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Studies have been made concerning the conductance behavior at 40° of twenty uni-univaleut electrolytes in N-methyl-
acetamide at concentrations in the range 1-165 X 1 0 - 4 N. The limiting equivalent conductance for each electrolyte has 
been evaluated using a Shedlovsky plot of A'o versus C. Consistency within the results and with previous work is evidenced 
by numerous checks concerning independent conductances of ions. The results indicate that 2,4,6-trinitrophenol, hydrogen 
chloride and all of the salts are completely dissociated in dilute N-methylacetamide solutions. In contrast to the differen­
tiating action of isomeric dimethylformamide, N-methylacetamide acts as a leveling solvent toward acids and partially sub­
stituted ammonium salts. Values of the limiting ionic equivalent conductances which are based upon the octadecyltri-
methylammonium octadecylsulfate and the trimethylphenylammonium benzenesulfonate methods show good agreement. 

Introduction 
The second and the fourth papers in this series3'4 

have described the conductance behavior of thirty-
one uni-univalent electrolytes in N-methylacet­
amide (NMA), an unusual organic solvent which is 
characterized by an extremely high dielectric con­
stant (165.5 at 40°) and extensive dissolving and 
dissociating power. The results which have been 
reported heretofore indicate that most soluble salts 
are completely dissociated in dilute NMA solutions 
and that analyses of conductance data for solutions 
having concentrations greater than 1 X 10 - 2 N 
are complex owing to a very pronounced increase 
in viscosity with increasing concentration. NMA 
acts as a leveling solvent in its dissociating action 
toward partially substituted ammonium halides, 
and series of relative cationic and anionic limiting 
conductances provide considerable evidence that 
unusual relative solute-solvent interactions are op­
erative in NMA solutions. 

The objectives of the research which is reported 
herein were to determine the conductance behavior 
of some typical acidic electrolytes, to evaluate limit­
ing ionic equivalent conductances by approximation 
methods and to extend generally the previous stud­
ies using NMA as an electrolytic solvent. 

Experimental 
Apparatus.—Resistances were measured with a Jones 

bridge assembly at frequencies of 500, 1000 and 2000 cycles 
per second. Xo significant dependence of resistance upon the 
frequency of the impressed signal was observed. Three 
flask cells, which have been described previously,5 were 
used throughout this work. The cell constants were de­
termined by the intercomparison method using Jones cells 
having constants which had been evaluated by the method 
of Jones and Bradshaw.6 The cells and their contents were 
maintained at 40.00 ± 0.02° in a constant temperature bath 
filled with light mineral oil. 

Salts.—Octadecyltrimethylammonium octadecylsulfate, 
octadecyltrimethylammonium nitrate, octadecyltrimethyl­
ammonium iodide and potassium octadecylsulfate were 
prepared by the methods described by Thompson and 
Kraus.7 The observed melting points of the final products 
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were 153-156°, 200-202°, 235-238° and 181-183°, respec­
tively. These four salts and the two benzenesulfonates 
were considered suitable for use only when their equivalent 
conductances changed less than 0.15% after successive re-
crystallizations. 

Reagent grade potassium and sodium bromates, ammo­
nium perchlorate and ammonium nitrate were recrystal-
lized twice from distilled water prior to drying under suit­
able conditions. 

The preparation and/or purification of the remaining 
electrolytes have been described in previous papers.5 '8-10 

Solvent.—NMA was prepared and purified as described 
previously.4 The solvent which was used in this work froze 
above 29.5° and had the following physical properties at 40°: 
conductivity, 1-3 X 10 - 7 ohm" 1 cm. - 1 ; density, 0.9420 
g./ml. ; viscosity, 0.0302 poise; dielectric constant, 165.5 
(at 10 megacycles). 

Solutions.—All solutions were prepared on a weight basis 
and transfers were made in a dry box under a positive pres­
sure of nitrogen. Friedman-La Mer weighing pipets were 
used for making successive additions of approximately 0.02 
N stock solution to the solvent contained in a conductance 
cell. All weights were corrected to vacuum. The densities 
of the dilute solutions were assumed to be equal to that of 
the solvent. The conductivity of the electrolyte was ob­
tained by subtracting the conductivity of the solvent from 
that of the solution. The maximum solvent correction 
usually did not exceed 3 % of the total conductance. 

Results 

Owing to its extensive nature, a tabulation of 
corresponding values of the equivalent conductance 
and the concentration for each of the twenty elec­
trolytes is not presented here.l x The results are com­
pactly summarized in Tables I, II and III. Similar 
trends in the data have been illustrated graphically 
in previous papers in this series. 

Discussion 

The plot of A versus \/C for each electrolyte is 
linear over the entire experimental concentration 
range which, as a result of limited solubilities in 
some cases, varied from 1-14 X 1O-4 TV for Octd-
M e 3 N O c t d S 0 4 t o 1 - 1 6 5 X 1 0 ~ 4 f o r K S C N . A c ­
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TABLE I 

T E S T OF ONSAGER'S EQUATION FOR SOLUTIONS OF SALTS IN 

N-METHYLACETAMIDE AT 40° 

Exptl. Theor. (SE - STUOO 
Electrolyte A0 slope (SE) slope (ST) S T 

HCl 20.65 13.4 13.4 0 
HPi" 20.85 14.0 13.4 5 
XaO3SPh 18.41 15.0 13.3 13 
Me3PhNO5SPh 20.47 14.4 13.4 8 
OctdMe3Ni6 21.76 16.2 13.5 20 
OctdMe3NNOs 21.64 15.5 13.5 15 
KOctdSO, 15.47 14.0 13.1 7 

cording to the Onsager equation1 

A0 

OctdMe3NOctdS04 

NH4ClO4 

XH4XO3 

KClO4 

KSCN 
KNO3 

KBrO3 

KPi 
NaClO4 

NaSCN 
NaNO3 

NaBrO3 

XaPi 

14.27 
26.45 
24.23 
25.22 
24.48 
22.94 
21.96 
20.19 
24.96 
24.24 
22.67 
21.82 
20.17 

° Pi represents picrate. b 

14.5 13.0 
14.2 13.8 
15.0 13.7 
14.8 13.7 
14.7 13.7 
15.8 13.6 
15.0 13.5 
15.0 13.4 
14.2 13.7 
14.7 13.7 
15.8 13.6 
14.8 13.5 
13.8 13.4 

Octd represents oc 

TABLE II 

DATA DERIVED FROM PLOTS I 

11 
3 

10 
8 
7 

16 
11 
12 
4 
8 

17 
10 
3 

:tadecyl. 

DF THE SHEDLOVSKY MODIFICA-

TION OF THE ONSAGER EQUATION 

Electrolyte 

HCl 
HPi 
NaO3SPh 
Me3PhNO3SPh 
OctdMe3NI 
OctdMe3NN03 

KOctdS04 

0ctdMe 3 N0ctdS0 4 

NH4ClO4 

XH4XO3 

Ao 

20.68 
20.87 
18.37 
20.46 
21.72 
21.60 
15.45 
14.26 
26.45 
24.24 

B Electrolyte 

0 KClO4 

- 1 1 KSCN 
- 1 8 KNO3 

- 2 0 KBrO3 

- 3 2 KPi 
- 2 0 NaClO4 

- 1 0 NaSCN 
- 4 0 NaXO3 

- 3 XaBrO3 

- 1 3 NaPi 

Ao 

25.22 -
24.47 -
22.92 -
21.95 -
20.18 -
24.95 -
24.14 -
22.65 -
21.82 -
20.17 -

B 

-11 
- 7 
-28 
-18 
-17 
- 2 
- 6 
-23 
-15 
- 3 

TABLE I I I 

DATA PERTINENT TO LIMITING IONIC EQUIVALENT CON­

DUCTANCES IN NMA AT 40° BASED ON THE OctdMesNOctd-

SO4 METHOD 

Cation Xo+ Anion Xo-

Me 2NH 2
+ 13.6 ClO4- 16.8 

M e 3 N H + 12.9 SCN~ 16.1 
Me 4 N + 12.0 I - 14.6 
Et 2 NH 2

+ 11.9 XO 3 - 14.5 
M e N H 3

+ 11.9 BrO 3 - 13.6 
E t 4 X + 11.6 B r " 12.8 
E t N H 3

+ 10.9 P i - 11.8 
Me 3 PhX + 10.2 C l " 11.5 
BuNH 3

+ 9 .8 PhSOs - 10.3 
N H 4

+ 9.7 OctdS0 4 - 7.1 
Bu 2NH 2

+ 9.4 
P r 4 N + 9.1 
H + 9.1 
K + 8.4 
N a + 8.2 
Bu 4 N + 7.8 
OctdMe 3N+ 7.1 
L i + 6.6 

- 0 8.204 X 105 , , 82.42 
Ao + W (DT)'/' " ' (DT)1. 

the theoretical limiting slope of a plot of A versus 
y/C for a uni-univalent electrolyte in NMA at 40° 
should be - [0.0695 A0 + 11.99]. With the single 
exception for hydrogen chloride, the data presented 
in Table I show that the experimental slope in 
every case is numerically greater than the Onsager 
slope; the differences range from 0 to 20% with a 
mean of 9%. Although the numerically greater 
experimental slopes perhaps suggest some extent 
of ionic association, it is believed that the nature of 
the slopes of the plots of A versus v C for electrolytes 
in NMA is greatly influenced by the viscosities of 
the solutions rapidly increasing with increasing 
concentration (for example, the approximate rela­
tive viscosities of 0.01, 0.5 and 1.0 N solutions of a 
typical uni-univalent electrolyte in NMA are 1.01, 
1.55 and 2.25, respectively18). 

Values of the limiting equivalent conductances 
were calculated directly from the experimental 
equivalent conductance data using the Shedlovsky 
rearrangement of the Onsager equation.14 Values 
of the limiting equivalent conductance calculated 
in this manner are designated as A'o and generally 
are found to deviate from the true value for the 
limiting equivalent conductance by a linear func­
tion of the concentration as 

1 - aVC 

which for electrolytes in NMA at 40° becomes 

A ' o : A±U.WVC_ = Ao + BC 
1 - 0.0695VC 

As in previous studies,3'4 the plot of A'o versus C for 
each electrolyte is linear over the entire experi­
mental concentration range and is characterized by 
a small negative slope probably resulting from vis­
cosity effects. Data pertinent to plots of A'0 
versus C are summarized in Table II. Correspond­
ing values of A0 in Tables I and II in some cases 
differ by a few hundredths of a unit; however, it is 
believed that those in Table II are probably more 
accurate inasmuch as a preferable extrapolation 
procedure was used. 

A survey of the values of A0 in Table II together 
with those obtained in previous studies reveals 
numerous confirmations of the Kohlrausch law of 
independent ionic conductances therein indicating 
consistency within the results reported herein as 
well as with those published previously. 

On the basis of experimental and theoretical 
structural considerations, Thompson and Kraus7 

have suggested that the limiting equivalent con­
ductances of the OctdMe3N+ and the OctdSO*-
ions are approximately equal and can be evaluated 
by halving the limiting equivalent conductance of 
OctdMe3NOctdS04. If the limiting equivalent 
conductances of these two large similarly-shaped 
ions are known, other limiting ionic equivalent 

(12) L. Onsager, Physik. Z., 28, 277 (1927). 
(13) P. G. Sears, Dissertation, University of Kentucky, 1953. 
(14) T. Shedlovsky, THIS JOURNAL, 64, 1405 (1932). 
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conductances can be evaluated from properly re­
lated data for electrolytes containing either the 
OctdMesN

+ or the OctdS04~ ion and for other 
electrolytes having common anions or cations. 
Table III contains values of limiting ionic conduc­
tances in NMA at 40° which are based upon this 
approximation method. Data from previous pa­
pers3'4 were utilized also in order to provide an 
up-to-date comprehensive tabulation for NMA solu­
tions. 

The trimethylphenylammonium and the benzene-
sulfonate ions, like the OctdMe3N+ and the Octd-
SO 4

- ions, are relatively large similarly-shaped 
species having comparable dimensions and are 
characterized by almost equal limiting conduct­
ances in aqueous solutions.15'16 Consequently, it 
is worthwhile to note that the results in Table II 
would be altered less than 0.5% if Me3PhNO3SPh 
were used as the reference electrolyte instead of 
OctdMe3NOctdS04. On the basis of data for 
aqueous and NMA solutions, therefore, Me3-
PhNO3SPh is potentially applicable as a reference 
electrolyte for approximating limiting ionic equiva­
lent conductances in other solvents. Inherent ad­
vantages may be utilized also inasmuch as Me3-
PhNO8SPh, NaO3SPh and Me3PhNI are com­
mercially available, easily purified and readily 
soluble in several common solvents in which Octd-
Me8NOctdS04 and KOctdS04 are practically in­
soluble. 

Based on the data in Table III, the limiting 
equivalent conductance-viscosity products for the 
Bu4N+ and the Pi ~ ions in NMA are 0.236 and 
0.356 ohm - 1 cm.2 equiv. -1 poise and are about 35% 
greater than the corresponding products for aque­
ous solutions. Nevertheless, the ratio of the 
limiting equivalent conductance of the picrate ion 
to that of Bu4N+ ion in NMA differs less than 3 % 
from the same conductance ratio for aqueous solu-

(15) W. J. McDowell and C. A. Kraus, THIS JOURNAL, 73, 2173 
(1951). 

(16) G. H. Jeffery and A. I. Vogel, / . Chem. Soc, 400 (1932). 

Introduction 
From the electrocapillary properties of soluble 

* Reproduction in whole or in part permitted for purposes of the 
U. S. Government. 

(1) On leave of absence from the Weizmann Institute, Rehovot, 
Israel, during the execution of the experimental part of this work. 

:- tions and consequently indicates considerable 
e parallelism in the relative conductance behavior of 
r these large ions in NMA and in water. 
:. Although the ratio of the viscosity of NMA at 
- 40° to that of water at 25° is 3.4, the ratio of the 
s limiting equivalent conductance of an ion in water 
- at 25° to that of the same ion in NMA at 40° 
i varies from 2.5 for the Bu4N+ ion to 8.7 for the 

potassium ion, excluding the solvated proton and 
several ions for which proper comparison data are 
unavailable. The broad range of values for the 
conductance ratio together with the very high 

1 values for the conductance-viscosity products for 
: the Bu4N+ and P i - ions suggests that unusual rela­

tive solute-solvent interactions and perhaps signifi-
t cant variations between the macroscopic viscosi-
[ ties of the solutions and the microscopic viscosities 
i in the immediate vicinities of the ionic species may 
f be operative in NMA solutions. Novel positions 
: which are occupied by several ionic species in series 

of decreasing cationic and anionic limiting equiva-
: lent conductances are readily discernible from the 

data presented in Table III. 
In comparing the behavior of hydrogen chloride 

and 2,4,6-trinitrophenol (picric acid) in the isomeric 
amides, N-methylacetamide and N,N-dimethyl-
formamide, it is interesting to note that the for­
mer and the latter8 act as leveling and differentiat­
ing solvents, respectively, toward the acidic solutes. 
The extent of substitution on the amide-N not only 

' drastically affects the magnitudes of physical prop-
- erties but also apparently is reflected in the pro-
L ton-accepting properties of the medium. 
) Other conductance studies involving the be­

havior of multivalent electrolytes in NMA and 
; also the behavior of uni-univalent electrolytes in 
• iso-viscous mixtures of NMA and tertiary butyl 
> alcohol and in mixtures of isomeric NMA and N,N-

dimethylformamide are in progress in this Labora-
: tory. 
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acetates and oxalates it is known,2-4 that the car-
(2) G. Gouy, Ann. Mm. phys., [7] 29, 145 (1903). 
(3) D. C. Grahame, M. A. Poth and J. I. Cummings, THIS JOURNAL, 

74, 4422 (1952). 
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Interaction of Polyelectrolytes with the Electrical Double Layer on Mercury-Water 
Interfaces. II. Influence of Added Ionized Polyacids on the Differential Capacity* 

BY ISRAEL R. MILLER 1 AND DAVID C. GRAHAME 
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The differential capacity of the electrical double layer at the interface between mercury and aqueous 0.1 JV NaF solutions 
containing various amounts of the salts of dibasic and polybasic acids at different temperatures has been measured. A 
series of polyacids has been investigated, starting with simple dibasic acids, through the relatively low molecular weight 
polyaspartic and polyglutamic acids, and extending finally to very high molecular weight samples of polymethacrylic acid of 
various degrees of polymerization. I t has been found that the results can be interpreted by assuming (a) that even short 
hydrocarbon chains produce a squeezing-out effect which appears as an adsorption of anions, and (b) that polybasic anions 
are completely expelled from the interface when the mercury carries even a small negative charge, and strongly attracted 
when the charge is slightly positive. Adsorption-desorption peaks are produced at the potential of the electrocapillary 
maximum through the operation of this effect. I t seems clear that a monolayer of anions is formed. 


