ 
Li+ 
K+ 
K+ 
K+ 
K+ 
Naf 
K+ 
Li+ 
Br- 
I- 
H+ 
Mgz+ 
Cat+ 
Srz+ 
Eaz+ 
H+ 

S O P  
K+ 
Na+ 
cua+ 
CuCl4- 
s0,a- 
NO*- 
NOa- 
H+ 
Na+ 
K+ 

sodz- 

0.3 
1 .o 
1.8 
0.7 
4.7 
8.9 
1.3 
5.4 
9.5 
2.0 
8.4 

14.9 
4.7 

14.0 
23.0 
1.2 
5.0 
9.8 

14.3 
1 .o 
4.7 
5.4 
8.4 

14.0 
50 (max H2O) 
11 (min HzO) 
22 (max EtOH) 
0 (min EtOH) 

28 (max HzO) 
15 (min HzO) 
29 (max EtOH) 
0 (min EtOH) 
8 (max HzO) 
0 (min HzO) 

43 (max EtOH) 
7 (min EtOH) 

74 (max HzO) 
3 (min HzO) 

62 (max HzO) 
2 (min HzO) 
8-9 
5 

13-14 
3-4 
2 
1 

20 
17-16 
16 
11 
1.06 
2.8 
1.4 
5 
7.4 

10.7 
19.7 
1.35 
4.58 
4.54 
0.5 
5 
2 

1.2 
1.2 
1.2 
1.2 
1.2 
1.2 
1.2 
1.2 
1.2 
1.2 
1.2 
1.2 
1.2 
1.2 
1.2 
1.0 
1.0 
1.0 
1.0 
1.2 
1.2 
1.2 
1.2 
1.2 
0.361 M 
0.361 M 
0.361 M 
0.361 M 
0.386 M 
0.386 M 
0.386 M 
0.386 M 
0.333 M 
0.333 M 
0.333 M 
0.333 M 
0.373 M 
0.373 M 
0.505 M 
0.505 M 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 

4" 
4" 
4" 
4" 
4" 
4" 
4" 
4" 
4" 
4" 
4" 
4" 
4" 
4" 
4" 
4' 
4' 
4b 
4b 
8 
8 
8 
8 
8 

17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
28 
28 
28 
28 
28 
30 
31 
31 
31 
31 
32 
36 
41 
41 
42 
42 
42 
47 
47 
47 
57 
57 

,, 57 
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Table I (Continued) 

Assumed solvation Solvation no. n of Concn of Temp, 
Solvent Ref ion no. n of ref ion Solvated ion ion electrolyte, NC C Ref no. 

Hz0 
HzO 
HzO 
HzO 
Hz0 
Hz0 
Hz0 
HzO 
HzO 
HzO 
HzO 
HzO 
HzO 
Hz0 
Hz0 
Hz0 
Hz0 
HzO 
Hz0 
Hz0 
NMA 
NMA 
NMA 
NMA 
NMA 
NMA 
NMA 
NMA 
NMA 
NMA 
NMA 
NMA 
NMA 
NMA 

Li+ 
Li+ 
Li+ 
Li+ 
c1- 
c1- 
c1- 
c1- 
c1- 
c1- 
c1- 
c1- 
C1- 
c1- 
c1- 
Na+ 
c1- 
c1- 
Na+ 
c1- 
R4Nf 
RaN' 
RaN+ 
R4N+ 
R4N+ 
R4N+ 
R4Nf 
R4N+ 
R4N+ 
RaNf 
R4N+ 
RaN' 
RrN+ 
R4Nf 

7 
I 
I 
I 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
13 

5 
5 
13 
5 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

cs+ 
Baa+ 
Cd2+ 
Cl- 
Li+ 
Na+ 
K+ 
cs+ 
Mg2+ 
Cas+ 
Sr2+ 
Baa+ 
c u t +  
Zn2+ 
Cdz+ 
Br- 
F- 
NOa- 
CHCOO- 
SOr2- 
Li+ 
Na+ 
K+ 
Csf 
NHI' 
c1- 
Br- 
I- 
CN - 
NOa- 
Ba2+ 
Sr 2+ 

Caz+ 
Mgz+ 

a Inert reference substance. * Parchment paper. Except where noted. 

The hydration of sulfate ions was measured4I using semi- 
permeable membranes in electrolytic transport experiments; 
see Table I. 

to  be independent of the 
specific effects of the paper diaphragm used at  concentrations 
of 0.8 N and greater. In more dilute solutions the electro- 
endosmotic effect is important. Solvation numbers are listed 
in Table I. 

The electroosmotic and electrolytic transports of water 
through parchment membrane in contact with CuCh and 
CuS04 were determined. 4 3  The electroosmotic transport was 
much greater for CuSO4. Valency alone could not account 
for the great effect of the sulfate ion. Electrolytic transport 
of water per faraday 4 4  presumably does not increase with 
decreasing concentration of CuS04 from 0.4 N .  From 0.0005 
to 0.2 N there is a composite effect of a constant electrolytic 
water transport and of an electroendosmotic action by the 
parchment diaphragm. A diaphragm of powdered glass has 
been for measuring liquid transport for a constant 

Ionic water transport was 

(41) J .  Baborovsky and G .  Koudela, Chem. Listy,  32, 5 (1938). 
(42) H .  C. Hepburn, Phil. Mug., 25, 1074 (1938). 
(43) H .  C. Hepburn, Proc. Phys.  Soc., London, 45,755 (1933). 
(44) H .  C. Hepburn, ibid., 43, 524 (1931). 
(45) H .  C. Hepburn, ibid., 39,99 (1927). 

1 

1.5 
9 . 5  
11 
1 

22 
13 
I 
6 
36 
29 
29 
28 
34 
44 
39 

5 
I 
6 

1 1  
12 
5.1 
3.5 
3.3 
2 . 6  
2 . 7  
2 . 1  
1 . 7  
1.5 
1.3 
1.5 
9 . 0  
8.6 
8 . 6  
10.3 

0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 

40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 

57 
51 
51 
51 
59 
59 
59 
59 
59 
59 
59 
59 
59 
59 
59 
59 
59 
59 
59 
59 
66 
66 
66 
66 
66 
66 
66 
66 
66 
66 
66 
66 
66 
66 

ipplied potential using solutions of CuS04. For solutions 
yeater than 0.005 N, the liquid transport per faraday is re- 
ated to the dilution by a linear law and decreased to a negligible 
lalue at  0.1 N solution. 

The transport of water to electrodes through benzaldehyde 
)r carbon tetrachloride has been measured. 46 Hydration of 
ons were in~es t iga t ed~~  using a three-parchment membrane 
ietup. Data are listed in Table I. 

MacDonald4* using the mobility of hydrogen ion as about 
55 estimated the hydrated ion to  be H30+. He points out that 
Darmois' method49 would lead to negative values of hydra- 
:ion for chloride and potassium ions, and 0.3, 1, and 5, 
-espectively, for the hydration numbers of H+, Na+, and Li+ 
ons. 

The apparent hydration numbers of migrating ions have 
2een cal~ulated5~ using mobility. 

The concept of a fixed hydration number and of a definite 
Stokes radius of an ion has been discussed.8' The total hydra- 

46) C. C. Rainey, Science, 89,435 (1939). 
47) J.  Baborovsky and M. Hrusovsky, Chem. Listy, 34,191 (1940). 
48) J. Y.  MacDonald, Trans. Faraday Soc., 43,674 (1947). 
49) E. Darmois, C. R .  Acad. Sci., 221,290 (1945). 
50) T. Watari, J .  Electrochem. SOC. Jup., 18, 183 (1950). 
51) 0. Ya. Samoilov, Dokl. Akad. Nauk SSSR,  17,633 (1951). 
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tion energy of an ion is due first to  the nearest surrounding 
molecules, which may either increase or decrease the energy 
of the system ion-water; and, secondly, to  the sum of the 
actions of the more remote water molecules, which always 
decreases that energy. The activation energy of viscosity and 
the mean time of stay of the water molecules nearest to  the 
ion is increased by hydrated ions, but decreased by nonhy- 
drated ions giving negative hydration. Darmois’ interpreta- 
tion52+53 of observations that the temperature coefficient of 
the mobility of hydrated ions is greater than that of the vis- 
cosity of water, due to  progressive dehydration with in- 
creasing temperature and the corresponding decrease in 
Stokes radii of the ions, was criticized because it failed to 
recognize the difference existing between the temperature 
coefficients of the mobilities of the hydrated and unhydrated 
ions and the temperature coefficient of the viscosity of the 
solvent. 

It was assumed64-57 that a hydration flux exists and thus a 
hydrodynamic reflux, whose effect modifies the transport 
number of ions. Ionic mobilities are taken as the sum of the 
mobilities of the ions in an immobile medium and the speed 
of entrainment due to hydrodynamic reflux. This view on the 
intervention of ion hydration helps explain the inversion of 
the Hittorf phenomenon. 

H a a ~ e ~ ~  using electrolytic water transport measurements 
obtained the data listed in Table I. 

Three cellophane membranes were used59 in a four-com- 
partment vessel filled with 0.3 N electrolyte solution. The 
solvent was DzO in compartments 1 and 2 and HzO in 3 and 
4; see Table I for data. 

The effect of the hydration of ions on orientation in solu- 
tions of electrolytes was formulated60 in terms of a modified 
Kohlrausch rule. It was found61 in the range of 2-11 N 
LiCl a t  20’ that the average number of molecules of water 
carried by Li+ ion displaced by an electric field decreased 
with increasing concentration. This was termed the kinetic 
hydration number of Li+ ions. 

Selective solvation of ions in solvent mixtures has been 
studied62-64 using a transference technique. The data are in 
Table 11. For CaClz in water-methanol mixtures, the change 
in the composition of the solvent due to hydrolysis was deter- 
mined from the densities and refractive indices of the solu- 
tions. The solvation number of Li+ ion in Li2S04 was found 
to  decrease66 from 9 in 2 N to 5 in 5.5 N aqueous solutions. 

Appreciable ion-solvent interaction was observeds6 in 
KBr solutions in N-methylacetamide (NMA). The solvation 
numbers of various ions in NMA are in Table I. The im- 

(52) E. Darmois, Chem. Zentr., [II] 259 (1942). 
(53) E. Darmois, J .  Chim. Phys., 43 , l  (1946). 
(54) L. H. Collet, ibid., 49 (7/8), C65 (1952). 
(55) L. H.  Collet, ibid., 49, (7/8), C69 (1952). 
(56) L. H .  Collet, C. R .  Acad. Sci., 237,252 (1953). 
(57) L. H. Collet, ibid., 239,266 (1954). 
(58) R.  Haase, 2. Elecrrochem., 62,279 (1958). 
(59) A. J. Rutgers and Y. Hendrikx, Trans. Faraday Soc., 58, 2184 
(1 962). 
(60) V.  P. Troshim, Zh. Prikl. Khim., 36, 1342 (1963). 
(61) B. P. Konstantinov and V. P. Troshim, ibid., 36,449 (1963). 
(62) H.  Strethlow and H.  M. Koepf, Z .  Electrochem., 62,372 (1958). 
(63) H.  Schneider and H.  Strethlow, ibid., 66,309 (1962). 
(64) H.  Schneider and H. Strethlow, Ber. Bunsenges. Phys. Chem., 69, 
674 (1965). 
(65) V.  P. Troshin, Elekrrokhimiya, 2,232 (1966). 
(66) R.  Gopal and 0. N. Bhatnagar, J .  Phys. Chem., 69,2382 (1965). 

Table I1 
Solvent 

component 
Ion selectively 

selectively solvating 
Solvent Salt sohated the ion Ref 

Hn0-CHsCN 
Hn0-CHaCN 
HzO-CH~OH 
HzO-CH~OH 
HzO-hydrazine 
HnO-h ydrazine 
HzO-acetonitrile 
HnO-acetonitrile 

&NOS 

CaClz 
CaClz 
ZnClz 
ZnCln 
ZnClz 
ZnClz 

Ag+ 
N03- 
Can+ 
Cl- 
Zn2+ 
c1- 
ZnZ+ 
c1- 

CHaCN 
Hz0 
Hz0 
Hn0 
Hydrazine 
HzO 
Hz0 
Hn0 

61 
61 
62 
62 
63 
63 
63 
63 

proved method of Robinson and Stokese7 as proposed by 
Nightingales* was used in the calculations in which the tetra- 
alkylammonium ions R4N+ except (CH&N+ were assumed 
to be unsolvated. 

Solvation of the ions of hydrochloric and of p-toluene- 
sulfonic acids in formic acid solutions were studiede9 by 
electrolysis of 0.8-0.2 N hydrochloric acid and 1.0-0.2 N p-  
toluenesulfonic acid solutions using H14CO2H as a tracer. 
The mobilities of anion and cation were assumed equal. 
More H14COzH was transported into the cathode than into 
the anode space. The solvation numbers of the C1- and MeC6- 
H4SOs- were approximately the same and independent of the 
concentration. The solvation number of the cation tended to  
increase with decreasing concentration of the electrolyte. 

In a moving boundary electrical transport investigation of 
magnesium sulfate, magnesium chloride, and magnesium 
nitrate solutions, it was found70 that the unsymmetric nature 
of the electrolyte affected the hydration of the ions. For 
magnesium sulfate solutions there was a substantial transfer 
of solvent toward the cathode: 12 and 8.7 mol of water per F, 
respectively, a t  3 and 5 N. In the cases of MgC12 and Mg(NO& 
there was an insignificant transfer of solvent toward the 
anode. 

Moving boundary hydration numbers, n, of H+, Li+, Na+, 
and K+ ions in highly concentrated solutions of chlorides 
were determined71 using indicator electrolytes a t  20’ and, 
with the exception of H+, arranged in reversible dependence 
on their radii. Thus n L i t  > nNa+ > n ~ + .  At low concen- 
trations of HC1, the H+ ions have a maximum mobility, 
mainly of a “relay” character, and a minimum hydration. 
In higher concentrations of HC1 the H+ ions are hydrated 
H 3 0 +  ions. The “relay” and the negative mobilities of the H+ 
ion decreased as the HC1 increased in concentration. At 
maximum HC1 concentrations HaO+ determines the ion’s 
mobility. 

Water transport in cation-exchange membranes was re- 
p ~ r t e d ~ ~ - ’ ~  to depend on current density in 0.01 N electrolyte 
solution. Two cation-exchange membranes, cross-linked 

(67) R.  A. Robinson and R.  H .  Stokes, “Electrolyte Solutions,” Butter- 
worths, London, 1959, pp 124-126. 
(68) E. R. Nightingale, Jr., J .  Phys. Chem., 63,1381 (1959), 
(69) E. F. Ivanova, Zh. Fiz. Khim., 39, 1446 (1965). 
(70) V. P. Troshim. Elekrrokhimiva. 2.500 (1966). 
i71j  P. Konstantinov and V.  P. Troshim, Izv.  Akad. Nauk S S S R ,  Ser. 
Khim., 1907 (1966). 
(72) N. Lakshminarayanaiah and V.  Subrahmanyan, J .  Phys. Chem., 
72,1253 (1968). 
(73) A. S. Tombalakian, ibid., 72,3698 (1968). 
(74) N. Lakshminarayanaiah, ibid., 72,3699 (1968). 
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phenolsulfonic acid (PSA) and polyethylene-styrene graft 
copolymer (AMF), were used. The moles, I,, of water trans- 
ported per faraday passed in high water content membranes 
were high at  low current densities and low at  high current 
densities for the alkali metal ions and similarly for the low 
water content membranes for Li+, Na+, and K+ ions, whereas 
I ,  for Rb+ and Ca+ ions was significantly affected by current 
density. Table 111 contains the data.72 

Table 111 

Number of Moles of Water, I,, Transported across Cation-Exchange 
Membranes in Contact with 0.01 N Solutions of AlkalioMetal 

Chlorides as a Function of Current Density at 25 

Current 

mA/cma Li f  Na+ K+ Rb+ Cs+ 
density, - I, 

PSA Membrane 
0 . 3 2  72 .6  62.1 55 .5  45 .5  46 .9  
1 .58  42 .6  39.3 34 .2  33.4 30 .8  
3.15 36.9 32 .9  27.7 26 .2  25 .8  

15.75 27 .6  24 .7  20 .3  19.5 19 .6  

AMF Membrane 
0 . 3 2  12.1 9 . 6  7 . 1  4 . 9  4 . 8  
1.58 10 .3  7 . 0  4 . 7  4 . 9  4 . 9  
3.15 10 .3  7 . 0  4 . 5  4 . 5  4 . 9  

15.75 10.1 6 . 9  4 . 2  4 . 6  5 . 0  

The PSA membrane data c0nfirm~5-~~ the current density 
dependence of I ,  in 0.01 N solutions. The data from compara- 
tively low content AMF membranes support both the de- 
pendence and independence of l, on current density. The 
two factors determining the. dependence of I ,  on current 
density are membrane water content (or pore size) and the size 
of the ion. Conditions existing at  the membrane-solution in- 
terface and within the membrane affect the variation of I ,  
with current density. Concentration polarization, which con- 
tributes to  the interfacial phenomena involved, was eliminated 
by efficient stirring of solutions and using low currents. 

Dependence of electroosmotic water transport on current 
density across a polystyrenesulfonic acid cation-exchange 

(75) N. Lakshminarayanaiah, Curr. Sci., 28,321 (1959). 
(76) N. Lakshminarayanaiah, Desalination, 3,97 (1967). 
(77) V. Subrahmanyan, Thesis, Madras University, Madras, India, 
1961. 
(78) V. Subrahmanyan and N. Lakshminarayanaiah, Curr. Sci., 29, 
207 (1960). 
(79) V. Subrahmanyan and N. Lakshminarayanaiah, Bull. Chem. Soc. 
Jap., 34, 587 (1961). 
(80) N. Lakshminarayanaiah, Thesis, London University, 1961. 
(81) N. Lakshminarayanaiah, Proc. Indian Acad. Sci., Sect. A ,  55, 200 
(19 52). 
(82) N. Lakshminaravanaiah. Chem. Rev.. 65. 525 (1965). 

I . .  , 
(83) A .  S. Tombalakian, H . J .  Barton, and W. F. Graydon, J .  Phys.  
Chem., 72, 1253 (1968). 
(84) A. G. Winger, R. Ferguson, and R.  Kunin. ibid., 60,556 (1956). 
(85) J. W. Loriker, E. I.Boterenbrood, and J. J. Hormans, Discuss. 
Faraday Soc., 21,141 (1956). 
(86) A. Despic and G. J. Hills, ibid., 21, 150 (1956). 
(87) R. Stewart and W. Graydon, J .  Phys.  Chem., 61,164 (1957). 
(88)  A. S. Tombalakian and W. F. Graydon, ibid., 70,371 1 (1966). 
(89) A. S. Tombalakian, C. Y. Yeh, and W. F. Graydon, Can. J .  Chem. 
Eng., 42, 61 (1964). 
(90) A. Bethe and T. Toropoff, 2. Physik. Chem., 88,686 (1914). 
(91) A .  Bethe and T. Toropoff, ibid., 89,597 (1915). 

membrane in contact with sodium chloride solutions (0.1, 
1.0, and 4.0 M) was reportedeE3 

Generally, unstirred solutions were used84-87 to measure 
water transport across cation-exchange membranes. Data 
by this method have been verified by independent measure- 
ments of membrane potentials.88 Conceivably, some concen- 
tration polarization might occur in very dilute solutions, 
No significant liquid film resistance in concentrated solu- 
tionsEQ was observed. Stirring did not eliminate the current 
dependence of electroosmotic water transport. The major 
influences on this phenomenon for a given cation appear to  
be (1) the internal concentration of the membrane pore solu- 
tion and (2) the current density.73 

The lack of effect of stirring on electroosmosis is confined 
to  current density ranges in which counterion transport 
number remained unaffected and I ,  is unity. This is a mem- 
brane transport phenomenon which is not well understood 
and occurs with an almost asymptotic rise of I ,  with decrease 
in current density. This Bethe-Toropoff90~91 effect, due to  
concentration polarization at the solution-membrane inter- 
face, mainly leads to membrane polarization and can be 
eliminated by stirring the solutions on either side of the 
membrane. 

In Table I there is variation among the solvation numbers 
of a given ion, but there are certain consistent trends. The 
order of the solvation numbers of the alkali metal ions is 
Li+ > Na+ > K+ > Rb+ > Cs+. The more dilute the solution 
the greater the solvation of a given ion. The alkaline earth 
metal ions are more highly solvated than the alkali metal 
ions. The order of the solvation of the alkaline earth ions 
tends in the direction Mg2+ > Caz+ > Sr2+ > Ba2+. The 
halogen ions are solvated in the order F- > C1- > Br- > I-. 
Thus, from electrolytic transport methods the smaller the 
simple ion and the greater its charge, the greater its solvation. 
Cd2+, ZnZ+, and Cu2+ ions are highly hydrated. There are a 
few data for hydration of complex anions. Their hydration 
numbers are regular except for the S042- ion which is strongly 
dependent on concentration. Table I1 shows the same order 
of alkali metal ion water transport and indicates that for the 
mixed solvent systems cations are sometimes selectively 
solvated by the nonaqueous component, while anions are 
always selectively solvated by the water component. The 
dynamic type transport methods are the only type in which 
hydrodynamical solvation is relevant.gz Transport methods 
should yield higher solvation numbers than the generally 

values, since these methods measure both 
hydrodynamical solvation and primary and secondary 
solvation types. Hydrogen and hydroxyl ions were exceptions 
and gave smaller hydration numbers (e .g . ,  H+ = 1-5) by 
transport experiments than by other methods (e .g . ,  H+ > 
13). The Grotthus transport method of conduction of these 
ions results in low solvation numbers. 

(92) A. M. Azzam, 2. Phys. Chem. (Frankfurt am Main), 32, 309 
(1962). 
(93) Part I: A . M .  Azzam, Ber. Bunsenges. Phys.  Chem., 58,889 (1954). 
(94) B. E. Conway and J. 0. M. Bockris, “Modern Aspects of Electro- 
chemistry,” Butterworths, London, 1954, p 47. 
(95) J. D .  Bernal and R.  H .  Fowler,J. Chem.Phys. ,  1,515 (1933). 
(96) Part 11: A .  M. Azzam, Can. J .  Chem., 38,993 (1960). 
(97) Part III:.A. M. Azzam, ibid., 38,2203 (1960). 
(98) A. M. Azzam, Ph.D. Thesis, London, 1949. 
(99) “Interactions in Ionic Solutions,” Faraday Discussion, No. 24. 
1957. 
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B. CONDUCTANCE 

I .  Theoretical 
Solvation numbers of ions can be calculated from electrolytic 
conductance data using the Stokes ionic radii, r., from the 
limiting ionic conductances at infinite dilution, Xo, obtained 
from the limiting conductance of electrolytes and the limiting 
conductance of the standard reference perchlorate ion100s"J1 
as follows. For the tetraalkylammonium salts in benzene 
and sulfolane, 1oo,102 the X o  increase from ethyl to methyl 
substituent was lower than expected. Analogous to  the be- 
havior of nitrobenzene solutions, the small increase of the 
limiting conductance in sulfolane was explained as an inter- 
action between the tetramethylammonium charge and solvent 
molecule dipoles. 

The Stokes ionic radii, rs, were calculated from the XO 
values of unsolvated Et4N+, Pr4N+, and BudN+ applying the 
equation 

rs = 0.821zl/~oqo (1 3) 

and the Robinson and Stokes correction factors ro/r, were 
calculated103 using the crystallographic radii rs. From linear 
plots of ro/r, us. r,, the correction factors of the alkali metal 
ions were calculated since the corresponding r. values were 
between or near those of the tetraalkylammonium ions. 
From the plot the correct radii, r,,,, of the solvated ions were 
found, and the volumes of the solvation shells were obtained 
from the equation 

4 
3 

V = -'1~(r~.,~3 - roa) 

Assuming negligible contraction because of electrostriction 
of the solvent sulfolane next to  the ions, the number of 
molecules in the solvodynamic unit was calculated from the 
molecular volume of sulfolane (1 58  A 3). 

The lowest values for the' solvation numbers of cations 
occur in solvents with the greatest molecular volumes as 
sulfolane and nitrobenzene. 

The above procedure yielded104 an effective hydrated radius 
for ions with a Stokes radius greater than 2.5 A. The pro- 
cedure was applied to  ions of smaller Stokes radii assuming 
that all tetraalkylammonium ions, except the tetramethylam- 
monium ion, were unhydrated and defining the effective ionic 
hydrated radius, rH, by a calibration curve which possessed 
a finite limit as the Stokes radii, r,, went to zero. The curve 
was a plot of the crystal radii, ro, versus rs for the tetraalkyl- 
ammonium ions, except for the tetramethylammonium ion. 
From this curve one can evaluate the deviations from the 
Stokes' law radius and the necessary corrections thereto. 
This method yielded the hydration numbers of the lanthanide 
ions from conductance data. lo5, 

Ulich107 calculated solvation numbers of ions from the 

(100) M. D. Monica and U .  Lamanna, J .  Phys. Chem., 72,4329 (1968). 
(101) M. D. Monica, U. Lamanna, and L. Senatoro, ibid., 72, 2124 
(1968). 
(102) E. G .  Taylor and C. A. Kraus, J .  Amer. Chem. Soc., 69, 1731 
(1947). 
(103) R. A. Robinson and R. H. Stokes, "Electrolyte Solutions," 
Butterworths, 1959, pp 124, 125. 
(104) E. R. Nightingale, Jr.,J. Phys. Chem., 63, 1381 (1959). 
(105) G. R. Choppin and A. J. Graffeo, Inorg. Chem., 4, 1254 (1965). 
(106) S. L. Bertha and G. R. Choppin, ibid., 8,613 (1969). 
(107) H. Ulich, Trans. Faraday Soc., 23,388 (1927). 

Stokes' law radii from conductance and the radius proper of 
the ions. 

2. Experimental Techniques 
In conductance methods for ion solvation the conductances 
of electrolytes at different concentrations are obtained at a 
given temperature. The equivalent conductance as a function 
of concentration is extrapolated to yield the equivalent con- 
ductance of the electrolyte, Ao, at infinite dilution. A0 is split 
into the equivalent conductances of the ions, Xo+nand XO-", 
using transference data extrapolated to infinite dilution or by 
assuming a limiting conductance for a standard reference 
ion.lOOvlO1 Here n and m are the valences of the ions. Using 
the limiting ionic conductances, the crystalline radii, and the 
molecular volumes of the solvents, the solvation numbers of 
the ions are calculated as shown in the theoretical section. 

3. Solvation Numbers Determined 
In Table IV solvation numbers of ions are presented. 

Accepting electrolytic conduction in solution as due mainly 
to electrolytic transport and that electroosmotic effects 
contribute negligibly, the absolute hydrations of the ions 
listed in Table IV were calculated from the electrolytic trans- 
port of water by alkali chloride and bromide.lO* Both static 
and dynamic solvation were postulated. 

DataloQ on the conductance of alkali and alkaline earth 
metals show a relatively large increase of equivalent conduc- 
tance with dilution corresponding to greater hydration. The 
greater the electrical charge density of an ion, the smaller 
are its hydration and viscosity effect. 

In methyl ethyl ketone and in acetone at 25", the electrical 
conductances of numerous electrolytes were measured. 
The conductance of tetraethylammonium picrate was also 
determined at 0 and 50'. The limiting equivalent conductances 
were found. The mobilities and solvation numbers were cal- 
culated. Extensive conductivity work was done in CH3CN 
solventlll and the solvation numbers were obtained; see 
Table IV. 

Changes in composition of CrC13 in HzO represented by 
[Cr(HzO)dCla (I) $ [Cr(HzO)sCllC1z (11) S [Cr(H2O)dCls 
(111) occurred, but more slowly in 9 8 S x  Dz0.112 

Conductance measurements showedll3 that Li+ is much 
more highly hydrated than Na+ and K+. 

In a partition study, conductance data on the organic 
phase showed, in general, an average of 4.OHzO per UOZ- 
(NO& molecule in the cases of ethers, esters, and ketones. 
Alcohols gave more complex data.114 

Ion hydration has been found using conductivity115 to be 
high even at a temperature of 340'. 

Conductivity studies at 25' on lithium nitrate showed that 
the ion-size parameter A increased progressively in going from 
water to ethanol.116 This was attributed to change in solva- 

(108) J. Baborovsky and J.  Velisek, Chem. L is fy ,  21,227 (1927). 
(109) N. R. Dhar, 2. Anorg. Al lg .  Chem., 159,57 (1926). 
(110) P. Waldenand E. J.  Birr,Z.Phys. Chem., Abr. A ,  153,1(1931). 
(1 11) P. Walden and E. J.  Birr, 2. Physik. Chem., 144,269 (1929). 
(112) G. Champetier, C. R. Acad. Sci., 201,1118 (1935). 
(113) M. Jacopetti, Gazz. Chim. Ita{., 72,251 (1942). 
(114) H. A. McKay and A. R. Machieson, Trans. Faraday Soc., 41. 
428 (1951). 
(115) I. M. Rodnyanskii and I. S. Galinker, Dokl. Akad. Nauk SSSR, 
105, 115 (1955). 
(116) A. N. Campbell and G. H. Debres, Can. J .  Chem., 34, 1232 
(1956). 
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Table IV 
Solvation Numbers of Ions from Conductivity 

Solvent Temp, OC Ion Solvation no. Ref Solvent Temp, "C Ion Solvation no. Ref 

Sulfolane 
Sulfolane 
Sulfolane 
Sulfolane 
Sulfolane 
Sulfolane 
Sulfolane 
Sulfolane 
Sulfolane 
Sulfolane 
Water 

Water 

Water 
Water 
Water 
Water 
Water 
Methanol 
Methanol 
Methanol 
Methanol 
Methanol 
Methanol 
Ethanol 
Ethanol 
Ethanol 
Ethanol 
Ethanol 
Ethanol 
Acetone 
Acetone 
Acetone 
Acetone 
Acetone 
Acetone 
Acetonitrile 
Acetonitrile 
Acetonitrile 
Acetonitrile 
Furfural 
Furfural 
Furfural 
Pyridine 
Pyridine 
Pyridine 
Water 
Water 
Water 
Water 
Water 

30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
25 

25 

25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 

Li+ 
Na+ 
K+ 
Pb+ 
Cs+ 
NH4' 
c1- 
Br- 
1- 
ClOn- 
La3+ to 

Nd3+ 
Dy3+ to 

Yb3+ 
Sm3+ 
Eu3+ 
Gd 3+ 

Li+ 
Na+ 
Li+ 
Na+ 
K+ 
c1 
Br- 
I- 
Li+ 
Na+ 
K+ 
c1- 
Br- 
I- 
Li+ 
Na+ 
K+ 
Cl- 
Br- 
I- 
Na+ 
K+ 
Br- 
I- 
Na+ 
K+ 
1- 
Na+ 
K+ 
I- 

1.4 100 
2.0 100 
1.5 100 
1.4 100 
1.3 100 
0.9 100 

-0 100 
-0 100 
-0 100 
-0 100 
12.8 & 0.1 105, 106 

13.9 & 0.1 105, 106 

13.1 
13.3 
13.4 
6-7 
2-4 
7 
5-6 
4 
4 
2-3 
0-3 
6 
4-5 
3-4 
4-5 
4 
2-3 
4 
4-5 
4 
2 
1 
0-1 
5 
3-4 
1-3 
0-2 
5 
4 
0-1 
4 
2-3 
0-1 

Li+ 14 
Na+ 9 
K+ 5 
Cl- 4 
Br- 3 

105 
105 
107 
107 
107 
107 
107 
107 
107 
107 
107 
107 
107 
107 
107 
107 
107 
107 
107 
107 
107 
107 
107 
107 
107 
107 
107 
107 
107 
107 
107 
107 
107 
108 
108 
108 
108 
108 

tion of lithium ion from water t o  alcohol molecules. Nitrate 
ion was also found to solvate to some extent at least in al- 
cohol. 

From conductivity measurements in the H20-Hz02 sys- 
tem, it was concludedl17 that in pure Hz02 the solvation of 
the alkali metal cations decreases in the order Li > Na > 
K > R b  > Cs. 

Methanol 
Methanol 
Methanol 
Methanol 
Methanol 
Methano 1 
Methanol 
Ethanol 
Ethanol 
Ethanol 
Ethanol 
Ethanol 
Ethanol 
Ethanol 
Acetone 
Acetone 
Acetone 
Acetone 
Acetone 
Acetone 
Acetone 
Methyl ethyl ketone 
Methyl ethyl ketone 
Methyl ethyl ketone 
Methyl ethyl ketone 
Methyl ethyl ketone 
Methyl ethyl ketone 
Methyl ethyl ketone 
Acetonitrile 
Acetonitrile 
Acetonitrile 
Acetonitrile 
Acetonitrile 
Acetonitrile 
Acetonitrile 
Methylamine 
Methylamine 
Methylamine 
Ethylene chloride 
Ethylene chloride 
Ethylene chloride 
Water 
Water 
Water 
Formamide 
Formamide 
Formamide 
Formamide 
Formamide 
Formamide 
Water 
Water 

25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 

25 
25 
25 
25 
25 
25 
25 
25 

Li+ 
Na+ 
K+ 
c1- 
Br- 
I- 
Pi- 
Li+ 
Na+ 
K+ 
c1- 
Br- 
I- 
Pi- 
Li+ 
Na+ 
K+ 
c1- 
Br- 
I- 
Pi- 
Li+ 
Na+ 
K+ 
c1- 
Br- 
I- 
Pi- 
Li+ 
Na+ 
K+ 
c1- 
Br 
I- 
Pi- 
c1- 
I- 
Pi- 
c1- 
1- 
Pi- 
Li+ 
Na+ 
K+ 
Li+ 
Na+ 
K+ 
Rb+ 
cs+ 
H+ 
Li+ 
Na+ 

7 
5-6 
4 
4 
3 
1 
0 
6 
4 
3-4 
4 
4 
2 
0 
5 
4-5 
4 
2 
1 
0-1 
0 
4 
3 
2 
2 
1 
C-1 
0 
9 
6 
3 
2 
1-2 
0-1 
0 
1 
1 
0 
2 
0- 1 
0 

21 
10 
7 
5.4 
4,O 
2.5 
2.3 
1.9 
3.5 
7 . O  
5 .0  

110 
110 
110 
110 
110 
110 
110 
110 
110 
110 
110 
110 
110 
110 
110 
110 
110 
110 
110 
110 
110 
110 
110 
110 
110 
110 
110 
110 
110 
110 
110 
110 
110 
110 
110 
110 
110 
110 
110 
110 
110 
123 
123 
123 
135 
135 
135 
135 
135 
135 
136 
136 

Plots of conductance of solutions against temperature 
were found to show breaks at the temperatures corresponding 
to  the changes in the states of hydration.lls The salts, the 
number of water moles per mole of salt below and above the 
temperature, and the temperature were given in the above order 
for each salt studied: thus, CoCl2, 6,2,48'; Na2C03, 7,1,35'; 
Sr(NO&, 4, 0, 31'; Na2S04, 7, 0, 34'; NaBr, 2, 0, 50.5'; 

(1 17) D. K. Thomas and D. Maass, Can. J .  Chem., 36,449 (1958). (118) B. F. Markov, Ukr. Khim. Zh., 23, 706 (1957). 
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NazCr04, 4, 0, 67.5". In the case of phase changes no breaks 
in the curves were found. 

Differences in apparent degrees of ionization of electrolytes 
from boiling point, freezing point, and conductivity were ex- 
plained in terms of, among other things, primary ion hy- 
dration. 119 

Electrical conductances and viscosities of solutions of 
mixed electrolytes lower than the means of the single salt 
values at the same total molarity were discussed in terms of 
ion hydration and dielectric constant. 1 2 0  

Electrical conductivity us. temperature plots for saturated 
solutions of electrolytes gave two straight lines, the extrapola- 
tion of which intersected at the transition temperature of the 
two hydrates.Iz1 Such plots for CoSO4-6H2O saturated at 
60' and for MgSO4 were linear and without any break at the 
transition temperature, perhaps owing to metastable higher 
hydrates of these salts. 

The limiting conductance of LiBr in SOz at 0.22' indicated 
that Li+ and K+ ions are impeded comparably in their associ- 
ation with bromide ion due to  solvation of the cationslzZ by 
the anions penetrating the solvation sheaths of the Li+ and K+ 
ions. Countercurrent migration was used to obtain hydration 
numbers of some alkali metal ions123 (see Table IV). 

From conductance data, it was found that in ethanol 
strong solvation results with large ions obeying Walden's 
rule, but in water deviations arose from the change in the 
ion size with temperature due to difference in so1vation.lZ4 

From conductance data in dimethylformamide (DMFA) 
and in DMFA-HzO mixtures, found or inferred were MgClz. 
6DMFA, MgBr,. 6DMFA, MgClz. 3DMFA, MgClz. 4DMFA. 
2Hz0, MgCl,. 3DMFA. 3Hz0, and MgCl2.2DMFA.4Hz0.lZ5 

Conductance data at 35' in dioxane-water mixtures showed 
that the solvation of K+ and Na+ varies alike in 10 and 2 0 x  
dioxane solutions. In 30 dioxane solutions, polarizing 
powers for dioxane and for water molecules in the solvation 
sphere differ, and the preference of a particular ion for one 
solvent species is evident.126, 1z7 

From conductivity data on U O P  in solvents ranging in 
dielectric constant from 7 to 109,lz8 solvation was isoergic 
in several solvents, and water and organic molecules com- 
peted in the primary solvation shell. In strongly polar sol- 
vents, water in the shell was completely replaced by the sol- 
vent which formed a complex with the U0z2+. 

Surface conduction of NaCl showed that the low conduc- 
tance was through adsorbed semihydrated ions, since hexanol 
did not decrease the conductance. 1 2 9  Higher conductance 
samples were affected by hexanol, perhaps owing to  conduc- 
tion in grooves. From the mass action law, the average 
number of HzO molecules of semihydrated cations and anions 

(119) B. H. van Ruyven, Chem. Weekblad., 54,636 (1958). 
(120) A. N. Campbell, E. M. Kartzmark, and A. G. Sherwood, Can. J .  
Chem., 36, 1325 (1958). 
(121) E. M. Loebl and J. J. O'Neal,J.Polym. Sci., 45,538 (1960). 
(122) N. N. Lichtin and K. N. Rao, J .  Phys.  Chem., 64,945 (1960). 
(123) G. G. Devyatykh Z. B. Kuznetsova, and A. L. Agafonova, Tr. 
Khim. Khim. Tekhnol., 1: 75 (1958). 
(124) H. Brussett and M. Kikindal, C. R .  Acad. Sci., 252, 1777 (1961). 
(125) H. J. Bittrich, W. Gaube and R. Landsberg, Wiss. 2. Tech. 
Hochsch. Chem. Leuna-Merseburi, 2,443 (1959160). 
(126) P. B. Das, P. K. Das, and D. Patrick, J .  Indian Chem. Soc., 36, 
761 (1959). 
(127) P. K .  Das, ibid., 36,613 (1959). 
(128) B. Jezowska-Trzeblatowska and M. Chmielowska, J .  Inorg. Nucl. 
Chem., 20, 106 (1961). 
(129) G. Simkovich, J .  Phys. Chem., 67,1001 (1963). 

was 3 at  low humidities and about 10 at high humidities. 
The ten molecules corresponded to a second hydration shell. 

Conductance data at 0.02' indicated a smaller solvation 
of free Na+ in SO2 than in several other In 
mobility behavior in SOs, Na+ resembles K+ more than Li+. 

Selective solvations in asymmetric solvents were studied by 
conductivity measurements. 131 A study of conductance data 
in protic and aprotic solvents indicated the role of the protons 
in enhancing the solvation of anions, but the very secondary 
effect of protons on the solvation of cations solvated by ion- 
dipolar interaction. 132 

From conductance measurements on aqueous solutions, 
it was found that hydrostatic pressure reduced the radii of the 
hydrated ions until above 2000 kg/m2 the hydration atmo- 
sphere was stripped to the innermost solvation sheaths of 
strongly bound water.133 

Conductance measurements at 25' in tetrahydrofuran 
(THF) of tetraphenylborides of several cations from to 
2 X M were made and the limiting conductances ob- 
tained from the extrapolation. 1 3 4  The limiting conductance 
of the cations were found by assuming ko+[(isoamyl)3BuN+l = 
ko-[BPh4-]. The lowest value of ko+ was found for the as- 
sumedly most solvated Li+ and the largest k ~ +  for the as- 
sumedly unsolvated Cs+. The tetraalkylammonium ions were 
found to  be unsolvated. 

Limiting values of moving boundary transference numbers 
at 25' were obtained for the ions of KCl using formamide and 
formamide-water as the solvents.135 The numbers were 
combined with equivalent conductance di ta  to give limitirg 
ionic conductances in formamide. From these ionic solvation 
numbers were calculated136 ignoring any electro: t .ictive 
contraction of the solvent molecules next to the ions (see 
Table IV). 

Conductance measurements of aqueous solui ions of KC1 
and LiCl mixed with glycine or urea shoved that the 
mechanism and state of hydration of the ions and solutes 
were the same in mixed solutions and water.137 

Agreement was found among four methods (three in- 
volving conductance) of estimating the total hydration at- 
mosphere or water-structure-enhanced regions surrounding 
the alkali metal ~ a t i 0 n s . l ~ ~  For Na+ the number of water 
molecules in the total atmosphere approximates closely the 
number in the Frank-Wen cluster in pure water at the same 
temperatures. 

4. Significance 

Conductance data add to  the varieties of solvents and ions 
investigated with respect to solvation. The variation of solva- 
tion number for a given ion with solvent is evident. Thus, a t  
25' the solvation number of K+ varies from 1.5 in sulfolane 

(130) N. N. Lichtin and H. Kliman, J .  Chem. Eng. Data, 8 ,  178 (1963). 
(131) J. A. Powell, University Microfilm, Ann Arbor, Mich., Order No. 
63-5715, 110 pp; Diss. Abslr., 14,978 (1963). 
(132) R. Gopel and M. M. Hussain, J .  Indian Chem. Soc., 40, 981 
(1963). 
(133) R .  A. Thorne, Nuture(London), 200,418 (1963). 
(134) D. N. Bhattacharyya, C .  L. Les, J. Smid, and M. Swarc, J .  Phys.  
Chem., 69,608 (1965). 
(135) J. M. Motley and M. Spiro, ibid., 70, 1502 (1966). 
(136) R.  A. Robinson and H. H. Stokes, "Electrolyte Solutions," 2nd 
ed, Butterworths, London, 1959, pp 120-126,461, 
(137) T. Tonomura and K. Okamoto, Bull. Chem. Soc. Jap.,  39, 1621 
(1966). 
(138) R. A. Horne and J. D. Birkett, Electrochim. Acta, 12, 1153 
(1967). 
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to  7 in formamide. The data indicate that in all solvents the 
solvation of the alkali metals is in the order Li+ > Na+ > 
K+ > Rbf > Cs+, except in acetone where the solvation of 
Li+, Na+, and K+ is about the same.107 The order of solva- 
tion of the halogen ions in all solvents is, in general, C1- > 
Br- > I-, though in methylamine at  25' C1- and I- ions have 
the same solvation numbers. 

From conductance limiting solvation numbers are obtained 
since limiting values of the equivalent conductance of the 
ions are used in the calculations. These numbers are relative 
to some chosen ion since the limiting equivalent conductances 
of ions are relative to  some standard reference ion as perchlo- 
rate ion. Using this method, the results of different workers 
under similar conditions seem consistent. Refer to  solvation 
numbers in methanol and ethanol (Table IV) from ref 107 
and 110. 

C. ELECTROMOTIVE FORCE 

1 .  Theory 

Electromotive force data gave the solvation number of 
HC1139 and, provided the solvation number of one ion was 
assumed from some other source, gave the solvation number 
of the other ion. The H~dson-Saville1~0 approach to  ionic 
solvation in liquid mixtures was used and was similar to that 
of Robinson and and of G1ueckaufl42 in the case of 
concentrated aqueous solutions. 

The Born equation, which depends on the potential of a 
charged sphere in a uniform dielectric, cannot be applied 
accurately to  an ion in solution since the ion is comparable in 
dimensions to  the solvent molecules. Near-dielectric satura- 
tion prevails close to  the ion. The first layer of solvent mole- 
cules considered as completely orientated can be treated as a 
firmly bound ionic solvation shell, the formation of which as 
the gaseous ion enters the solution will cause a loss of free 
energy by the coordinated water molecules. The Born-type 
equation could be used to  calculate the remaining free energy 
change assumed to  be relatively small especially in solutions 
of high dielectric constants. Also, the ions were assumed to  be 
preferentially solvated by the more polar water molecules, 
particularly when the water content was high. 

The coordination of n water molecules, when 1 mol of 
HC1 as ions dissolve from the gas state to  a standard state 
in aqueous solution, was written' 

(15) 

where H+ and C1- ions are written without their charges and 
W stands for water. The free energy change for the process was 

(1 6) 

For the same process in an organic solvent-water mixture, 
the free energy change was 

(17) 

(H + Cl)g8a + ~ W I  If (H + Cl), nW 

AGw = p W ( H + C l ) , n W  - /J(H+cI) - W W W  

AGs = p S ( H + C U , n W  - p(H+CI)  - w s W  

Consider the difference 

(1 8) S W AG = /-l (H+Cl) ,nW - P (H+CI),nW 

(139) D. Feakins and C. M. French, J .  Chem. Soc., 2581 (1957). 
(140) R.  F. Hudson and B.  Saville, ibid., 4114 (1955). 
(141) R.  A. Robinson and R.  H .  Stokes, J .  Amer. Chem. Soc., 70, 1870 
(1948). 
(142) E. Glueckauf, Trans. Faraday SOC., 51,1235 (1955). 

Assuming negligible interaction of the solvated ions with the 
solvent, the difference in the partial molal free energies of the 
solvated ions in the two solvents depends only on the differ- 
ence in the concentrations of the ions in the two. This term 
was taken as zero when the standard state was either the 
mole fraction or the molar one. Neither scale probably made 
the assumption exactly true. Thus 

(19) 
9 W 

p (H+Cl).nW = 1 (H+Cl),nW 

Hence 

AGS - AGW = n(pww- - p S W) = -F('E0 - E")  (20) 
For the water in the mixture, the partial molal free energy 
was expressed in terms of mole fraction or of volume fraction 
statistics, and, for simplicity, expressions were developed for 
ideal mixtures. If NW is the mole fraction and cpw the 
volume fraction of water, then 

pwW - p S = - R T l n N w  = -RTln$w (21) 

Now using EN' for the mole fraction and E+" for the volume 
fraction models, respectively, we have the equations 

S E ~ O  = + n- RT In NW 
F 

and 

RT s 0 - w  E, - E,' + n- F lncpw 

Equations 22 and 23 reduce to  

'Emo = + nklogw + k(n - 2)log- MXY (24) 

'E,,,' = (25) 

where w is the weight fraction of water, and p is the density. 
For water-rich solutions, log p and log MXY/MY are small; 
and, if n is close to  2, both eq 24 and 25 approximate to  

MY 

+ nk log w + k(n - 2) log p 

'Emo = + nk In w (26) 

Equations 22 and 23 can be used to obtain the solvation num- 
ber by plotting 'Ec' us. In 4~ and plotting 'EN" us. In 
Nw. The plot of ' E N o  us. In NW showed no striking correla- 
tion and was not used. l 4 3  

2. Experimental Technique 

From potential measurements in pure a.nd mixed solvents 
on cells at various concentrations of electrolyte and at 
fixed temperatures, the standard potential of the cell in each 
solvent and at  each temperature is calculated. 143  The volume 
fractions of the solvent components are determined from 
weight and density measurements or from volume measure- 
ments. Slopes of the linear plots of 'Eo0 us. In I$W yield the 
solvation number n. 

3. Solvation Numbers Determined 

For the cellla9 
Pt, Hz (1 atm)lHClIAgCl-Ag 

the solvation number of HC1 was determined to be 2.2. If 

(143) H. S. Harnzd and B. B. Owen, "The Physical Chemistry of Elec- 
trolyte Solutions, 2nd ed, Reinhold, New York, N .  Y., 1956. 
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n of one ion could be determined, that of the other ion would 
be fixed. 

From the potential of the proper cell in various mixtures 
of H20-MeCN, the free energy dependence of solvation of 
Ag+ ion on the composition of the H20-MeCN was deter- 

Potentiometry was used to  determine the stability con- 
constants of the 1 : l  and 2:l complexes of Al-1,lO-phenan- 
throline. 145 Other metal complexes of the reagent were also 
studied. 

Observing change of pH with time, hydration and poly- 
merization of various vanadate ions were followed. 46 

vo43- was protonated in steps much like that for P0k3-. 
The H3V04 formed partially hydrated to an equilibrium 
ratio V(OH)s/H3V04 N 3. 

Effects of ion hydration and dielectric constant on standard 
potentials were investigated in H20-MeOH, H20-EtOH, 
and H20-dioxane solvents. 147 For certain dielectric constant 
ranges Eo was linear with 1/D. The range broadened with 
increasing molecular weight of the nonaqueous solvent. 
Deviations from linearity occurred when the solvents at- 
tained 17 mol of water/1000 g of mixed solvent. The deviations 
were, therefore, related to the loss of coordination water by 
ions. Solvation of the ions beyond their coordination numbers 
caused no deviation from linearity of the Eo us. 1/D plot. 
Eo represents standard potential and D represents the solvent 
dielectric constant, 

Ion solvation in nonaqueous solvents and their aqueous 
mixtures were studied using electromotive force; and molar 
free energies of transfer of some halogen acids and alkali 
chlorides, from water to  10 and 43.12 wt methanol- 
water mixtures, were separated into ion constituent values 
by extrathermodynamic assumptions. 1 4 8 v  49  A structural 
theory of ion solvation explained the ionic free energy values. 

Equations were given150 for the dependence of the normal 
potential (ENo, Emo, and E,’) of cells without transference 
on the dielectric properties of a mixed solvent, primary hy- 
dration of an electrolyte, and the cation-anion equilibria. 
From electromotive force the constants are obtained for the 
primary hydration numbers (Table V) and transsolvation 
(H2O + MeOH) equilibria in water for Li+, Na+, and K+. 

Table V 
Solvation Numbers for Ions from Electromotive Force Data 

Solva- 
tion no. 

Ref of ref Solaated Solaation no. 
Solaent ion ion ion of ref ion Refno. 

Water-methanol C1- 0 Li+ 4 (primary) 152 
Water-methanol C1- 0 Na+ 4 (primary) 152 
Water-methanol C1- 0 K+ 4 (primary) 152 
Water-methanol C1- 0 H+ 1 (primary) 152 

(144) H. M. Koepp, H. Wendt, and H. Strehlow, Z. Elektrochem., 64, 
483 (1960). 
(145) J. M. Dale and C. V. Banks, Znorg. Chem., 2,591 (1963). 
(146) G. Schwarzenbach and G. Geier, Helu. Chim. Acta, 46, 906 
(1963). 
(147) A. M. Shkodin, Ukr. Khim. Zh., 29,400 (1963). 
(148) D. Feakins and P. Watson, J .  Chem. Soc., 4686 (1963). 
(149) D. Feakins and P. Watson, ibid., 4734 (1963). 
(150) Ya.1. Tur’yan,Zh. Fir. Khim., 38, 1853 (1964). 

Potential studies on galvanic cells showed that in molten 
salt solutions containing water, water molecules were ligands 
competing with bromide ions in displacing nitrate ions from 
the coordination spheres of cadmium ions. 151 Bromide ions 
displace nitrate ions more readily than water molecules from 
the coordination sphere since the association constant for 
the reaction Cd2+ + Br- --* CdBr+ increased with decreasing 
water content. The increase measured the tendency of the 
Cd2+ ions to hydrate. 

A further study of potential measurements has been made 
on ion solvation in nonaqueous solvents and their aqueous 
mixtures, but solvation numbers were not listed. l 5 *  

4 .  Significance 

The value of n = 2.2 for HCl from cell potential measurement 
is lower than that from other methods with the exception of 
d i f f ~ s i o n ’ ~ ~  (u = 2.1). From activity coefficients, Stokes 
and R0binson15~ found n = 8 and G l u e c k a ~ f ’ ~ ~  found n = 
4.7. The ‘EN’ us. In NW plots give higher than 2.2, namely 

The electromotive force determination of solvation num- 
bers seems to  result in primary shell solvation. From Table 
V this method shows Li, Na, and K ions are equally hydrated 
in their primary shells. 

2.7-5.0. 

D. THERMODYNAMICS 

1. Theoretical and Experimental Data 

Solvation from solvation energies depends on knowing in- 
dividual ion solvation energies. This knowledge is based 
on some nonthermodynamic, generally theoretical, principle 
for a division of the observed thermodynamic function for a 
binary electrolyte. The principles involve the dependence of 
the energy on some function of the reciprocal ionic radii. 

One attempt at finding individual ionic energies divided 
the total heat of solvation of K’F-, AHOK+ = AHOF- = 
-95.5 kcal mol-’ (adjusted to AHOX+ = -94 kcal mol-’ 
and AHOF- = -97 kcal mol-’), to  account for the different 
spatial distribution of the water molecules about the K+ 
and F- ions owing to the noncentral location of the water 
molecule dipole. Using these values, AHo=+ was 
to be -276 kcal mol-’. It was s ~ g g e s t e d ’ ~ ~ - ~ 6 ~  that this 
division of solvation enthalpies was oversimplified and not 
in keeping with Bernal and Fowler’s calculations of enthalpies 
and free energies of hydration. 

The Born equation with empirically corrected radii was 
used to  represent the free energies of the solvation of ions. 15g 

This is believed’s8 less satisfactory than the Bernal and 
Fowler’55 method. 

(151) P. C. Lammers and J. Braunstein, J .  Phys.  Chem., 71, 2626 
(1967). 
(152) D. Feakins and P. T. Tomkins,J. Chem. SOC. A, 1458 (1967). 
(153) R. A. Robinson and R. H. Stokes, “Electrolyte Solutions,” 
Butterworths, London, 1955, p 319. 
(154) R. H. Stokes and R. A. Robinson, J .  Amer. Chem. Soc., 70, 1870 
(1948). 
(155) J. D. Bernal and R. H. Fowler, J .  Chem. Phys., 1,538 (1933). 
(156) B. E. Conway and 3. O’M. Bockris, “Modern Aspects of Elec- 
trochemistry,” Vol. 1, 2, Academic Press, New York, N. Y., 1954. 
(157) P. Mukerjee, J .  Phys.  Chem., 65,740,744 (1961). 
(158) B. E. Conway and J. O’M. Bockris, “Modern Aspects of Elec- 
trochemistry,” Vol. 3, Butterworths, London, 1964. 
(159) W. M. Latimer, K. S. Pitzer, and C. M. Slansky,J. Chem. Phys., 
7,108 (1939). 
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The calculations of Eley and Evans,16o from a comparative 
study of the methods up to 1953, were selected's6 as the most 
acceptable for the determination of individual ion hydration 
heats. The values of AH°K+ and AHOF- were given as 
-90 and -91 kcal mol-', respectively. Verweylo' split 
AH°KF into AHlc+ = -75 and AHOF- = -122 kcal mol-'. 

Buckingham162 proposed a more complete calculation of 
hydration enthalpy which included terms dealing with ion- 
dipole, dipole-dipole, ion-quadrupole interactions, and 
effects of induced moments. 

Halliwell and N y b ~ r g ' ~ ~  obtained AHOH + using the differ- 
ence of conventional hydration energies of oppositely charged 
pairs of ions of the same radii. Absolute and conventional 
standard enthalpies of hydration for a cation, M, of valence 
z+ and for an anion, A, of valence z- are related by 

Aa0ni'+ = AHonrz+ - z+AHOH+ (27) 

where the Ago's are the conventional relative enthalpies and 
the AHO's are the absolute ionic enthalpies of the indicated 
species. Subtracting eq 28 from eq 27 yields for uni-uni- 
valent electrolytes 

Experimental values of conventional heats of hydration 
have been compiled.164 These values of AHIp+ and AHA'- 
can be plotted US. some function of the radii165-167 of cations 
and anions, respectively, and from these curves a single curve 
can be plotted for the left-hand side of eq 29 as the same 
function of ionic radius. The radii used in this latter plot are 
not necessarily the radii of any particular ions since few cat- 
ion-anion pairs have identical radii. If the theoretical rela- 
tionship between the conventional enthalpies of hydration 
and the inverse function of the radius against which they 
have been plotted is known, the extrapolation of the left- 
hand side of eq 29 to infinite radius should ideally yield 
~ A H O H +  as the intercept on the AHOX.+ - AH'Ac- axis. 

Usually no single-powered function of the reciprocal of the 
hydrated radius, that is, the sum of the radius of the ion and 
the radius of the water molecule, represents uniquely the heats 
of hydration of ions158 because of different dependencies 
on the radius of the primary shel11j6,157,1es and outer region. 
The former depends principally on rh-2, where rh is the 
hydrated radius; the latter depends on (ri + 2rHZ0)-l 
where ri is the radius of the ion and rHzo that of the water 
molecule. To obviate this difficulty, the best, self-consistent 
values of the conventional relative enthalpies, ABo, for 
cations and anions were plotted16a us. (ri + rHzO)-a, where 
rH20 was taken as 1.38 A and ri's were taken mainly from 
P a ~ l i n g ' ~ ~  and Ahrens. I7O After considering "hard-sphere" 

(160) D. D. Eley and M. G.  Evans, Trans. Faraday Soc., 34, 1093 
( 193 8). 
(161) E. J. W. Verwey, R e d .  Traa. Chim. Pays-Bas, 61,127 (1942). 
(162) A. D. Buckingham, Discuss. Faraday Soc., 24, 151 (1957). 
(163) H. F. Halliwell and S. C. Nyburg, Trans. Faraday Soc., 59, 1126 
(1963). 
(164) L. Benjamine and V. Gold, ibid., 50, 797 (1954). 
(165) M. Boudart, J. Amer. Chem. Soc., 74, 1531,3556 (1952). 
(166) Ya Zeldovich, Acta Physicochim. URSS, 1,961 (1935). 
(167) J. Horvichi and G. Okamoto, Sci. Pap.,  Ins?. Phys.  Chem. Res.,  
Tokyo, 28,231 (1936). 
(168) J. O'M. Bockris, Quart. Rer . ,  Chem. Soc., 3, 173 (1949). 
(169) L. Pauling, "Nature of the Chemical Bond," 3rd ed, Cornell 
University Press, Ithaca, N. Y., 1960. 
(170) L. H. Ahrens, Geochim. Cosmochim. Acta, 2,155 (1952). 

and "soft-sphere'' ion-solvent contact models and also ac- 
counting for a possible coordination number of 4 or 6 in the 
primary shell, the best value for AHo,+ was chosen as -260.7 
f 2.5 kcal mol-'. The form of the function for large r h  has 
been criticized;158 however, the plot of the left-hand side of 
eq 29 us. (ri + rHz~)-3  has been approved'58 since for 
cations and anions of the same radii the supposed differences 
in the heats of solvation apparentlyle2 arise mainly from the 
ion-quadripole interaction terms. Verwey's161 orientation 
of water at ions may cause an error in the difference plot. 
Halliwell and Nyburg's difference plot gives a maximum of 
A H O H +  of about 267 kcal mol-'. High values171 of -280 
or -292 kcal mol-' for free energy'721 1 7 3  or - 302 kcal mol-' 
for the enthalpy of hydration of the H+ is considered un- 
likely.158 Other data in the literature are -259 kcal mol-' for 
free and -265175 and -263176 kcal mol-' for 
enthalpy. The method discussed above perhaps 168 limits the 
uncertainity in AHOH+ to no more than 7 kcal mol-'. 

Work has been done158~177-179 on the heat and standard 
free energy of formation in the gaseous state (g) of H30+(g) 
from H+(g) and HzO(g). Thermodynamic cycles involving 
H30+, C104- and NHd+, Clod- were assigned the same 
crystal lattice energies since the ions were of the same 
charge. Proton affinity of water was taken as identical with 
the enthalpy change for the protonation of water at room 
temperature. The validity of this assumption was dis- 

The values at 298' of AH0H,o ( - P H ~ o ) ,  A S O H ~ O ,  

and AFOH~O are recorded158 as -170, kcal mol--, -27 eu, 
and - 162 kcal mol-'. 

a. Equilibrium Methods 

The hydration of gaseous ions was studied. 180-184 Hydrogen 
ions were investigatedlS4 in irradiated water vapor from 0.1 
to 6 Torr and from 5 to 600". The equilibrium constants 
K+l) ,,, were calculated from the concentration of the species 
A+. nS, where the ion A+ is produced by some form of ionizing 
radiation or thermal means, and mass spectrometric mea- 
surements were made of the relative concentrations of the 
species A+S,, A+S,-1, B-.S,, B-.S,-l, where A+ and B- are 
positive and negative ions and S is a solvent molecule. In 
the equilibrium expression 

(171) D. D. Eley and M. G. Evans, Trans. Faraday Soc., 34, 1093 
(1938). 
(172) K .  J. Laidler and C. Pegis, Proc. Roy .  SOC., Ser. A ,  241, 80 
(1957). 
(173) A. M. Couture and K.  J. Laidler, Can. J .  Chem., 35,202 (1957). 
(174) A. M. Noyes, J .  Amer. Chem. soc., 84,513 (1962). 
(175) V. P. Vasil'ev, E. K .  Zolotarev, A. F. Kapustykoku, K .  P. Mis- 
chenko B. A. Podgornaya, and K .  B. Yakimirskii, Russ. J .  Phys.  Chem., 
34, 1765 (1960). 
(176) L. Brewer, L. A. Bromley, P. W. Gilles, and N. L. Lafgren, 
"Chemistry and Metallurgy of Miscellaneous Materials: Thermo- 
dynamics," L. L. Quill, Ed., McGraw-Hill, New York, N. Y., 1950, p 
165. 
(177) I<. Fajans, Ber. Deut. Physik. Ges., 21, 549,709 (1919). 
(178) J. Sherman, Chem. Reo.,  11,93 (1932). 
(179) H. G. Grimm, Hand-Jahrb. Chem. Physik, 27,518 (1927). 
(180) P. Kebarle and A. M. Hogg, J .  Chem. Phys. ,  42,798 (1965). 
(181) A. M. Hogg and P. Kebarle, ibid., 43,449 (1965). 
(182) A. M. Hogg, R. M. Haynes, and P. Kebarle, J .  Amer. Chem. Soc., 
88,  28 (1966). 
(183) P. Kebarle, Adaan. Chem. Ser., in press. 
(184) P. Kebarle S .  K. Searles A. Zolla J. Scarborough, and A. 
Arshadi, J .  Amer.'Chem. Soc., 89,'6393 (1967). 
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the equilibrium pressures were substituted by the ratio of the 
ion mass-spectrometric intensities of the corresponding ions. 
From the equilibrium constants the stepwise free energies 
AGon-l.n, AH””+,,  ASon-l,n were determined for the processes 

A+ + S Jr A + + S  (0, 1) (31) 

A+ .S  + S _C A+*2S (1, 2) 

A+.@ - 1)s + S _r A+.& ( ( i t  - l) ,  n) (33) 

For hydrogen ion studies HzO+ and OH+ ions were pro- 
duced by irradiation of water vapor by electrons, protons, and 
a particles. These ions react r a ~ i d l y ~ ~ ~ - l ~ ’  with water vapor to 
produce HsO+, which in turn reacts with water vapor pro- 
ducing hydrates as shown in Table VI. The hydration reac- 
tions are exothermic and a third body would be necessary in 
eq 32 and 33. 

Enthalpies AH,,-l,,,, the enthalpies for the hydration of the 
H+.(n-l)HzO ion to H + + n H 2 0  ion, were compared with 
values of Na+. nH2O in the literature. 188 It was found, assum- 
ing the radius of the central H 3 0 +  ion was similar to Na+ 
ion, that AHo,4 and AHo-, for the Na+ ion which were 
- 104 and - 114, respectively, compared favorably with 
AH1,S and AHI,? for H30+ which were -91 and -115. 
From the heat of solvation of the proton in liquid water,16as174 
-261 kcal mol-’, and the enthalpy, AHl = AHo,, + 8AHe,,,- 
(HzO) - 21 3 kcal/mol- l, the heat of solvation of H+(HzO)s(g) 
into liquid water (-48 kcal mol-‘) was found from the dif- 
ference. Thus these data verify the solvation numbers for 
Na+ given in Table VI. 

S0lubility18~ data suggest that NaCI solutions consist of 
NaCl. 2H20 aggregates separated by water. Added HC1 
removes ten water molecules per HC1 molecule and reduces 
the solubility of NaC1. If the number of water molecules is 
reduced so that they are not numerous enough to separate 
the aggregates, the latter combine and precipitate. 

The entropy of neutralization of HC1 can be calculated 
assuming that the ten water molecules surrounding each 
HC1 is composed of two layers of five molecules each, and 
that two of the water molecules in the outside layer are re- 
placed by two NaOH molecules. Thus of the ten water 
molecules, there is the replacement of two adjacent molecules 
among five. The replacement can be accomplished in ten 
ways, giving an entropy 

A S  = 10R In 10 = 46 eu (34) 
which agrees well with the value calculated from the heat of 
neutralization at 18” which is 13,800 cal mol-‘, or 47 eu 
mol-1, neglecting the change in heat content and the cor- 
responding entropy change. 

The methods in the preceding two paragraphs deal with 
solvation numbers of the electrolyte as a whole. Solvation 
numbers can be found190 from the entropy decrease when 
gaseous ions are dissolved in infinitely dilute solutions. The 
entropy decrease can be calculated from the observed heat 

(185) M. M. Mann, A. Hustralid, and J. T. Late, Phys. Rev.,  58, 340 
(1940). 
(186)’F. W. Lampe, F. W. Field, and J.  L. Franklin, J .  Amer. Chem. 
Soc., 79, 6132 (1957). 
(187) P. Kebarle, R. M. Haynes, and S. K .  Searles, Advan. Chem. Ser. ,  
58, 210 (1966). 
(188) F. J. Garrick, Phil. Mug., 9, 131 (1930); 10,76 (1930). 
(189) T. G. Owe Berg, Ann. N .  Y .  Acad. Sci., 125,298 (1965). 
(190) G. Kortum and J. O’M. Bockris, “Textbook of Electrochemistry,” 
Vol. 1, Elsevier, New York, N. Y., 1951, p 136. 

effects, and is caused by the free solvent molecules entering 
into tightly held solvation sheaths. If it is assumed that this 
decrease equals the change in entropy when free water 
becomes bound as water of crystallization, the entropy of 
dissolution of an ion can be used to calculate its hydration 
number. 

Multiply charged or small, singly charged ions increase the 
viscosity of water and decrease the translational motion of 
the water molecules nearest them, while large, singly charged 
ions decrease the viscosity of water and increase the trans- 
lational motion of water molecules nearest them. lgl  This 
decrease in viscosity is termed negative viscosity. Since the 
water molecules near the ions are more mobile than in pure 
water, and since these molecules exchange more frequently 
than water molecules near other molecules in water, this 
phenomenon is termed “negative hydration.” The ions which 
exhibit negative hydration also lower the structural tempera- 
ture of water. 

There is a qualitative dependence of the activity coefficient 
of water on ion hydration,lgl as shown by data that negatively 
hydrated cations are associated with activity coefficients of 
water greater than one over a considerable concentration of 
electrolyte. However, the activity coefficients of water in hy- 
drated cation solutions are less than one except for a rela- 
tively small region at lower concentrations. 

b. Thermochemical Method for 
Coordination Numbers 

A thermochemical method for estimating the coordination 
number of an ion in dilute solutions, that is, for obtaining 
the average number of constantly exchanging water molecules 
which form the immediate surroundings of the ion, was 
devised.192-1ee In this method the integral heats of solution 
of salts in water and in aqueous solutions of acids of various 
concentrations are measured. The integral heats of solution 
of a constant concentration of salt in different concentrations 
of acid were used in calculating the coordination numbers 
of the ions in dilute solutions. The differences in the heats of 
solution of anhydrous and of hydrated salts were taken as the 
heats of hydration of the anhydrous salts. 

The protons from the acid and the proton charge were con- 
sidered to be statistically distributed over the water molecules 
so that each water molecule became an ion with the average 
electronic charge and the average protons per ion of e/e, 
where B is the average positive charge per ion and e is the 
electronic charge. The formula of the ions from water was 
H z + ( ~ / ~ ~ O ( ~ / ~ )  +. The Coulombic interaction energies between 
these ions and cations and anions are, respectively 

E k  = -nk€e/Rk (35) 

E, = n,ee/R, (36) 

and 

where Rk and R, are the distances between the charges of 
water ions in the first coordination spheres and the centers 

(191) 0. Ya. Samoilov, “Structure of Aqueous Electrolyte Solutions 
and Hydration of Ions,” Consultants Bureau, New York, N. Y., 1965. 
(192) A. F. Kapustinski and 0. J. Samoilow, Zh. Fiz. Kfiim., 26, 918 
(19 52). 
(193) 0. Ya. Samoilov, I zu .  Akad. Nuuk. SSSR,  398 (1952). 
(194) 0. Ya. Samoilov, ibid., 627 (1952). 
(195) A. F. Kapustinski and 0. Ya. Samoilov, ibid., 337 (1950). 
(196) A. F. Kapustinski, I .  I .  Lipilina, and 0. Ya. Samoilov, Zh. Fiz. 
Khim., 30, 896 (1956). 
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of cations and anions, respectively, and nk and n, are the co- 
ordination numbers of the cations and anions, respectively. 
The minus sign indicates repulsion (reduction of exothermic 
heat of solution) between po$tive ions. If Rk is taken as rk + 
1.38 A and R, is r, + 1.38 A when r is the crystal radius of 
an ion, and if e = km, then eq 35 and 36 become, respectively 

x 108 nkkme 
E k  = - 

rk + 1.38 

and 

x 108 Ea = ____ 
n,kme 

r, + 1.38 

The units of the r’s are now centimeters and the energies are 
in ergs per ion. The sum of the two energies multiplied by 
Avogadro’s number and by the factor for converting ergs 
to  calories (2.389 X lo+), and setting K = 2.389Nek gives 

where E, in calories per mole of salt, is greater than zero. 
The integral heat of solution L of the salt in m molal HCl is 

where LO is the integral heat of solution of salt to the same 
concentration in pure water. Therefore 

p = _- AL = K(& - ___ 
Am rk + 1.38 r, + 1.38 

The difference between two salts with the same anion but 
different cation from eq 39 is 

For a biunivalent salt a factor of 2 is introduced into eq 39 
and 40 and a factor of p1 = p/2 is used. The values of /3 = 
bk - 6., where 

(41) 
na 

ra + 1.38 
bk = K--* nk 6. = K 

rk + 1.38’ 

These do not change for various valence types of salts if p1  
is used for (3. If K can be found so can the coordination 
numbers of ions from eq 39 and 40. Thus the relation of 
coordination number to hydration was considered. 

Coordination numbers are not directly related to individual 
ion hydration numbers. The surface density, p’, of packing 
of water molecules in the first coordination layer of ions is 
directly associated with hydration and must be determined. 
If n is the ion coordination number, r its radius, and 47r(r + 
1.3Q2 the area of the first coordination sphere in A$, then 

n 
47r(r + 1.38)2 

p’ = 

p‘ for the water molecule in water is 

(43) 

where nH20 is the average coordination number of water 
molecules and R is the distance between centers of neigh- 

boring water molecules in water. Using X-rays, n H I O  = 4.6 
and R = 2.90 A were found.1g7 Hence ptHZ0 = 0.044 A. 

Hydrated ions such as Na+, A E  > 0, by weakening the 
translational motion of nearest water molecules reduce the 
frequency of their activated jumps compared to that in pure 
water. For such ions 

p’ > P’Hz0 (44) 

Ions such as Kf, C1-, B r ,  and I-, showing negative hy- 
dration, have AE < 0, and increase, compared to pure water, 
the frequency of activated jumps of neighboring molecules. 
For these ions 

p‘ < P‘HzO (45) 

Inequalities 44 and 45 permit the estimation of the lower 
limits for the coordination numbers of hydrated ions and the 
upper limits for negatively hydrated ions. Thus, n N a +  > 

tinguishing between hydrated and nonhydrated ions (nega- 
tive hydration), limiting values for coordination numbers can 
be estimated. 

The lower limit for K in eq 39 and 40 was foundl91 from 
p values for NaCl and NaBr (NaBr.2H20). From eq 39 for 
NaCl, the corresponding equation for NaBr was subtracted, 
giving 

3.05, n K +  > 3.05, n K +  < 4.02, and ncl- < 5.57. Dis- 

(46) 

when rBr- + 1.38 A = 3.34, rc1- + 1.38 A = 3.19, and 
PNeCl - PN,B~ = 210 - 142 = 68. From eq 46 since K > 
0, n B r -  > ncl-. From heats of hydration andalso from certain 
properties of C1-, Br-, and I- ions, presumably negative 
hydration increases in this sequence; and, therefore, p ‘ ~ , -  < 
p’cl-. Hence 

(47) 
h r -  < ncl- 

and n B r -  < 1.096ncl-. Substituting this value of n B r -  

into eq 46 yields 

4a(  3.34) 4 n( 3.1 9) 

1.096ncl- 
K(- 3.34 - ?) 3.19 > 68 

or 

K > 68/0.0147nc1- (49) 

Substituting the upper limit for ncl- into eq 49 gives the 
lower limit of K. The equation for KC1 

was used. Here rK+ + 1.38 = 2.71, rc1- + 1.38 = 3.19, and 
11  is the experimental value of /3 for KC1. Since fl  and K are 
positive 

n K +  nCl+ 
(271 3.19) > 

It was shown that n K +  < 4.02 and hence ncl- < 4.74. This 
is smaller than ncl- < 5.57 obtained from the inequality 
p‘cl- < ~ ’ H ~ o .  Substituting ncl- = 4.74 in eq 49 yields K > 
976. 

(197) J. MorganandB. E. Warren, J .  Chem. Phys., 6,666 (1938). 
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Table VI 
Solvation of Various Ions by Different Thermodynamic Methods 

Assumed Concn of 
solvn no. Solvated S o h  no. electrolyte, T',"P, 

Methoda Solvent Ref ion of ref ion ion of ion mb Phase C Ref 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
IH 
IH 
IH 
IH 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 

Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 

CSf 
CS+ 
Csf 
CSf 
CS+ 
CSf 
cs+ 
CS+ 
CS+ 
Csf 
CS+ 
Cs + 

CSf 
CSf 
Csf 
cs+ 
CS+ 
CSf 
Csf 
Csf 
CS+ 
Cs + 

c1- 
Br- 
I- 
CIO4- 
c1- 
Br- 
I- 
c104- 
c1- 
Br- 
1- 
c10,- 
c1- 
Br- 
I- 
c1- 
Br- 
1- 
c1- 
Br- 
1- 
c1- 
Br- 
1- 
c1- 
Br- 
1- 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

H+ 
H+ 
H+ 
H+ 
H+ 
H+ 
H+ 
H+ 
Na+ 
Na+ 
CS+ 
NH4+ 
Lif 
Naf 
Rb+ 
NHd+ 
K+ 
Li+ 
H+ 
Bas+ 
Sr2f 
Cas+ 
Mg2+ 
Zn2+ 
UOaa+ 
ha+ 
Ala+ 
Nos- 
ClOr  
c1- 
Br- 
I- 
RSOa- 
F- 
CzHaO2- 
OH- 
H+ 
H+ 
H' 
H+ 
Lif 
Li+ 
Lit 
Lif 
Na+ 
Na+ 
Na+ 
Na+ 
K+ 
K+ 
K+ 
Rb+ 
Rb+ 
Rb+ 
Mgz+ 
Mga+ 
Mg2+ 
Caz+ 
Calf 
Calf 
Sr I+ 

SrZ+ 
Sra+ 

1 
2 
3 
4 
5 
6 
7 
8 
4 
6 
0.031 
0.042 
0.065 
0.053 
0 
0.2 
0.6 
3.4 
3.9 
3.0 
3.7 
4.3 
5.1 
5.3 
7.35 
7.5 

11.9 
0 
0.3 
0.9 
0.9 
0.9 
0.9 
1.8 
2.6 
4.0 
8 
8.6 

10.6 
7.4 
7.1 
7.6 
9.0 
8.7 
3.5 
4.2 
5 . 5  
2.1 
1.9 
2.1 
2.5 
1.2 
0.9 
0.6 

13.7 
17.0 
19.0 
12.0 
14.6 
17.0 
10.7 
12.7 
15.5 

1 
1 
1 
1 
1 
0.7 
0.7 
0.7 
0.7 
0.7 
0.7 
0.7 
0.7 
1 
1 
1 
1 
1 
1 
1 
1 
1 
0.01-1 .o 
0.1-1 .o 
0.1-0.7 
0.1-2.0 
0.1-1.0 
0.1-1.5 
0.1-1 .o 
0.2-1 .o 
0.1-5 .O 
0.1-4.0 
0.1-1.5 
0.2-4.0 
0.1-4.0 
0.1-4.0 
0.1-4.0 
0.1-1.5 
0.1-1.5 
0.1-1.5 
0.1-1.4 
0.1-1 .o 
0.1-0.7 
0.1-1.4 
0.1-1 .o 
0.1-0.7 
0.1-1.8 
0.1-1.4 
0.1-1.0 

Gas 
Gas 
Gas 
Gas 
Gas 
Gas 
Gas 
Gas 
Gas 
Gas 
Solution 
Solution 
Solution 
Solution 

15-600 
15-600 
15-600 
15-600 
15-600 
15-600 
15-600 
15-600 
15-600 
15-600 

25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 

184 
184 
184 
184 
184 
184 
184 
184 
184 
184 
20 1 
201 
210 
210 
217 
217 
217 
217 
217 
217 
217 
217 
217 
217 
217 
217 
217 
217 
217 
217 
217 
217 
217 
217 
217 
217 
216 
216 
216 
216 
216 
216 
216 
216 
216 
216 
216 
216 
21 6 
216 
216 
216 
216 
216 
216 
216 
216 
216 
216 
216 
216 
216 
216 
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Table VI (Continued) 

Assumed Concn o 
solan 110. Solaated S o h  no. electrolyte, Tfmp, 

Methoda Solcent Ref ion of ref ion ion of ion mb Phase C Ref 

AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
S 
S 
S 
S 
AF 
AF 
CP 
CP 
CP 
CP 
CP 
CP 
CP 
CP 
CP 
CP 
CP 
CP 
CP 
CP 
CP 
CP 
CP 
CP 
CP 
CP 
CP 
CP 
CP 
CP 
CP 
CP 
CP 
CP 
CP 
CP 
CP 
CP 
CP 
CP 
CP 
En 

En 
En 
En 
En 
En 
En 
En 
En 

Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water-alcohol 
Water-alcohol 
Water-alcohol 
Water-alcohol 
Water 
Water 
Sulfuric acid 
Sulfuric acid 
Sulfuric acid 
Sulfuric acid 
Sulfuric acid 
Sulfuric acid 
Sulfuric acid 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 

Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 

c1- 
Br- 
1- 
c1- 
CI- 
Cl- 
c1- 
ClOa- 

HSO4- 
HSO4- 
HSOa- 
HSOa- 
HSOa- 
HSO4- 
HSO4- 
c1- 
c1- 
c1- 
c1- 
C1- 
C1- 
Cl- 
c1- 
K+ 
K+ 
K+ 
K+ 
K+ 
K+ 
C1- 
c1- 
K+ 
K+ 
c1- 
c1- 
C1- 
c1- 
C1- 
c1- 
Br- 
Br- 
K+ 
c1- 

0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
4 
4 
4 
4 
4 
4 
4 
4 
0 
0 
0 
0 
0 
0 
4 
4 
4.6 
6 .2 
4 
4 
4 
4 
4 
4 
3.5 
3.5 
6.2 
4 

Ba2+ 
Ba2+ 
Ba2+ 
Mn2+ 
Fe 2+ 

Co2+ 
Ni2+ 
Zn2+ 
Ag+ 
TI- 
Br- 
c1- 
ArH3Nf 
Ar2H2N+ 
Li+ 
Na+ 
K+ 
NHa+ 
Agf 
H30+ 
Ba2+ 
NHI' 
NHI+ 
Kf 
K+ 
Ba2+ 
Ba2+ 
Ni2+ 
Ni2+ 
Lif 
Naf 
NHd+ 
Hf 
Br- 
I- 
Li+ 
Li+ 
Br- 
Br- 
CaZ+ 
Ca2+ 
Sr2+ 
Sr2+ 
Mg2+ 
Mg2+ 
Na+ 
Na+ 
I- 
H+ 
H+ 

H+ 
Li+ 
Na+ 
K+ 
Rb+ 
F- 
C1- 
I 

7.7 
10.7 
15.0 
11.0 
12.0 
13.0 
13.0 
20.0 
2 
4 
3 
0 
3 
2 
2.3 
3 .O  
2.1 
1.2 
2.1 
1.8 
6.5 
2.2 
3 
4.6 
6.2 

22.1 
25.1 
24.5 
29.1 
10.3 
3 
0 
9 
1 
2 

11 
13.8 
3.5 
3.4 

23 
26.6 
22.7 
26.3 
24.1 
27.6 
9.4 

11.8 
2.4 

10.5 
5 

5 
5 
4 
2 
2 
5 
2 
0.5 

0.1-1.8 
0.1-1.5 
0.1-1 .o 
0.1-1.4 
0.1-1.4 
0.1-1 .o 
0.1-1.4 
0.1-0.7 

1 
0.5 
1 
0.5 
0.5 
0.25 
0.5 
0.25 

1 
0 .5  
1 
0 .5  
0.5 
0.25 
0 .5  
0.25 
0.5 
0.25 
1 
0.5 M 
1 M  
0.5 M 

25 
25 
25 
25 
25 
25 
25 
25 

216 
216 
216 
216 
216 
216 
216 
216 
222 
222 
222 
222 
223 
223 
225 
225 
225 
225 
225 
225 
225 
228 
228 
228 
228 
230 
230 
231 
23 1 
232 
232 
232 
232 
232 
232 
233 
233 
234 
234 
235 
235 
236 
236 
237 
237 
238 
248 
249 
250 
251, 
252 
253 
190 
190 
190 
190 
190 
190 
190 

a E = equilibrium, IH = integral heats, AC = activity coefficient, S = solubility, AF = acidity functions, CP = colligative properties, 
En = entropy. Except where noted. 



644 Chemical Reviews, 1971, Vol. 71, No, 6 James F. Hinton and Edward S. Amis 

Knowing the lower limit for K ,  the lower limit for n K +  can 
be estimated. Equation 40 for NaCl and KCl is 

Here rNa+ + 1.38 A = 2.36, the quantity 2.71 was identi- 
fied in eq 26, and P N ~ c ~  - PKCI = 210 - 11 = 199. Solving 
eq 66 for n K t  gives 

(53) 

Since nNat > 3.05 and K > 976, nK+ > 2.95 from eq 53. 

A plot of the differential heat of solution, AH, for HCl us. m 
From eq 39 the upper limit n L i  + = 4.23 can be found. 

gives a slope 

p = AH/Am = 233 cal mol- '[m]- (54) 

which can be used to narrow the limits of the n K t  values and 
to estimate K. 

The interactions of H2+(f,s)O(c/e) + with each other and with 
chloride ions determine the difference in heat content of a 
mole of HC1 in infinitely dilute and in m molal solutions. 
The AH us. m plot indicated that an equation similar to eq 39 
is satisfied. Thus 

( 5 5 )  

where nH t = 4.6 at 25 " is the cpordination number of water 
molecules in water; R = 2.90 A from X-rays is the average 
distance of separation of neighboring molecules in water. 
n H +  is also the coordination number of the H2+(r,e10(f/e) 'ions 
not in the vicinity of chloride ions. 

If eq 39 is subtracted from eq 55 ,  there results 

where 222 = PHCl - PKCl = 233 - 1 1 .  But K > 976, and 
therefore from eq 56, n K +  > 3.68. Let nKt = '/2(3.68 + 4.02) 
= 3.8. Substituting this value of nx+ into eq 70 gives 1.17 X 
IOa for K. Using these values of n K +  and K in eq 39 and 40, 
those for the coordination numbers, n, for various ions were 
obtained (see Table VII). 

It can be seen that the coordination numbers of the 
monatomic ions in dilute aqueous solutions nearly equal the 
average coordination number (4.6) at 25" of the water 
molecule in water. The water structure it is thought1g1~1ga~199 
controls the structure on dilute aqueous solutions. The state 
of the ions in dilute solutions correspond to the envelopment 
of the ions by water molecules with the minimum change of 
water structure. Ig9 

From the integral heats of solution of CsI, NH4Cl, and 
NaC104 in HC1 and of NaBr.2H20 in HBr and HC1O4, the 
coordination numbers were calculatedzo0 for the ions (Table 
VII). The coordination nunber of Clod- was that for which 
water molecules were perpendicular to the walls of the per- 
chlorate tetrahedron. For the water molecules on the C1-0 

(198) D. Jelenkow and L. Gemow, Ber. Bulg. Akad. Wiss., 7,37 (1954). 
(199) D. Jelenkow and L. Gemow, Bulg. Akad. Wiss., Nachr. Chem 
Inst., 3,67 (1955). 
(200) L. Genow, C. R .  Acad. Bulg. Sci., 9 (2), 23 (1956). 
(201) L. Genow, Bulg. Akad. Nauk Izu. Khim. Ins t . ,  4,251 (1951). 

Table VI1 

Coordination Numbers, n, for Various Ions in 
Dilute Aqueous Solutions at 25 O 

Ion n Ref Ion n Ref Ion n Ref 

Li+ 
Naf 
K+ 
Rbf 
Csf 
c1- 
Br- 
I- 
Bez+ 
Mgz+ 
Cazf 
Sr2+ 
Bazf 

3 . 8  191 
3.7 191 
3 . 8  191 
3 . 8  191 
3.8 191 
4 . 4  191 
4 . 8  191 
5 .3  191 
3 . 3  191 
3.8 191 
4 . 0  191 
4 . 4  191 
4 . 8  191 

Csf 
NH4+ 
ClOa- 
Rb+ 
cs+ 
Kf 

Li+ 
Na+ 
K+ 
NH4+ 
Rb+ 
Csf 
c1- 
Br- 
I- 

HSO4- 

3 . 6  200 
4 . 2  200 
6 . 4  200 
3.8 203 
3.5 203 
3 . 8  204 
4 . 5  204 
3 . 4  205 
3 . 6  205 
4 . 0  205 
4 .8  205 
4 . 2  205 
4 . 2  205 
4 . 7  205 
4 . 9  205 
5 . 2  205 

NO$- 
Li+ 
Na+ 
K+ 
Rb+ 
Csf 
F- 
c1- 
Br- 
1- 
Na+ 
c10,- 

6 211 
4 213 
6 213 
8 213 
8 213 
8 213 
6 213 
8 213 
8 213 
8 213 
4 214 
8 214 

line,2a1 the coordination number was 7.3. Solvation numbers 
for Cs+ and NH4+ ions were given (Table VI). 

Criteria for negative hydration of ions were derived. 202  

It was concluded20a from the thermochemical method that 
Rb+ and Csf ions were negatively hydrated. For their co- 
ordination numbers and those204 for K+ and HS04-, see 
Table VII. 

From the temperature dependence of the heats of solution 
of various electrolytes, the coordination numbers (Table 
VII) were found.z06 Integral heat of solution datazo6 on 
U02Zf ion confirm S~tton's2~7 view of 6Hz0 molecules sur- 
rounding U02+ ions in water. The changes with temperature 
of coordination numbers of Li+, Na+, K+, Rbf,  Cs+, and 
C1- ions were found2O8 to be respectively -0, 44, 0.004, 0.10, 
0.25, 0.49, and -0.074 per 10". The heats of solution of 
K2SO4 in aqueous solutions of HCl were measuredzo9 at 
25". The coordination numbers of the ions identical with 
those listed in Table VI1 from ref 191 are given2lO along with 
Samoilov's solvation numbers listed in Table VI. 

By thermochemical methods the coordination number and 
the structure (see Table 11) of NO3- ion were determined,211 
and the effect of coordination number of thermochemical and 
thermodynamic properties of solutions was studied. 212 

Heats of hydration of salts have been selectedzla based on 
the heats of solution at infinite or very high dilution and of 
lattice energies. To find ionic heats, equal heats were assigned 

(202) 0. Ya. Samoilov, Dokl. Akad. Nauk SSSR,  102,173 (1956). 
(203) 0. Ya. Samoilov, Izu. Akad. Nauk SSSR Otd. Khim. Nauk, 1415 
(1956); Bull. Acad. Sci. USSR, Diu. Chem. Sci.,'1449 (1956). 
(204) 0. Ya. Samoilov. K.-Y. Hu, and T. A. Nosova, Zh. Strukt. Khim., 
1, 131 (1960). 
(205) M. N. Buslaeva and 0. Ya. Samoilov, ibid., 2, 551 (1961); 4, 
682 (19631. 
(206) I. I: Lipilina and 0. Ya. Samoilov, Dokl. Akad. Nauk SSSR, 98, 
99 (1954). 
(207) J. Sutton, Nature (London), 160,235 (1952). 
(208) V. P. Il'insku, and A. T. Uverskaya, Sb. Tr. ,  Inst. Priklad. Khim., 
112 (41), (1958). 
(209) 0. Ya. Samilov, K.-Y. Hu, and T. A. Nosova, Zh. Strukt. Khim., 
1, 404 (1960). 
(210) 0. Ya. Samoilov, Izv .  Akad. Nauk SSSR, Otd. Khim. Nauk, 398 
(1952). 
(211) I. I. Lipilina, Dokl. Akad. Nauk SSSR, 102,525 (1955). 
(212) B. P. Burylev, Zh. Fiz. Khim., 41,676 (1967). 
(213) K.  P. Mishchenko, ibid., 26,1736 (1952). 
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Cs+ and I- ions. In calculating the coordination numbers 
(Table VII) of the ions from their radii, the radius r, of liquid 
water was used rather than 1.38 A of a “frozen” hydrate en- 
velope. The most probable coordination numbers of Na+ and 
C104- ions in acetone were determined2I4 (Table VII). The 
heat of proton solvation was studied.215 

c. Activity Coefficient Methods 

Applying volume statistics to an approximate Stokes and 
Robinson216 model an equation for osmotic and activity co- 
efficients was derived. 2 1 7  The “hydration numbers” obtained 
do not show the anomalies of the Stokes-Robinson hydration 
parameters. These workers, neglecting the covolume effect, 
obtained n- values greater than any acceptable values for 
ionic hydration numbers, and which vary widely with the 
anion and in a direction opposite to that expected.zl7 

Using volume fraction instead of mole fraction statistics, 
hydration and covolume effects can be combined into a 
single theory. Use of a mean hydration number h (or the 
Stokes-Robinson n) need not imply a sharp difference between 
“free” and “bound” water. For statistical purposes weak 
association of a large number of water molecules with an 
ionz1* is equivalent to strong adsorption of a small fixed 
number.216 Using these assumptions and the Gibb’s free 
energy for the solution of a hydrated electrolyte in volume 
fraction statistics, the equation for the mean electrolyte 
activity coefficient Y* was written 

+ e, 0.018mr(r + h - v) 
log ’* = log ’Y* + 23v(l + 0.018mr) 

h - v  h 
~ log (1 + 0.018mr) - - log (1 - 0.018mh) (57) 

V V 

where h is the electrolyte hydration number, v the number of 
ions per electrolyte molecule, r = &/uoW,  the unhy- 
drated electrolyte apparent molar volume, uow the mole 
volume of pure water, m the molality, and Y * ~ ~  the electro- 
static contribution to the mean activity coefficient. 

Equation 57 was used to  calculate hydration numbers 
from data on activity coefficients. 2 1 9 , 2 2 0  In the calculations216 
the r was constant and applied to a concentration m = 1 
for 1 : l  and m = 0.7 for 2 : l  electrolytes since at these con- 
centrations eq 57 applies to all electrolytes. To find the hy- 
dration numbers (Table VI) of individual i0ns,2’~ the 
halogen ions were assigned a hydration value of 0.9 and 
cesium was assigned that of zero. 

Bernal and Fowler assumed the large anions were un- 
hydrated. Stokes and Robinson216 accepted that it is the 
cations rather than the anions that are hydrated. Their hy- 
dration number of cations (Table VI) are greater than those 
of Bernal and Fowlerls5 from apparent molal volumes or of 

(214) K.  P. Mishchenko and V. V. Sokolov, Zh .  Strukt. Khim., 4, 184 
(1963). 
(215) M. Depas, J. J.  Levanthal, and L. Friedman, J .  Chem. Phys., 49, 
5543 (1968). 
(216) R. H. Stokes and R.  A. Robinson, J .  Amer. Chem. SOC., 70, 1870 
(1948). 
(217) E. Glueckauf, Trans. Faraday SOC., 51,1235 (1955). 
(218) E. Glueckauf and G. P. Icitt, Proc. Roy. Soc., Ser. A ,  228, 322 
(1955). 
(219) R.  A. Robinson and R .  H. Stokes, Trans. Faraday SOC., 45, 612 
( 1949). 
(220) R. H. Stokes, ibid., 44,295 (1948). 

those of Glueckauf.217 The increase in hydration number of a 
given cation with increasing anion size was discussed in rela- 
tion to the binding of water molecules by the resultant field 
of an ion and its neighbors which depends on the dimensions 
of the ions. The anomalies of large hydration numbers of 
cations and of their increase with increasing anion size could 
be removed by adequate consideration of the volumes of hy- 
drated ions.2Z1 

Solubility and activities of electrolytes were measured222 
in mixed solvents and hydration numbers (Table VI) of the 
electrolytes and ions and transsolvation constants calculated. 

to establish the acidity 
function HR in 44-64z H2S04. The acidity function Ho 
was obtained in 60-75z H2S04 using amines. The data 
established the number of water molecules solvating the 
cations (Table VI). 

Seven arylmethanols were 

d. Colligative Properties 

Accurate freezing point depressions of solutions of metal 
hydrogen sulfates in sulfuric acid were measuredzz4 to deter- 
mine the deviations from ideality of these solutions. Osmotic 
coefficients, 4, were calculated 

( 5 8 )  4 = O(1 + 0.0026)/6.12~mij 

where O is the molal freezing point depression measured 
from the freezing point of the standard state hypothetical 
undissociated sulfuric acid, and Zmij is the molality summed 
over the various ion types. Pure sulfuric acid has a minimum 
ionic strength, p,  of 0.0357 and a 4 of 0.98. Its dielectric 
constant is 120 at the freezing point which does not necessarily 
mean that solutions in H2S04 will be ideal. 

The variation of the osmotic coefficient with molality is 
given by the equation 

where 4 e ~  is the electrostatic interionic contribution to the 
osmotic coefficient, Zmi is the sum of the molalities of the 
ionic species, and b is a parameter related to the solvation 
numbers by 

(60) b = [(r + ~)~/40.8]  - (r/20.4) 

where r is the ratio of the apparent molar volume of the 
electrolyte to that of the solute, 54 cm3. The Debye-Huckel 
theory is used to calculate using an appropriate distance 
of closest approach, a, for the dielectric constant e = 120. 
Both b and a are adjustable parameters. Equation 60 can be 
used to calculate solvation numbers (Table VI) for ions from 
freezing point data.225 

Ionic substances in sulfuric acid solutions using proton 
magnetic resonance measurements were and show 
that the solvation numbers are in the order Na+ > NH4 = 
IC+ > T1+. 

(221) R.  A. Robinson and R.  H. Stokes, “Electrolyte Solutions,” 
Butterworths, London, 1959, p 254. 
(222) Ya. I .  Tur’yan, Zh.  Fiz. Khim., 38, 1690 (1964). 
(223) R.  W. Taft, Jr., J .  Amer. Chem. SOC., 82, 2965 (1960). 
(224) J. Bass, R.  J. Gillespie, and J .  V .  Oubridge, J .  Chem. Soc., 837 
( 19 60). 
(225) W. H. Lee, in “The Chemistry of Non-Aqueous Solvents,” 
J. J. Lagowski, Ed., Academic Press, New York, N. Y., 1967. 
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Much has been done on the ebullioscopic and 
cryoscopic determination of the total hydration of ions (Table 
VI) or of salts. 

A method was devisedza2 for obtaining solvation and associ- 
ation from colligative properties by graphical means and 
applied to the total solvation of GaC13 in CH3Cl, proving the 
existenceZa3 of CH3C1GaC13, and applied to the AlI3-CHJ 
and A1Br3-CsH6  system^,^^^^*^^ confirming that a 1 : 1 complex 
existed in the AlI3-CHJ but not in the AlBr3-C6HB system. 

e.  Entropy of Hydration 

Several a ~ t h o r s ~ ~ 6 - ~ ~ ~  discussed entropy of hydration in 
conjunction with entropies of aqueous ions. The standard 
state chosen for the calculation of ionic entropies in aqueous 
solution is a 1 m solution of the ion obeying the perfect 
solution laws and the ions possessing the same partial molal 
heat content that they have an infinite dilution. These 
relative ionic entropies are referred to S0?98.1 of H+ taken as 
zero. 

The most direct method of obtaining ionic entropies in 
solution is to sum the A S  of solution and the entropy of the 
solid salt. The AS of solution is calculated from the free en- 
ergy, AG, and enthalpy, AH, of solution using the equation 

AG = A H  - TAS 

The relative entropies referred to H+ taken as zero, rather 
than these sums, are frequently given. 

The so-called entropy of hydration is a function of the 
size and charge of the i0n246,248 

(61) 

Ashydration = f(e2/r) (62) 

where e is the charge and r the radius of the ion. The entropy 
of hydration is defined as the difference between the partial 
molal entropy of the ion in solution and its entropy in the 
gaseous state. This latter entropy, if translation can be cal- 
culated from the Sackur equation, is 

s 2 9 8 . 1  = ?R In M + 26.03 (63) 2 

(226) R. J.  Gillespie and R.  F. M. White, Can. J .  Chem., 38, 1371 
( 1960). 
(227) F. Bourion and E. Rouyer, C. R .  Acad. Sci., 188,626 (1929). 
(228) E. Royer and 0. Hun, ibid., 196,1015 (1933). 
(229) F. Bourion and E. Rouyer, ibid., 197,52 (1933). 
(230) F. Bourion and E. Rouyer, ibid., 196,1111 (1933). 
(231) E. Royer, ibid., 198,742 (1934). 
(232) 0. Hun, ibid., 198,740 (1934). 
(233) IC. Jablezynski and A.  Balczewski, Rocz. Chem., 12,880 (1932). 
(234) F. Bourion and E. Rouyer, C. R. Acad. Sci., 198,1490 (1934). 
(235) F. Bourion and 0. Hun, ibid., 198,1921 (1934). 
(236) F. Bourion and E. Rouyer, ibid., 198, 1944 (1934). 
(237) E. Rouyer, ibid., 198, 1156 (1934). 
(238) F. Bourion and E. Rouyer, ibid., 201, 65 (1935). 
(239) 0. Hun, ibid., 201,547 (1935). 
(240) 0. Hun, ibid., 202, 1779 (1936). 
(241) F. Bourion and 0. Hun, ibid., 202, 2149 (1936). 
(242) G. B. Smith, C. A. Hollingsworth, and D. H.  McDaniel, J .  Chem. 
Educ., 38,489 (1961). 
(243) H. C. Brown, L. P. Eddy, and R.  Wong, J .  Amer. Chem. soc., 
75, 6275 (1953). 
(244) H .  C. Brown and W. J .  Wallace, ibid., 75,6279 (1953). 
(245) H .  C. Brown and W. J. Wallace, ibid., 75,6265 (1953). 
(246) W. M. Latimer and R.  M. Buffington, ibid., 48,2297 (1926). 
(247) W. M. Latimer, P. W. Schutz, and J. F. G. Hicks, Jr.,  J .  Chem. 
Phys . ,  2, 82 (1934). 
(248) W. L. Latimer, Chem. Reu., 18,349 (1936). 
(249) J. Chanu, J .  Chim. Phys., 55,733, 743 (1958). 

where R is the gas constant in cal mol-’ d e g l ,  M is the 
molecular weight, and 26.03 is the constant for the gas at 1 
atm and 298.1 OK. 

Linear plots of ionic entropies us. the reciprocals of the 
ionic radii2b0 indicated248 that specific hydration effects are 
small compared to the electrostatic action of the charge on the 
water dipoles. Specific hydration effects do not exist, and 
chemical properties of solutions of ions are those of a given 
size, charged sphere in a medium of a certain dielectric 
constant, as was concluded earlier. z 4 6  From ionic entropy2sl~2s2 
the hydration numbers of the hydrogen ion and other 
i0ns1~~8 2b3 were found (Table VI). 

From the heats and free energies of several metal ions, 
the entropies of ammoniation were calculated and discussed2b4 
in relation to the hydration numbers. The idealg2 that when a 
water molecule binds to a cation the average entropy change 
approximately equals the heat of fusion of ice at 298 O (6 kcal 
mol-’), and the hydration number is obtained by dividing the 
absolute entropy of the gaseous ion by 6, was considered264 
an oversimplification because it does not consider the different 
strengths of binding of water molecules to a cation. Also the 
average contribution of 9.4 kcal mol-’ to the entropy of a 
hydrate per water is not adequate. Rather ion- 
dipole forces causing orientation and decrease of translational 
freedom of water molecules, and restriction from true covalent 
bonds between a donating center of solvent and the ion, must 
be considered. Which effect predominates when was con- 
sidered. The results suggest that an ion carries no more water 
molecules covalently bound than ammonia. These results 
(Table VIII) were obtained assuming the entropy change for 

Table VI11 
Ion No. of ligands -AS calcd -AS found 

Ag 2 6 12.4 
c u  4 12 16 
Ni 6 18 21  
Zn 4 12 14 
Cd 6 18 21 
Hi3 4 (2) 6 (12) 8 
Li 3 9 12 
Mg 4 18 19 

H 1 3 -0.5 

each molecule of water replaced by one of ammonia will equal 
the difference in the entropies of fusion of ammonia and of 
water at 298 O (about - 3 kcal mol-’) and assuming the num- 
ber of water molecules in the aquo cation is equal to the num- 
ber of ammonia molecules in the ammine. If the ion carried 
more water than ammonia, the calculated entropy change 
would be more positive, whereas, except for the hydrogen 
ion, the measured results are more negati~e.26~ The larger 
decrease in entropy on ammoniation might partly be due to 
the shortening of the linkages in the ammines accompanied 
by correspondingly more configurational restrictions. 

(250) L. Pauling, J .  Amer. Chem. Soc., 49,765 (1927). 
(251) H .  Ulich, Z .  Elektrochem., 36,497 (1930). 
(252) H .  Ulich, Z .  Phys. Chem., 168,141 (1934). 
(253) B. E. Conway in “Modern Aspects of Electrochemistry,” J.  
O’M. Bockris and B. E. Conway, Ed., Buttersworths, London, 1964, 
Chapter 2. 
(254) W. S. Fyfe, J .  Chem. Soc., 2023 (1952). 
(255) W. M. Latimer, J .  Amer. Chem. Soc., 73, 1480 (1951). 
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Different methods of calculating the values of heat, en- 
tropy, and energy of hydration of 15 lanthanides gave close 
agreement with experimental values. 266 Comments were 
made257 on electrostatic volume and entropies of solvation. 
It was found that the compression of the ion has little effect 
on the free energy, entropy, or enthaipy of solvation, but 
thermal expansion of the cavity containing the ion affected 
the electrostatic entropy of solvation. 

The entropy of exchange of negatively hydrated ions was 
studied.258 The principal contribution of the entropy of ex- 
change of the ions is the structural change entropy of water 
in the hydration of these ions. 

f. Heat Capacity 

From heat capacity measurements and calculations, 259 

sodium ion was found more highly hydrated than potassium 
ion in aqueous solutions, and hydrogen ion was found to be 

From heat capacity data on LiOH and LiOHVHzO and 
from the entropy change at 25" for the reaction LiOHeHzO- 
(cryst) --+ LiOH(cryst) + HzO(gas), it was confirmed260 that 
the third law applied to the calorimetric entropies of both 
LiOH and LiOH.HzO. 

Specific heats and hydration of ions were studied.26'1262 
It was concluded that the hydrated ions contained 10 to  15 
molecules of water in two energy layers, of which the second 
was dissociated at the higher temperatures used (140"). 

The temperature dependence of the entropy, AS], ,  energy 
EI,, and enthalpy of hydration, AHl,, for Li, Na, NH4, and 
Mg halides and hydroxides were ca l c~ la t ed2~~  from heat 
capacity, c", and entropy, S298801n, data of ions in solution. 
Specific heats were for solutions of LaCI3, 
NdCh, DyC13, ErC13, and YbCL at 25" from 0.1 M to 
saturation. From calculated apparent molal heat capacities 
and the concentration dependence of these or each solution, 
partial molal heat capacities of solute and solvent were ob- 
tained. From the data heavy rare earths have a lower coordi- 
nation number than light rare earths. In nearly saturated 
solutions as in crystals, 265 ions of the type [ClzGd(OH2)6]+ 
were assumed to exist. 

Specific heats indicatedZ66 that chlorides, bromides, and 
hydroxides of the alkali metals as well as HCl and HBr were 
hydrated. 

H 30'. 

g. Solubility and Dilution 

From the difference in the heats of solution in dilute and con- 
centrated solutions of KF and of KF92H20 at 25"  the heat of 

(256) E. K .  Zolotarev and V. E. Kalinini, Zh.  Neorg. Khim., 7, 1225 
( 1 9 62). 
(257) E. Whalley, J .  Chem. Phys., 38, 1400 (1963). 
(258) G .  L. Starobinets, A. B. Chizhevskaya, and T. L. Dubovik, 
Vestsi Akad. Nauk Belarus., S S R ,  Ser. Khim. Nacuk, 110 (1965). 
(259) M. Randall and F.  D. Rossini, J .  Amer. Chem. SOC.,  51, 323 
(1929). 
(260) T. W. Bauer, H .  L. Johnson, and E. C.  Kerr, ibid., 72, 5174 
( 19 50). 
(261) A.  Eucken, Z. Electrochem., 52 ,6  (1948). 
(262) A .  Eucken and M .  Eigen, ibid., 55,343 (1951). 
(263) V.  I .  Lebed and V. V.  Alksandrov, Elektrokhimiya, 1, 1359 
(1965). 
(264) F .  €1. Spedding and K.  C. Jones, J .  Phys.  Chem., 70,2450 (1966). 
(265) M .  Marezio, H .  A. Plettinger, and W. H .  Zachariasen, Acta Cryst . ,  
14, 234 (1961). 
(266) K.  Bennewitz, 2. Elektrochem., 33,540 (1927). 

solvation of K F  to KFe2H20 was found261 to  be 5912 cal 
mol-'. 

The solubilities of COz in methyl and ethyl alcohol and in 
solutions of lithium and sodium chlorides, bromides, and 
iodides in these alcohols were determined2@ at 15 and 20". 
In concentrated solutions these salts per mole combine with 
3 to 5 mol of alcohol. In Table IX the solvations in infinitely 

Table I X  

Solvation in Infinitely Dilute Solution of Lithium Halides and 
of Sodium Iodide in MeOH and EtOHU 

--LiCI- --LiBr- --Lily --NaI-- 
Solcent U L-E U L-E U L-E U L-E 

C H 3 O H  11 8 9-11 8 7-10 9 5-9 8-9 
CgHeOH 1 C 1 1  7 10 8-9 8-9 10 6-8 7 

a U, Ulich; L-E, Lange and Eichler. 

dilute solution of three lithium halides and of sodium iodide 
obtained in methyl and ethyl alcohols, are compared with 
like solvation data from U l i ~ h . ~ ~ ~  The two sets of measure- 
ments are in fair agreement. If the solvation of some ref- 
erence ion were known, the solvation numbers of individual 
ions could be estimated. 

The solvation numbers, S, for the salts in the two alcohols 
were calculated as follows. The solubilities in moles of COz 
per 100 mol of alcohol in the salt solutions and in the pure 
alcohols were, respectively, M"co, and M ' c ~ z .  The moles 
of salt per 100 mol of alcohol is given as Msslt .  Hence 

If AMCO? is defined as 

M ' c o ,  - M"CO( 
M'co2 

AMco, = 100 

then 

The solubilities of some strong electrolytes in alcohols 
were calculated270 from their solubilities in water from a 
formula involving only the charges and radii of the ions and 
the dielectric constant of the solvent. The K+, Rb+, Cs+, 
C1-, Br-, and C104- ions were found to occupy the same 
volumes in solution as in the crystalline salts. Hence there 
was no enrichment of either the water or alcohol around the 
ions, and these ions were not solvated. From the abnormal 
solubility curve of NaCl the Na+ ion was hydrated. 

The temperature coefficients of the solubilities of salts 
were studied. 271, 212 The temperature coefficient of solubility 

(267) E. Lange and A.  Eichler, 2. Phys. Chem., 129,285 (1927). 
(268) P. P. Kosakevich, ibid., 143,216 (1929). 
(269) H .  Ulich, Trans. Faraday SOC., 23,388 (1927). 
(270) R.  Flatt and A.  Jordon, Helo. Chim. Acta, 16, 388 (1927). 
(271) S. S.  Chin, Zh.  Fir. Khim., 26,960 (1952). 
(272) S. S .  Chin, ibid., 26, 1125 (1952). 
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for similar salts increased with the degree of hydration of the 
“dominant ion.” 

The solubility of isoamyl alcohol in aqueous alcohol mix- 
tures in the absence and in the presence of the sodium and 
potassium halides was discussed,273 and the results were 
attributed to hydration of the ions and their action on the 
alcohols. The action decreased in the order CI- > Br- > I-, 
while the cations caused an inversion of the lyotropic series. 

The solubilities of KNOI as affected by the presence of 
KNCS and KBr in aqueous solutions were in the 
light of the effects of these salts on the NCS- and Br- ions. 
The two systems were chosen because KNCS and KBr 
differ in ion structure but have the same hydration energy, 
12 kcal/g-ion. 2 1 2  

The solubility of silver bromate in sucrose-water and in 
tetrahydrofuran-water was studied. 2753 216 The solvation 
radius of AgBr03 was calculated to be about 1 A from 20 
to 30”. 

The influence of the interaction of large univalent ions 
with water structure was investigated using solubility. 2’’ 
If the order of the orderliness in the tetrahedral water cell 
was reduced by the intercalation of the ions in the cell, the 
effect of the nonhydrating univalent ions was characterized 
as their “negative hydration.” 278 The negative hydration de- 
creased in the order NO3- < Br- < SCN-. 

From studies of the solubility of silver bromate in water- 
glycerol solvents, the s$vation radius of the AgBr03 was 
calculated279 to be 3-4 A. From similar data in water-propyl 
alcohol solvents, the solvation radius of lead sulfate was 
foundZB0 to be 1-6 A. 

Solubilities of AgBr03 in water-urea and water-methanol 
solvents were investiFated.281,z82 The solvation radii for 
AgBr03 were 5.5-7.6 A in the former solvent and 0.5-1.3 A 
in the latter solvent. 

The influence of the character of the solvent and of the 
solvation of uranyl nitrate on its solubility in water-bis- 
(2-chloroethyl) ether and in water-diethyl ether at 25 O was 
studied.283 

The polytherm of the NaI-KBr-H20 system was investi- 
gated. The hydrates NaBr- 2Hz0, NaBr. 5H20, NaI. 2Hz0, 
and NaI .5H20 were observed. 284, 285 

The solubility of rubidium and cesium nitrates in H202- 
H1O solvents were measured286 at 0, 15, and 25”. In solid 
phases in the RbN03-Hz0-H~02 system the solvates 
RbN03.  a/,H20z and RbN03.  1/zH202 were found. The forma- 
tion of hydroxyperoxidates by KNOa and RbN03 indicates 

(273) E. Angelescu and D. Motoo, Comun. Acad. Repub. Pop. Rom.,  
3, 267 (1953). 
(274) P. S. Bogoyovlenskii, Dokl. Akad.  Nauk SSSR,  101,865 (1955). 
(275) E. Koizumi and H. Miyamoto, J.  Chem. Soc., Jap., Pure Chem. 
Secf . ,  77, 193 (1956). 
(276) E. Koizumi and H. Miyamoto, Bull. Chem. SOC. Jap.,  29, 250 
( 19 56). 
(277) P. S. Bogoyavlenskii, Zh. Fiz. Khim., 32,2035 (1958). 
(278) 0. Ya. Samoilov, Dokl. Akad. Nauk SSSR,  102, 1173 (1955). 
(279) H. Miyamoto, Nippon KagakuZasshi, 80, 825 (1959). 
(280) H. Miyamoto, ibid., 80, 4 (1959). 
(281) H. Miyamoto, ibid., 81,54 (1960). 
(282) H. Miyamoto, ibid., 81, 1376 (1960). 
(283) V. M. Vdovenko, I. G. Suglobova, and D. N. Suglobov, Radio- 
khimiya, 1, 637 (1959). 
(284) A. I. Agaev and A. I. Dzhabarov, Tr.  Azerb. Gos. Unic. Ser. 
Khim., 8 (1959). 
(285) A. I. Dzhabarov and A. I .  Agaev, Uch. Zap.  Azerb. Gos. Univ. 
Ser. Fiz. Mat . ,  Khim. Nauk, No. 2, 77 (1960). 
(286) M. B. Everhard and P. M. Gross, Jr., U. S. Department of Com- 
merce Office Technical Service, P. B. Report, 145, 174, 1959. 

these ions may be more highly solvated in HzOz solutions 
than in HzO. The solubilities of the alkali nitrates in 100% 
HzOz increased as the diameter of the cation increased up to  
cesium when the smaller field strength of the ion counteracts 
the tendency of HZOZ to solvate the larger ion and thus de- 
creases the solubility. 

Double salts and complexes in saturated solutions of in- 
organic sa1ts287-292 were studied. Total hydration numberszga 
were used to describe solubility isotherms of ternary systems 
with water as a component. True total hydration numbers in 
saturated aqueous solutions of two inorganic salts are con- 
stantly independent of the analytical composition of the 
solution. 29 

The effects of salts on the solubility of benzoic acid 
in 50% aqueous solutions of EtOH, MeOH, Me2CHOH, 
and dioxane mixed solvents were determined.294 The different 
salting-out effects are attributed to the solubility of some 
compounds in organic solvents, the molecules of which are 
used for solvation. Lithium salts depressed the solubility of 
naphthalene in 50z MeOH much more than did sodium 
compounds.295 Lithium salts are soluble in alcohol, and are 
both hydrated and solvated with methanol molecules and 
thus do not increase the relative concentration of alcohol in 
the solution. The papers on solubility discussed above give 
solvation of salts rather than solvation of ions and discuss 
solvation by nonaqueous solvent components. 

h. Structure and  Ionic Heats and Entropies 

From the structure of divalent ionic solutions, the ionic heats 
of hydration of these ions in aqueous solutions at 25’ were 
foundZg6 to depend on four terms, the cationium sheath 
being the major contribution. The most probable permanent 
solvation number was determined to be 4 for the metals of 
group IIa, 6 for metals of group IIb, and 4 and 6 for transition 
divalent ions. The nature of the permanent-type linkage is 
given. The conflict of opinion on the nature of solvation 
bonding was discussed. 297 

Heats of hydration and hydration numbers for the hydrogen 
and hydroxide ions at 25 O were examined. 298 Concentration 
variation of solvation is qualitatively predicted. The formula 
of H+ and OH- ions in water, in the ideal case, could be given 
as (H30+)‘ (H20)3(H?0)9 and (OH-). (H20)4.7(H20)17. The 
arrangements of the H20 molecules around the H30+ 
and OH- ions were given. Table X c0ntains2~~ variousy hy- 
dration numbers for hydrogen and Table XI those for 
hydroxide ions found by different methods. 

Positive and negative hydration of ions (Table XII) has 
been discussed with respect to  structural changes in water 

(287) S. Poczopko, Rocz. Chem., 34,1245 (1960). 
(288) S. Poczopko, ibid., 34,1255 (1960). 
(289) S. Poczopko, ibid., 36,103 (1962). 
(290) S. Poczopko, ibid., 36, 111 (1962). 
(291) S. Poczopko, ibid., 36, 295 (1962). 
(292) S. Poczopko, ibid., 36,303 (1962). 
(293) A. Basinski and S. Poczopko, ibid., 34, 1061 (1960). 
(294) V. F. Sergeeva, Izc .  Vyssh. Ucheb. Zaced., Khim. Khim. Teknol. ,  
5, 905 (1962). 
(295) V. F. Sergeeva, ibid., 5,908 (1962). 
(296) A. M. Azzam, Z .  Phys. Chem. (Frankfurt am Main), 33, 23 (1962). 
(297) H. J.  Emeleus and J .  S. Anderson “Modern Aspects of Inorganic 
Chemistry,” Van Nostrand, New York,”. Y., 1943. 
(298) A. M. Azzam, Z .  Phys. Chem. (Frankfurf am Main), 32, 309 
(1962). 
(299) E. Wicke, M.  Eigen, and Th. Ackermann, ibid., 1,340 (1954). 
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Table X 
Values of the Hydration Number for the Hydrogen Ion in Aqueous 

Solution at Room Temperature by Various Investigators 
Using Various Methodsla 

Hydration 
Year Author and methods no. Ref 

1930 
1954 
1954 
1955 
1955 
1957 
1957 
1957 
1957 
1957 
1958 
1920 
1936 
1947 
1948 
1941 
1909 
1927 
1938 
1938 

Year 

Ulich (entropy) 
Azzam (theoretical) 
Wicke, et al. (heat capacity) 
Glueckauf (activity coefficient) 
Glueckauf (uptake by ion exchange) 
Bascombe, et al. (activity function) 
Ackermann (heat capacity, infrared) 
Van Eck, et al. (X-ray, solution) 
Eigen 
Falk, et al. 
Beckey 
Bjerrum (activity) 
Bourion, et al. (cryoscopic) 
Van Ruyen (vapor pressure) 
Hasted, et al. (dielectric) 
Darmois (density) 
Washburn (Hittorf transference) (1 N) 
Remy (parchment paper) (1 N) 
Baborovsky (1 N) 
Baborovsky (0.1 N) 

4 
3.9 
4 
4 
4 
4 
4 
4 
4 
4 
4 
9 
10 
13 
10 
0.3 
1 
1 
1 
5 

Table XI 
Hydration Numbers of Hydroxide Ions 

Authors and methods no. 
Solvation 

25 1 
298 
304 
217 
218 
300 
301 
302 
303 
304 
305 
306 
307 
308 
309 
310 
31 1 
312 
313 
313 

Ref 

Table XI1 
Ions Showing Positive and Negative Hydration 

Type of hydration 

i. Polarography 

Polarographic data on some complex ions of Cu, Zn, Cd, 
and Pb were used to calculatea17 the approximate molecular 
weights of the ions using the Riecke formula;a1B from these 
were obtained the degree of hydration of Cu, Zn, and Cd ions; 
Pb did not hydrate. 

From half-wave potential, E,,,, of Cd2+ and Ti+ ions in 
sulfuric acid, it was concludeda19 that in 17 F sulfuric acid TI+ 
binds 2.3 times as many water molecules as does Cd2+ ions. 

Polarography was usedazo to study the hydration of certain 
bivalent ions in MeOH-HzO solvents. Each ion showed a reg- 
ular decrease in El/, with increasing water concentration. 
Table XI11 contains the values for the ions of the stability 

Table XIII 
Stability Constants for Various Bivalent Ions in NH4C104 Solutions 
NH4CIO4, 

M Ion Ka Ka 

1920 
1941 
1947 
1955 
1957 
1957 
1957 
1960 

Bjerrum (activity) 
Darmois (density) 
Van Ruyen (vapor pressure) 
Glueckauf (activity) 
Van Eck (X-ray, solution) 
Ackermann (heat capacity) 
Ackermann (infrared) 
Azzam (theoretical) 

7.6 306 
0 310 
8 308 
4 217, 218 
4 302 
6 301 
3 301 
4.7 298 

0.01 Cd2+ 0.36 2.00 2.7 
0.05 Cd2+ 0.59 2.00 3.6 
0.1 Cda+ 0.60 1.65 
0.05 Pbz+ 0.83 2.10 
0.10 Pb2+ 0.46 
0.01 Zn2+ 0.50 1.67 2.30 

and with respect to positive and negative entropies of hy- 
dration. a 4-a l6  

~~ 

(300) K. S .  Bascombe and R. P. Bell, Discuss. Faraday SOC., 24, 158 
(1957); p. 4. Wyatt, ibid., 24, 162 (1957); S. R. Gupta, G. J. Hills, and 
D.  G. Ives. rbrd.. 24. 147 (1957). 
(301) Th. Ackermann, ibid., 24, 180 (1957). 
(302) C. L. Van Eck, H. Mendel, and W. Boog, ibid., 24,200 (1957). 
(303) M. Eigen, ibid., 24, 235 (1957). 
(304) M. Falk and P. A. Giguere, Chem. Eng. News, 59 (Oct 7, 1957). 
(305) H. D. Beckey, Report on the IVth International Congress on 
Electromicroscopy, Springer Verlag, Berlin, 1958. 
(306) N. Bjerrum, Z .  Anorg. Chem., 109, 275 (1920); 2. Phys. Chem., 
106, 231 (1923). 
(307) F. Burion and E. Rouyer, C. R .  Acad. Sci., 202,214 (1936). 
(308) B. H. Van Ruyen, Chem. Weekbl., 53,461 (1947). 
(309) J. B. Hasted, C. H. Collie, and D. M. Riston, J .  Chim. Phys., 16, 
l(1948). 
(310) E. Darmois,J. Phys. Radium, 2 , 2  (1941). 
(311) E. W. Washburn, J .  Amer. Chem. SOC., 31,322(1909). 
(312) H. Remy, 2. Phys. Chem., 126,161 (1927). 
(313) J. Baborovsky, Collect. Czech. Chem. Commun., 11,542 (1938). 
(314) 0. Ya. Samoilov and V. I. Yashkichev, Zh.  Sfrukr. Khim., 3, 334 
(1962). 
. I  

(315) G. A. Krestov, ibid., 3,137(1962). 
(316) G. A. Krestov, ibid., 3, 402 (1962); G. A. Krestov and V. I. 
Klouhov. rbid.. 4. 502 (1963). 

constants in NH4C10t solutions for steps of the type 
M2+A,(H20),,, + HzO + M2+A,-1(Hz0),+1 + A. T1+ was 
not hydrated in these solutions. From polarographically 
determined formation constants of the oxalate complexes of 
Cu(I1) and Cd(I1) in light and heavy water it was concludeda21 
that light water is more strongly solvating than is heavy 
water. 

The solvations of bivalent metal ions in organic component- 
water and in mixed organic solvent systems were investi- 
gated. 3 2 2 , 3 2 3  In the case of acetone-methanol, acetone- 
ethanol, and acetone-water systems, the general type of 
complexes were shown to be [M(ROH)i(MeCO),-l] 
where n is the coordination number, M = Cd or Pb, and R 
= H, Me, or Et. Cd formed six hydrates and four solvates 

(317) Ya. P. Gokhshtein, Tr. Komissii Anal. Khim., Akad. Nauk SSSR, 
Otd. Khim. Nauk, 2 (9, 5 (1949). 
(318) E. Riecke, Z .  Phys. Chem., 6,564 (1890). 
(319) A. A .  Vleck, Collect. Czech. Chem. Commun., 16,230 (1951). 
(320) P. K. Migal and N. Kh. Grinberg, Zh.  Neorgan. Khim., 6, 727 
(1961). 
(321) D. L. McMasters, J. C. DiRaimondo, L. H. Jones, R. P. Lindley, 
and E. W. Zel tmnn,  J. Phys. Chem., 66,249 (1962). 
(322) P. K. Migal and N. Kh. Grinberg, Zh.  Neorgan. Khim., 7, 527 
(19621. 
\ -  - - I  

- . , , ~~ .. I .  ’(323)P. K. Migal and  N. Kh.  Grinberg, ibid., 7,531 (1962). 
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in MeOH and none in EtOH. Pb formed five hydrates, and 
two solvates with MeOH and three with EtOH. In acetone- 
alcohol solvents the method of DeFord and HumeaZ4 was 
used in calculating the composition and formation constants 
of the complexes. 

For solvation numbers of Cd2+, PbZ+, and Zn2+ ions in 
mixed solvents, see Table XIV. For Cd2+ the coordination 

Table XIV 
Solvation Numbers for Cd2+, Pb2+, and Zn2+ in Formamide- 

Methanol, Formamide-Ethanol, and Formamide-Water Solvents 
Ion Methanol Ethanol Formamide Water 

Zn2+ CHONH,-MeOH 2 2 
Pb2+ CHONHz-MeOH 2 2 
Znzf CHONHz-EtOH 4 2 
Pb2+ CHONHz-EtOH 4 2 
Zn2+ CHONH2-HzO 0 0 
Pb2+ CH20NHz-Hi0 0 0 
CdZf CHzONHz-Hz0 0 0 

numbers in MeOH were 1 and 2 and for EtOH 1, 2, and 3. 

j .  Addenda to Thermodynamic Studies 

Some general thermodynamic studies of ion hydration have 
been made. Noyes f o ~ n d ~ ~ ~ s ~ 2 6  that the singly charged dl0 
ions, Cu+, Ag+, and Au+, showed extreme solvation effects 
observed for no other ions, including the isoelectronic 
species Znz+, Cd2+, and Hg2+. He found that the thermo- 
dynamic properties change more for the hydration of anions 
than for cations of the same size, and that the available data 
do not exhibit the monotonic variation with ionic size as do 
cations. 

The simple electrostatic model, ion-solvent interaction, 
and bivalent sulfates in water have been disc~ssed.~2? To 
understand the associational behavior of KI in a variety of 
solvents and of the bi-bivalent sulfates in water, one must 
account for the molecular nature of the solvent. It was 
c o n c l ~ d e d ~ * ~  that something radically different from the 
primitive theories is needed for the interpretation of ioniza- 
tion and solvation phenomena. 

Enthalpies of solution of calcium, strontium, and barium 
chlorates and bromates in amides were reported. 3 2 9  Solvation 
energies were evaluated and compared with those using a 
Born model. If hydrogen bonding in the solvent is preferential 
to the formation of ion-solvent interactions, then the least 
“structured” solvents will have the greatest ion-solvating in- 
fluence. 

Experimental and absolute ionic enthalpies were eval- 
~ a t e d ~ ~ ~  for the alkali and halide ions in formamide. The 
absolute enthalpies of solvation were interpreted in terms of 
the interaction of the ion with six-coordinated formamide 

molecules. The polarization energy of the solvent beyond the 
first shell was taken into account. 

The real free energies of solvation of ions were measured in 
nonaqueous and mixed solvents. a 3 1  The experimental real 
free energy of species i in solvent s, ai’, is the free energy 
change in the process when an ion in field free space is in- 
serted into a large quantity of solution s with no net electrical 
charge. For the Debye-Huckel region of activity ai 

(67) 
where ais2’$ is the standard real free energy obtained by 
extrapolation. The standard real free energy was divided into 
bulk and surface contributions. The former is identified with 
the “chemical” solvation energy which is the quantity de- 
sired in separating the free energy of solvation of a salt into 
its ionic components. 

A discussion was presenteda32 on ionic solvation in mixed 
aqueous solvents and the changes in free energy accompanying 
transfer of electrolytes from water to mixed aqueous solvents. 

The thermodynamic treatment of a mixed fluid in electro- 
static field is applieda3 to preferential solvation interpreted 
on the basis of partial molal free energies, at infinite dilu- 
tion in mixed solvents. 

A method was proposedaa’ for calculating the individual 
and average activity coefficients of ions in solution based on 
the simultaneous consideration of the electrostatic interaction 
of the ions and of their solvation. A change in the enthalpy of 
solvation with change in concentration causes the change in 
the activity coefficients. 

The solvation of hydrogen ion by water molecules in the 
gas phase was investigated. a a 5  Equilibrium constants and the 
thermodynamic functions for the reactions H+(HzO),-I + 
H 2 0  -+. H+(H20), were determined. The structures of the 
hydrates H+(H20), change quite continuously and no single 
structure showed dominant stability. In the lower hydrates 
(n = 2-4 or even 6 )  all water molecules appear to be equiva- 
lent. Thus the notation H30+(HzO), is inappropriate. Be- 
yond n = 4, a new shell is started or crowding of the first 
“shell” occurs. The solvation of the sodium ion is also dis- 
cussed. 

Thermodynamic functions of solvation of ions have been 
calculated theoretically. a 3 0  The conditions for positive and 
for negative hydration of ions have been discussed theo- 
retically. 8 a 7  

Negative hydration of ions has been foundaa8 to occur in 
the interval from the freezing point up to some limiting tem- 
perature. The temperature effect on near hydration is greater 
than on far hydration since most of the entropy characteristics 
in the variation of the structure of water are close-up effects. 
Near hydration may be negative as well as positive. 

Solvent activity coefficients corroborate the qualitative 
observation that small densely charged anions are more 
strongly solvated by protic solvents than by dipolar aprotic 

ais = aisB4 + RT In ai 

(324) D. D .  DeFord and D. N. Hume, J .  Amer. Chem. SOC., 73, 5321 
(1951). 
(325) R .  M.  Noyes, ibid., 84, 513 (1962); 86,971 (1964). 
(326) R .  M. Noyes,J. Phys. Chem., 69,3181 (1965). 
(327) J .  E. Prue, Papers, “Discussions of the International Symposium 
of the Electrochemical Society, Toronto, 1964,” 163, 1966. 
(328) H.  S. Frank, ref 327, p 53 .  
(329) A .  Finch, P. J. Gardner, and C. J. Steadman, J .  Phys. Chem., 71, 
2996 (1967;. 
(330) G. Somsen, Recl. Traa. Chim. Pays-Bas, 85,317, 526 (1966). 

(331) B. Case and R. Parsons, Trans. Faraday SOC., 63, 1224 (1967). 
(332) D .  Feakins, Phys.-Chem. Processes Mixed Aqueous Soloents, 
Lect., 71 (1967). 
(333) J.  Padova,J. Phys. Chem., 72,796 (1968). 
(334) N. E. Khomutov, Zh.  Fir. Khim., 41,2258 (1967). 
(335) P. Kebarle, S. K.  Searles, A.  Zolla, J .  Scarborough, and M. 
Arshadi, J .  Amer. Chem. SOC., 89,6393 (1967). 
(336) W. A .  Millen and D. W. Watts, ibid., 89, 6051 (1967). 
(337) 0. Ya. Samoilov and G. G. Malenkov, Zh. Strukt.  Khim., 8, 618 
(1967). 
(338) G. A.  Krestov and V. K .  Abrosimov, ibid., 8,522 (1967). 
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solvents. 3 3 9  For large polarizable anions the opposite is true. 
Very large and polarizable anions are more solvated by 
methanol than by water. Cations are more solvated by 
DMF, DMSO, and HMPT than by water. 

The statistical thermodynamics of solvation has been used400 
to derive an equation relating the change in volume in solu- 
tion, the free energy of solvation, and the isothermal com- 
pressibility of the solvent. 

Solvates of alkali metal methylates with methanol were 
determined40 by thermal analysis. Coordination numbers of 
4, 6, 6, 8, and 8 for Li+, Na+, K+, Rb+, and Cs+, respectively, 
were found. 

Variation of the entropies of hydration of the lanthanide 
series support a change in the hydration number of the lan- 
thanide ions somewhere in the middle of the series, from Nd 
to Tb. 4 0 2  Variation in thermodynamic properties observed 
in complexation reactions often result from dehydration of the 
ions rather than of the ligation. Values of the hydration 
numbers of La and Lu ions were ca l~u la t ed~~3  as 7.5 and 8.7, 
respectively. The ratio is 1.2 which is that found402 for the 
entropies of hydration of Lu and La ions. This might imply 
that the hydration sphere is 20% greater in the heavier 
lanthanides. 

E. DIFFUSION 

1 .  Theory 

Diffusion coefficients are generally calculated404-406 using the 
Onsager-Fuoss equation, which for calculating the diffusion 
coefficient, Dealod, of a binary electrolyte is 

where R is the molar gas constant in ergs deg-l mol-’, T is 
the absolute temperature, is a function in diffusion theory, 
C is the molar concentration of the solution, and y+  is the 
mean activity coefficient of an electrolyte. 

From the calculated and observed values of the diffusion 
coefficient, the solvation number, n, of the electrolyte can be 
found from 

D o b s d  = Doaicd(l - 0.018n) (69) 

2. Experimental Technique 

Diffusion coefficients can be obtained from conductivity 
measurements as a function of time.4n7z408 If KB and KT 

(339) R.  Alexander and A. J. Parker, J .  Amer. Chem. Soc., 89, 5549 
(1967). 
(3407399) These reference numbers were omitted in the manuscript 
revision. 
(400) Yu. V. Gurikov, Teor. Eksp. Khim., 4, 61 (1968). 
(401) S.  I .  Drakin, R.  Kh. Kurmalieva, and M. Kh.  Karapet’yants, 
Reakts. Sposobnost Org. Soedin., 2, 267 (1965). 
(402) S .  L. Bertha and G. R.  Choppia, Inorg. Chem., 8,613 (1969). 
(403) E. Glueckauf, Trans. Faraday Soc., 51, 1235 (1955). 
(404) R.  A. Robinson and C. L. Chia, J .  Amer. Chem. Soc., 74, 2776 
( 1952). 
(405) L. Onsager and R .  M. Fuoss, J .  Phj’s. Chem.,  36,2689 (1932). 
(406) H.  S. Harned and B. B. Owen, “The Physical Chemistry of Elec- 
trolyte Solutions,’’ 2nd ed, Reinhold, New York, N. Y., 1956, pp 

(407) H.  S.  Hariied and D.  M. French, Ann. N .  Y .  Acad. Sci., 44, 267 
(1945). 
(408) 13. S. Harned and R.  L. Nuttall, J .  Amer. Chem. Soc., 69, 736 
(1947). 

86-90. 

are the reciprocal resistances measured at the bottom and top 
of the cell, then 

(70) 
7 

where t is the time and 7 is defined by the equation 

117 = ir2D/aZ 

in which a is the height of the cell. Also 1/7 is the slope of the 
line obtained when In (KB - KT)  is plotted us. t. From the 
slope of the line, D can be calculated from the equation 

This is the Dobsd of eq 69. 

such as the porous diaphragm approach. 409,410 

There are other methods for obtaining diffusion coefficients 

3. Solvation Numbers Determined 

From the measurement of the diffusion coefficient in calcium 
chloride in aqueous solution and using eq 69, the hydration 
number of CaC14 was found to be approximately 24 which 
does not agree with the value of 11.9 found41i from activity 
studies. 

From diffusion coeffjcient measurements, degrees of hy- 
dration of metallic ions were obtained (Table XV) which 
agreed with those obtained by reliable methods. 4 1 2  

It was found413 from diffusion and mobility studies that, 
for complex ions containing one metallic atom, the number 
of water molecules, m, in the inner coordination sphere of an 
ion was given by 

m = (n  - 1)/3 (73) 

where n is the number of atoms composing the ion. 
The hydration of ions as determined414 using parchment 

membranes are listed in Table XV. With increasing dilution 
the hydration number of anions tends toward a common 
limiting value, indicating a physical nature for hydration in 
dilute solutions and a chemical nature in concentrated 
solutions. From diffusion measurements using a membrane- 
less ~ e l l , ~ l 5  copper and nickel ions have the numbers of 
waters per ion given in Table XV. 

Of dialysis and diffusion methods, only diffusion mea- 
surements give a reliable degree of hydration.4ie Choosing a 
reference ion, for each valence group (TP, Ba2+, Bi3+, 
Th4+), the degrees of hydration of other ions are given in 
Table XV. Ulich’s417 value of 2 for T1+ yields other hydration 
values for the other ions. 

In methods of diffusion the reference substance, for ex- 
ample, allyl alcohol, is carried by the electrolyte.418 In some 
instances the electrolyte was found to carry more reference 

(409) J .  H. Northrop and M. L. Anson, J .  Gen. Physiol., 12,543 (1929). 
(410) R.  H.  Stokes, J .  Amer. Chem. Soc., 72,763 (1950). 
(41 1) R.  H.  Stokes and R.  A. Robinson, ibid., 70,1870 (1948). 
(412) E. N. Gapon,Z. Anorg. Allg. Chem., 168,125 (1927). 
(413) E. N. Gapon, J .  Russ. Phys.  Chem. Soc., 60,237 (1928). 
(414) J. Baborovsky, 0. Viktorin, and A. Wagner, Collect. Czech. 
Chem. Commun., 4, 200 (1932). 
(415) G. Jander and H.  Mohr, Z .  Phys.  Chem. (Leipzig),  A190, 81 
(1942); Chem. Zentr., 1, 2098 (1942). 
(416) H .  Spandau and C. Spandau, 2. P h j s .  Chem., 192,211 (1943). 
(417) H. Ulich, Z .  Elektrochem., 36, 505 (1930). 
(418) A. Hunyar, J. Amer. Chem. Soc., 71,3552 (1949). 
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Table XY 

Solvation Numbers of Ions from Diffusion Measurements 

Solvn 
T$mp, Ref no. of Solan no. 

Solvent C ion ref ion Ion of ion Ref 

Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
(HzO or DzO) 
Water 
(HaO or DzO) 
Water 
(H,O or DzO) 
Water 
(H20  or DzO) 
Water 
(H20 or DzO) 
Water 
(HzO or DzO) 
Water 
(H20 or DzO) 
Water 
(H20 or D20) 
Water 
(HzO or D20) 

25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 

10 T1+ 0 
10 Tl+ 0 
10 T1+ 0 
10 Baa+ 0 
10 Ba2+ 0 
10 Baa+ 0 
10 Baa+ 0 
10 Ba2+ 0 
10 Bi3+ 0 
10 Bi3+ 0 
10 Bi3+ 0 
10 Bi3+ 0 
10 Bi3+ 0 

Li+ 
Na+ 
K+ 
Rb+ 
cs+ 
T1+ 
Ag+ 
c1- 
Br- 
1- 
Mg2+ 
Ca2+ 
Sr2+ 
Baa+ 
CU2+ 
Zn2+ 
Cd2+ 
Co2+ 
Fez+ 
Mn2+ 
Li+ 
Na+ 
K+ 
H+ 
c1- 
Br- 
I- 
CU2+ 
Ni2+ 
K+ 
c1- 
I- 
Be2+ 
Mg2+ 
Zn2+ 
CU2+ 
Ni2+ 

Y3+ 
Ce3+ 
Cr 3+ 

Fe3+ 
Li+ 

Na+ 

K+ 

cs+ 

c1- 

Br- 

F- 

NOS- 

~ 1 3 +  

CHaCOO- 

5 
3 
1 
1 
1 
1 
2 
1 
1 
1 
9 
9 
9 
8 

11 
11 
11 
13 
12 
12 
62 
44.5 
29.3 
5 

26.6 
29.6 
21 .4  

10 
1-8 

9 .5  
3.5 

10 
10 
9 
9 
1 . 4  
8.5 

13 
11 
6.7  

16 .5  
10.5 
22 

13 

7 

6 

5 

5 

7 

6 

11 

412 
412 
412 
412 
412 
412 
412 
41 2 
412 
412 
412 
412 
412 
412 
412 
412 
412 
412 
412 
412 
414 
414 
414 
414 
414 
414 
414 
415 
415 
415 
416 
416 
416 
416 
416 
416 
416 
416 
416 
416 
416 
416 
423 

426 

426 

426 

426 

426 

426 

426 

426 

substance than water. 419 Pyridine as a reference substance 
was observed to combine in large proportions with silver ion 
in the electrolysis of silver nitrate solution. 420  

The theoretical treatments of diffusion, self-diffusion of 
electrolytes, and hydration effects were discussed. 4 2 1  The 
addition effect of counterdiffusion of the solvent was pointed 
out. A potential barrier was assumed over which ions in 
water jump either alone or together with their hydration 
~hells.~22 Using the mobility and the coefficient of self- 
diffusion of the ion and the absolute temperature, the change 
in the potential barrier was found to be positive for Li+, 
Na+, Mg2+, and Ca2+ and negative for K+, Cs+, C1-, Br-, 
and I-. For these latter ions, water molecules remain in 
their vicinity a shorter time than in the vicinity of other 
molecules. The activation energy for the solvent between 
solvent bound by the ion and free solvent was the main 
quantity characteristic of the solvation of ions.42a When this 
was negative the water near the ions became more mobile 
than in pure water. This was called negative hydration. 

Experimental diffusion coefficients in solutions of LiN03 
and LiCl agreed with the theoretical values using the equation 
deduced assuming that only molecules of water attached di- 
rectly to Li+ moved with the ion. m 

From nuclear magnetic resonance spin-echo techniques, 
hydration numbers, Z ,  were deduced using self-diffusion 
coefficients, D, and concentrations, C, and assuming rapid 
exchange between “free” and “hydrated” water. 425 Thus 

Dsolu t ion  C i o n  ~- - 1 - 2 -  
Dpum water Cwstar  

(74) 

In LiCI, 2 = 4, with Lif the hydrated species since 2 < 1 
in HC1; in Th(C104)4, z = 30; and in Be(C104)2, 2 = 6 for 
low and 2 

A potential applied across a membrane separating a 0.3 N 
electrolyte solution in HzO from a 0.3 N electrolyte solution 
in D2O caused a current to  flow accompanied by the passage 
of H20 or D20 through the membrane, depending on the 
direction of flow of the current.426 The HzO and DzO relative 
solvation numbers were calculated. Absolute solvation num- 
bers were obtained from the relative ones by conductivity 
measurements (Table XV). 

The coefficient of self-diffusion for water in aqueous 0.5 M 
solutions of KC1, NaC1, and KI were measured using a 
nuclear magnetic spin-echo relaxometer at 21-23”, 427 The 
hydration of Na+ was found to be positive and those of K+, 
I-, and C1- were negative. 

Using radioisotopes as tracers, measurement at 25 of 
self-diffusion coefficients of ions and solvents from 0.1 M 
to saturated solutions of LiC1, NaCl, KC1, and CaClz were 
madeS428 The hydration of C1- was found to be weak and 
constant, suggesting a hydrogen bond with water. The hy- 

16 for higher concentrations. 

(419) E. Pogany, Magy. Kem. Foly., 48,85 (1942). 
(420) J.  L. R. Morgan and C. W. Kanolt, J .  Amer. Chem. Soc., 28,572 
(1906). 
(421) A. W. Adamson,J.Phys. Chem., 58,514 (1954). 
(422) 0. Ya. Samoilov, Zh. Fiz. Khim., 29,1582 (1955). 
(423) 0. Ya. Samoilov, Discuss. Faraday Soc., No. 24, 141, 151 (1957). 
(424) G. A. Andrew, Dokl. Akad. Nauk S S S R ,  145,358 (1962). 
(425) D. W. McCall, D. C. Douglass, and E. W. Anderson, Ber. 
Bunsenges. Phys. Chem., 67,336 (1963). 
(426) A. J. Rutgers, W. Rigole, and V. Hendrix, Chem. Weekbl., 59, 
33 (1963). 
(427) I .  V. Matyash, A. I. Toryanik, and V. I. Vashkichev, Zh. Srrukr. 
Chim., 5, 777 (1964). 
(428) J. Salvinien and B. Brun, C. R .  Acad Sci., 259,565 (1964). 
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dration number of cations diminished with increased con- 
centration. 

The negative hydration of C104- and NH4+ ions was ob- 
served by determining the self-diffusion and the macroscopic 
viscosity in aqueous solutions of perchlorate and ammonium 
salts. 4 2 9  

4 .  Significance 

The method of diffusion depending on conditions can yield 
widely divergent results. Thus lithium ion may have a solva- 
tion number of 5,22, or 62. The value of 62 from a parchment 
paper diaphragm measures the primary, and also secondary, 
solvation sheaths of the ion. The value of 22, from imposing a 
high potential across the diffusion cell, involves at least two 
or three solvation shells of the lithium ion. The hydration 
number is limited to the primary solvation shell. 

There is not a consistent order of solvation of the ions within 
a family, though the order in the alkai metal ions is ordi- 
narily Li+ > Na+ > K+. The halogen family of ions tends to 
show the order of hydration I- > Br- > C1-, though in some 
cases I- = Br- = C1-, K+ = Rb+ = Cs+, and Mg2+ = 

Sr2+ = Ca2+ Ba+. The orders of solvation in some cases, 
e .g . ,  halogen ions, are opposite to those by other methods. 

In the author’s opinion diffusion is one of the less de- 
pendable and less consistent methods of measuring solva- 
tion, and the method gives data most difficult to rationalize 
and interpret. 

F. ISOTOPIC EQUILIBRIUM 

1 .  Theory 

Ionic hydrates A(H20); are considered to exist only if 
characteristic internal vibrations can be detected by spectral 
or other effects.4a0 The investigation proposed to show the 
connection between the fractionation by ions431 of the oxygen 
isotopes in solvent water and ionic hydration. 

The ionic hydrates will cause group vibrations of bound 
isotopic water molecules differing in their zero-point vibra- 
tional energy levels owing to difference in their masses. 
Such difference decreased the activity of the heavier relative 
to the ligher species as indicated by the equation 

R 
RO 

a X loa = 1 - - = x A m A n A ( K A  - 1)/55.51 (75) 

where a is the enrichment factor, R the ratio of the activity 
of the heavy to light species in the solution, RO the ratio 
of the activity of the heavy to light species in solvent only, 
l t zA  the molality of ion A, N A  the hydration number of ion 
A, K A  the intensity factor Kl/no, and KI the equilibrium con- 
stant for the reaction 

A(HZO),, + Hz0* A(HzO)n-i(HzO*) + Hz0 (76) 

where the asterisk indicates the heavier species. 
The following assumptions in deriving eq 75 were made: 

(a) heavy and light water formed an ideal solution; (b) solute 
did not change the gross isotopic composition of water; 

(429) M. I. Emel’yanov and A. Sh. Agishev, Zh. Strukt. Khim., 6 ,  909 
(1965). 
(430)‘H. M. Feder andH.  Taube,J. Chem. Phys., 20,1335 (1952). 
(431) J. P. Hunt and H. Taube, ibid., 19, 602 (1951). 

(c) in the water replacement reactions, successive steps 
differed only by a statistical factor, Le. 

A(Hz0)n + HzO* If A(HzO),-l(HzO)* + H20 (77) 
K1 = IIAKA 

A(HzO)n-i(HzO*) + Hz0* 1J A(HzO)n-z(H2O*)z + Hz0 (78) 

KZ = (HA - l ) K ~ / 2 ,  etc. 

2. Experimental 

One method of determining the enrichment and intensity 
factors, and thus the hydration number of ion A, n A ,  was to 
dry solutes to the anhydrous states and dissolve with minimum 
exposure to air in distilled water stored in Pyrex vessels. 
The solutions were degassed by repeated cycles of freezing, 
pumping, and thawing, and carbon dioxide was admitted to 
the equilibration vessel. After equilibration from 5 to 30 
days at a controlled temperature, the gas was sampled, dried, 
and measured for isotopic ratio using a mass spectrometer. 
The isotopic ratio (mass 46/mass 44) is a measurement which 
reflects the relative activity of the water species cia the 
equilibrium 

HZ1*0(soln) + C1602(gas) Hn160(soln) + C1802(gas) (79) 

Pure water, treated, measured, and sampled as above, was 
the standard used for comparison. The standard deviation of 
a single measurement of a was 10.02. 

3. Solvation Numbers Determined 

In the determination of the enrichment factor, it was 
f o ~ n d 4 ~ ~  that a reasonable and consistent distribution of the 
separate effects due to cation and anion could be made only 
if in the detection of characteristic internal vibrations, the 
ions c104-, C1-, I-, Na+, and Co(en)sa+ were not hydrated. 
Table I contains the hydration numbers. 

The results of equilibrium data of HCl solutions con- 
taining radioactive alkali metal chlorides and of LiCl and 
KC1 solutions containing radioactive Na with synthetic ion- 
exchange resins were discussed in terms of the Harned rule 
and the hydration theory of Stokes and Robinson.432 
Competitive hydration of cations was indicated in mixed 
electrolyte solutions. 

In the exchange of chromium between Cr(I1) and Cr(II1) 
using radioactive techniques, the effect of ion hydration and 
of chloride complexing on the rate of exchange is discussed.43a 
Such ions as CrC11(H20)4+ and Cr(H20)63+ are mentioned. 

The use of oxygen isotope in the study of the hydration of 
ions was discussed. 4 8 4  An equilibrium method which involves 
the study of the measurement of the effect that salts exeIt 
on the activity ratio of H2180 compared to HZI60 in the 
liquid was suggested. 

Isotopic exchange equilibrium data of the HZ1*O and 
H2160 concentrations in the body of the liquid (e) and in the 
vicinity of the ions (Kh) and of the energy involved (AE)  
were used to formulate the criteria for negative hydration of 
ions.4a5 These criteria were K = (K1/Kh) < 1 and A E  < 
0. 

(432) R. H. Betts and A. N. McKenzie. Can. J .  Chem., 30, 146 (1952). 
i433) H. van der Straaten and A. H .  W. Aten, Jr.,  R e d .  T r m .  Chim. 

(434) H. Taube, J .  Phys.  Chem., 58, 523 (1954). 
(435) 0. Ya. Samoilov, Dokl. Akad. Nauk SSSR.  102, 1173 (1956). 

P u ~ s - E u ~ ,  73, 89 (1954). 
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Table XVI 
Solvation Numbers of Ions Determined by the 

Isotopic Equilibrium Method 
Solvn 

T:mP, no. of Solvn no. of 
Solvent C Ref ion ref ion Ion ion Ref 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 

25 
4 

25 
4 

25 
4 

25 
4 

25 
25 

c104-, etc. 0 
C104-, etc. 0 
C104-, etc. 0 
ClOa-, etc. 0 
C104-, etc. 0 
C104-, etc. 0 
C104-, etc. 0 
Clod-, etc. 0 
C104-, etc. 0 
Cr 3+ 6.0 

Li+ 
Li+ 
&+ 
Ag+ 
H+ 
H+ 
M g Z +  
M g z +  
Cra+ 
~ 1 3 +  

1.0 430 
2 . 0  430 
0 . 7  430 
0 . 7  430 
4.6 430 
2 . 0  430 
6 . 2  430 
7 . 1  430 

19 =t 10 430 
6.0 f 0 .5  436 

A method for rapid mixing and sampling in the isotope 
dilution technique of studying ionic hydration gave the data 
in Table XVI. 4 8 6  

In a kinetic study of the isotopic exchange between [Lu- 
(EDTA)(H20)]- and Lu3+, a simple displacement reaction 
was suggested for the 

Solvent isotope effects and ionic hydration equilibrium 
for HzO-D20 mixtures can be calculated from the structure 
differences between DtO and HzO and that between HDO 
and H 2 0  and the relative amounts of HzO, D20, and HD0.43s 

to study 
hydration, polymerization, oxidation, and reduction of 
aquo cations. 

In the study of the exchange of water between oxygen- 
18-labeled solvent and aquorhodium(II1) ion using the isotopic 
dilution procedure, the hydrated ions Rh(H20)ea+, Rh- 
(H20)60H2+, Rh(H20)63+, and Rh(Hz0)40Hz+ were used 
to explain the exchange rate. 4 4 0  

The solvation of Cr(II1) ion in acidic water-methanol 
solvents was investigated using ion-exchange and isotopic 
dilution procedures.441 At 60" the composition of the Cr(II1) 
ion varied from Cr(H20)s.e31(MeOH)o.16g3+ to C T ( H ~ O ) ~ . ~ ~ -  
(MeOH)3.603+ when the H20-MeOH solvent ranged in 
composition from 0.154 to 0.982 mol fraction of MeOH, re- 
spectively. With respect to first shell coordination, Cr(II1) ion 
discriminates in favor of H2O over MeOH . 

In water-ethanol mixed solvents, separation by ion-ex- 
change methods of individual differently solvated species, 
CT(OH~)~-,(OHCZH~),~+ (n = 0, 1 ,  2, and 3), present in 
equilibrated solutions were made. 4 4 2  The average number of 
ethanol molecules, ii, per Cr(III), is the same at 50 and 7 5 O ,  
and thus the enthalpy change for the solvent replacement 
reaction is small (0 

The flow method of isotope dilution was 

0.5 kcal/mol). 

4 .  Signijicance 
No general trend of hydration number with temperature is 
evident, though cations other than hydrogen apparently have 

(436) H. W. Baldwin and H.  Taube, J .  Chem. Phys.,  33,206 (1960). 
(437) T. Asano, Radioisotopes, 14, 363 (1965). 
(438) C. G. Swain and R. F. W. Bader, Tetrahedron, 10,200 (1960). 
(439) L. B. Anderson University Microfilms Ann Arbor, Mich., Order 
No. 62-117, 125 pp.; biss .  Abstr., 22, 3002 (1562). 
(440) W. Plumb and G. M. Harris, Inorg. Chem., 3,542 (1964). 
(441) J. C. Jayne and E. L. King,J. Amer. Chem. Soc., 86,3989 (1964). 
(442) D. W. Kemp and E. L. King, ibid., 89, 3433 (1967). 

the same or greater hydration numbers at lower than at higher 
temperatures. Ions perhaps would be more highly solvated 
at lower than at higher temperatures, since at lower tempera- 
tures decreased thermal agitation would permit stronger 
attraction between ions and solvent molecules. That hydrogen 
ion is less solvated at lower temperature might be due to 
stronger hydrogen bonding among water molecules at lower 
temperature which prevents breaking down of water 
structure by protons and the consequent formation of hy- 
dronium and other hydrated hydrogen ions. The hydration 
number exhibits a variation with ionic charge, radius, and 
type which is qualitatively reasonable. 4 4 3  

Some ions found unhydrated by this approach, namely 
Clod-, C1-, I-, and Na+, evidence hydration by other 
methods. The cation with a completed inner sphere, Co- 
(en)3a+, shows zero hydration probably because of the 
identity of the hydration number and the number of water 
molecules in the inner sphere. 

As do several other methods, this procedure shows, in 
general, increasing hydration with increasing ionic valence. 
The lithium ion by this method has a relatively low hydration 
number, in contrast with nmr procedures which show breaking 
of solvent structure. 

G. SPECTROSCOPIC AND OTHER 

1 .  Theory 
OPTICAL M E T H O D S  

The coordination and solvation numbers of ions and com- 
plexes can be obtained from displacement and change in in- 
tensity of absorption bands. For acids in water the distribu- 
tion of intensity along the water band can arise from the hy- 
dration of ions. Change in shape of hypersensitive and normal 
absorption bands with concentration of electrolyte and tem- 
perature can be used to determine the degree of and change 
in solvation. The appearance of new bands and their change 
in intensity with temperature, electrolyte concentration, and 
solvent composition can be correlated with ion solvation. 
Rotation of polarized light and fluorescence are used in the 
determination of solvation. 

These optical methods depend on the change in the ab- 
sorption bands of valence vibrations, and the change in ro- 
tational bands of solvent and complex molecules with the 
nature and concentration of electrolyte, nature and composi- 
tion of solvent, and temperature. The references follow for 
the details of theories and calculations. 

2. Experimental and Results 

The displacement of absorption bands and a change in their 
intensity caused by solvation process have been discussed. 4 4 4  

Fluorescence is a very sensitive criterion for solvation. 
For acids in water445 the distribution of intensity along the 

water band is due to the hydration of the ions. 
Assuming negligible hydration of NaN03 the study of the 

Raman band of water in electrolyte solutions showed HCl 
changes trihydral into dihydral water upon the formation of 
hydrates with two molecules of water.446 

(443) J .  D. Bernal and R. H.  Fow1er.J. Chem. Phys. ,  1,515 (1933). 
(444) W. Weyl, Beih. Z. Ver. Deur. Chem., No. 18, (1935); Angew. 
Chem., 48, 573 (1935). 
(445) C. S. Rao, Curr. Sci., 4,649 (1936). 
(446) C. S. Rao, Phil. Mag., 24,87 (1937). 
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Table X V l l  

Solvation of Ions Determined by Optical Methods 

Method Solvent Solvated ion Solvent particleslion Ref  

Optical rotation 
Optical rotation 
Optical rotation 
Optical rotation 
Optical rotation 
Optical rotation 
Optical rotation 
Optical rotation 
Optical rotation 
Optical rotation 
Absorption spectroscopy 
Absorption spectroscopy 
Absorption spectroscopy 
Absorption spectroscopy 
Spectrophotometric 
Spectrophotometric 
Spectrophotometric 
Absorption spectra 
Absorption spectra 
Absorption spectra 
Absorption spectra 
Absorption spectra 
Absorption spectra 

Methanol 
Methanol 
Methanol 
Methanol 
Methanol 
Acetophenone 
Acetophenone 
Acetophenone 
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A Raman study of salts and acids in water showed that the 
change in water equilibrium is due to anions, and changes in 
band structure are due to hydration of cations. 447 

Electrical conductance and viscosity indicate that Mg*+ 
and Li+ ions are relatively small and more hydrated than is 
usual for ions. 448  Spectral data was not definitive. 

The effects of the ions C1-, Br-, I-, Nos-, c103-, CIOa-, 
IO4-, C032- ,  and Sod2- on the structure of water were studied 
using Raman spectra. 4 4 9  It was found that the first maximum 
of water (-3200 cm-I) is, except for c104-, sod2-, Cr032-, and 
IO3-, considerably weakened. In contrast the second band 
at -3400 cm-1 is much strengthened. For KC1 the 3400-cm-l 
maximum is doubled and the 3200-cm-l invisible. A new 
maximum occurs at 3600 cm-' with perchlorates. The effects of 
electrolytes and of temperature on water are quite different, 
and the proposed similarity of these effects must be discarded. 

From the optical rotation in water and 2 M solution of 
KCl of the salt of molybdic acid and malic acid of the type 
[4M0O3.2C4O5H4](NH4)4, it was found that 1 mol of KCl 
binds 14 mol of water.450 The rotation [a], approached a 
limiting value, [a]lim. In the equalibrium 

[4MO03.2C405Hr]'- + H20 __ [4MoOs0I2- + 2C406H5- 

the ion C405H5- has little effect on light rotation. From the 
ratio [a],/[al~i, in water and KCl, the extent of hydration of 
KC1 was found. 

Using the method described by Darmois,451 the solvation of 
ions (Table XVII) in methanol and in acetophenone was 

from light rotation. In this method Stoke's law is 

(447) C. S. Rao, Indian J .  Phys. ,  11, 143 (1937). 
(448) C. H. Cartwright, J .  Chem. Phys. ,  5 ,  776 (1937). 
(449) Th. G. Kryumzelis, Z .  Phjs . ,  110,742 (1938). 
(450) E. Darmois, J .  Phys.  Radium, [8] 2, Suppl. 2-3 (1941); Chem. 
Zentr., 11, 259 (1942). 
(451) M. E .  Darmois, J .  Phys.  Radium, 8 ,  1 (1944). 
(452) M .  Cardier, C. R .  Acad. Sci., 214,707 (1942). 
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used to calculate the radius of the ion and from this its real 
volume. Another additive part obtained from the densities 
of the solutions is used in obtaining the apparent volume of 
the ions. Extrapolated to infinite dilution the apparent volume 
at most equals the real volume. If they are not equal, the ap- 
parent volume is adjusted by adding to the volume on n mole- 
cules of solvent so as to equal the real volume. Thus one ob- 
tains the solvation number n of the ion. 

Microwave absorption studies were made of water- 
salt equilibrium.453 In a solution of NaCl in 10% water at 
-10" the rate of absorption decreases with time until the 
reaction NaCl + solution --L NaCl e 2H20 is completed. 

Light absorption by a single ion depends critically on the 
configuration of the adjoining polarized medium. 4 5 4  The 
role of this configuration in electronic transitions involving 
one or a pair of ions is treated applying Debye's "diffusion" 
theory for ion collision rates and a nonadiabatic type of po- 
tential curve. Rates of chemical processes depend decisively 
on the interaction of two ions at separations where the 
Coulombic law is not valid. 

Specific refraction was used to study solvation. 455 An equa- 
tion was formulated relating specific refraction, r,  of a solu- 
tion to concentration, c,  of the dissolved substance as func- 
tions of the specific refractions of dissolved substance, R, 
and of the solvent, R'. If m moles of solvent solvates 1 mol 
of solute, mc is substituted for c for the solvated molecule, 
and 1 - c - mc = concentration of free solvent. R' and r 
are calculated from densimetric and refractometric measure- 
ments. Solving the resulting equations showed that r did not 
depend on c, and almost equals R'. Four mathematical 
identities followed from this. If r is known for any two neigh- 
boring concentrations, the values R and R" and finally m 

(453) R. Freymann and R. Rohmer, [bid., 233,951 (1951). 
(454) R. Platzman and G. Branch, Z .  Phys. ,  138,411 (1954). 
(455) R.  Amiot, C. R .  Acad. Sci.,  243, 1311 (1956). 
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for any solution can be calculated. R" is the specific re- 
fraction of dissolved ions. 

Adsorption spectra of alcohol-water solutions of CuC12 
were used to determine the number of water molecules in the 
water-ethanol envelope of the Cu2+ The CuCh 
was dissolved in alcohol and water added for the absorption 
spectra study. The number of water molecules in the ionic 
envelopes was calculated from derived transcendental equa- 
tions. The equations were linear at a high ratio of water to 
copper ions. Two water molecules were present in the mixed 
EtOH-H20 envelope of Cu2+ ions. 

The solvation of anhydrous neodymium chloride in ethanol 
to which water was added was investigated by absorption 
spectrometry. 457 When there was insufficient water to hydrate 
all of the Nd3+ ions, they were solvated by both EtOH and 
H20. For complete displacement of EtOH molecules of sol- 
vation 20-30 molecules of water per Nda+ ion were required 
because of the slightly greater solvation energy with EtOH 
than with H20.  

The adsorption spectrum of the anhydrous chlorides of 
CoZf,  Cu2+, and Nd3+ ions in EtOH-H20 were used to deter- 
mine their hydration458 (see Table I). 

The spectral measurement of a liquid phase above its 
normal boiling point suggested an effect of temperature on the 
solvation sphere of NpOz+ and a concomitant interaction of 
NOI- ion with the NpOz+-solvate system.459 

In methyl alcohol solutions of HCl a line observable at low 
dilutions appeared which indicated the formation of the 
compound MeOH'HCl and arose from the oscillation of the 
MeOH - HCl bond. 460 

Shifts covering more than 20 kcal of the ultraviolet absorp- 
tion band of the solvated iodide ion at 2200 A were observed 
for changing environment involving various pure and mixed 
solvents and salts which did not absorb strongly in this region 
and for changing 4 6 2  These large and charac- 
teristic shifts are common to all negative ions absorbing by 
a charge-transfer-to-solvent mechanism. 

From infrared spectroscopy of water in nonaqueous solu- 
tions of uranyl nitrate, it was determined that 2 mol of water 
in U O Z ( N O ~ ) ~ . ~ H ~ O  are in a state of marked deformation 
due to the stable bonds between the water and the UOz- 

The nature of the solvent determines the degree of 
deformation. In organic solvents the remaining moles of 
water in U02(N0,)2.6Hz0 are deformed to a lesser degree 
and are less tightly bound. 

The Raman-active vibration frequencies in dilute solutions 
of HgCl?, in various solvents, were all less than that for the 
gas.4O4 The relative change in frequency was roughly linear 
with the dielectric constant of the solvent for other bonds with 
partial ionic character. The ionic character of the Hg-C1 
bond was about 28%, in fair agreement with that from the 
bond dipole moment. 

(456) I. S. Pominov, Zh. Fiz. Khim., 31,2184 (1957). 
(457) I. S. Pominov, ibid., 31, 1926 (1957). 
(458) K.  P. Mishchenko and I. S. Pominov, ibid., 31,2026 (1957). 
(459) W. C. Waggener,J. Amer. Chem. SOC., 80,3167 (1958). 
(460) G. S. Karetnikov, Nauch. Dokl. Vyssh. Shk., Khim. Khim. 
Tekhnol., 213 (1958). 
(461) M. Smith and M. C .  R. Symons, Trans. Faraday SOC., 54, 338 
(19 5 8). 
(462) M. Smith and M. C .  R. Symons, ibid., 54,346 (1958). 
(463) Ya. I. Ryskin, V. I. Zemlyanukhin, A. A. Solov'eva, and N. A. 
Derbeneva, Zh.  Neorg. Khim., 4,393 (1959). 
(464) G. Allen and E. Warhurst, Trans. Faraday SOC.,  54,1786 (1958). 

The effect of environmental changes on the ultraviolet 
spectrum of iodide ion in pure and mixed solvent was studied. 
The first electronic band at 200-50 mp of solvated I- was ob- 
served over a range of temperatures.465 The data on band 
maxima molar extinction coefficients and temperature co- 
efficients agreed with a square-well model of the excited 
state. No complex formation between I- and solvent was indi- 
cated in mixed solvents. The best model consisted o f  excited 
electrons confined to the first layer of solvent molecules, 

From refractive index and density measurements on strong 
electrolytes in solutions, the hydration numbers of electrolytes 
and the polarizability of the water molecules were obtained.466 
These hydration numbers were divided into primary and 
secondary hydration numbers (Table XVIII). 

Table XVIII 
Primary and Secondary Over-All Hydration Numbers for 

Some Uni-univalent Electrolytesa 
Ooer-all hydration no. 

EIec troly te Pr imary  Secondary Ref  
~ 

NaCl 6 28 466 
NaBr 6 26 466 
KCl 5 34 466 
KBr 5 22 466 
KI 5 19 466 

These were found to be nearly independent of temperature. 

From shifts and broadening of the absorption bands for 
Cu2+ and COz+ salts in alcohol solutions upon the addition of 
water, ions exist which are simultaneously solvated by mole- 
cules of water and of alcohol. 467 The maximum values for hy- 
dration numbers were 6. 

Studying the effect of the solvent on the electron spectra of 
phthalimides, it was found that the action of the solvent on the 
electron-vibration levels of solute molecules increases with 
increasing complexity and with the intensification of inter- 
molecular interaction in the medium. 468 

From absorption spectra of alcohol-water solutions 
Cuz+ ion shows a strong tendency to be solvated with alcohol 
rather than with water.469 

Optical absorption spectra of ions in water, methanol, and 
ethanol solutions showed that all the solvates formed in the 
cases of CU(NO~)~ .  3H20 and CuClz.2H20 had similar struc- 
ture, which changed strongly with concentration only for 
CuClz in water and methanoL4T0 A higher intensity of field 
was created by alcohol than by water molecules as shown 
by the difference in forces of oscillators in the two solvents. 
The ligands distribute themselves around the Cu2+ ion with 
the symmetry of a tetragonal bipyramid. 

Absorption spectra studies of Ti3+ ion in aqueous solutions 
indicated that in dilute solutions the hydrates formed had a 

(465) T. R. Griffiths and M. C .  R. Symons, ibid., 56, 1125 (1960). 
(466) T. Sato and K .  Hayashi, J .  Phys. SOC. Jap., 15,1658 (1960). 
(467) I. S. Pominov, Fir. Sb. L'vou. Gos. Uniu., 213 (1967). 
(468) L. G. Pikulik, Tr. I n s f .  Fiz., Akad. Nauk Beloruss. SSR, No. 3, 
167 (1959). 
(469) I. I. Antipova-Karataeva and E. E. Vainshtein, Zh. Neorg. Khim., 
5, 107 (1960). 
(470) E. E. Vainshtein and I. I. Antipova-Karataeva, Termodin. Str. 
Rastuorov, Tr .  Soveshch., 1958, 266 (1959). 
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DM tetrag~nal-bipyramidal~~~ symmetry. The changes in 
spectra at high Tia+ concentrations were due to  penetration 
of the C1- ion into the Tia+ shell. 

Unchanged spectra indicated that FeC13 and CuClz solvates 
in dimethyl sulfoxide solutions were not affected by excess 
alkali chloride. 472 However, excess alkali chloride causes 
CoCh to form C O C ~ ~ ~ - ,  which could be changed to the solvate 
by chloride acceptors ZnClz and HgClz in 2 : 1 concentration, 
but completely restored by KCl when the ratio CoClz: 
MClz : KC1 became 1 : 2 : 4. 

Optical absorption spectra were used to study the solvation 
of C02+ and CuZf ions in solutions of methanol, ethanol, 
acetone, and methyl ethyl ketone.473 In all solvents with no 
chloride ion present, the Co2+ ion had octahedral symmetry, 
and in methyl alcohol it had this symmetry with dilute C1- 
present. In methanol with concentrated C1- and in ethanol 
with any C1- ion, two chloride ions replaced two solvent mole- 
cules in the cis position giving a rhombic complex. Methanol 
solvated Co2+ ion more strongly than did ethanol. In acetone 
and methyl ethyl ketone the solvated Co2+ ion showed tetrag- 
onal symmetry at all C1- concentrations with one or two 
C1- ions in the trans position. The solvated Cu2+ complex 
showed tetragonal-bipyramidal symmetry in all solutions 
with no C1- and in alcohol with low C1- concentration and 
likewise with appreciable concentration of C1- but in this 
case consisted of a C1- and two solvent molecules in the 
trans position. In acetone and methyl ethyl ketone solutions 
containing any C1-, the complex had rhombic symmetry 
with two chlorides in the cis position. 

The onset of the absorption band of I- ion was investigated 
using 15 anions of various types and valencies.474 The spec- 
trographic effect of anions depends on their power to  dehy- 
drate the test ion, I-. Complex ions such as citrate, tartrate, 
and phosphate ions show larger effects than halide ions. At 
like concentrations, citrate ion shows ten times the effect of 
bromide ion. 

Optical spectra were used to investigate the hydration of 
the vanadyl ion in aqueous solutions as functions of VOClz 
and of C1- ion concentrations.475 In the presence of an excess 
of CI- ion, Voc153- was formed; otherwise VO(H20)s2+ 
was produced. The hydrates and the solvates both had the 
same C4” symmetry. The solvation of V02+ differed from 
those of Tia+ and Cu2+ because of the presence of the V-0 
bond. 

Spectrophotometric measurements were made of Cu- 
(NO& and Cu(C104)~ in acetone-water and ethanol-water 
solutions.476 The marked increase in the visible region of the 
extinction coefficients with decrease in water concentration 
is due to  the successive replacement of the two water molecules 
of the Cu2+ hydration sphere by two acetone or alcohol 
molecules. The equilibrium constants for the first replacement 
are 3.7 and 1.8 and for the second replacement 3.1 X 
and 3.1 X 10-2 for acetone and ethanol, respectively. Ligand 
field strength can account for the small deviation of the first 
constants from statistical expectation, but not for the small 

(471) I. I. Antipova-Karataeva, E. E. Vainshtein, and Yu. I. Kutsenko, 
Zh. Neorgan. Khim., 6, 816, 2329 (1961). 
(472) V. Guttmann and L. Huebner, Monatsh., 92,1262 (1961). 
(473) I. I. Antipova-Karataeva and E. E. Vainshtein, Zh.  Neorg. Khim., 
6, 1115 (1961). 
(474) D. Meyerstein and A. Treinin, J .  Phys.  Chem., 66,446 (1962). 
(475) I. I. Antipova-Karataeva, Yu. I. Kutsenko, and G .  I. Yatsun, 
Zh. Neorg. Khim., 7,1913 (1962). 
(476) N. J. Friedman and R.  A. Plane, Inorg. Chem., 2 , l l  (1963). 

values of the second constants, which are apparently depressed 
by a general solvent effect. 

In the ultraviolet spectrum of iodides in dioxane-water 
mixtures, the shift in wavelength of maximum absorption 
for Bu4NI was attributed to replacement of water molecules 
around the I- ion by dioxane as the mole fraction of dioxane 
increases, and is regarded as equivalent to an increase of an 
excited electronic due to the presence or absence of 
solvent molecules between ions of the ion pair. 

Equilibrium .between violet and green CrK alums as a 
function of time was studied using visible spectra.478 At 
equilibrium both gave identical adsorption spectra. It was 
supposed that two processes, hydration-dehydration and 
hydrolysis, came to equilibrium in solutions of these alums. 

The copper(I1) and cobalt(I1) chlorides and nitrates were 
examined using optical absorption spectra in the solvents 
water, methanol, ethanol, acetone, and methyl ethyl ketone. 479 

The bond strengths are, in the order Cu2+-Cl- = Cu2+- 
solvent; Co2+-H20 > Co2+-C1- = Co2+-ROH > Cot+- 
ketone. 

Nitrates of copper, zinc, mercury, and indium, sulfates 
of copper, magnesium, zinc, gallium, indium, and thallium, 
and perchlorates of copper, mercury, indium, and mag- 
nesium were studied by Raman spectroscopy in nearly sat- 
urated aqueous solutions. 480 All bivalent ions except copper 
gave lines indicating the formation of hexacoordinated aquo 
complexes. Higher intensities and frequencies for gallium 
and indium than for other metal complexes indicate stronger 
bonding of hydration sheaths due to increased ionic charge. 
The comparatively greater viscosities of the gallium and 
indium solutions confirm the greater solvation. 481,482 

A comparison has been made of the infrared spectra of a 
hydrate with a full coordination shell of water, of lower hy- 
drates, and of anhydrous salt. 483 

Salt effects on aqueous solutions from infrared bands of 
water were used to show secondary hydration of ions, up to 
several hundred water molecules per pair of ions. 484 

The stepwise displacement of two water molecules of 
solvation by acetone and by ethanol in Co2+ and NiZ+ ions 
was found from visible absorption spectra of cobalt(I1) 
perchlorate and nickel(I1) perchlorate. 485 It is concluded that 
the low values of the equilibrium quotients may arise from 
both a thermodynamic trans effect and a general solvent 
effect. 

Bound water was determined in electrolyte solutions by 
absorption spectrometry in the near-infrared. 486 In salts 
forming hydrates, bound water corresponds to water of 
crystallization ; however, bound water was also found in 
nonhydrated salts. 

Absorption spectra of the water-organic solvent-salt 
ternary system have been investigated. 487 When lithium, mag- 

(477) F. H.  A. Rummens, R e d .  Trao. Chim. Pays-Bas, 81,758 (1962). 
(478) R. Bastrocchi and M. Costa, Ann. Chim. (Rome),  52, 1285 (1962). 
(479) I. I .  Antipova-Karataeva and E. E. Vainshtein, Fir. Probl. 
Spektrosk. Mater. Soveshch., 13th, 1960,1,339 (1962). 
(480) R.  E. Hester and R.  A. Plane, Inorg. Chem., 3,768 (1964). 
(481) G. Jones and M. Dole,J. Amer. Chem. Soc., 51,2950 (1929). 
(482) R.  W. Gurney, “Ionic Processes in Solutions,” McGraw-Hill, 
New York, N. Y., 1953, Chapter 9. 
(483) J. R. Ferraro and A. Walker, J .  Chem. Phys., 42, 1278 (1965). 
(484) W. Luck, Ber. Bunsenges. Phys.  Chem., 69,69 (1965). 
(485) R. F. Pasternack and R. A. Plane. Inora. Chem.. 4,1171 (1965). 
(486) A. Groskaufmania, A. Sakaline, and L, Liepina, i a t u .  PSR Zinat. 
Akad.  Vestis, Kim.  Ser., (4) 449 (1965). 
(487) A. V. Karyakin, A. V. Petrov, and Yu. B. Gerlit, Dokl. Akad.  
Nauk SSSR,  168, 588 (1966). 
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nesium, and aluminum perchlorates were added to H20- 
methyl ethyl ketone or D?O-methyl ethyl ketone, solvation 
of the cation or anion was indicated by characteristic shifts. 
These depended on solvent composition. 

The Raman and infrared studies of aqueous calcium nitrate 
solution as well as mixtures involving high CaZ+ to NO3- or 
NO3- to Caz+ concentrations have been observed. 488 The re- 
moval of the degeneracy of the E' modes, and the activity 
of the A' modes suggested that the symmetry of the NOS- 
ion had been lowered by solvation with water. The perturba- 
tion was advanced by ionic interaction with hydrated Cazf 
ions. A model was proposed. 

The effect of various ions on the infrared spectra of water 
in crystal hydrates and solutions, and of water on the in- 
frared absorption of ions containing oxygen, have been in- 
vestigated. 489 Water of crystallization forms hydrogen bonds 
with anions containing oxygen. The bonds become weaker 
on going from crystal hydrates to solutions. A13+, Cr3+, 
BeZ+, Zn2+, Li+, s04'-, OH-, and F- increased while Caz+, 
K+, Reo4-, Clod-, I-, NOS-, and SCN- weakened the 
strength of the bonds. 

The ratio of water to acetate ion in the solvation shell of 
europium(II1) and of terbium(II1) as a function of acetate 
concentration was examined using the fluorescence intensity 
and lifetimes of Eu3+ and Tb3+ in water and in deuterium 
oxide solutions. 490 For the ratio of water to acetate ion found 
which agreed with those found by Sone~son~9~ ,~92  by poten- 
tiometric measurements, the ratio of the hydration number 
in pure water to the number of water molecules replaced by 
each acetate ion must be 6. 

From the infrared spectra of the A13+ and Sc3+ salts of 
polystyrenesulfonic acid, foils of polyelectrolytes under 
quasi-liquid conditions incorporated the molecules of hy- 
dration directly between cation and adjacent anion. 4 Q 3  First 
two and then more layers of water molecules occur between 
cation and anion at higher degrees of hydration. 

Thorium(1V) complexes with 4,4,4-trifluoro-1-(2-thienyl)- 
1,3-butanedione (TTA) and o-phenanthroline (phen), 
namely, Th(TTA)4(phen) and Th(TTA)4(1,1 '-bipyridyl), were 
found by spectroscopy to have coordination numbers of 
10. 4 9 4  

The compositions (Table XVII) and stabilities of neo- 
dymium solvates in water-methyl alcohol solutions were 
studied. 495 The higher the MeOH concentration, the greater 
the number of methanol molecules substituting for water in 
the ion solvation sheath. 

Up to 540" the spectra in certain regions of uranium(1V) 
and uranium(II1) in molten fluoride compared to their spectra 
in other molten salt systems suggested that the coordination 
number of the uranium species in the molten fluoride is 
possibly 8 or 9. 4 9 6  

The interaction of ions with the nearest water molecules 
in an organic medium was spectrographically investigated 

(488) D. E. Irish and G.  E. Walrafen, J .  Chem. Phys., 46,378 (1967). 
(489) A. V. Karyakin, A. V. Petrov, Yu. E. Gerlit, and M. E. Zubrilina, 
Teor. Eksp. Khim., 2,494 (1966). 
(490) J. L. Kropp and M. W. Windsor, J .  Phys. Chem., 71,477 (1967). 
(491) A. Sonesson, Acta Chem. Scand., 12, 165 (1958). 
(492) A. Sonesson, 12, 1937 (1958). 
(493) G. Zundel and A. Murr, Z .  Phys. Chem. (Leipzig), 233, 415 
(1966). 
(494) E. Butter, Z .  Chem., 7, 199 (1967). 
(495) N. A. Kostromina and T. V. Ternovaya, Zh.  Neurg. Khim., 12, 
700 (1967). 
(496) J. F. Young, Inorg. Chem., 6,1486 (1967). 

in solutions of the perchlorates of Na+, Li+, Mgz+, and Co*+ 
and iodides of Na+, Li+, and ( C ~ H Q ) ~ N +  in acetone or methyl 
cyanide containing semiheavy water (H20 + DzO).4Q7 From 
the changes in the absorption bands of valence vibrations, 
the interactions of the ions with the nearest water molecules 
could be studied in the absence of water-water hydrogen 
bonds. A new band appeared in the absorption spectrum due 
to the hydroxyl group in methyl cyanide solutions. The in- 
tensity of the new band increased with increasing salt con- 
centration. The magnitude of the new band shifted in 
the order NaC103 < LiC103 < Mg(C10& < Co(C10s)2. 
Presumably the new band was due to hydrated complexes 
of the type M n f . .  .O(D)H. -N=CMe. A third band of lower 
frequency appeared in iodide solutions, perhaps from com- 
plexes of the type M n f .  a .O(D)H. a 'I-. A similar study was 
made of deuteroxyl absorption spectra in methyl cyanide and 
acetone solutions of the same salts. 

Optical properties of rare earth complexes including 
fluorescence and luminescence were discussed and experi- 
mental proofs compiled for coordination numbers greater 
than 6 in rare earth complexes.4Q8 Proofs were given for the 
high coordination number of lanthanides in chelates with 
polyaminocarboxylic acids and in 0-diketone complexes. 

By comparison with absorption spectra of nine- and eight- 
coordinated Nd3+, the shape change in aqueous Nd3+ 
spectra was interpreted as a change in coordination number of 
the aquo Nd3+ from 9 in dilute solutions to 8 in concentrated 
solutions (Table I). It was assumed that other normally 
nine-coordinated lanthanide ions undergo a similar change. 
In concentrated chloride all lanthanide ions are perhaps 
eight-coordinated, possibly Ln(HzO)sa+ ions. In strong 
chloride solutions, trivalent actinide ions were thought to be 
chlor complexes. 

Correlations were investigated between the solvation 
numbers of ions and the characteristics of the rotational 
Brownian movement of the molecules of the solvent, 
namely, relaxation time of reorientation, 7 ,  and the coefficient 
of the rotational diffusion, D,, in nonaqueous solutions of 
electrolytes. A complete correlation was found between the 
change in the solvation number and the change in the total 
interaction between the ions and molecules of the solvent 
and the time of relaxation of reorientation 7 as well as 
D,.4Q9 The smallest ions as Li+ have the greatest solvation 
numbers and exert the greatest inhibiting effect on methanol 
molecules. Of several alcohols Li+ and C1- ions exerted the 
greatest inhibiting effect on methanol molecules and the 
least on amyl alcohol molecules. 

3. Signijfcance 

The optical methods are accurate, comparatively rapid, and 
do not involve alteration of the sample. Spectroscopy allows 
observations on the individual components of a sample 
rather than on the composite sample, since the bond and 
rotational frequencies are characteristic parameters for each 
component. Structural features of the sample are determinable 
using spectroscopic and other light-measuring approaches. 
Spectral studies are not definitive in all cases. The spectro- 
scopic approach has shown that the effects of electrolytes and 

(497) I. S .  Perelygin and N. R. Saffiullina, Zh. Strukt.  Khim., 8, 205 
11967). . . . - . , . 
(498) E. Antonescu, Stud. Cercet. Chim., 15,645 (1967). 
(499) G. P. Roshchina, A. S.  Kaurova, and I. D. Kosheleva, Zh. 
Strukt.  Khim., 9, 3 (1968). 
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temperature on water, assumed to be the same, are quite 
different. 

H. SOUND VELOCITY. COMPRESSIBILITY 

I .  Theoretical 

The adiabatic compressibility, be, of a liquid is related to the 
velocity, c‘, of sound in cmjsec for a liquid of density p ,  
g/ml, by the 

Pa = 1060- 2p- 1 bar- 1 (80) 

From Pa the isothermal compressibility, p, can be calculated 

where Cp and Cy are the heat capacities and a is the coefficient 
of volume expansion. Substituting (- l/p)dp/dT for a in eq 81 
yields 

P = P a  + { [ ( ~ P / ~ T ) J ~ T I / P ~ J C P  ( 8 2 )  
By proper substitution eq 82 was put in the form 

p = + o.O7125(P300 - ~zoo)/(~zso)~Cp (83) 
The decrease in compressibility of electrolyte solutions 

with increasing electrolyte concentration was explainedb02 by 
assuming that the solvent molecules solvating ions were fully 
compressed by the electrical forces of the ions and in the 
primary solvent shells of the ions were rendered incompress- 
ible. The adiabatic compressibilities of solution, pa, and that 
of solvent, Po+, were related by the equation 

P a  + Pors = 1 - S -  ( 3 
where S is the primary solvation number of the electrolyte 
and nl and n2 are the numbers of moles of solvent and solute 
present, respectively. By extrapolation of the graph of S cs. 
n2 to n2 = 0, “true” solvation numbers, SO, may be obtained. 

Allam and Leesoo expressed the compressibilities of elec- 
trolytes in water, methanol, and ethanol by the equation 

Pa = Po.a[l + nz(So 4- Ani + Bnn2)/n11 - 1 (85) 
where A and B are constants, and the remaining terms have 
been defined. The equation reproduced the data observed. 
Equation 85 was used to obtain the limiting solvation num- 
bers of various electrolytes at 25” in water, methanol, and 
ethanol. 

Assuming an incompressible solvation shell plus a central 
ion model, an entirely different method has been ad0ptedb~2-5~6 
to give a parameter of hydration. The model gives the volume 
of water, Vh, bound to 1 mol of solute in solution reduced to 1 
atm of pressure, PO, to be 

)/P1‘”) = -&/p1(P0) (86) Vh = (nlpl(Po) Vl(no) - p(Po) V(P0) 

where nl is the number of moles of water in the solution, p1 
the isothermal compressibility of the water, Vl the molar 

(500) D. S .  Allam and W. H. Lee, J .  Chem. SOC., 5 (1966). 
(501) D. S. Allam and W. H. Lee, ibid., 6049 (1964). 
(502) A. G. Passynski, Acta Physicochim. URSS ,  8,385 (1938). 
(503) Y. Wada, S. Shimbo, M .  Oda, and J. Nagumo, Oyo Buturi, 17, 
257 (1948). 
(504) T. Yasunaga, J .  Cheni. SOC. Jap., Pure Chem. Sect., 72, 87 (1954). 
(505) T. Sasaki and T. Yasunaga, Bull. Chem. SOC., Jap.,  28,269 (1955). 
(506) I<. Tamura and 7. Sasaki, ibid., 36,975 (1963). 

volume of water, p the isothermal compressibility of the 
solution, and K2 the apparent molal compressibility of the 
solute; PO = 1 bar. 

Using compressibility and density data, the value of Vh 
may be calculated. The average hydration number, h, of a 
pair of solute ions can be calculated using the equation 

h = V1/Vh(PO) (87) 

Several a u t h ~ r s ~ ~ z - ~ ~ *  have attempted to evaluate Vh and h. 

2. Experimental Technique 

Compressibility was used to obtain solvation numbers of 
ions.500-509 From the wavelengths of the ultrasonic waves the 
ultrasonic velocities in solvents and solutions have been cal- 
culated, and from these and measured densities the adiabatic 
and isothermal compressibilities obtained for the solvents 
and solutions. From the compressibilities of pure solvent 
and solutions hydration numbers of the electrolytes were 
0 b t a i n e d . 5 ~ ~ ~ 5 ~ ~  Then making an assumption concerning the 
solvation number of some particular ion, the solvation 
numbers of various ions have been calculated. 

3.  Solvation Numbers Found 

In Table XIX are presented the limiting solvation numbers of 
electrolytes at infinite dilution, and in Table XX are listed 
the solvation numbers of individual ions, assuming that in 
water solvent the hydration numbers of K+ and C1- ions in 
KCI are equal, and of ions assuming that in water, methanol, 
and ethanol the nitrate ion has two solvent molecules of sol- 
vation. 

In Table XX are presented average hydration numbers for 
electrolytes (ion pairs). Multiple temperatures and multiple 
values of the average hydration numbers at these different 
temperatures are enclosed in parentheses. 

Tables XIX and XX contain51° respectively hydration 
numbers at infinite dilution of some acids, alkalis, and tetra- 
alkylammonium salts, and the limiting hydration numbers of 
the ions involved assuming the planar nitrate ion can hold 
two water molecules in its primary hydration ~ h e l l , ~ ~ ~ - 5 ~ ~  
all at 25”. 

The solvation of ions (Table XX) was found from com- 
pressibility of solutions obtained from the velocity of ultra- 
sonic waves in them.512-516 The mathematical theory was de- 
veloped relating the degree of solvation of an electrolyte to the 
compressibility of its solution.512 

Adiabatic compressibility studies of aqueous electrolyte 
solutions showed that the structure of water became more 
highly coordinated and compacted with the introduction of 
ions. l7 

(507) T. Yasunaga and T. Sasaki, J .  Chem. SOC. Jap.,  Pure Chem. Sect. 
72, 89 (1951). 
(508) T. Sasaki, T. Yasunaga, and H. Fujihara, ibid., 73, 181 (1952). 
(509) S. Barnartt, Quart. Rea. Chem. SOC., 7, 84 (1953). 
(510) D. S. Allam and W. H. Lee, J. Chem. SOC., 426 (1966). 
(511) M. F. C. Ladd and W. H. Lee, J .  Inorg. Nucl. Chem., 13, 218 
( 1960). 
(512) V. B. Corey, Phys. Rea., 64,350 (1943). 
(513) T. Yasunaga and T. Sasaki, J .  Chem. SOC. Jap. ,  Pure Chem. Sect., 
72,366 (1951). 
(514) T. Yasunaga and T. Sasaki, ibid., 72, 87 (1951). 
(515) T. Sasaki, T. Yasunaga, and J. Fujiwara, ibid., 73, 181 (1952). 
(516) I<. Tamm and G. Kurtze, Nature (London), 168,346 (1951). 
(517) A. Pasynskii, Acta Physicochim. URSS ,  8, 385; J .  Phys. Chem. 
(USSR) ,  11,608 (1938). 
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Table XIX 

Solvation Numbers of Electrolytes 

Methods Electrolyte Solvent Temp, "C Concn Solvn no. Ref 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
IC 
IC 
IC 
IC 
IC 
IC 
IC 
IC 

NaOH 
KOH 
LiOH 
NaCl 
KCI 
LiCl 
NHiCl 
MgClz 
MgSOi 
NaNOa 
KNOB 
AgNOa 
LiNOa 
w4NOs 
NaBr 
KBr 
LiBr 
NH,Br 
NaI 
KI 
LiI 

NaI 
KI 
LiI 
NHiI 
NaNOa 
LiNOa 

NaBr 
KBr 
LiBr 
NH4Br 
NaCl 
LiCl 

LiI 
NaI 

NH4I 

NH4NOs 

NHiCl 

NHiI 
LiNOa 
NH4NOa 
LiBr 
NaBr 
NH4Br 
LiCl 
LiCl 
LiNOa 
NaCl 
NaBr 
NaI 
NaOH 
KCI 
KBr 
KI 
(CzHdrNBr 
NH,Br 
NaCl 
KCl 
NaBr 
KBr 
NaI 
KI 
MgCh 
SrCL 

Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Methanol 
Methanol 
Methanol 
Methanol 
Methanol 
Methanol 
Methanol 
Methanol 
Methanol 
Methanol 
Methanol 
Methanol 
Methanol 
Methanol 
Ethanol 
Ethanol 
Ethanol 
Ethanol 
Ethan o 1 
Ethanol 
Ethanol 
Ethanol 
Ethanol 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 

25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
20 (25) 
20 
20 
25 
20 (25) 
20 
20 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

9.9 
9.2 
8.7 
7.1 
6 .4  
6 .0  
4.2 

12.5 
14.8 
6.9 
6.1 
6.0 
5.6 
4.1 
6.5 
5.9 
5.4 
5.7 
6 .0  
5.4 
4.7 
3.2 
6.2 
6.0 
5.6 
5 . 5  
5.9 
5.3 
5.2 
5.6 
5.2 
5 .O 
5.0 
4.7 
4.2 
4.9 
3.7 
3.2 
3.3 
3.4 
2.9 
3.4 
2.9 
2.5 
2.7 
4.24 
2.98 
5.96 (4.98) 
4.82 
3.37 
8.40 
5.17(4.41) 
3.97 
2.. 92 

10.4 
3.7 
5.70 
5.0 
4.3 
3.8 
3.4 
2.6 

11 
13 

500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
506 
506 
506 
506 
506 
506 
506 
506 
506 
510 
5 10 
550 
550 
550 
550 
550 
5 50 
550 
550 
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Table X I X  (Continued) 

Methoda Electrolyte SolGent Temp, “C Concn Solon no. Ref 
IC Na2S04 Water 25 18 550 
IC MgS04 Water 25 17 5 50 
AC NH4Cl Water 25 1.50 506 
AC MgClz Water 20 (25) 11.8 (10.4) 506 
AC Mg(NOd2 Water 25 8.38 506 
AC CaClz Water 20 11 .3  506 
AC Ca(NOd2 Water 25 7.60 506 
AC BaClz Water 20 (30) 12.6(11.4) 506 

AC Na2C03 Water 20 (25) 19 .1  (15.7) 506 
AC Na2S04 Water 20 18.2 506 
AC Water 25 14.4 506 
AC (NHd)zSO4 Water 25 9 .34  506 
AC MgSO4 Water 25 14.7 506 
AC CuSO4 Water 25 13.2 506 
AC NaOH Water 25 9 . 9  510 
AC KOH Water 25 9: 2 510 
AC LiOH Water 25 8 . 7  510 
AC HCl Water 25 2 . 1  5 10 
AC HNOa Water 25 1 . 8  510 
AC CHICOOH Water 25 1 . 8  510 
AC (CHd4NBr Water 25 6 .7  510 

(40) (11.1) 

a AC = adiabatic compressibility; IC = isothermal compressibility. 

The absorption of sound518 by aqueous solutions of elec- 
trolytes was investigated for frequency, concentration, and 
temperature dependence. Uni-univalent and bi-bivalent 
electrolytes showed no absorption except for higher con- 
centrations of Na2S04 and MgC12. The bi-bivalent sulfates 
showed great absorption which from the slope of the frequency 
response was due to the relaxation process. For MgS04 the 
dependence on concentration proved linear; this indicates 
a constant absorption cross-section per mole. The further 
increase above 5 Mc/sec was possibly due to another relaxa- 
tion process caused by a change in the hydration shells of 
the reacting ions. 

and aqueous 
solutions of s~gars52~ and of dicarboxylic and hydroxy- 
carboxylic acidssz1 were made. It was found that a molecule 
of monosaccharide combined with four molecules of water as 
expected if each OH group hydrogen bonded with a molecule 
of water. A polysaccharide molecule also combined with four 
molecules of water. Apparently some of the sugar OH’S hy- 
drogen bonded with each other, and thus could not bond with 
water. The adiabatic compressibility data for maleic anhy- 
dride and of malonic, succinic, glutaric, oxalic, tartaric, 
citric, and malic acids perhaps arose from hydration effect 
of radicals. The negativity of the methylene coefficient was 
attributed to the radicals’ hydrophobic nature. 

Ultrasonic absorption studies on electrolyte solutions have 
been made and a bi-bivalent relaxation maximum was 
found,522 the frequency of which was independent of con- 
centration, but depended on the metal ion, and increased 
with temperature. Hydration, association, dissociation, and 

(518) K .  Tamm Kon. Vlaam. Acad. Wefenchap., Lett. Schone Kunsten 
Belg. Colloq. Ulirasonore Trillingen., 1951, 214 (1951). 
(519) Y. Miyahara and H. Shiio, J .  Chem. SOC. Jap., Pure Chem. Sect. ,  
73, 265 (1952). 
(520) Y. Miyahara and H. Shiio, ibid., 72, 876 (1951). 
(521) Y. Miyahara, Bull. Chem. SOC. Jap., 25,326 (1952). 
(522) K .  Tamm Nachr. Akad.  Wiss. Gottingen, Math.-Phys. KI. 2A: 
Math.-Phys. Ch&. Abt . ,  (10) 81 (1952). 

Adiabatic compressibility of gelatin 

- 

hydrolysis mechanisms were used to explain the data. Only 
the hydrolysis mechanism explained all the observed facts. 

From the speed of ultrasonic waves in solutions of sucrose, 
galactose, arabinose, maltose, and lactose, 2 mol of water 
was linked to each OH group in the carbohydrate molecule.~23 

Ultrasonic interferometer hydration studies indicated the 
mean pressure of hydration to be 4000 atm provided that 
water of volume Vis compressed by Avowing to hydration.524 

From compressibilities, solvation numbers of ions at 
infinite dilution were determined (Table XX).S25 Assuming 
the solvation layer had negligible compressibility, the solva- 
tion numbers were calculated. Ultrasonic studies of hydration- 
dehydration in polyelectrolyte solutions were made.520 
Hydration was determined for methacrylic arld polyacrylic 
solutions which were progressively neutralized by NaOH and 

From ultrasonic velocity in nitrate solutions, it was found 
that the larger the ionic radius the greater the hydration.52’ 
The relation of the compressibility of aqueous solutions of 
electrolytes with common anions to the ionic size of the 
cation was explained by a dependence on hydration and 
charge of the i0ns .5~~ 

Ultrasonic absorptions of aqueous zinc acetate as a 
function of temperature passed through a maxim~m.52~ 
This was explained on the basis of chemical relaxation and 
formation of an activated complex with an activation energy 
of 4.38 kcal/mol. With solutions above 0.05 N the reaction is 

Zn(OAc)z + nHzO + Zn(OAc)2(H20), (88) 

Bu~NOH. 

(523) Yu. K .  Novodranov and S. N. Mal’tsman, Uch. Zap.  Leningrad. 
Gos. Unic. im A .  A .  Zhdanoua, Ser.  Khim. Nauk, (10) 163 (1951). 
(524) T. Sasaki and T. Yasunaga, Bull. Chem. SOC. Jap., 28,269 (1955). 
(525) J.  Padova, Bull. Res. Counc. Isr., Sect. A ,  10, 63 (1961). 
(526) H. Asai, J .  Phys.  SOC. Jap.. 16,761 (1951). 
(527) S. V .  Subrahmanyam and J. Bhimasenachar, J.  Acousf. SOC. Amer., 
32, 835 (1960). 
(528) M. Suryanarayana, ibid., 33, 1245 (1961). 
(529) M. Pancholi and S. P. Singal, Nuoao Cimento, 28,292 (1963). 
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Table X X  

Solvation Numbers of Ions by the Method of Adiabatic Compressibility 

Solvn no. of Solvn no. of 
Solvent Ref ion ref ion Concn Temp, “C Solvated ion solvated ion Ref 

Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Methanol 
Methanol 
Methanol 
Methanol 
Methanol 
Methanol 
Methanol 
Ethanol 
Ethanol 
Ethanol 
Ethanol 
Ethanol 
Ethanol 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 

3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
2.0 
2.0 
2.0 
2.0 
2.0 
2 .0  
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2 .0  
2.0 
2 . 0  
2 . 0  
2.0 
2.0 
2.0 
2.0 
2.0 
2 . 0  
2 .0  
2.0 
2 .0  
2 . 0  
2 
2 
2 
2 
2 
2 
2 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 

Na+ 
Li+ 
NH4+ 
Ag+ 
MgZ+ 

Br- 
I- 
OH- 

Na+ 
K+ 
Li+ 
NH4+ 

Nos- 

sod2- 

Ag+ 
MgZ+ 
c1- 
Br- 
I- 
OH- 
sod2- 
Na+ 
K+ 
Li+ 
NH4+ 
Br- 
c1- 
I- 
Na+ 
Li+ 
NH4+ 
I- 
Br- 
c1- 
Na+ 
K+ 
Li+ 
c1- 
Br- 
OH- 
(CHahN+ 
(CzHj)rN+ 
NH4+ 
H+ 
Li+ 
Na+ 
K+ 
Mg2+ 
Ba 2+ 

Be3+ 
AP+ 
F- 
c1- 
Br- 
1- 
Li+ 
Na+ 
K+ 
Cs+ 
NH4+ 
Mg2+ 
Ca2+ 
Baa+ 

3.9 
2.7 
1.1 
3 . 1  
7 . 0  
2 .9  
2.6 
2.1 
6 . 1  
8.8 
4.8 
4.1 
3.6 
3.0 
4 .0  
7.9 
2.3 
1 . 7  
1 .2  
5.2 
7.9 
3 . 9  
3.6 
3 .3  
3.3 
1.7 
0.9 
2.4 
0 .9  
1 .4  
0.9 
2.3 
2.0 
1.3 
4.8 
4 .1  
3.6 
2.3 
1.7 
5.2 
5.0 
8.7 
2 .0  
1-2 
5-6 
6-7 
6-7 

16 
16 
8 

31 
2 
0-1 
0 
0 
2 
3 
2 
1 
0 
8 
8 
8 

500 
500 
5 0 0  
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
5 0 0  
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
510 
510 
510 
510 
510 
510 
510 
510 
5 10 
512 
512 
512 
512 
512 
512 
512 
512 
512 
512 
512 
512 
525 
525 
525 
525 
525 
525 
525 
525 
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Table X X  (Continued) 

Solon no. o f  Solon no. of 
Soloent Ref ion ref ion Conen Temp, “C Solvated ion solvated ion Ref 

Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

From densitometric studies on solutions containing two 
electrolytes, densities of packing of the systems KC1-NaCI- 
H20 and KC1-KF-HZO were calculated.530 NaCl added to 
KCI solution caused a tighter packing of hydrated ions com- 
pared to that in pure KC1 solution, but K F  loosened the 
packing greatly. H+ decreases the volume gap among hy- 
drated ions. 

From ultrasonic studies of aqueous solutions of the ni- 
trates of Li, Ag, Be, Ca, Cd, UOz2+, AI, and La, the hydration 
numbers were found for the electrolytes and compared with 
data from other meth0ds.5~~ 

The hydration number and other ultrasonic parameters 
of the nitrates of Li, Ca, Cu, Mg, Mn, Ni, Zn, Fe, Al, and Cr 
were determined from ultrasonic velocity data.532 

Ultrasonic studies of the hydration of NaCl, KCl, KZCO3, 
and BaCh in mixtures of ethanol-water were made,533 and 
the hydration numbers of CaL. 4H20 and Th(N03)4. 4H20 
were determined.534 

Ultrasonic velocities and compressibilities yielded total 
hydration numbers as functions of concentration in solu- 
tions of Na2MoOc.2Hz0, Na2CrO4. 10H20, K3P04,  KHC03,  
Ca(HCO&.HzO, and In general, the hydration de- 
creased with increasing cationic radius except for LiOH, 
Be(N03)2, and Ca(N03)2. H & 0 4  gave very high, HNO, 
and HC1 gave very low, and NH40H gave negative hydra- 
tion numbers. 

Data on the apparent volumes and compressibilities of 
ions in aqueous solutions showed that the assumption of 
equal hydration of anions and cations is incorrect.536 The 
apparent incompressible volumes of ions increased with de- 
creased ionic radius, especially for anions. 

Ultrasonic velocities were obtained in aqueous solutions 

(530) S .  Lengyel and G.  Felzer, Magy.  Kem. Foly., 60, 183 (1963); 
Acra Chim. Akad.  Sci. Hung., 37,319 (1963). 
(531) M. G. S.  Rao and B. R.  Rao, Indian J .  Phys., 36,613 (1962). 
(532) M. S. Murty and Bh. Krishnamurty, Indian J .  Pure Appl.  Phys., 
1 (9), 332 (1963). 
(533) T. Yasunaga, Y. Hirata, Y .  Kawano, and M.  Miura, Bull. Chem. 
SOC. Jup., 37,867 (1964). 
(534) T. Satyavati, Indian J.  Pure Appl.  Phys., 2 (6), 201 (1964). 
(535) M. G.  S.  Rao and B. R.  Rao, ibid., 1 (10). 362 (1963). 
(536) I. V. Litvinenko,Zh. Strukt. Khim., 4,830(1963). 

Cd2+ 
cu2+ 
Zn2+ 
Be2+ 
Ce3+ 
OH- 
c1- 
Br- 
I- 
CHaCOO- 
NOa- 
CNS- 

CrOa- 
co 3 2- 

SOa2- 

HCOa- 

5 
5 
6 
1 
13 
8 
3 
2 
0 
4 
1 
0 
2 

13 
15 
11 

525 
525 
525 
525 
525 
525 
525 
525 
525 
525 
525 
525 
525 
525 
525 
525 

of the sulfates of Li, Mg, Cd, Co, Ni, Fe, Cr, Mn, and AI.5*7 
From the data hydration numbers and other properties were 
calculated. The variation of adiabatic compressibility with 
concentration was inversely dependent on hydration number. 

The solvation approach was used to interpret ion-solvent 
interaction. 5 3 R  

By the method of ultrasonic interferometry the hydration 
numbers for NaCl, RbCl, LiCl, KCI, CsC1, SrC12, NiCI2, 
BaCh, CoC12, MgC12, MnC12, CaCI2, ZnCl?, and CuC12 in 
aqueous solutions and their dependence on temperature in 
the range 20-40’ were determined.539 The idea of clathrates as 
hydration shells was supported. 

The spin-lattice relaxation time for protons for solutions of 
CoC12, CuC12, and LiCl were measured as a function of the 
number of moles of water per mole of solvent in aqueous 
methanol as water was added to the At higher 
proportions of water there was a basic structural change in the 
first coordination sphere as the alcohol shell was completely 
replaced by the hydrate shell. The filling of cation and anion 
influence spheres occurred in a set sequence in relation to their 
solvation energies. 

Ultrasonic measurements yielded the hydration numbers 
and other properties of solutions of the chlorides of Li, Al, 
Cu, Cd, Mn, Mg, Ca, Ni, Co, and Sr.5*I 

Ultrasonic velocities and viscosities of solutions of mix- 
tures of KC1 and NaCl at high concentrations were measured 
and hydration numbers calculated. Hydration decreased with 
molality.542 With increasing concentration, there was either 
not enough water for all the ions or preferentially ion-pairing 
occurred. Some doubt was expressed whether “relative 
association” is a measure of hydration. 

Ultrasonic absorption studies by the Carstensen method 
were made on MnS04 in water and in 25 wt dioxane in 

(537) M. S.  Murty and Bh. Krishnamurty, Indian J .  Phys., 37, 359 
(1963). 
(538)’J. Padova, Isr. A?. Energy Comm., 1A-823, 16 pp, 1A-830, 23 pp 
(1963). 
(539) T. Isemura and S. Goto, Bull. Chem. SOC. Jap., 37,1690 (1964). 
(540) P. A. Zagorets, V. I. Ermakov, and A. P. Grunau, Zh. Fiz. Khim., 
39,456 (1965). 
(541) M. S. Murty, Indian J .  Pure Appl. Phys., 3 (9, 156 (1965). 
(542) J.  Kuppuswamy A. S. Lakshmanan, R. Laskshminarayanan, 
N. Rajaram, and C. V.’Suryanarayana, Bull. Chem. SOC. Jup., 38, 1610 
(1965). 
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~ a t e r . 6 ~ ~  The data do not bear out the 0bserva t ions5~~~~~5 
that a relaxation peak existed at 35 Mc. This brought into 
question assignment of relaxation peaks to the steps in the 
association processes 

a b 
M2+ + A’- Ms+OHs0HsA2- J_ 

M2+OH2A2- 5 MZ+A2- (89) 

On theoretical grounds step a is not expected to yield a 
separate relaxation peak.546 It was that the 200- 
Mc peak ought not to be assigned to step a but to step b. 
In the above mechanism only water molecules interposed 
between aquated ion-pair members are shown. 

Ultrasonic absorption of aqueous solutions of (R4N+) 
halides, where R = ethyl, propyl, and butyl, showed a 
marked relaxation believeds4’ to be associated with the 
special hydration properties of the alkylammonium cations. 

In a study of the influence of ultrasound on electrode 
processes, the differences in discharge potential of the 
chloride anion in different alkali salts were correlated with 
the degrees of hydration of the cati0ns.5~8 

From the velocity of sound in aqueous solutions of NaCl, 
KCl, NaBr, KBr, NaI, KI, MgC12, SrC12, NazS04, and MgS04, 
the hydration numbers of the electrolytes up to 0.0625 M 
were calculated and compared with those obtained from 
compressibility measurements at higher concentrations.649 
The values obtained represented the primary hydration 
numbers and conform to the values determined by Robinson 
and StokesSs0 to fit experimental activity coefficients. Were 
some choice made for dividing the solvation numbers between 
the ions, the electrolyte solvation numbers could be re- 
solved into those for individual ions. 

The molar quantity of movement, MV, was defined by 

M V = a + b M  

where M was the molecular weight and V the velocity of 
sound in the examined medium.65’ For solutions formulas 
were derived allowing for dissociation and hydration of solute 
molecules. Hydrations were estimated for different concen- 
trations of NaCl, KCl, NaN03, KNOa, urea, a-alanine, and 
glycine. 

Ultrasonic absorption in aqueous solutions of the sulfates 
of Mg, Li, Na, and K for a given concentration was found552 
to decrease in the order MgS04 > Li2S04 > Na2S04 > 
&Sod. In size Mg ion is between Li and Na; hence it was 
thought that the double charge of the Mg ion must be con- 
sidered. These data seemed to confirm the idea that the larger 
the number of molecules bound by ions of large ionic radius, 
the lower the value of the ultrasonic absorption. 

(543) L. G. Jackopin and E. Yeager, J .  Phys.  Chem., 70,313 (1966). 
(544) G. Atkinson and S. Kor, ibid., 69,128 (1965). 
(545) J. Smithson and T. Litovitz, J .  Acoust. Soc. Amer., 28, 462 
(1956). 
(546) M. Eigen and K .  Tamm, Z .  Elektrochem., 66,107 (1962). 
(547) M. J. Blandamer, M. J.  Foster, N. J. Hidden, and M. C. R. 
Symons, Chem. Commun., 62 (1966). 
(548) S. Lica and G.  Tudorache, Bul. Inst.  Politeh Bucuresti, 25 (2), 
35 (1963). 
(549) M. V. Kaulgud, Z .  Phys. Chem. (Frankfurt am Main), 47, 24 
(1965). 
(550) R.  A. Robinson and R.  H .  Stokes, “Electrolyte Solutions,” 
Butterworths, London, 1955, p 247. 
(551) Yu. A. Petrenko, L. A. Petrenko, and V. K.  Tkach, Biofiz. 
Radiobiol., 3 (1966). 
(552) F. Fittipaldi, Nature (London), 210,5038 (1966). 

Measurements of the densities and sound velocities in 
liquid SOZ of KI, MePyrI, Me4NI, Et4NI, Et4NBr, Et4NC1, 
Et4NPic, EtaNC104, MePyrC104, and Me4NC104, where Pyr 
is pyridinium and Pic is picrate, were made.6Sa The volume 
change when an electrolyte dissolved at zero concentration 
was much smaller for KI and Et4NI in SOz than in water. 
This probably arose from the slight association of SOz in the 
liquid state and from its possible compressibility in the vi- 
cinity of the ionic charge. Also the SOz is larger than the 
water molecule and the SOs interaction with a large ion such 
as Me4N+ might be predominant. 

The ve!ocity of ultrasonic waves, densities, and adiabatic 
compressibilities of methanolic solutions of LiCl, NaCI, 
NaBr, NaI, and CsCl indicated5S4 that the solvation numbers 
decreased in the order LiCl > NaCl > CsCl and were 
practically independent of the anion. 

Ultrasonic interferometry and the quantitative determina- 
tion of combined water gave complete saturation boundary 
values for the alkali halides, and for sulfates and nitrates of 
Na, K, Li, Ba, Cd, and Pb in aqueous solutions.556 For 
alkali halides, a crystal lattice energy greater than the solva- 
tion energy (AH > 0) indicated a complete solvation boundary 
concentration greater than the saturated concentration. 
A H  < 0 implied a complete solvation boundary concentra- 
tion less than the saturated concentration. 

If the hydration of cations is less than that of anions, the 
complete solvation boundary concentration is lower than the 
saturated concentration and vice uersa. In general, the com- 
plete saturation boundary concentration relative to the 
saturated concentration depends on the hydration entropy 
of the ions of the electrolyte with the hydration capability 
of the cation a large factor in the complete solvation boundary 
values. 

4 .  Sign@cance 

From Table XX, the solvation numbers of ions are de- 
pendent on the standard of reference chosen. This is to be 
expected when the solvation numbers of the same ions are 
compared for different standards of reference for solvation. 

The solvation number of an ion depends on the solvent. 
Thus, the lithium ion has limiting solvation numbers at 
25” of 3.6, 3.3, and 1.4, respectively, in water, methanol, 
and ethanol using as reference the solvation number of 2 for 
the nitrate ion. Similar numbers for the chloride ion are 2.3, 
0.9, and 1.3  respectively. In general, the solvation numbers 
of cations for similar temperature and concentrations more 
closely correspond in water and methanol and differ com- 
paratively more widely in ethanol. The solvation numbers 
of anions under similar conditions correspond more closely 
in methanol and ethanol and show comparatively wider 
variation in water. 

The solvation number for an ion is not always the same 
as found by different investigators. Thus the limiting value 
of the solvation number of the ammonium ion in water from 
ref 500 is 1.1 or 3 depending on whether the reference standard 
for solvation numbers is taken as K+ = C1- = 3.2 or NOS- = 
2. In ref 526 the solvation number for the ion is given as zero. 

(553) Y. Kondo, T. Goto, I. Suo, and N. Tokura, Bull. Chem. SOC. 
Jap., 39, 1230 (1966). 
(554) A. S. Kaurova and G. P. Roshchina, Akust. Zh.,  12,319 (1966). 
( 5 5 5 )  L. A. Petrenko and Yu. A. Petrenko, Zh. Strukt. Khim., 8 ,  212 
(1967). 
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All investigators find by adiabatic compression, in 
opposition to other methods, a solvation number for the 
lithium ion which is low compared to those of the other 
alkali metal ions. Nmr indicated that structure breaking 
dominated structure making by this ion. If the dynamic 
solvation for the lithium ion is accepted and if 
this loosely constructed solvation permits some compress- 
ibility of the solvated ion, then the incompressibility of the 
solvated ion assumed in the adiabatic compressibility ap- 
proach would account for this reverse in relative solvation 
number of the lithium as compared to the other alkali 
metal ions. 

The adiabatic compressibility approach gives only the 
solvation for the primary solvation shells of ions. 

I. EFFECTIVE VOLUME 

1. Theoretical and Experimental 

DarmoisSS7 showed that density measurements could be used 
to calculate primary solvation numbers. Consider a volume 
of solution, V, containing a total number of water molecules, 
nl, of which n are attached to each of the n2 salt molecules 
present in the total volume of solution as primary hydration 
water. If u1 is the volume of one free water molecule, then 
(nl - n,n)u1 is the volume of free water in the volume V. Let 
V, be the Stokes volume of one of the hydrated ions in the 
volume VI; then the primary hydration number, n, can be cal- 
culated from the equation 

(n1 - nzn)u1 + nzvz = v (91) 

However, it has been shown that this method has a basic 
weakness in that it depends upon the Stokes volume which is 
often too small, thereby yielding hydration numbers that 
may also be too small.558 

Conway and B o ~ k r i s ~ ~ ~ ~ ~ ~ ~  suggest that a better method 
would be to  express the Stokes volume in terms of the crystal- 
lographic volumes of the ions, vi ,  and of the compressed 
water molecules, nu:. Therefore 

(92) 

Introducing the apparent molal volume, 4, and solving for 
n, one obtains 

v = (nu? + ~ i > n z  + (n1 - n9)ui 

(93) 

The ulh - VI term was evaluated from data for the pressure 
created by the Coulombic ionic field in a surrounding dielec- 
tric at a mean distance, Vl + V,, from the center of the 

and from data for the compressibility of water at 
these pressures.561 Using known literature values for the 
apparent molal volume,S62--564 the primary hydration num- 

(556) J. F. Hinton, E. S. Amis, and W. Mettetal, Spectrochim. Acta, 
Purr A ,  25,119 (1969). 
(557) E. Darmois, J .  Phy. Radium., 2,2 (1941). 
(558 J.  O'M,,, Bockris and B. E. Conway, "Modern Aspects of Elec- 
trochemistry, Butterworths, London, 1954, p 67. 
(559) B. E. Conway, R. E. Verrall, and J. E. Desnoyers, Z .  Phys.  Chem. 
(Leipzig), 230, 157 (1965). 
(560) T. J. Webb, J .  Amer. Chem. Soc., 48,2589 (1926). 
(561) P. W. Bridgman, J .  Chem. Phys., 3,597 (1935). 
(562) J. D.BernalandR. H. Fowler, ibid., 1,515 (1933). 
(563) D. A. McInnes and M. 0. Dayoff, J .  Amer. Chem. Soc., 74, 1017 
(19 52). 
(564) G .  W. Stewart, J .  Chem. Phys., 7, 381 (1939). 

bers for the following ions were obtained: Li+ (n = 2.5), 
Na+ (n = 4.8), K+ (n = l.O), F- (n = 4.3), and C1- (n = 0). 

G0t0565 has determined the effective volumes, the apparent 
volumes, and the magnitudes of electrostriction for a number 
of 1 : 1 electrolytes in aqueous solution from an analysis of the 
densities of solutions at different concentrations. From these 
data the number of molecules of water of hydration associ- 
ated with the various electrolytes was obtained. The method 
of Goto may be outlined as follows. The reciprocal of the 
density (d,) of a solution containing m grams of solute in 100 
g of the solution corresponds to the volume, Vm, of 1 g of the 
solution, Consequently, the volume, V,, of a solution con- 
taining 100 g of water and c grams of solute may be written as 

100 
do 

v, = c-0 + - - v," (94) 

where D is the effective specific volume of salt in the solution, 
do is the density of pure water, V," is the volume of water de- 
creased by electrostriction, and c is given by 

1 OOm 
100 - m 

c = -  (95) 

If the concentration of the solute, c, is changed from ci to 
cj, then 

where D ~ , ~  is the apparent specific volume of the salt for a 
given concentration range. If dVe/dc = 0 or if V,ie becomes 
equal to Voje as the concentration is increased, then ~ i , j  will 
correspond to the effective specific volume of the salt in 
solution since all the solvent water will be attracted by ions 
at a high concentration. Under such conditions, the volume 
of water (100 g) may approach a constant (loo/& - 
Vem,,,) with an increase in the concentration of the solute. 
The correlation between V, and the salt concentration was 
found to be represented empirically by 

(97) 

The parameters, Ve,,,, r,  and D were determined by the 
method of least squares. Also the difference between tj i , j  at 
infinite dilution or the apparent specific volume, 60, of a 
salt, and its effective specific volume, U, corresponds to the 
magnitude of electrostriction, ve, per 1 g of salt a t  infinite 
dilution or 

(98) ue = D - Do = kVem,, 

Since the volume of the solution does not increase linearly 
with concentration as the result of the electrostriction of the 
solvent, two curves were drawn for the volume of the solution 
(Vo) and of the solvent (V,) under conditions: dV,/dc > 
0, dzV,/dcz > 0 and dV./dc < 0, d2VJdcZ > 0. These curves 
were analyzed using eq 97 for solutions of 1 : l  electrolytes 
from which it was determined that the effective specific 
volumes, 0, of a salt in aqueous solution and the maximum 
volumes, Ve,,,, of water decreased by the electrostriction. 
Then the apparent specific volumes, Do, and the magnitudes of 
the electrostriction, ue, were calculated from eq 98. It can then 

(565) S z o t o ,  Bull. Chem. SOC. Jap., 37, 1685 (1964). 
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be shown that the number of molecules of water of hydration 
per molecule of solute is given by the expression 

(99) 

The values obtained are given in Table XXI. The large values 

(lOOve/Vem,,)(molecular weight of solute) 
18 

N =  

Table X X P  
Salt Nb Salt Nb 

LiCl 
LiBr 
LiI 
NaCl 
NaBr 
NaI 
KCI 
KBr 

30 KI 47 
51 RbCl 49 
66 RbBr 38 
22 RbI 28 
37 CSCl 45 
42 CsBr 87 
34 CSI 96 
46 

e Values obtained at 20”. Moles of HzO/mole of solute. 

for the hydration numbers were discussed in terms of the 
probability of clathrates around the ions. 

The previous discussion has shown that the volume con- 
traction produced by the interaction between ions and water 
molecules can be used as a measure of the magnitude of hy- 
dration. The volume contraction calculated from compress- 
ibility data has been shown to be proportional to the 
amount of hydration water, the proportionality constant 
being independent of the temperature and the nature of the 
electr0lyte.56~-5~* 

Tamura and SasakiSeg have developed a method based 
upon the empirical equation of Tait,5T0 which gives the com- 
pressibility of water under pressure, from which a quantity 
is obtained which the authors proposed as a common param- 
eter of hydration. 

The Tait equation may be written as 

P(p)V~(p)  (bV1‘p’/bP)~ = 0.4343C/(B + P) (100) 

or in the integrated form 

Vl(po) - Vl(P) = c log [ (B  + P)/(B + Po)] (101) 

where /3 is the isothermal compressibility, V is the molar 
volume of water, B and C are constants dependent upon the 
temperature and nature of the liquid, P is the external pres- 
sure, and PO is the standard pressure of 1 bar. The dissolution 
of an electrolyte in water produces a state of electrostric- 
tior157~ which causes water to behave like a substance placed 
under a constant effective pressure which is greater than 
atmospheric pressure by an amount Pe.572 Equation 100 can 
now be written as 

(566) T. Sasaki and T. Yasunapa, Bull. Chem. SOC. Jap., 28,269 (1955). 
(567) T. Yasunaga and T. Sasaki, J.  Chem. SOC. Jap., Pure Chem. Secf . ,  
72, 89 (1951). 
(568) T. Sasaki, T. Yasunaga, and H. Fujihara, ibid., 73,181 (1952). 
(569) K. Tamura and T. Sasaki, Bull. Chem. SOC. Jap., 36,975 (1963). 
(570) P. G.,Tait, “The Physics and Chemistry of the Voyage oFH. M. S. 
Challenger, Part IV, 1888. 
(571) W. Nernst and P. Drude, Z .  Phys.  Chem., 15,79 (1894). 
(572) G .  Tammann, “Uber die Beziehungen Zwischen den Kraften and 
Eigenschaften der Lasungen,” Voss, Leipzig, 1907, p 36. 

where is the volume occupied by 1 mol of water in an 
electrolyte solution under an external pressure P which is, 
therefore, the molar volume of pure water under the pres- 
sure (P + Pe). A solution containing n mol of water and 1 mol 
of solute has the volume 

(103) 
where a2(’) is the contribution to the volume of the solution 
made by 1 mol of solute. Therefore, if P = Po 

VCP) = &(P) + a 2 ( P )  

y ( P )  = ,Vl‘P0’ - 

nC log [ (B  + PO + Pe)/(B + PO)] + @2(”) (104) 
or 

P(V>” = 0.4343Cfi/(B + P + Pe) - (a@2‘p’/bP)~ (105) 
Assuming the last term to be negligible at moderate pressures 
and  concentration^,^^^ one can obtain the expression 

(106) 

Equation 106 was used to calculate @)q(pO) from the iso- 
thermal compressibilities, obtained by sound velocity 

and densities of both pure water and the 
solutions. Values of @2z(p0)  were obtained for a number of 
electrolytes and compared with the molar volumes of the 
same electrolytes in the supercooled liquid state (the molar 
volume of a molten electrolyte at a high temperature was cal- 
culated and extrapolated to the temperature corresponding 
to those at which @2(p0) were calculated). Satisfactory agree- 
ment was found between the two values obtained for each 
electrolyte which supports the view that the solute in a solu- 
tion behaves as a supercooled liquid with respect to its con- 
tribution to the volume of the solution. 

In obtaining a parameter of hydration, a method was 
adopted based on the incompressible hydration shell 
mode1.574$575 Assuming that the hydration shells together with 
the hydrated ions are incompressible, then the volume of 
water, Vh, bound to 1 mol of solute in solution, reduced to  
atmospheric pressure, PO, is 

+ ,Clog n p ( P o )  Vl(Po)/p(Po) V(P0) a 2 ( P 0 )  = V(P0) - nlVl(Po) 

(107) 

Vh = - K2/@1(p0) (108) 

where K2 is the apparent molal compressibility of the solute. 
The values of V h  may be determined from compressibility 
and density data. The average hydration number of water 
molecules for a pair of solutes is then defined by 

Vh = (np(Po) VI(PO) - @(PO) V(PO))/P1(PO) 

h = vh/vlca) (109) 

Values of h obtained for a number of electrolytes are shown 
in Table XXII. 

In the development of an equation for the molar volume of 
ions in aqueous solution which includes all types of ions to 
temperatures up to 200 O, G l u e c k a ~ f ~ ~ ~  calculated the number 
of water molecules in a number of layers around the ions. 
The apparent molar volume C#J of ions in water at infinite 
dilution was expressed in terms of the intrinsic volume, VO, of 
the ion from which was subtracted the volume change arising 
as the result of forces exerted by the ion on the water dipoles. 

(573) T. Yasunaga, J.  Chem. SOC. Jap., Pure Chem. Secr., 72,87 (1951). 
(574) A. Passynski, ActaPhysicochim. U R S S ,  8,385 (1938). 
(575) Y. Wada, S. Shimbo, M. Oda, and J.  Nagumo, Oyo Bufsuri, 17, 
257 (1948). 
(576) E. Glueckauf, Trans. Faraday Soc., 64,2423 (1968). 
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Table X X l l  
Salt Hydration no., h Temp, “C 

The number of water molecules in the nth layer was calcu- 
lated for the ions shown in Table XXIII. 

~~ ~ 

LiCl 
LiN03 
NaCl 

NaBr 
NaI 
NaOH 
KC1 

NaZCO3 

4.24 
2.98 
5 .96  
4 .98  
4 . 8 2  
3.37 
8 .40  
5 .17  
4 .44  
3 .97  
2 .92  
1 . 5 0  

11 .50  
10.40 
8 .38  

11 .30  
7 .60  

12 .60  
11 .40  
11.10 
19 .10  
15 .70  
18.20 
14 .40  
9 . 3 4  

14 .70  
13 .20  

25 
25 
20 
25 
20 
20 
25 
20 
25 
20 
20 
25 
20 
25 
25 
20 
25 
20 
30 
40 
20 
25 
20 
25 
25 
25 
25 

Assuming that water at its normal density surrounds a 
spherical ion, then, because of the open structure of water, 
there will be a certain amount of dead space that has to  be 
included in the intrinsic volume. The intrinsic volume can 
then be expressed by 

Vo = (4/3)x(r0 + Q ) ~ N  

where 

(1 11) a = (3~ , /4nN)’ /~  - rw 

where ro is the radius of the ion, rw is the radius of the water 
molecule (1.38 A),, 6, is the molar volume of water at a given 
tempera t~re .~~’  If one envisions each ion originally surrounded 
by water molecules in such a way that the density is every- 
where that of water, then the first layer will have its center at 
rl = ro + rw = P, and for subsequent layers it is assumed 
that the distance of each layer increases by 1.76 A. It is 
noted that this distance is only correct for ions equal in size 
to the water molecule. However, this difference is not im- 
portant at these relatively large distances from the ion. 
The number of water molecules xn in the nth layer surrounding 
an ion was calculated in the following manner. Each sphere 
of radius r,  contains approximately (l/2)xn water molecules 
with the center at r,, plus all the water molecules at r < r,, 
plus the intrinsic volume of the ion. Therefore 

or 
a = # - 1  

a = l  
xn = (8/3)(x/u,)rn3 - 2(Vo/cw) - 2 xB (113) 

___ 
(577) E. Glueckauf, Trans. Furaday Soc., 61,914 (1965). 

Table X X l l l  

Number of Water Molecules in the nth Layer 
at 25 O in the Uncompressed State 

Layers __---- 
Ion I2 = I n = 2  n = 3  n = 4  

I- 7 . 3  22 35 60 
cs+ 5 . 1  18 30 53 
K+ 3 . 8  16 27 48 
Li+ 2 . 0  11 22 41 

Benson and C ~ p e l a n d ~ ’ ~  have shown that the Muker- 
jees79,580 hypothesis of correlating partial molar volumes of 
ions with the continuum model of Born can be understood in 
terms of an isomorphic replacement of water molecules in a 
simple cubic lattice by ions whose sizes range from smaller to 
not too much larger than water. From the arguments developed 
optimum values for coordination numbersoof 6 to 8 were cal- 
culated for ions of radius between l and 2 A.578 

Partial molal volume data were used by PadovasS1 to de- 
termine the solvation numbers of the lanthanides in aqueous 
solution. The solvation numbers were obtained with the 
equati0n5~~ 

where Ph is the molar volume of the hydrated ion, VSo the 
partial molal volume at infinite dilution of the lanthanide 
salts in water, Po the partial molal volume of water at 
infinite dilution, and no the solvation number. The values 
of Vb were obtained from the relationship between the 
B coefficient of the Jones-Dole equations3 and VI,: r h  = B/ 
2 . P 4  The values for B and vzo were taken from the litera- 
ture.B5~5~6 Values for the ionic solvation numbers were then 
obtained by using values for the chloride ion of no = 1 and 
vz0 = 18.60.587 The following solvation number values were 
obtained for the lanthanides: Laa+ (8 .5 ) ,  Pr3+ (9.3, Nd3+ 
(9), Smat ( 9 . 3 ,  Tb3+ (lo), Dy3+ ( l l ) ,  Ho3+ (ll), and Erat 

The apparent molar volumes of HCI, HN03,  HzS04, 
KOH, and NaOH have been determined at 15°.s8 Assuming 
that the hydration number of H+ is 1 and that of OH- is 0, 
the following hydration numbers were determined from the 
data: SO4*- (2), C1- (3), NOS- (3), Kf (4), and Na+ (10). 

Solvation numbers have been calculated from the apparent 
molar volumes of electrolytes in sulfuric a ~ i d . 5 ~ ~ ~ 5 ~ 0  The 

(11). 

(578) S. W. Benson and C. S.  Copeland, J .  Phys. Chem., 67, 1194 
(1963). 
(579) P. Mukerjee, J .  Phys. Chem., 65, 740 (1961). 
(580) P. Mukerjee, ibid., 65,744 (1961). 
(581) J. Padova, ibid., 71, 2347 (1967). 
(582) J. Padova, Bull. Res. Counc. Isr. ,  Sect.  A ,  10,63 (1961). 
(583) G. Jones and M. Dole, J .  Amer. Chem. Soc., 51,2959 (1929). 
(584) R. H. Stokes and R. Mills, “Viscosity of Electrolytes and Related 
Properties,” 1st ed, Pergamon Press, London, 1965. 
(585) F. H. Spedding and M. J. Pikal, J .  Phys. Chem., 70,2430 (1966). 
(586) F. H. Spedding and M. J. Pikal, ibid., 70,2440 (1966). 
(587) J. Padova, J .  Chem. Phys., 39,1552 (1963). 
(588) A. I .  Kaz’min,J. Phys. Chem. (USSR), 11,585 (1938). 
(589) R. J. Gillespie and S.  Wasif, J .  Chem. Soc., 215 (1953). 
(590) R. H. Flowers, R. J. Gillespie, and E. A. Robinson, ibid., 845 
(1960). 
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Table X X I V  

Solvation Numbers (n )  of Ions in Sulfuric Acid 
Ion n S 

Ba2+ 
Na+ 
Li+ 
K+ 
NHd+ 
Rbf 

6 
3 
3 
2 
1 
0.7 

6 . 5  
3.0 
2.3 
2.1 
1 .2  

values obtained (n) are shown in Table XXIV based upon a 
value of 3 for the sodium The relationship between 
osmotic coefficient and apparent molar volume was also used 
to obtain the solvation numbers of ions (s) in sulfuric acid 
as shown in Table XXIV.E91 

If one treats the solutions as if containing a single elec- 
trolyte species of molality, m, the variation of the osmotic 
coefficient with electrolyte concentration may be expressed 
as 

where 4 s ~  is the electrostatic interionic contribution to the 
osmotic coefficient, 2m the total concentration of ionic 
species, and b the osmotic coefficient parameter which is re- 
lated to the solvation number (s) of the electrolyte by 

(116) 
In eq 116, r is the ratio of the apparent molar volume of the 
electrolyte to the molar volume of the solute, 54 cc, and s is 
the solvation number of the electrolyte.591 Values of b were 
determined from osmotic coefficients using freezing point 
data.592 A comparison has been made of the solvation num- 
bers derived from cryoscopic and density measurements.5g3 

b = [(r + ~)~/40.81 - (r/20.4) 

J. DIELECTRIC PROPERTIES 

The molar dielectric depression observed in aqueous solutions 
of ions has been discussed assuming that the first shell of 
water molecules is dielectrically saturated with respect to 
positive ions and unsaturated in the case of negative i0ns.69~ 
It was found from the results of dielectric constant measure- 
ments made at centimeter wavelengths and extrapolated to 
zero frequency that the dielectric constant depends on the 
salt concentration in the following manner 

E. = EH,O - 6, (117) 

where E. is the dielectric constant of the electrolyte solution, 
EH,O the dielectric constant of pure water, c the electrolyte 
concentration, and 6 given by 

(1 18) 
where values of E,.ions and E m , ~ , o  are taken as 2 and 5 .5 ,  
respectively, VZ and VHl0 are the molar volumes of the solute 

(591) W. H. Lee, “The Chemistry of Non-aqueous Solvents,” Vol. 11, 
J. J. Lagowski, Ed., Academic Press, New York, N. Y., 1967. 
(592) S. J. Bass, R. J. Gillespie, and J. V. Oubridge, J .  Chem. Soc., 837 
(1960). 
(593) R. H.  Flowers, R. J .  Gillespie, and E. A. Robinson, ibid., 4327 
(1960). 
(594 J. B. Hasted, D. M. Ritson, and C. H. Collie, J .  Chem. Phys., 16, 
1 (d48). 

and water, respectively, and n is the primary hydration num- 
ber. Equations 117 and 118 were used to calculate the primary 
hydration numbers for a number of salts as shown in Table 
XXV.596 

Table X X V  

Primary Hydration Numbers of Salts from 
Dielectric Constant Measurements 

Salt n Salt n 

NaF 4 + 1  KCl 5 f  1 
NaCl 6 + 1  RbCl 4 f  1 
NaBr 6 +  1 NHdCI 4 z k l  
NaI 6 z t l  KF 5 2 1 1  
LiCl 6 f  1 

To determine primary hydration numbers for individual 
ions, one must assume the relative contributions of the two 
ions in a single case. The parameter 6 can then be written 
as 6 = (6f + 6 3 2 .  Using NaCl as a reference and taking 
into consideration that a small amount of water outside the 
first hydration sphere is also dielectrically saturated, the 
following minimum hydration numbers were obtained 
(Table XXVI).5g4 

Table X X V I  

Minimum Hydration Numbers of Positive Ions 
Ion n Ion n 

H+ 10 Rb+ 4 
Li+ 6 Mg2+ 14 
Na+ 4 Ba2+ 14 
K+ 4 La 3+ 22 

GIuecka~f5~6 states that the assumption that positive ions 
are surrounded by a dielectrically saturated first shell of 
water molecules, while negative ions have their first shell of 
water molecules completely unsaturated, is incapable of 
giving a quantitative description of the decrease in dielectric 
constant with added electrolyte and that, in fact, the fields 
in the neighborhood of all monovalent ions with the excep- 
tion of Hf are such that the first shell is far from saturated. 
G l u e c k a ~ f 5 ~ ~  determined the dielectric constants of aqueous 
electrolyte solutions by integrating over the spatial distribu- 
tion of the local dielectric constants in the manner appropriate 
for disperse systems. Using the dielectric constant change of the 
water molecules as a rough measure of their immobilization, 
a mean hydration number was determined from the equation 

P DO - nz 
where if, is the number of water molecules that can be fitted 
into the pth shell, D,, is the mean dielectric constant of the 
water molecules in that layer, and Do is the dielectric constant 
of water at zero field strength. A rough estimate of the mean 
hydration number, h, from Dwi, the value of D for first 
layer water molecules, is given in Table XXVII.69B 

(595) G. H. Haggis, I. B. Hasted, and T. J. Buchanan, ibid., 20, 1452 
( 1952). 
(596) E. Glueckauf, Trans. Faraday Soc., 60, 1637 (1964). 
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Table X X V I I  

The Hydration Number, h, Determined from D,i 

Ion h Ion h 

H+ 4 cs+ 12 
Li+ 6 F- 10 
Na+ 8 c1- 1 3  
K+ 10 I- 16 

K. X-RAY 

There have been a number of attempts to use X-rays to  
study the structure of ionic solutions. Stewart studied the 
variation in the structure of water in ionic solutions using 
liquid diffraction curves of water in these s0lutions.6~7 

Prinn~6~* obtained qualitative evidence of structrue in 
aqueous solutions of Th(NO&, UOz(N03)2, AgN03, Pb- 
(No&, Ba(N03)2, LiI, RbBr, and LiBr. It was shown that 
the X-ray diffraction patterns could be associated with the 
different stuctural elements in the solution. The intensity was 
assumed to be the result of three distributions: the scattering 
due to the ions, the scattering due to the water structure, 
and the scattering due to ion-water structure. If the dis- 
tribution function characteristic of each of these terms were 
known, one would then be able to obtain information about 
the hydration number and interionic distance as a function of 
concentration. Other ionic solutions have been studied for 
which radial distribution functions of NaOH, HC1, and H3P04 
have been determined; however, peak resolution in the dis- 
tribution functions was not sufficient to permit the attainment 
of direct quantitative informati0n.69~-6~z 

Brady and Krause performed X-ray diffraction studies 
on concentrated KOH and KC1 solutions and from the radial 
distribution functions obtained, hydration numbers could be 
calculated.6o3 The distribution functions of two KOH solu- 
tions were found to contain primary peaks with maxima at 
about 2.87 A for a 18 .8z  solution and 2.92 A for the 1 1 . 4 z  
solution. Beyond this primary peak the curves indicate that 
there is a re3ion of decreased electron density followed by a 
peak at 4.75 A. The identification of the peaks was made from 
information pertaining to the structure of water and the 
ionic radii of the species involved. The 4.75-A peak corre- 
sponds to the second nearest neighbor distance in water. 
Water with its tetrahedral structure has its second nearest 
neighbor distance as the length of the tetrahedral edge. The 
calculated value of this length based on a nearest neighbor 
distance of 2.92 A is 4.75 A,  in good agreement with the 
observed value. The ionic radii of K+ and OH- are both 1.33 
A, and HzO has an effective radius of 1.38 A. The nearest 
neighbor peak for liquid HzO at 30" has its maximum at 
2.94 A. Since the radius of H 2 0  and the radii of the ions are 
very similar, one would expect only a slight change in peak 
position in KOH solution. The primary peaks exhibited only 
one maximum, and it was concluded that the primary peak 
in the KOH distribution functions includes nearest neighbor 

(597) G .  W. Stewart, J .  Chem. Phys., 7, 869 (1939). 
(598) J. A.  Prinns, ibid., 3,72 (1935). 
(599) 0. Bastiansen and C. Finbak, Tidsskr. Kjemi, Bergv. Met. ,  4, 50 
(1 944). 
(600) 0. Bastiansen and C. Finbak, ibid., 3,98 (1943). 
(601) 0. Bastiansen and C. Finbak, ibid., 4, 40 (1944). 
(602) C. Finbak, ibid., 4,77 (1945). 
(603) G .  W. Brady and J .  T. Krause, J .  Chem. Phys., 27,304 (1957). 

HzO molecules, K+-HzO neighbors, andOH--H20 neighbors, 
There was also evidence that some of the nearest neighbors 
are constantly changing position with other molecules in 
solution. From an analysis of the peak area in terms of the 
number of molecules around OH-, the number of molecules 
around K+, and the number of nearest neighbor HzO mole- 
cules around any other HzO molecule, a hydration number 
of 4 was obtained for the K+ ion. A subsequent X-ray in- 
vestigation of aqueous solutions containing K+, Lif, OH-, 
and C1- gave hydration numbers of 4, 4, 6, and 8, respec- 
t i~e ly .~" '  Coordination numbers have also been determined 
for Li+, Na+, K+, OH-, and C1- from the X-ray analysis of 
aqueous solutions of these ions by S k r y s h e v ~ k i i . ~ ~ ~  Hydration 
numbers for Kf and Na+ of 4 and 5.5, respectively, have been 
determined from the X-ray analysis of sulfate solutions.606 
The X-ray diffraction of water and a number of electrolyte 
solutions has been measured from which radial distribution 
functions were 0btained.6~7 Evidence was obtained that sug- 
gests that the K+ and CaZ+ ions are surrounded by six water 
molecules coordinated octahedrally. X-Ray diffraction studies 
of aqueous solutions of magnesium tetrafluoroborate indi- 
cate that the number of water molecules in the first hydration 
shell around the Mg2+ ion is 6 and that in dilute solutions the 
number of water molecules in the second hydration shell is 
10-11.6°8 Aqueous solutions of ZnBrz and ZnClz have been 
studied using X-ray techniques and evidence has been obtained 
for a coordination number of 4 for Zn2+.609*610 

L. NUCLEAR MAGNETIC RESONANCE 

Solvation numbers have been determined for a number of 
ions by various nuclear magnetic resonance (nmr) tech- 
niques.6 l 1  In an electrolyte solution, the solvent molecules 
can exist in several environments. These environments may 
be arbitrarily divided into bulk solvent regions, where solvent 
molecules are effectively out of range of ionic influence, 
secondary solvation regions, and primary solvation regions. 612 

If exchange of molecules between all of these environments 
were very slow, then a number of peaks would be expected 
in the nmr spectrum of the solvent nuclei corresponding to 
the different interactions. Generally, the exchange of solvent 
molecules between the different environments is very rapid ; 
consequently, the separate resonance signals expected for 
each environment are time averaged to a single peak whose 
shift from the pure solvent resonance peak reflects the mean 
effect of the different environments. However, certain ex- 
perimental techniques have been developed that permit the 
observation of bulk and bound solvent molecules. 

Primary and secondary solvation numbers have been de- 
termined for a number of ions by various nmr techniques. 
The most direct approach involves the observation and peak 

(604) G .  W. Brady, ibid., 28, 464 (1958). 
(605) A. F. Skryshevskii, Stroenie: Fiz. Sooistca Veshchestua Zhidkom 
Sostoyanii (Iiec: Izd. Univ.), 27 (1954); Ref. Zh. Khim., Abst. No. 32076 
(1956); Chem. Abstr. ,  52, 17910f(1958). 
(606) I .  M. Shapovalov, I. V. Radchenko, and M. K.  Lesovitskaya, 
Zh. Strukt. Khim., 4, 10 (1963). 
(607) C. L. van P. van Eck, H. Mendel, and W. Boog, Discuss. Faraday 
SOC.,  24,200 (1957). 
(608) A.  I .  Ryss and I .  V. Radchenko, Zh. Sfrukt.  Khim., 6,449 (1965). 
(609) R.  F. Kruh and C. L. Standley, Inorg. Chem., 1,941 (1962). 
(610) D. Wertz, R.  M. Lawrence, and R.  F. Kruh, J .  Chem. Phys., 43, 
2163 (1965). 
(61 1) 3 .  F.  Hinton and E. S. Amis, Chem. Rev., 67,367 (1967). 
(612) J. Burgess and M. C. R.  Symons, Quart. Rev. Chem. Soc., 3, 276 
(1968). 
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area determination of resonance peaks associated with the 
bulk solvent and with the bound solvent (Le., solvent mole- 
cules coordinated with the ions). The initial study of this 
type613 was that in which the Hz170 nmr spectrum of several 
aqueous solutions revealed peaks attributed to bulk and 
bound solvent. The 1 7 0  nucleus was used as a “probe” due 
to the magnitude of the chemical shifts which had been ob- 
served for this n ~ c l e u s . 6 ~ ~  The first ions chosen for study were 
Ala+, Be2+, Ga3+, and (NH3)5Co(H20)3+, the last one being 
chosen because the number of water molecules attached to 
the Co3+ ion is known615 and because of the long exchange 
time of the bound water with bulk water. The nmr spec- 
tra of aqueous solutions of these ions showed only a single 
resonance peak for water; however, upon the addition of a 
small amount of Co2+ to the system, separate peaks appeared 
that were associated with bulk solvent molecules and those 
water molecules bound by the ions.813 Previous work616~617 
had shown that paramagnetic ions produce large shifts in 
the resonance absorption of other The addition 
of Co2+ to the solutions enabled bulk and bound solvents 
molecules to be observed because a great many more bulk 
water molecules come into contact with Co2+ ions than the 
water molecules bound to the Ala+, Be2+, Gas+, or (NH& 
CO(H~O)~+  ions ; consequently, the bulk water resonance 
signal undergoes a large shift while no significant contribu- 
tion is made to the shift of the bound molecules. 

Since it is possible to separate the 1 7 0  nmr signals of bound 
and bulk solvent water, the number of water molecules held 
in the primary sphere can be calculated in one of two ways: 
by comparing the areas under the two I7O resonance peaks 
or by measuring the shift of the resonance peak produced by 
the paramagnetic ion in the presence and absence of the 
diamagnetic ion. 

Although the precision of measurement (unfavorable sig- 
nal-to-noise ratio) was not sufficiently high for Jackson, 
Lemons, and Taube61a to determine the number of water 
molecules associated with Ala+, Be2+, or Ga3+, Connick and 
Fiat618 were able to determine the coordination of Ala+ and 
Be2+ with the peak area comparison method by increasing 
the signal-to-noise ratio using water of greater 170 enrich- 
ment and the sideband detection technique. Solutions of 
AlC1, and BeC12 to which Co2+ ions had been added gave an 
average solvation number of 5.9 and 4.2 for Ala+ and Be2+, 
respectively. 

Alei and Jacks0n6~9 have determined the solvation num- 
bers of Ala+, Be2+, and Cra+ ions using the chemical shift 
method.61a In an aqueous solution of a paramagnetic ion in 
which there is a rapid exchange of water molecules between 
the first coordination sphere of the ion and the bulk of the 
solvent, a single Hz170 nmr signal is observed. This resonance 
signal is shifted from its normal position in pure water by an 
amount dependent on the ratio of the concentration of the 
paramagnetic ion to the total labile water present. The addi- 
tion of a second ion for which the water in the first coordina- 
tion sphere is nonlabile causes a decrease in the amount of 

(613) J .  A.  Jackson, J.  T. Lemons, and H.  Taube, J .  Chem. Phys., 32, 
553 (1960). 
(614) H.  Weaver, B. M. Tolbert, and R.  C. LaFonce, ibid., 23, 1956 
(1 9 55). 
(615) A.  C. Rutenberg andH. Taube, ibid., 20,825 (1952). 
(616) R.  G .  Shulman and B. J .  Wyluda, ibid., 30, 335 (1959). 
(617) R.  G.  Shulman, ibid., 29,945 (1958). 
(618) R.  E. Connick and D. N. Fiat, ibid., 39, 1349 (1963). 
(619) M. Alei and J. A. Jackson, ibid., 41,3402 (1964). 

water available to interact with the paramagnetic ion and, 
consequently, a change in the labile Hz”O resonance posi- 
tion is observed. From this change the number of moles of 
labile water in the solution containing the diamagnetic and 
paramagnetic ions can be calculated. The difference between 
the known total number of moles of water and the number of 
molecules of labile water divided by the number of moles of 
the diamagnetic ion gives the solvation number of the dia- 
magnetic ion. Using Dy(II1) as the paramagnetic ion whose 
effect on water was known,62o the solvation numbers of 5.9 
and 3.8 were obtained for the Ala+ and Be2+ ions, respectively. 

The chemical shift method of determining solvation num- 
bers may also be applied to paramagnetic ions if the magnetic 
influence of the paramagnetic ion does not extend beyond the 
first solvation However, with modification this 
method was also applied to the Cr(II1) ion whose magnetic 
influence does extend beyond the first solvation sphere and 
produces a shift in the labile H2170 resonance. A value of 6.8 
was obtained for the solvation number of Cr(III).621 This 
value is significantly greater than the value of 6 determined 
by the isotope dilution method.622 This discrepancy and the 
validity of the assumptions made in acquiring the value, 
6.8, were discussed by the authors. 

The chemical shift method has been used to determine the 
hydration numbers of certain organometallic cations.62av824 
The hydration number of (CH&Pt+ was found to be 3. In 
solutions containing (NH&Pt+ ions, however, bulk and 
bound water resonance signals were observed from which a 
hydration number of 2 was obtained for the cation. 

Cation hydration numbers in hydrate melts have also 
been obtained for melts of calcium nitrate tetrahydmte with 
anhydrous potassium nitrate, tetramethylammonium nitrate, 
and magnesium nitrate using the chemical shift method.626 
The proton chemical shifts of water indicate that in melts 
with nitrates of univalent cations the Ca2+ ion is selectively 
hydrated. In melts with Mg(NO&, the Mg2+ ion was found 
to be selectively hydrated at the expense of the Ca2+ ion. 

Solvation numbers of 3.8 =k 0.2626 and 6.28 + 0.26627 
have been obtained for the V(1V) ion and the Ga(II1) ion, 
respectively, by the chemical shift method. 

The hydration numbers for several electrolytes have been 
determined from temperature effects on the proton shift of 
water.628-Baa The proton shift of water is strongly dependent 
upon temperature,Ba4 being an average of the bonded and non- 
~~ 

(620) W. B. Lewis, J.  A.  Jackson, J. T. Lemons, and H. Taube, ibid., 
36, 694 (1962). 
(621) M. Alei, Inorg. Chem., 3 ,44 (1964). 
(622) J.  P. Hunt and H.  Taube, J. Chem. Phys., 18,757 (1950). 
(623) G. E. Glass and R. S. Tobias, J .  Amer. Chem. Soc., 89, 6371 
(1967). 
(624) G. E. Glass, W. B. Schwabacher, and R. S. Tobias, Inorg. Chem.. 
7, 2471 (1968). 
(625) C. T. Moynihan and A.  Fratiello, J .  Amer. Chem. Soc.. 89, 5546 
( 1967). 
(626) J. Reuben and D. Fiat, Inorg. Chem., 6, 579 (1967). 
(627) D. Fiat and R. E. Connick, J. Amer. Chem. SOC., 88,4754 (1966). 
(628) E. R.  Malinowski, R. S.  Knapp, and B. Feuer, J. Chem. Phys., 
45, 4274 (1966). 
(629) F. J.  Vogrin, P. S. Knapp, W. L. Flint, A. Anton, G. Highberger, 
and E. R. Malinowski, ibid., 54,178 (1971). 
(630) R. W. Creekmore and C. N. Reilley, J .  Phys. Chem., 73, 1563 
(1969). 
(631) P. S. Knapp, R.  0. White, and E. R. Malinowski, J .  Chem. Phys., 
49, 5459 (1968). 
(632) E. R. Malinowski and P. S. Knapp, ibid., 48,4989 (1968). 
(633) E. R.  Malinowski, P. S. Knapp, and B. Feuer, ibid., 47, 347 
(1967). 
(634) W. G .  Schneider, H.  J.  Bernstein, and J. A.  Pople, ibid., 28, 601 
(19 58).  
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bonded environments of the proton. Water vapor having 
few hydrogen bonds is characterized by a high field shift. 
The chemical shift of pure water was measured relative to 
gaseous ethane over the temperature range of 5-95 o.6*8 Ethane 
was used as the reference because its shift is independent of 
temperature. Over the temperature range studied, the proton 
chemical shift was found to be a linear function of temperature 
as described by the equation 

6 ~ ~ 0  = 0.00956t - 4.38 ppm (120) 

where t is the temperature in degrees centigrade. 
In an aqueous electrolyte solution, a single resonance 

signal is observed for water protons that is the weighted 
average of the different environments experienced by the pro- 
tons. Any given proton residing in the normal water structure 
has a shift 6, that is identical with the shift, of pure 
water at the temperature of the observation. Protons of water 
molecules involved in the solvation of an ion have a resonance 
signal that is shifted relative to that of pure water. This sol- 
vation shift, 68, depends upon both the cation and anion. 
Since the average time a proton resides in any environment is 
proportional to its instantaneous mole fraction, the proton 
shift observed for an aqueous solution can be written as 

6a,o = X N 6 N  + XSGS 
where X, and XS are the mole fractions of protons in the 
normal water and hydrated form. This assumes that water 
molecules beyond the first solvation sphere are unaffected 
by the ions. If h represents the total effective solvation number 
( i , e , ,  moles of solvated water per stoichiometric moles of 
salt) and m represents the stoichiometric molality, eq 121 be- 
comes 

(122) h = (55.55/~)[(6~,0 - SN)/ (~S - 
Equation 122 also predicts a linear relationship between 
shift and molality if h and 68 remain independent of con- 
centration and indicates that at some temperature, 6 ~ ~ 0  = 

aN. Obviously, at this temperature 6s  = 8 ~ .  Assuming that 
the shift of a proton in the solvated environment does not 
vary with temperature, the effective solvation number of the 
salt may be calculated from this equation. Substitution of the 
experimentally determined values of the parameters into eq 
122 gives a total effective hydration number for the electrolyte 
in question. Effective hydration numbers of a number of elec- 
trolytes determined by the method are shown in Table 
XXVIII. 

Two explanations may be given for the high values of / I  
obtained for the Mgz+, CaZ+, and Ala+ salts. The first is that 
the anions have a definite hydration number which contributes 
to the total effective hydration number. The second explana- 
tion considers a contribution of secondary hydration layer 
to the total hydration. 

A study of the 'Li nmr of aqueous lithium halide solutions 
revealed a downfield chemical shift in resonance position 
with an increase in ~oncentrat ion.~~5 Plots of chemical shift 
us. mole fraction of salt were linear up to  a mole fraction of 
0.3. The shifts were also apparently temperature independent. 
The observed shifts were interpreted in terms of a progressive 
polarization of the lithium ion by the close approach of an 
increasing proportion of anions. The data suggest a solution 
model of a relatively random mixture of ions and molecules 

Table X X V I I I  

Total Effect Hydration Numbers of Electrolytes Determined from 
Temperature Dependence of Proton Shifts 

Compd h Ref h Ref Compd 

HC1 
HNOI 
HC104 
LiCl 
LiBr 
NaOH 
NaCl 
NaBr 
NaN03 
NaC104 
Na p-Tsa 
KF 

3.4 
2.8 
2.6 
3.2 
4.4 
2.9 
4.5 
4.4 
3.3 
3.0 
2.8 
3.8 

632 
629 
632 

629, 630 
629 
629 
630 
630 
629 

630, 632 
630 
629 

4.6 630 
4.1 629 
5 .2  629 
4 .0  630 
3.9 630 
8.2 630 
8.0 629 
9 .5  629,630 
7 . 8  629 
8 .6  629 

13.4 632 

Sodium p-toluenesulfonate. 

with no lasting interaction between them; furthermore, the 
data are not compatible with the concept of a tightly bound 
hydration shell or of a tightly bound ion pair. The average 
number of sites available for competition around the lithium 
ion was calculated from 6 = 6OXm, where 6 is the observed 
chemical, 6 0  is the limiting shift corresponding to the pure 
halide, X is the number of sites, and m is the mole fraction of 
salt. From a plot of 6/S0 us. m, a value of X = 2 was obtained 
for values of m < 0.3. It was suggested that this value of X 
does not so much represent the classical hydration number 
as the average number of sites accessible to halide substitution. 
The number might also represent the effectiveness of the 
water molecules to exclude anions from the cation. 

Swinehart and Taubesa6 determined the solvation number 
of the magnesium ion in methanol by an nmr technique based 
upon the ability to  detect bulk and bound methanol mole- 
cules. Proton nmr spectra of solutions composed of 1 mol of 
Mg(C104)2:17.1 mol of CHIOH: 1.4 mol of HzO and 1 mol of 
Mg(C104)2:17.1 mol of CH30H:3.8 mol of HzO taken at 
- 75 O showed separated hydroxyl proton resonance peaks 
for methanol in the bound and bulk state. A solvation num- 
ber of 5.7 f 0.2 was determined for the magnesium ion from 
measurements of the resonance peak area associated with the 
bulk and bound hydroxyl protons of methanol and with the 
water proton. The deviation from a value of 6 for the solvation 
number was attributed to association of magnesium with the 
perchlorate ion. The separation of the absorption signals for 
the bulk and bound solvent environments was feasible be- 
cause of the low temperature employed in recording the 
spectra. At - 75 O the frequency of exchange of nuclei between 
the two environments was small compared to the frequency 
difference between the chemicalshifts. At - 85 O it was observed 
that a decrease in the amount of solvation water relative to the 
amount of solvation methanol occurred at this temperature, 
indicating reequilibration of water between the solvated 
cation and solvent. 

A more extensive study of the Mg(ClO&-methanol system 
has been made by Nakamura and Meib0om.6~~ At low tem- 
perature the OH protons of the methanol molecules bound to 
the Mg2+ ion gave a resonance peak well separated from the 
bulk OH peak. The symmetry of the OH quadruplet of 

(635) J.  W. Akitt and J. A .  Downs, Chem. Commun., 222 (1966). 

(636) J .  H. Swinehart and H. Taube, J .  Chem. Phys. ,  37,1579 (1962). 
(637) S. Nakamura and S .  Meiboom, J .  Amer. Chem. Soc., 89, 1765 
(1 967). 
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methanol molecules in the solvation shell suggests a regular 
octahedral configuration in the first solvation shell under the 
conditions studied, The exchange of the OH protons of the 
methanol molecules in the solvation shell with bulk solvent 
and for exchange within the solvent complex is very slow as 
indicated by the well-defined structure of the quadruplet. The 
solvation number of the magnesium ion in anhydrous 
methanol was determined from the molar ratio of Mg(C104)2 
and methanol in the solution and the ratio of the area under 
each resonance signal. The solvation number obtained in 
this manner was 6. No appreciable “close” ion association 
was indicated by the data since the solvation number deter- 
mined remained constant even at high concentration of 
Mg(C104)2 and at very low temperature. Penetration of the 
perchlorate ion into the first solvation shell of the MgZ+ ion 
would have caused a decrease in the calculated solvation 
number. 

The addition of a small amount of Cu(C104)~ to the Mg- 
(C104)~-CH30H system was found to broaden the bulk OH 
and CH, proton resonance signals while the proton signals 
of solvation shell methanol molecules are only slightly 
affected. This technique613 provides an excellent method for 
determining whether the exchange of protons of the solvation 
shell is due to protons only or to whole molecules. It was 
found that the CHI and OH proton resonance signals of the 
solvation shell molecules broaden and disappear at the same 
time as the temperature is increased, demonstrating that the 
whole molecule is exchanging in the solution. 

Other nmr studies of the Mg2+ ion in aqueous acetone 
solution63*- 6 4 0  and in methanolic acetone ~ o l u t i o n 6 ~ ~  indicate 
that the solvation number for this cation is 6. This value was 
obtained by the bulk-bound signal area ratio method. Direct 
evidence of anion shifts in the hydroxyl proton resonance 
spectrum of methanol solutions of magnesium perchlorate 
has been obtained.641 The solvation number of the Mg2+ ion 
in liquid ammonia has been determined to be 5 . 6 4 2  

A solvation number of 6 has been obtained for Coz+ 
in anhydrous ~ a t e r , 6 4 ~  N,N-dimethyl- 
f0rmamide,~~5 and acetonitrile,646 using the bulk-bound 
signal area ratio method. In these solutions no consistent 
trend of the solvation number was discernible with either 
temperature or solution composition. 

A solvation number of 6 has been obtained for Ala+ in 
dimethylformamide,6 47 anhydrous dimethyl sulfoxide,6 48 aque- 
ous dimethyl ~ u l f o x i d e , ~ ~ ~  and water65+656 by the bulk-bound 
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(641) R. N. Butler E. A. Phillpot, and M. C .  R. Symons, Chem. 
Commun., 371 (19683. 
(642) T. J.  Swift and H. H. Lo, J .  Amer. Chem. Soc., 89,3987 (1967). 
(643) Z. Luz and S. Meiboom, J .  Chem. Phys., 40,1058 (1964). 
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signal area ratio method. It is also of interest to note that 
separate resonance peaks corresponding to differently hy- 
drated aluminum ions have been observed in the spectrum of 
aqueous acetonitrile solutions of A1(C104)3.656 Solvation 
numbers of 4 for Be2+ in dimethylformamide65’ and in 
aqueous and aqueous-acetone 6 for Ga3+ 651,657,658 

(a minimum of 4), 6 for In3+,650 3.9 for Sca+,659,660 2.4 
for Y3+,s59,660 2.9 for Th4+,659v660 2 for Sn2+,661 and about 
4 for UOz2+ in aqueous mixed solvent sy~tems662,~~~ have 
also been obtained using the area ratio method. 

A modified nmr technique has been proposed for the deter- 
mination of the solvation number of metal ions in aqueous 
solutions consisting of a mixture of a salt of the metal ion 
under investigation and a very soluble salt of a metal ion 
with which the coordinated water has been shown to be 

Bulk and bound water peaks are still used to deter- 
mine solvation numbers. From the values of the solvation 
numbers obtained for Ala+ and Ga3+, evidence for contact 
ion pairing was obtained. 

A method has been developed to determine hydration 
numbers which utilizes integral measurements of resonance 
signak665 The method has proven to be accurate for deter- 
mining hydration numbers from measurements of the total 
hydrogen content of materials dissolved in D20. The require- 
ments are that the materials contain some nonexchangeable 
protons and no paramagnetic ions. 

The solvation of several paramagnetic ions have been 
studied in aqueous alcohol mixtures using selective broadening 
of the nmr absorption peaks of ethyl alcohoL666 The solvation 
studies were conducted in deuterated ethyl alcohol solutions 
of Cu(ND&. 3H20, CuC12, MnC12, and Cr(N03)3. 9H30 with 
varying amounts of D 2 0  added. From the ratio of ampli- 
tudes for the protons resonances of the CH2 and CH3 groups 
as a function of D 2 0  concentration, selective solvation was 
observed. A hydration number of 120 was obtained for the 
Cu2+ ion. 

Proton relaxation time values as a function of salt con- 
centration have been used to determine the hydration num- 
bers of several cations and anions in alkali halide solutions.667 
Assuming the hydration number of the.K+ ion to be 6, hy- 
dration numbers for the following ions were obtained: 
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Li, 1 f 1;  Na+, 3.6 f 1;  Rb+, 9.9 =t 2;  Cs+, 14.6 f 2 ;  F-, 
9.9 + 2 ;  Cl-, 13.2 i: 2;  Br-, 16.2 =k 2 ;  and I-, 21.8 + 2. 

The correlation between relaxation time and salt concen- 
tration for methanol solutions of CoCl? and CuClz and for 
aqueous solutions of HCI, NaCl, KC1, MgC12, and CaClv 
has been used to calculate solvation numbers for the cations 
and anions present.668~669 The first shell solvation numbers 
determined for Co2+, Cu3+, and C1- ions in methanol are 4,6, 
and 8, respectively. 

Hydration numbers have been determined (+40 %) for 
Li+ (9, Naf (3), K+ ( l ) ,  MgZ+ (6), Zn2+ (12), Ala+ (16), 
C1- (2), OH- (4), s04’- (5), and ice ( - 5 ;  Broersma states 
that the value for ice is to be subtracted per monovalent ion) 
from proton relaxation time measurements using a modified 
Stoke’s equation in the calculation.s70 

H i ~ ~ d m a n ~ ’ ~  has obtained effective hydration numbers for 
univalent cations and anions in aqueous solution from pmr 
chemical shifts. A solution model is adopted that subdivides 
the observed chemical shift produced by an ion into four 
terms: bond-breaking, structural, polarization, and electro- 
static. In this interpretation the hydration of an ion is con- 
sidered in terms of effective hydration numbers in which 
weaker interactions with a large number of water molecules 
are replaced by strong interaction with a limited number. 
Values of the effective hydration numbers of the following 
ions were obtained: Li+ (4.0), Na+ (3.1), K+ (2.1), Rb+ (1.6), 
Csf (l .O),  Ag+ (2), F- (1.6); C1-, Br-, I-, NOa-, c104- (all 0). 
H i ~ ~ d m a n ~ ~ ~  concluded that the concept of a complete hydra- 
tion sphere of tightly bound water is not comparable with the 
data, and that the effectiveness of these ions in coordinating 
strongly with water decreases with increasing ionic radius. 
A structure-making effect is suggested by the data for the 
Li+ ion while the larger halide ions tend to break down the 
water structure. The data also indicate that of the halide 
ions, only the F- ion forms a hydrate in the chemical sense. 

Swift and S a y ~ e ” ~  have developed a technique for the de- 
termination of the primary hydration numbers of cations in 
aqueous solutions. The primary hydration number is defined 
as the number of water molecules associated with the ion 
for a time that is long compared to the time of diffusion, the 
method being applicable to those ions for which the average 
lifetime of an associated water molecule in the primary hy- 
dration shell is less than about sec. This technique is 
based upon the kinetically distinguishable water molecule 
exchange with hydrated manganous ion and the relationship 
between pmr relaxation time and this exchange. In an aqueous 
electrolyte solution there are a number of different environ- 
ments with which a water molecule might be associated: 
those associated with an anion; those in the primary hydra- 
tion sphere of a cation; those associated only with other water 
molecules. Kinetically it might be possible to distinguish be- 
tween these water molecules by adding to the solution another 
species or probe ion which is capable of reacting with water 
molecules. If the water molecules are kinetically distinguish- 
able, the reaction will proceed as the sum of parallel reactions 
characterized by different rate constants. A “probe” species 
must satisfy the following conditions if this method is to be 
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successful ; it must react directly with water molecules; the 
rate constant for the direct reaction between the “probe” 
species and the water in a primary hydration sphere must be 
considerably different from the rate of reaction for all other 
types of water molecules; the lifetime of the “probe” must 
be relatable to a precisely measurable experimental quantity. 
The manganous ion was found to be a suitable probe. The 
technique involves a comparison of line widths obtained for 
two solutions, one containing a cation of known primary hy- 
dration number with the other solution containing the cation 
being studied. A common anion was present in each solution 
along with the “probe” manganous cation. An empiri- 
cal formula was derived relating the ratio of water pro- 
ton line widths to the primary hydration number of the 
cation studied 

where the subscript AB refers to a solution containing a 
standard cation of known hydration number, AB‘ refers to a 
solution containing the cation being studied, and A and A’ 
refer to solutions of the same composition as AB and AB’ 
except containing no manganous ion. W*B, WA, W A B ~  
and WA! are the line widths determined in a single compari- 
son, [A] and [A’] are cation concentrations, [HzOIAB and 
[HzO]AB~ are water concentrations, and NA and N A f  are 
the primary hydrations numbers of the two cations. This re- 
lation (eq 123) was tested with respect to temperature, anion, 
and concentration using the ions, Ala+, Be2+, NH4+, and H+, 
whose primary hydration numbers are known. An application 
of this technique gave primary hydration numbers for the 
following cations: Mg2+ (3.8), Ca2+ (4.3), Sr2+ (5.0), BaZf 
(5.7), Zn2+ (3.9), Cd2+ (5.6), HgZ+ (4.9), and Pb2+ (5.7). A 
direct correlation between primary hydration number and 
ionic radius was found for the doubly charged series. The 
relatively low primary hydration numbers obtained by this 
method was interpreted as a reflection of the effect of water 
structure in determining the structures of hydrated ions. 

Swift6773 has also determined the hydration numbers of the 
Ga3+ and Th4+ ions by the method just described. A value of 
6 was obtained for the Ga3+ ion. The hydration number deter- 
mined for the Th4+ ion was 10 f 0.2, which is especially 
interesting with respect to the recently prepareds74s675 com- 
plexes of thorium with a coordination number of 10. The 
hydration numbers for both Gaa+ and Th4+ were found to be 
temperature independent. Line-width measurements as a 
function of temperature for aqueous solutions of the Ni2+ ion 
were used by Swift and Weinberger to obtain a solvation 
number of 6 for this ion.676 

A discussion of the validity of the method developed 
by Swiftss4 for the determination of primary solvation num- 
bers of cations has been presented in the literature by Mei- 
booms77 as well as the rebuttal argument of Swift.s78 

Proton chemical shift measurements of aqueous solutions 
of Co2+ and histidine have been used to estimate the number 
of first hydration sphere sites of Co2+ that are utilized by a 

(673) T. J .  Swift, 0. G. Fritz, and T. A. Stephenson, ibid., 46, 406 
(1967). 
(674) E. Butler, 2. Chem., 5, 199 (1967). 
(675) E. L. Muetterties, J. Amer. Chem. Soc., 88, 305 (1966). 
(676) T. J. Swift and G.  P. Weinberger, ibid., 90,2023 (1968). 
(677) S. Meiboom, J. Chem. Phys., 46,410 (1967). 
(678) T. J. Swift and W. G. Sayre, ibid., 46,410 (1967). 



674 Chemical Reviews, 1971, Vol. 71, No. 6 James F. Hinton and Edward S. Amis 

ligand and, therefore, are not accessible to ~ater .~’g Since the 
pmr of coordinated and free water is a single resonance signal 
at constant Co2+ concentration, displacement of water by 
another ligand, histidine, causes a shift in water pmr toward 
the cobalt-free resonance line. This shift is used to estimate 
the number of available sites. 

Pmr shifts in aqueous solutions of paramagnetic metal 
ions have also been used to determine the number of sites 
in the first hydration shell of Co2+ which are occupied by 
water. 680 The chemical shift produced by the presence of 
paramagnetic ions in solution can be related to the coordina- 
tion number of the metal ion by the equation 

Aw = pqwr[S(S + l ) g j B ] / 3 k t ~ r ] A  (124) 
where q is the coordination number and p = [M!/[H20]. 
Introduction of a ligand into the metal ion solution causes the 
displacement of water from the first hydration sphere, thereby 
producing a difference in chemical shift as compared to the 
ligand free solution. Plots of water proton shift 6s. [Co2+] 
for solutions with and without an excess ligand (NaH2POa) 
added were linear. In the phosphate solution the slope was 
0.83 times as great as that for the ligand free solutions. 
Therefore, assuming the coordination number of C02+ to 
be 6, one water site is then occupied by a phosphate group. 
Similar results were obtained for RNA-Co 2f solutions; 
Co2+ binds to one phosphate of RNA. 

Schaschel and Day681 have studied ion solvation in non- 
aqueous solutions using a pmr technique that involves mea- 
suring the proton chemical shifts of molecules such as tetra- 
hydrofuran, diethyl ether, and triethylamine as they are 
added to a solution of sodium tetrabutylaluminate in cyclo- 
hexane. Evidence for a four-coordinated sodium ion was ob- 
tained with tetrahydrofuran while the data indicate a 1 : 1 com- 
plex for sodium-diethyl ether and sodium-triethylamine. 

The solvation number of the electron in liquid ammonia has 
recently been calculated to be in the range of 20-40 for a di- 
lute solution of potassium in liquid ammonia.682 From an 
analysis of the contribution to the proton line shape from 
NI4 spin lattice relaxation; the range of the solvation number 
was determined. 

111. Evaluation 

The results presented in this review indicate that, as one referee 
commented, the field is in a state of confusion. To some ex- 
tent the confusion is more imaginary than real because the 
solvation number determined for any ion depends upon the 
method of measurement. For example, mobility measure- 
ments indicate the number of molecules moving with the ion 
while dielectric constant measurements indicate the number 
of molecules in the first sheath. However, a real source of 
confusion resides in the fact that there is no standard reference 
ion; consequently, in many instances the solvation number 
determined depends upon the reference ion and its assumed 
solvation number. The above statement is obvious since most 
methods measure the total solvation of the electrolyte and 
not that of the individual ions. One purpose of writing this 
review was to call attention to the state of the field at this 

time in hopes that it would have some heuristic value. There 
can be little hope of reconciling the results of different methods 
of measurement until there is definite knowledge of the struc- 
ture of solutions and of the structure of solvations. That the 
possession of this knowledge is not imminent is testified to by 
the many models of the structure of solutions and solvation 
ions currently appearing in the literature. 

With respect to the individual methods the following com- 
ments can be made. With mobility measurements one would 
obtain erroneous results for ions whose sizes as determined 
in solution are small compared to the particles of the me- 
dium, because of the limitation of Stoke’s law. However, one 
must bear in mind that ion size as measured by X-ray dif- 
fraction on crystals is not necessarily the same as that of the 
ion in solution, and, therefore, there is no a priori way of 
determining whether Stoke’s law applies from just a considera- 
tion of X-ray determined ion sizes. Bockris5% indicates that 
the measurement of solvation by mobility measurements 
would be smaller than is the actual case because of the loss, 
arising from Brownian motion, of solvent molecules at- 
tached to the ion. Mobility measurements determine the 
total number of solvent molecules transferred through the 
solution by the ion. Solvation numbers determined by these 
methods will in general be greater than those determined by 
methods giving the number of molecules in the first solvation 
shell. Krishnan and Friedman683 point out that while the study 
of transport coefficients of aqueous systems produce results 
that may be interpreted in terms of solution structure effects, 
the molecular theory of transport coefficients is so difficult 
that it would seem impossible to use such data to distinguish 
among the various models proposed to explain these same 
structural effects. 

It has also been shown that spectroscopic and diffraction 
methods which are so often used for structural problems 
prove to be indecisive in determining absolute solution struc- 
ture because these methods yield structure data which are 
averages over the contributions of various ~ t r u c t u r e s . ~ ~  
This difficulty results primarily from the short lifetimes, 
about 10-12 sec, that characterize the hydrogen-bonded 
structures in hydrogen-bonding solvents and their solutions.B8a 
Raman and ir methods are further complicated by spectral 
band components arising from both ion-ion and ion-solvent 
interactions because high concentrations are required for 
sufficient intensity. The interpretation of n m r  relaxation 
data also suffers from the same limitation as that described 
above for transport  coefficient^.^^ Another weakness of 
nmr methods is that, in general, structural models are used 
that ignore the anion. 

An excellent critical review of extrathermodynamic as- 
sumptions is in the literature,eE4 and the authors would 
refer the reader to this paper for further comments on ther- 
modynamic measurements. 

Since the completion of this manuscript, we have been in- 
formed of an interesting p a p e P  on the calculation of the heats 
and entropies of hydration using various models. The paper in- 
cludes the evaluation of various methods for the determina- 
tion of solvation numbers. 
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