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Thermodynamic equatious are derived for two-component mixed solveuts which rclate the change in In a;/a2 upon addition
of solute ta the change of the standard cliemical potential F? and of the molal activity coefficient 4 of tlie solute with solvent

cauiposition.

pronounced salting-out of dioxaue.
vae = —Sm'/t + Bm + Cm¥/2 4+ Dm? 4 .. .,

E, ..., =0.
dzy =

are indicative of ionic association.

The effect of solvent change on the standard
chemical potential of electrolytes has been of
interest for many decades. Tlie principal ex-
perimental methods have been the determiination
of solubility when the solubility is slight® and of the
ean.f. of reversible cells when suitable electrodes
are available.®® Botl of these methods are subject
to serious practical limitations.

In the special case of mixed solvents sucl as
dioxane—~water, another method is available which
involves precision measurement of the activities
of the solvent components. This method has the
advantage of being applicable to any solute. In
the present paper the method will be described, the
thermodynamic equations will be derived and
data will be presented for sodium cliloride in a
mixed solvent consisting of 50.00 wt.%% dioxane-
50.00 wt.%, water at 25.00°.

In addition to illustrating the inethod, the system
NaCl-dioxaue-water is of special interest because
of the very pronounced salting-out of the dioxane
and salting-in of tlie water which has been taken
to indicate the preferential hydration of the salt.?

Symbols.—The subscripts 1 and 2 denote the
two components of the binary solvent, subscript 3
the solute if it is a non-electrolyte, and the sub-
script == the mean walue for the ions of an electro-
Ivte.

nin; = mole numbers
. = OF/0n;; partial molal frce cnergy

7y o= m/(m + no); Z2 = na/(m + ny); compasition af
binary solvent

Mo = Z1 My + Z2M,; molar weight of binary solvent

r o= (M — M)/ M

x3 = 1nole fraction of solute

my = 1000m3/(my + n2)Me; moles of solute per kg. of

hinary solvent

f: = mole fractional activity coefficient of the solute in
a binary solveut of coustaut composition Zi;
Ji—lasx;—0

v = same as abnve, but molal activity cocflicient

(1) Work suppnrted by the Office of Naval Research. Reprvluctiun
in whole or in part is permitted fror any purpnse of the United States
Government.

(2} For example: (a) J. N. Brgnsted, A. Delbance and K. Vilgvartz,
Z. physik. Chem., A162, 128 {1932); (b) H. D. Crockford, Natl. Bur.
Standards (U. 8.), Circ. 524, 133-64 (1943); 1), Feakins and C. M.
French, J. Chem. Soc., 2181 (1947},

(3} M. Kortiim-Seiler and (¥
(1640)

Kortiim, 7. Flekircchem., B4, 70

Activities of tle solvent compouents were measured at 25.00° by a dynamic method for solutions of sodium
chiloride (0 to 1.2 m) in a solveut coutaining 50.00 wt. 9, dioxane-50.00 wt. 9, water.
Tlie mican molal activity coefficient of sodium chloride was written in the form: In
where .S is the Debye—Huckel limiting slope and B, C, D, ...
Nuinerical values for 50 wt. 9, dioxane—water at 25.00° were as follows: S = 3.866; B = 3.097; D =

The variatious of these paraincters with the mole fraction Z; of water in the solvent were as follows: dS/
—2524; dB/dZ, = —27.95; dD/d7, = 8.82; and dC/dZ,, dE/d7,, ..
cal,, which is of sucli a magnitude as to mdicate considerable solvation of tlie ions.

Addition of sodium chloride caused

are parameters,
—0.520; and C,

.. = 0. The value of dF°./dZ; was —6904
The rather small values for B, C, ...

S = 4.203 X 108 do'/2/ (eT)3/2
dy = solvent deunsity
N = Avogadro’s number
q = Ne?/2eRT Bjerrum'’s distance
e = clectronic clhiarge
a; = radius of ith ion
¢, 2 = fugacities in the presence of solute
10 ¢ = fugacities of the pure liquid solvent components
O, %= fugacities in the absence of solutc at compu. 7,
an @y = 0/, G/
oar, v = /61% fp/EF (ote 9
B = (2/RT)(dF.'/dZ))
8 = standard error of fit

€ dielectric constant

Description of the Method.—Tlie addition of a
solute to a 2-component solvent at constant 2, is
attended by changes in @y and @, according to the
equation

Zidlna + Zodlnay = —udMie dIng;/1000 (1)

If the solution is ideal, @; and a, decrease by the
samte factor, 1 — x4, If the solution is not ideal, it
follows from equation 1 that a; aud @, may decrease
by different factors. In fact, where there is
strong preferential solvation of the solute by cou-
pottent 1, it is possible that tlie decrease i11 a; is so
pronounced that @, actually increases.

In the present method attention is focused on
d In @y/as or, what is the same thing, on the experi-
mental quantity d In @;/as. The following deriva-
tion will show liow the measurement of «;/as can
lead to the value of the rate of cliange of the stand-
ard chemical potential with solvent composition.

Since O*F/0n0m; = OF/0n;0n;, one obtains

cquation 2
OBy (2R
(0773>m.74: B (D?ll TR (2)

It is convenient to express Fy and F; as fuuctions
of the composition variables z; and m;. Thus

D). .- (5).E). -
ony ning N YA m3 0773 niyng

(7) (), = (2E) 1m0 g
oy J 2\ Ons Jmimy ~ \Omiz)z, (my + n2) Mo

Similarly

(4) The guantities a1 and a2 are introduced in addition to the con-
venlional aclivities a1, as bhecanse ar and ap are measured with liigher
precision
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(95) _ (bﬂ) -2z
bn1 na2,M3 021 m3 (”ll + 712)
(o), it
omy) zy Mia(m ~+ n2)
Combining equations 2, 3 and 4, one obtains equa-
tion §
1000 /RN OF;
T () = 0= 2 (32),, -
milf (OF:)
Mie (bma z )

Analogously, equation 6 is derived from the
cross-differentiation identity, O*F/0n.0n; = O%F/
a?’laaﬂg

1000 (bj) - —z (9@) (bﬂ) My g
Mg \omy)z, \oZ1/ m, oms) 2, M
Subtracting (6) from (5), one obtains
1000 (b(ﬁl - Fz)) _ (9@) _ r(bj) o
Mlz E)Wh Zy - bZl ms e b”’h Zy
and finally
1000 O ln ay/as _ (E@) _ (b_Fg_)
I RT( o, >z, =\5z2i)0 = " \ome) s ©

For Fs, we shall write the alternative expressions 9
and 10

4)

Fa = F3° + RT In xafs 9
Fg = F—smo + RT In M3y3 (10)

F; is completely defined by the variables Z; and
ms. The activity coefficients f; and v; will be de-
fined by the following choice of reference state.
For any given value of m3 and Z,, the reference state
(z.e., fs = v3 = 1) will be chosen as the extremely
dilute state (m; = 0) of the given solute in a binary
solvent of the same composition Z,. By this defi-
nition, the reference state varies with Z,, and hence
F;° and F,,° are functions of Z,. _

1t is convenient to solve equation 8 using Fj as
given by equation 10. Then

1000 (b In oq/oq) . _1-‘ dF;g; +
A, Oomg z  RT dZ

Oln ~; o (b In 73>
( DZl >m3 r s OWL3 Z (11)

Equation 11 can be simplified slightly. F3® and
F3»° in equations 9 and 10 are related by the equa-
tion

Fim® = F° + RT In (M},/1000)
Hernce one obtains

1000 /0o In oq/ozz) _1l.d +
ﬂ/[lg 01'713 Z - RT d

Oln "/3) _ (O In 73)
( 071 3 " Omg 21 (13)

It is obvious from equation 13 that the measure-
ment of aj/as can lead to the value of the rate of
change of the standard chemical potential with sol-
vent composition. Integration of values obtained
at different Z, leads to a knowledge of F° as a
function of Z;.

A suitable experimental method is the dynamic
method of vapor pressure measurement as developed
by Washburn and Heuse,® which recently has been

(3) E. W. Washburn and E. O. Heuse, TrHis JoUurnaL, 87, 309
(1915).

(12)
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adapted for use with binary solvents.® The method
is applicable to any solute but would normally be
used mainly for non-volatile solutes, for which it is
also more accurate than for volatile ones, By
suitable modification equation 13 can be made to
apply to ionic solutes and hence there is a method
for the evaluation of F_° as a function of solvent
composition for the large class of electrolytes which
are inaccessible to measurement by the solubility
or e.m.f. techniques.

Application to 1-1 Electrolytes.—Equations anal-
ogous to (1) and (13) are obtained readily for 1-1
electrolytes. The particular equations which we
shall find useful are

1000 (bln al/a2> =_£_dF*°
zZ1

7 om RT az T

Oln ‘y,,) _ (b In 'Y:h)
2(——02,1 " 2mr “om )z (14)

[Zyvdlmna + Zodngy) =

1000
M,
—2dm — 2mdIn vy, (15)
Here m is expressed in formula weights of electrolyte
per kg. of binary solvent, and F..°is the mean value
of F° for cation and anion. It is useful to expand
In v+ in power series in m'/? according to Scatchard
and Prentiss’
In vo = —Sm'r + Bm + Cm/2 +

Dm? + Emt/» + ... (16)

In equation 16, S is the Debye-Hiickel limiting
slope and B, C, D, E, ... are adjustable constants.
The latter are evaluated from the experimental data

as follows, Substitution of (16) in (15) and inte-
gration leads to
1000

—T (len 011+Zzln az) = 2m — "S?’I’La/?—i—

Bm? + —5Cn15/2 + f; Dm?® + ? Em/» 4+ ... (17
The terms on the left and the first two terms on the
right involve only experimental data and known
solvent properties, The adjustable constants in
the remainder are evaluated by standard least-
squares methods.?

Equation 16 is also useful in connection with equa-
tion 14. Since S, B, C, ... are functions of Z,
integration leads to equation 18

1000 4dS 2
1[ In (al/az) Bm — m/z [g d_Z—l — é ST’] +
m? [cTZ — Br:l + w2 [% §7£ C,:I +
2dD _ ., T4 dE 10
[3 z, Dr:l +m'/e ['7 r Er:l (18)

where 8 = (2/RT) (dF.°/dZ,).

Except for the coefficient of m*» which is given
by the Debye-Hiickel theory, the other coeffi-
clents on the right in equation 18 are obtained by

(6} A.L. Bacarella, A, Finch and E. Grunwald, J. Phys. Chem., 60,
573 (1956).

(7) G. Scatchard and S.
(1934).

(8) Equation 17 is written in a form which might be misleading.
Normally, in fitting the data, one woild use only a limited number of
the terms in the power series. For best fit, these need not be adjacent
lowest terms in the series. An objective method for selecting the best
set of terms has been reported by I.. Marcus, General Motors Eng. J.,
4, No. 2, 1 (1957).

S. Prentiss, Turs JourwnaLr, 56, 1486
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fitting the data. Note that one obtains in this way
not only dF,*/dZ;, but also the derivatives with
respect to Zy of B, C, D, ..., and hence the effect of
medium change on Iny~. Indeed, measurement of
ay and a; provides a powerful tool for learning about
niedium effects on the thermodynamic properties
of the solute.

Experimental Part

Solutions of purified® sodium chloride in a mixed solvent
consisting of 50.00 wt. 9 dioxane-50.00 wt. 9, water were
freshly prepared for each experiment by standard gravi-
metric techniques from pure® dioxane and water. Relative
fugacities oy and a» were measured at 25.00° using a dy-
namic vapor pressure apparatus built in this Laboratory
which has been fully described elsewhere.® In a typical
experiment, the carrier gas, pure nitrogen, passed first over a
train of saturators contained 509, dioxane—water followed
by a cold trap at —80°, thewn over a train of saturators con-
taining the sodium chloride solution and through a second
cold trap. Tle mass ratio of the two vapor condensates
was determined, as well as the difference in their composi-
tions. Frow these data, ey and «s were computed as de-
scribed previously,® using the slightly imperfect real gas
model and second virial coefficients as obtained previously.5
The experiments were done over an extended period of time
during which the accuracy gradually improved. The stand-
ard error of the mass ratios ranged from 0.087% for the early
experiments (series II, Table I) to 0.039;. The difference
in the compositions of the vapor condensates was measured
at first with a Bausch and Lomb dipping refractometer with
a standard error of 0.02%, (series II), later with a Hilger-
Rayleigh interferometer, using a special cell for volatile
liquids,® with a standard error of 0.007%;. The vapor in
equilibrium with 50.00 wt. 9, dioxane—water was found to
contain 83.520 wt. 9, dioxane (previous value,’ 83.5249,)
at 25.00° in the presence of nitrogen at a total pressure of
1 atmn. The activities of water and dioxane in 50.00 wt. 9,
dioxane, referred to the pure liquids, are 0.8614 and 0.5862,
respectively, at 25.00° and 1 atm. total pressure.®

TaBLe 1

VALUES OF ay AND @ FOR SOLUTIOXS OF Sopium CHLORIDE
Iy 50.00 Wr. %, D1oxaNe—50.00 WT. 9 WATER AT 25.00°

Series 1% Series IT%

nt (3} [+%) nt al a2
0 1.00000 1.00000 (.0226 0.9955 1.0097
0.01136 0.99829 1.00505 .0482 .9905 1.0191
.02560 .9958p) 1.0118g .1263 L9846  1.0439
03933 .9963¢ 1.0155 .1418 0826 1.0483
L1174 LO98547  1.0409 L1503 .9831 1.0513
2547 L9720 1.0831 .2544 0724 1.0833
3368 9638 1.1066 . 2656 L9705 1.0847
L3928 L9557 1.1211 .3946 L9565 1.1229
LR8N S9035 1. 2195 4120 L0534 1.1266
L2650 L9359 1.1680
8345 L9081 1.2372
1.0041 L8908 1.2802
1.2076 .8683  1.3208

7 Series 1 ~-vapar enmposition deterinined with an inter-
fermneter to w=0.007¢2: series 1T ~vapor compaositinn de-
termnined with a lipping refractometer to #0.02¢,,. Total
pressurc 1 atii. in botl series.

Absence of Systematic Errors.—To evaluate the activi-
ties of all three componeuts, the measurement of two inde-
pendent quantities, such as mass ratio and vapor composi-
tion, is sufficient since a third relation exists in the form of
equation 15. When the activity of oue component is al-
ready known, only one additional measurement will suffice
to evaluate tlie activities of the other two. This situation

(9) 1. M. Knlthoff and E. B. Sandell, ""Texthonk of Quantitative
Innrganic Analysis,”* The Macmillan Co., New York, N. V., 1948, p.
Hi8.

(10) E.
(1957).

Gruuwald and B. J. Berkowitz, A»nnl. Chem., 29, 124
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is very mnearly realized at low solute concentrations (m
<0.05) where terms of the order of m and higher inn equation
16 (which would be inaccurate in case of systeinatic error)
make only a small contribution to In v.. Heuce rme may
nbtaill ay/e. fromn either tlie mass ratin or the vapor cou-
position, and the measurement of the one is virtually inde-
pendent of possible error in thie measurement af the other.
Agreement between thei is good evidence in favor of the
acenracy of bt sets of inepsurements since it is improbable
that systematic errors would be such as to give equal results.
Two sets of values of B (equation 18) were obtained in this
way, using ouly data at m<0.05: from the 1nass ratias,
8 = —23.0 £ 0.7; from tlie vapor compositions, 8 =
—23.5 £ 1.5. The staudard errors are fairly lurge due ta
the low concentrations, but the agreement is very satisfac-
tory. For comparison, the least-squares adjusted value of
B based ou ¢// the data in Table I (up to 1.2 m)is —23.304,

Results

Experiniental values of o, and a; for solutions of
sodium chloride in 50.00 wt. 9, dioxane—~50.00 wt.
O7 water at 25.00° are shiown in Table I. In this
and all subsequent connections, the subscript 1
denotes water and 2 denotes dioxane. The dielec-
tric constant of the solvent was taken as 35.85 at
25°11 Tt is worth noting tlie marked decrease in
oy and the even greater increase in a, with increas-
ing salt concentration. Although not shown in the
table, the orthobaric vapor pressure over the solu-
tion increases when salt is added. The results sug-
gest considerable preferential hydration of the
solute, as pointed out by previous workers.312

The data were treated according to equation 17,
where B, C, ... are the empirical constants of equa-
tion 16 forln yi. The results of the least-squares
calculation are shown in the first two lines of Table
II. The data are fitted well by a two-parameter
equation in which B and D are finite and the other
coefficients are zero. A four-parameter treatment
in which B, C, D and E are finite and the other
coefficients zero offers no further improvement;
¢ and I2 are small and of the same sign as D.

TABLE II

Coxstants 1N Eguations FOR AcTivity COEFFICIENT OF
Sorn's CHLORIDE IN 50.00 Wr. 9% DIOXANE-WATER AT

25.00°
& s B C D I 0yt
Fquation 1fi
3. 861 3.007 0 —0.590 0 0.0008+ 0.275
B IO .12 0141 — 320 --0,085 L0008 2743
Fquation 19
1 2.8 ~0.03G .. ... 0.218 ..., 000120 0,328
23 80m -1 5 S — 085 ... .00102 206
0 3.86H 3.097 ..., — .a20 ... .00084 L2753
—1 3. 8 4877 L. 1.350 ..., 003187 L268

» Stastdard errar of fit of (Z) In og 4+ Zx I as).

In order to studv the effect of the neglected
higher-order terms iu (16), the data also were
treated according to equation 19, based on the
Debye-Hiickel theory, for ¢ = 35.85 at 25°, which
contains the parameters B,, D, and the 'finite
distance of approach of the ious,” 4.!* Equation
16 inight conceivably be an expansion of (19).

(11) F. F. Critchfield, J. A. Gibson and J. 1.. Hull, TH's JoUurNal,
75, 1091 (1953).

(12) G. R. Lucas and L. P, Hammett, ¢bid., 64, 1928 (1042), have
given an analogous interpretation to their freezing point data.

(13) . S. Harned and B. B. Owen, “The Physical Chemistry of
Electrolytic Solutions,'* Reinhold Publ. Carp., New York, N. Y., 1943,
equations 12.5-3 and 3-7-13; p1p. 380-381
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Equations of the form (19) are successful in fitting
data for aqueous electrolytes.!> When (19) was
T 0405 G B Dt (19)
substituted in (15) and the resulting expression
was integrated, the integral was not of a convenient
form for the evaluation of all three parameters
d, By and D, in a single least-squares treatment,
The following method was used. A set of values
was chosen for &, and for each value, B; and D,
were calculated by least-squares. Tlie appropriate-
ness of the chosen value of ¢ was judged in each
case by the standard error of fit, 8. The results
are shown in Table II. It is seen that 6 is at a
minimum for 4 = 0. This result is somewhat sur-
prising since in water ¢ = 4.2 A. for sodium
chloride. It will be shown however that at least
part of the difference can be ascribed to the more
extensive ion association in 509, dioxane.

TaBLE III

CONSTANTS IN EQUATION 20 FOorR 1000 In (e1/as)/My;
Soprum CHLORIDE IN 50.00 Wrt. 9 DIOXANE-WATER AT

Inyy =

25.00°
4.dS ?g,]

8 3dz;, 3 b ¢ d e 6%
23.304 —27.59 —20.689 0 4.254 0 0.00182
(—!3A304)b —27.59 -21.21 0.90 4,15 —0.26 0.00178

@ Standard error of fit of In a;/as. ? Value obtained in
line 1.

Values of In aj/a: were fitted to equation 18
which, using numerical constants for 509, dioxane,
1s written as
33.428 In (en/e) = Bm + 27.59m*2 + bm? +

cmb/e + dmP + em™2 + ... (20)

Numerical values of the parameters are listed in
Table III, The data are fitted satisfactorily with
a three-parameter equation in which 8, b, d are
finite and ¢, ¢, ... are zero, in close analogy to our
experience with equation 17. When ¢ and e are
introduced as additional parameters, their values
are small and the fit is not improved noticeably.
From the data in Tables II and III, the rates of
change with solvent composition of a number of
quantities of thermodynamic interest have been
computed and are listed in Table IV,

TaABLE IV
RATEs OF CHANGE WITH SOLVENT COMPOSITION FOR

VARIOUS THERMODYNAMIC FUNCTIONS OF SODIUM CHLORIDE
IN 50.00 WTt. % D1oxaNE-WATER AT 25.00°

dF.%/d2, — 6,904 cal.

ds/dz, —25.24

dB/dz, —27.95° (—28.53)"
dc/dz, 0° (1.63)°
dD/dz, 8.82° (7.72)°
dE/dZz, 0° (0.05)°
dIn e/dZ; 4.35

dInS/dIn e — 1.500

din B/dIn e — 2.075°

dinD/dIn e — 3.897°¢

¢ Based on data in line 1 of Tables II and III. ° Based

on data in line 2 of Tables II and III.
Previous Work on the System NaCl-Dioxane—
Water.—Scatchard and Benedict!4 have reported

(14} G. Scatchard and M. A. Benedict, THI$ JoUurRNAL, 88, 837
(1936).
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precise thermodynamic data for sodium chloride in
aqueous solution containing up to 2m dioxane at
0°. Their results complement rather than overlap
ours (509, dioxane~water contains 11.35 moles of
dioxane per kg. of water) and allow a number of
comparisons to be made in the next section.
Mogling® has obtained data at a single NaCl con-
centration, usually 0.7-0.8m, over a wide range
of dioxane concentrations, up to 81 wt. 9, dioxane.
Although no valid quantitative comparisons can
be made, qualitatively his results agree with ours in
that they illustrate the very considerable salting-
out of dioxane over the entire composition range.

Discussion

Effect of Solvent Change on Standard Chemical
Potential for Sodium Chloride.—The wvalue of
dF+%/dZ, obtained for 50 wt.9, dioxane-water at
25.00° is — 6,904 cal. (Table IV). For this solvent
mixture, d In ¢/dZ; = 4.35; hence dF_.%/d In ¢ =
— 1587 cal. At least a part of this derivative is
attributable to the decrease in the Born charging
energy of the ions. Another part may be due to
preferential solvation of the ions by water since the
water activity increases with increasing e. Re-
garding the former, the electrical work required to
charge the two ions of sodium chloride in a con-
tinuous dielectric is given by

e? 1 1 e?
— [ == o = (2
2e (a.\'n + dc1> €Q @D

where a. 1is the harmonic mean of the two ionic

H/el =

radii. Hence the electrical contribution to dF+%/d
In €is equal to

NdWy _ _ Net _ _ RIy

2 dlne Qea. . 22)

It is instructive to compute a lower limit for a+
by assuming that dF+%/d In e is entirely due to
the Born charging term, equation 22. Using
numerical values for 50 wt.9, dioxane, the Bjer-
rum distance ¢ = 7.81; A. at 25°, and a= = 2.92

For comparison, the harmonic mean of the
crystal radii of sodium ion and chloride ion is
1.25 A The large discrepancy indicates that
the ions are solvated. If, as is likely, the solvation
is preferentially by water,'” it will contribute a
negative term to dF+"/d In ¢ and a+ of the sol-
vated ions is actually greater than 2.92 A.

In their studies of the water-rich portion of the
system dioxane-water~NaCl, Scatchard and Bene-
dict'*® obtained at 0° and Z, = 1: dF="/dZ,
= —3874 cal.; d?F=°/dZ,® = 19,430 cal. Assum-
ing the second derivative to be constant, one ob-
tains for 50 wt.9, dioxane (Z; = 0.8302): dF=’/
dZ; = —7173 cal. at 0°. In spite of the long ex-
trapolation, this value differs only by a few per
cent. from our measured value at 25°.

Activity Coefficients.—The salient feature of the

(15) D. Moégling, results reported in ref. 3.

(16) L. Pauling, "Nature of the Chemical Bond,"’ Cornell Univ,
Press, Ithaca, N, Y., 1944, Chapter 10,

(17) G. Scatchard, J. Chem. Phys., 9, 34 (1941),

(18) (a) Data of ref. 14 were recalculated to our concentration
units: m = M;/2(1 4+ 0.088M3); RT1n v1 = RT1ln vy —RT1n(1 +
0.088M,) — F08 My, Ms, v as defined in ref. 14. (b) To calculate
B,C, D, ... for Z1 = 0.8302, data of ref. 14 were expanded in Taylor
series about Z; = 1 and terms of higher order than quadratic were neg-
lected.
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empirical constants, B, C, D, E, . . . in equation
16 for sodium chloride in 50 wt.9, dioxane-water is
their small magnitude. This is brought out most
clearly by comparison of the actual values in Table
II with the following values, obtained by extra-
polation of the data of Scatchard and Benedict!+18
to 50 wt.9, dioxane: B = 64; C = —64; D =
3.9; E = —1.4. The effect may be attributed to
short-range ionic interactions whose relative im-
portance increases rapidly with decreasing dielec-
tric constant. If to a first approximation atten-
tion is paid only to the formation of short-range ion
pairs, then v = '@, where a is the free-ion frac-
tion and v’ the molal activity coefficient of the free
ions.’® Upon introducing the ion-pair dissocia-
tion constant K = a2(v')?m/(1 — &), and writing
In 4’ in a form analogous to (16): In v’ = —.S.
(am)/s + B’ am + C'(am): 4 ..., the follow-
ing power series was obtained for In v

In+ = =Swm/s + (B — KV + (C" + 55/2K)m?/» +

(D' — 8S?/K + 3B'/K + 3/2KD)m? + ... (23)

Equation 23 shows that the limiting-law term,
Sm'/2, is unaffected by the short-range interac-
tions, but each of the higher terms is multiplied by
a coefficient reflecting the ionic association. Equa-

(19) (a) N. Bjerrum, Kgl. Daunske Videnskab Selskab, Math-fys.

Aledi., T, No. 9 (1926); (b) H. P, Marshall and E. Grunwald, J. Chem.
Phys., 21, 2143 (1933).
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tion 23 allows only for ion-pair formation; to a bet-
ter approximation ionic interactions of higher order
than pairwise also need be included. Such refine-
ment will cause addition of further tertus to the co-
efficients of m?, m>?, ..., but the coefficients of m
and m'? will remain unchanged. Thus the em-
pirical value of B equals B’ — K1

Upon using for B’ the value 6.4, extrapolated
from the data of Scatchard and Benedict,!* K is
estimated as ca. 0.3. In spite of the crudeness of
this estimate, the value is at least of the right order
of magnitude: In 70 wt.9 dioxane~water K for
sodium chloride was found to be® 5.35 X 1072 at
25°. Using the equation K = 1000/[32 =N
g*Q(d)] to describe the solvent dependence,'® K is
estimated as 0.10 for 50 wt.%, dioxane.

Possibly a better estimate of B’ may be made on
the basis of the equation In v’ = —S(am)/?/
[1 4+ S(am)/:]"/s, which was derived and tested
in previous papers!®®.2 for systems where ¢ >> d.
Upon expansion in power series, it turns out that
B’ = 252/3, or 10.0 for 509 dioxane. Correspond-
ingly, K = (B’ — B)~!is estimated at 0.145, in
better agreement with the value (.10 obtained
above.

(20) E. I.. Purlee and F. Grunwald, Tars JourwvaL, 79, 1366
(1957).
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Tle rate of change of the standard chemical potential with changing mole fraction of water, d F*/dZ), was obtained in

50.00 wt. 9%, dioxane-water for HCI and NaOH from vapor pressure data.
for NaOH, d( Fy.+ + Flom-)/dZy = —17.6 kcal.
the value, —8.0 kcal., deduced from potentiometric data for the cell Ho/HCI, dioxane—water/AgCl-Ag.

Fog-)/dZy = —7.9 keal,;

Values at 25.00° were: for HCI, d(Fog+ +
The value for HCl may be compared with
The values for

HCI1 and NaOH, when combined with a previous value? for NaCl, lead to —19.8 == 1.0 for d In K«/dZ;, where K, is the

autoprotolysis constant.

This differs significantly from the potentiometric value of —22.3.

The discrepancy mmay be duc

to lack of reversibility of the Ag—AgCl electrode at high pH in the dioxane-rich solvent compositions.

Precision measurements of the activities of the
solvent components may be used to obtain thermo-
dynamic data for electrolytes in mixed solvents.
A suitable method was reported in the preceding
paper.? Results of this method will now be com-
pared with results based on the e.m.f. of reversible
cells in order to have a cross-check on the validity
of both methods. Two systems were selected:
(i) Hvdrogen chloride in dioxane-water, because
potentiometric data for the cell (1) were already

Pt-Ha(g, 1 atin)/HCl(m), dioxane(Z,), water(Z:)/AgCl-Ag
(1

available for a number of solvent compositions3—?;

(1} Work supported by the Office of Naval Research. Reprodnc-
tion in whole or in part is permitted for any purpose of the United
States Government.

(2} E. Grunwald and A. L. Bacarella, THIS Jourxal., 80, 3840
(1958).

(3) H.S. Harned and J. O. Morrison, 7bid., 68, 1908 (1936); H. S.

(ii) Sodium hydroxide in dioxane-water, because
these data, taken in conjunction with the data for
HCI and NaCl?, may be compared with potentio-
metric values’ of the autoprotolysis constant K.

The mathematical symbols that will be used have
been defined in the preceding paper.?

Experimental Part

Reagents and Solutions.—Constaut boiling aqueous hy-
drochloric acid was prepared from reagent grade acid® and

Harned, ¢bid., 60, 336 (1938); H. S. Harnel and C. Calmon, ibid.,
60, 2130 (1938); 20, 45, 70 wt. 9, dioxane.

(4) E. L. Purlee and E. Grunwald, ibii., 79, 13G6 (1957); 70 wt. 7
dioxane.

(6) H. P. Marshall and E. Grunwald, J. Chem. Phys., 21, 2143
(1953}, extrapolations.

(6} A.F. Butler, Ph.D. Thesis, Florida State University, Tallahassee,
Fla., August, 1956; 50 wt, 9, dioxaie; experimental methods similar
to those of ref. 4,

(7) H. S, Harned and 1.. D. Fallon, Tuis JoUr~AL, 61, 2374 (1939);
20, 45, 70 wt. 9 dioxane.

(8) C. W. Foulk and M, Hollingsworth, ibid., 46, 1220 (1923).



