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Although I ceannot honestly say that I wish to be found

in error, yet I do fervently hope that the vrogress of sclence

1

in the hands of the many zealous cultivators will be such as,
by giving us new and other developments, and laws more and
more general in their aspplications, will make even me think
that what is written and illustrated in these experimental

researches, belongs to the by-gone parts of science.

Michael Faraday




lithivm nitrete were determined at 25°C. and 35 C. at
concentrations ranging from 0.0l~molar to 1.0 molar.
Gxperimental equivalent conductances have been compared
with those calculated by the Wishaw-Stokes and Falkenhagen-
Lelst equations. Suiltable choice of one parameter, the
listence of closest approach, permits reproduction of the
experimental data with en error of less then 0.5%. A study
of the deviations of cealculated from experimental conductances
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reveals that the distance of closest app

-

appreciably with concentration and temperature.
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THEORETICAL INTRODUCTION




THECHETICAL INTRODUCTIOHN

This introduection will discuss briefly the ecusations of
Debye, Hickel, anc Onsager; of Wishaew and Stokes; of Falken-
hagen and Lelsts; and show how the eguation of IFuoss and
Onsager may be avplied to dilute solution data.
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he equivalent conductence, A, of a solution of an

= 1000 Ly (1)

where L 1s called the specific conductance of the solution,
end ¢ is the concentration of the electrolyte in moles per

liter. L is defined by

L = % mho/cn., (2)

where r is the resistence of the solution measured in a cell
of constant A. The specific conductance ts the conductance

of a one centimeter cube of solution. 4 is cependent on the
geometry of the cell and is invariably determined by meeasuring
the resistence of a solution of known specific conductance.

ufi@ » the limiting equivelent conductance, is & constant
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given solvent at & given

temperature. It is obteined by extrapolating some theoreticel
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function to infinite dilution.

- - 1. .

It was observed by Kohlrausch in 1916 that conductence

late in extremely dilute solutions could be made to fit

the equation
A = ../Lo - A'\/E (3)

where A i1s an empirical cbnstant. The extrepole
S against ~/c plot is a time-honoured method for the
evaluation of /L.

In 1923 bebye and Hﬁckel2 published e limiting law
giving the activity coefficient of an electrolyte in solution
as a linear function of the sguare root of concentration,
vith slope given by a group of known physicel constants.
A solution of an electrolyte is assumed to be completely
dissocisted. This is reasonable, since studies of the structure
of electrolyte crystals indicate the occurrence of ordered
arrangements of ions rather than molecules in the space
lattice. The decrease in equivalent conductance with increase
in concentration is attributed to a decrease in the velocity
of the ilons, a consequence of ilon-lon and lon-solvent
interactions, rather than to a decrease in the number of ions,
as suggested earlier by Arrhenius. Hach ion i1s treated as
being surrounded by an etmosphere of ilons of opposite charge.

: 4

Attributing all deviations from ideelity to chenges in

cherges on the ionic atmosphere, Debye and Hlickel arrived at
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in voo= o € H _ ) (Lf‘)
2DOkT(1 + jya)

2
e 2 . rE N
where K 155 il c , (%)

and "a" is the distance of closest approach between ions

of opposite charge, one of the boundery conditions imposed
in the derivation of equation (4). The meaning of the

other symbols will be found in an appendix. 1/K is the
distance at which the charge density of the ionic atmogphere

is e maximum., In very dilute solutions Ka< 1, and

Iny = -€%H . (6)

2D kT
o}

Debye and H&CL813 then applied the ionic atmosphere
model to the problem of conductance.
imposition of an external electric field would distort the
ionic atmosphere. The central ion will move in one direction
while the oppositely-charged ions of the atmosphere will
be pulied in the opposite direcdtion. This asymmetry results
in a greater force behind the lon then in froant of it,
retarding the motion of the ion. This is known as the
relaxation effect. In addition, bthe motion of an ion and
its atmosphere will be retarded by solvent molecules

e charge.

(g

obstructing its path and b opvosi:

0]

This 1s the electrophoretic effect.




L
Onsager extended the treatment of Debye and Hlhckel
to include the effect of the Brownian motion of the ions,

and arrived at the ecquation

, R : X . 5 o ® .
L= A, - ,75%92%),.,& v BB A0 AT ()

|

6 SO

- for uni-univalent electrolytes. This is often written
A =, - A, +p) </ (8)

For water at 250C., ¢ = 0.2289, B = 60.49.

HD

There are several difficulties inherent in the Debye-
Hbckel theory and its extension by Onseger. The most important
ares

(i) The principle of the linear superposition of fields

requires that there be a linear relationship between the

charge density around an ion and the electricel potential.
The c

harge densitygjo, is given by

f = (dn = dll_)gs
av

where dn+ is the number of positive lons in a volume a4V

at a distance r from a particular ion. The Soltzmeann dis-

tribution Tunction predicts that dn% will be given by

dn, = n exp_;gf) av ,
xT

where n is the number of positive or negetive ions per unit
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volume, €¢ is the work recquired to bring a unit positive

S,y a..

charge Irom infinity to a distence r from the selected ion,

v

and ¢ is the electrical potential. dn_ 1s defined as

dn = n exp(

Insertion of the last two edquations into the definition of

the charge density gives

Ja = ne [expf-¢¢) - expfey]
kT KT

I the exponentials be expanded as infinite series, and
third and higher order terms be neglected, the eguation

is reduced to

This equation has the linear relationship between charge
density and electrical potential which the »nrinciple of
the linear superposition of fields reguires. The neglect
of third and higher orderx 'ms 1s justifieble only when
kT, the thermal energy of the ioné, is very much greater

than e€¢ , the interionic potential energy.

ot
o
o

(1ii) The dielectric constant of the solution is

to be that of the solvent. This ignores the decrease of

o]
02

the bulk ectric congstent with increase of concentration,
as well as the variaetion of the microscopic dielectric

constant with distence from an ilon.
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(iii) Ions are considered to be so far apart that their

size is negligible with respect to the distance between

them. In a 0.0l molar solution ions will be of the order
o) o)
of 20 A apart, while the diameter of an ion is 2 - L A,

2. The Wishaw-Stokes Zguation

The next significent advance in conductance theory
did not occur until 1952 when Falkenhagen, Leist, and Kelbg

modified Onsager's treatment of the relaxation effect to

o

include the effect of finite ion size. ZHEmployving o distribution
W ] 6
function due to Eigen end VWicke they arrived at the following

1.1

expression Ior the relaxation effect in uni-univalen

electrolytes
s ,
AX € [ ( exp(0.2929%a) - 1)(1.* o\l -1 )
X 3DokT Ka(l + Ka) N N2

é2

where K 2 3253 i cl 1 - 5% - 5% (10)

1

n is the number of ilons of one kind per cubic centimeter of

solution, and Nl is the reciprocal of the volume of a cation.

Kg is the reciprocal of the volume of an anion. If, as is

approximately correct, N_ is taken as equal to Né, ecquetions
(9) and (10) beconme
) ' 2
AL € al - (exp(o.2929 a) - l)(i -n \ (11
A ™ 1M P w0
p 3D kT a(l + =& J\ Hy)
KZ = 7e? I c(l-—g)
125D kT i (12)

o 1
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Making the approximation (i -n )z 1, Wishaw and Stokes
N 1

insert the expression for the relaxation effect into their

general conductance eduation

A = (;/LC - 10’ . g (1 + oag ] a3
_ g 677%1\1’ (1 +x2) X

and obtain

S (T ¥Ka) (I +Ka)Ka
iel /) k (1)

woere 7

A :(,/L@ - B oK )1 - By K ern(0.2920K8) - 1
| )

D kT
3O

Values of 31 and 32 are ligted in an appendix.

It is useful to determine when the apnroximetion

(l - N = 1 is Justifieble. Inclusion of this term reduces

(el a ~r ta) 2
# by a fector (l -n , and AX by a factor (l -1 .
\ = n
J.%l e \ l
Values of these factors are compared with values of the
electrophoretic and relaxation terms in the table below.

. . ' 1. 2 O 7 -
Data are for ammonium nitrete solutions at 25 C., but apply

gy

approximately to any uni-univelent electrolyte. I is

&

: ‘ o . . -5
calculated for an ionic radius of 1.5 x 10 “cm.
- Qmmision of the factor(’l - n\? would increase the
calculated equivalent conductance by 0.01l% at 0.1 molar,
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by 0.1 at 1 molar, and by 4% at 10 molar.

Concentration /1 -n > By K 1 =5 >2 AX
\ By 1T +ka (‘ h &L

Moles/liter - mhos oo v
1072 1.0000 3 1.,0000 ceods
1072 1.0000 6 0.9996  0.021
10 0.9996 15 0.998%  0.058
10° 0.9959 30 0.988 0.13
10t 0.958 50 0.643 0.30

3. Ihe Falkenhegen-Leist fquation
Consideration of the fact that ions, being impenetrable,

must be disnlaced during migration led Fa

2_1.

eveluate the relaxation effect as

w/L.I - 0.2929 By, L, # (15)

(1 +na)(l + &~/2xka + +4222)

and the electrophoretic effect as

*/i; 33 K

(16)

2

1l +xa

vhere  1s defined by equation (10), but in »ractice

equation (5) is used. The constent 83 1s defined by

3
o
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Falkenhagen's general conductance equation is
L i |
Y e T (17)

instead of the product type proposed by Wishew and S

L, The Fuoss-Onsager Zouations

9

Fuosgss” has recently

10 11
treatment given earlier j fuoss and Onsager and by Fuoss,

The simpler case, that in which ion pair formation is

ligible, will be considered first.

(1) The Conductance Ecuation in the Case of Hegligi

Ix
(&
:..._I
®

The conducteance of a dilute solution of a strong

A o= A, -8 + Ecloge + Jc . (18)

4

in this equation S is defined by

ed, + B

1i

S
where o and § are Debye-ilickel-Onsager constants, defined

in equation (8). E is defined through

0.4343 & = k2a°p® - kabb ,
ohe 16c"™

2
wnere b = € .
ai T~
Dok
"a' is, as usual, the distance of closest approach between

two lons. Iotice that Z and 8 are independent of concentrati

on




and the value of "a". J is defined by

1 2
where
_ 2.2.2 ) o
T3 = ka'b | h(b) + 0.907% + 1n k=2 5
- 1l2¢c c*
and
g, = af + 1lBak - gabB '1.0170 + In Ka .
2 12c* - T8¢~ e

The function h(b) which appears ine™ is given by

n(h) = 2p° + 2 - 1 .
b3

ined, as before, by equation (5). The functions

iy

s de

JER

K
g1 andcré are dependent only on the choice of "a". Thus
J depends only on "a" and the limiting ecuivalent conductence.
mxperience has shown that "a" and 1, depend on the equation
used in their evaluation. Consequently they must be
determined from experimental data with the Fuoss-Onsager

v
equation. The quantity /L, defined by

"/L/ = /L + 8¢ - e lo

0Q

C 5 (19)

is celculated for each conductance determination. A plot

=

denn

’ . . . , .
of /" against concentration will have an intercent -,

and slope J, from wiaich "a" may be calculated.
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(i1) The Conductance Equation in the Case of Appreciable
Association.
Two changes are made in equation (18) to accomodate
the new situation. Wherever it appears, the concentration, c,

dissociation

}.J.
n
=
[0]

3
}_J
o
@]
®
[oN
o

s

Q
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=
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Lt
[¢))

__\).

@]
l_J
n
ot
o
D
Qs
®

[0)¢]
=
(0]
D
[@]
P

1

ol the electrolyte in solution. The ratio of the conductance
to the limiting ecquivalent conductance is e satisfactory first
approximation for Yoo An association term is introduced

to represent the effect of the ion pairs on the conductance.

The new ecuation is
; ; é’ *‘m e 2 /L
A = _/Lb - S(eyy)” + Bey, log ey * Jeyy = Koy Ik (20)

vhere f is the mean ionic activity of the electrolyte, and
Ka is the association constant for ion pair formation. ALL
other symbols are defined as before. We are faced with

the problen of determining,JLO , "a", and Ka from experimental

data. Three new guantities are defined as showns

v - 2
AT = A, Jey, = Kyey ol
/
y = L = 5oL g2
CYO :

b = f%/i‘.

~A_,is chosen so that a plot of y against x is linear, and
K, 1s obtained from the slope of the plot. J is the
y=intercept of this plot. Then "a" may be calculated, since

A, is already lmown.
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ir K, be known from the extrapolation of a plot of
log Ka against the reciprocal of the dielectric constant,
the eveluation of "a" and .1, is somewhat simpler. The

quantity HLJ is defined by
—/LJ_ ="‘/LO + JCYO °

A plot of . against ¢y, Will have slope J and intercept
Aoy

On the other hand, if "a" be known, the limiting
equivalent conductance and the association constant may be

4

o , o . 2
calculated from a plot of /. against eYof/b , where

A =

l - 2
% > = Kgey f L .

Fuoss and Onsagerlo mention several reasons why their
equation can be expected to be in error in linear and higher
order termss:

(1) The change of viscosity with concentration is

neglected.

(2) The change of dielectric constant is neglected.

(3) Linear superposition of fields is assumed.

(4) The volume occupied by the ions is neglected.

(5) The fact tnat colliding ions have finite velocity

1s dgnored.

(6) The solvent is assumed to be continuous.

These reasons apply to the Wishaw-Stokes and Falkenhagen—

Liest equations as well.
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liathematical approximations restriet the Fuoss-Onsager
equation to 4 a< 0,3. (For example, c¢ < 0.05 molar for
"a' = 3,5 ﬁ). In developing the theory, all the ions except
the reference lon are replaced by a continuous charge
distribution. The charge density in the ilonic atmosphere
is a maximum at 1/k . The approach of any ion to the
reference ion will have a large efiect on the potential
about the reference lon. It is suggested that the minimum
permissible interionic distence is of the order of a few
ionic diameters, and 7 x a 1s arbitrarily chosen. This
limits the concentration to which we expect the equation to
hold to 0.02 molar.

There is no doubt that some form of viscosity correction
1s necessary in conductance equations, particularly for
concentrations above 0.1 molar. Experience has shown that
the factor /7. is probably close to the true correction.

The viscosity=-corrected equations are, then,

7/& 1 + K (l +;«(a)1<a

.J{¢V= _/Q - B1 K ) (’ 1 - B K exp(0.2929%a,; = %)
7 a ‘

(21)
JL?/% = A, - ,/LI -,/LII (22)
It should be remembered that the theoretical validity

of these equations is not being examined. There are good

reasons Tfor believing that none of them is applicable %o




- 15 -
concentrations higher than 0.02 molar. The question,
"Do these equations satisfactorily reproduce experimental
data in concentratéd solutions ?" is being investigated.
It is realized that the "a" values obtained in the range
0.0l molar to 0.1 molar are at best gqualitetive, and that

those calculated for higher concentrations can have little

physical significance,




NATURE OF THE PROBLEWM




THE NATURE OF THE PROBLEM

The applicebility of the equations of Robinson and

Stokes,

A = ,/Zc - Big 1 - B K exp(0.292942) - 1
1 +ra (1 +xa)ka

and of Falkenhagen and Leist,

A=A, - B K - B3k
? (L +«xa)(1 + 2=+2ka + Lrlas 1+ k

Q)

to salts previously studied in concentrated solutions in

this leboratory has been examined in the region of moderate
concentration. The effect of a simple viscosity correction
on agreement between calculated and experimental equivalent

conductances was investigated,

Densities, viscosities, specific conductances, and equi=
valent conductances were determined for solutions of
ammoniuvm nitrate, silver nitrate, and lithium nitrate at
2500. and 3506. at twenty concentrations between 0.0l molar

and 1.0 molar.
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BXPERIMENTAL PROCEDURE

1. Purity of Matericls

Ammonium nitrate, Fisher reagent grade, was recrystallized
twice from conductence water, ground in an agate morter,
and stored in an oven at 100°C. until needed.

Silver nitrate from Johnson, Matthey, and iallory,
was fused carefully in a platinum dish, ground in an agate
mortar, and stored in darkness over sulphuriec acid.

Fisher reagent grade lithium nitrate was fused just
before use, as described below.

Potassium chloride, Mallinekrodt analyticel recgent,
was fused in a platinum dish, ground in an agate mortar,

and stored over sulphuric acid.

2. Prevaration of the Solutions

Water obtained from a Barnstead still with a block tin

6

N

condenser had a specific conductance less than 5 x 10
mho/cm. at 25°C,

At least 2.5 gm. of the selt was weighed to the nearest
0.2 ng The selt was washed into a flaesk, and made up to
0.5 to 2 liters with conductence water. The solution was
welghed on a large balance to the nearest 10 mg. A few of

the weakest solutions were vprepared by weighdng as little as

1.5 gn. of the salt to 0.1 mg. on a semi-micro balsance.

- 19 -
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. 3 -| 1

Lithium nitrate was heated to constont weight in & platinum

]

dish, then dissolved in water and transferred to a flask.
A11 weights were calibrated, end 2ll weighings were
corrected to vacuum. (Density of airs 1.16 mg./ml.).

ight concentrations are, then, known at least within 0.01%.

3¢ The Conductance DBridge

4 model 200C Hewlett-Packerd oscillator generated a

1000 c.pes. alternating current for a bridge composed of

a No. 1553 Leeds and Northrup shielded ratio box, a Ho. 4750
resistence box, and a variable capacitance. The signal
from the bridge was amplified by a Heath model EA=-2 12 watt
amplifier, and detected with a headphone set. The standard
resistences were calibrated to the nearest 0.0l ohm with

a Jones Bridge. Resisteances were measured to the nearest
0.005%. To avoid heating the solution in the cell, it was
necessary to 1limit the output of the oscillator to high
voltege over a brief period of time, or low voltage over a
longer period. A moment's calculation will show that a
resistence of 250 ohms measured at 13 volts (maximum
oscillator output) may increase the temperature of the

olution in the cell by 0.01°C. per second. It may
pointed out that resistences need not be calibrated with

.

exceptional accuracy, since small errors in cell constant
determinations will be compensated by similar errors in

specifiic conductance.
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l.. The Conductance Cells

Sseveral cells with leads and filling tubes sufficiently

-

0 avold stray capacitances (the Parker effect),

4=

(X}

geparate

as recommended by Jones and Bollingerlg were used. Cell constants
determined with the solutions defined by Jones and Bradshaw

were constant within 0.02% throughout this investigation.

The cell constants were 0.551, 3.1996, 33.701, 61.237,

101.%0, and 135.11.

The wvariation of cell constent with temnerature is

given approximately by

AA = « B A AT

1L

SN}

for a cell with large electrode separstion. B is the
linear coefficient of thermel expansion of glass, and A is

the cell constent. In this work the cell coanstant change was

not greeter than 0.003%, and so was ignored.

5. The Thermostats

Two four-gallon pyrex containers were filled with oil -
Harcol GX supplied by Imperiel 01l Limited - and lagged with
half=inch felt., FEach conteined two propellor-type stirrers,
e mercury-toluene regulator, a 60-watt heating lamp, and a

On

Beckmann thermometer. In addition, the 25 C.

a copper coll for concucting cooling water at roughly constant

ct

S

temperature and constant rate of flow. The thermosta
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maintained constant temvergture within 0.,002°C. Beckmann

ifhller

o

hermometers were calibrated periodically, with
bridge, against two different platinum resistance thermometers,

which ascerteined the temperature witnin 0. 005 Ce

6. The Viscosity Measurements

1
Two viscometers of the Cannon and Fenske type, having

negligible dreinage and kinetic energy corrections, were

q—' 1 N d- O o P o t 713 > o i

calibrated with water at 25°C. and 35 C. They were filled

7 arm to a reference mark on the capillary

portion by applying suction to the opvosite arm. Calibration

run times were reproducible to only 0.05%, possibly because

of veriations in the quentity of air dissolved in the water.

7+ The Density Determinetions

Two pycnometers of 45 mls. capacity were filled and left
in the thermostat for at least 30 minutes. The solution
meniscus in one capillary arm was adjusted to a reference
mark bv withdrawing solution with filter paper through the
opposite arm. The pycnometers were rinsed with acetone, dried,
The balance case for 1 hour before weighing.
the researchh the instruments were calibrated
with water at both temperatures. Vacuum corrections were applied
to all weighings. The meen deviation of a dozen calibrations

was 0.002%.,
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yvdrolvsis Correction

ot

8. The

16

Following Campbell and Bock, tThe ecuivelen® conductances
of smmonivm nitrate solutions were corrected for hydrolysis,

which occurs according to the ecquation

1

1, OF

»
+
i

+
au
O
Il
=

17
The hydrolysis constants, taken from Bates and Pinching,
o -10 o) - - o]

are K = 5.689 x 10 at 25°C. and Kh = 1.130 x 10 ? at 35 °C.

In no case was the correcticn greater tnan 0.1l mho.

Determinations of specific conductance, density, and viscosity
- o . - - 1. 1. O - } -
were done in duplicate. Heassurements at 35 C. were done

without refilling the instruments.
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EXPERIMENTAL RESULTS

The experimental results of this research are given in
Tables I to VI, Three IundameL*al properties, the density,
the specific conductence, and the relative viscosity are
listed for each solution. In addition two derived properties,
the molarity and the equivalent conductance are given.

The salts described are ammonilum nitrate, silver nitrate,
e d s . o . o
and lithium nitrate, ezch at 25 C. and 35 °C.

A1l conductances sre corrected for the contribution

of water. A hydrolysis correction, described on page 23,

has been appliec To Tthe date on ammonium nitrate.




TABLE I

A I - TR SN R ONT T Fraivel T AN o
DATA TFOR AMMOUIUM INITRATE SOLUTIONS AT 25.00 C.

Concentration Density Specific Bguivalent Relative
(mole/liter) (gm/ml) Conductance6 Conductance Viscosily
(mho/cm = 10°) (mhos)

0.009893 0.99740 1350,9 136,47 0.999
0.020033 0.99776 2671.8 133.32 0.998
0.029175 0.99801 3830.7 131.26 0.998
0.039970 0.99839 5170.5 129.33 0.997
0.047956 0.99866 6146.3 128.13 0.996
0.050005 0.99872 6395.0 127.86 0.998
0.059997 0.99901 7601.0 126.66 0.996
0.0700k6 0.99938 8792.6 125.50 0.997
0.079920 0.99967 9955.0 12k, 5k 0.996
0.089968 1.00003 11130.3 123.70 0.996
0.10001 1.00036 12285.5 122.83 0.995
0.15363 1.00208 1834 119.39 0.993
0.20090 1.00360 23529 117.10 0.990
0.30230 1.0068k% 34302 113.46 0,986
0.39993 1.00990 L3207 110.83 0.982
0 L96k7 1.01296 53993 108.74% 0.997
0.59710 1.01613 63832 106.90 0.975
0.69976 1.0193 73640 105.23 0.973
0.79943 1.02246 82966 103.77 0,968
0.90237 1.02566 92510 102,51 0.967
0.99976 1.02868 101306 101.32 0.963

(26)




DATA FOR AIRIONTIUL NITRATE SOLLUTICHS AT 35 00°c.

(rote/Titer) (o) Uiiéélt;.ic% Conductance Tiseosiiy
(mho/cm x 1 ) (T‘mos)
0.00986% 0.99439 1616.0 163.73 0.999
0.019972 0.99472 3192.9 159.78 0.999
0.029087 0.99498 L577.8 157.31 - 0.999
0.039851 0.99540 6177.1 154,94 0,998
0.0%7808 0.99559 73k1.2 153.%9 997
0.049851 0.99566 7637.5 153.1% 0.998
0.059813 0.9959% 9073.9 151.65 0.998
0.069828 0.99628 10495.5 150.28 0,998
0,079673 0.99658 11880.9 14¢,08 0.997
0.08968% 0.99687 13280.7 148, 0L 0.997
0.099691 0.99720 14661.3 147,03 0.998
0.15315 0.9989k 21863 142,73 0.996
0.20026 1..,000%1 28020 139.89 0.995
0,30130 1.00353 40792 135.37 0.992
0.39859 1.00650 52637 132,04 0,992
0.LkoL78 1.00951 6%031A 129.%0 0,988
0.59498 1.01251 75568 127.03 0.987
0.69727 1.01575 3712k 124,94 0,937
0.79655 1.01877 98031 123.06 0,934
0.89905 - 1.02189 1091L6 121,39 0.98%
0.99578 1,02458 119041 119.9% 0.982

(27)




A AT TRATHD WOT D AT S NT T SRTCY AT 0
DATA FOR SILVER NITRATE SCOLUTICHS AT 25,00 C.

(role/iizery (i) Concurituce commmeorony  aaitive.
(10°x(mhos)/cnn)  (mhos)

0.010156 0.99842 1267.0 124,75 1.001
0.01939% 0.99981 2354,2 121,39 1.003
0.029459 1.00125 3503.3 118.92 1.00%
0.039998 1.00278 4675.2 116.89 1.00%
0.049659 1.00k11 5720.5 115.20 1.003
0.058313 1.00530 6643.7 113.93 1.003
0.068343 1.00675 7691 .k 112.5% 1.00%
0.,08001k% 1.00842 8895.5 111.18 1.005
0.089961 1.00978 9902.2 110.07 1.005
0.10063 1.01127 10968.2 109.00 1,005
0.14915 1.01809 15655 104,96 1.008
019797 1.0249k% 20148 101,77 1.011
0.29997 1.03920 28982 96.62 1.016
039976 1.05316 37051 92,68 1.022
0.55271 1.07455 L3674 88,06 1.027
0.59523 1.08033 51646 86.77 1.030
0.69928 1.09%76 58860 8k, 17 1.038
0.7915k% 1.10758 61962 82.07 1.046
0,89509 1.,12196 71594 79.99 1.053
1.,00088 1.13649 77977 77.91 1.062




ABLE IV

=

DATA FOR SILVER WITRATE SOLUTIONS AT 35.00°C.

aquivalent  Relative

%ggigafiiéfg %ngéig ngizgggiceé Conductance Viscosity
ho/cm x 10°)  (whos)

0.010127 0.99549 1519.5 150.,0% 1.002
0.019335 0.99678 282k,9 146,10 1.003
0.029369 0.99820 4199.9 1%3.00 1,004
0.,039873 0.99966 560k, 3 140,55 1.00%
0.0k%9507 1.0010% 6854 .1+ 138.45 1.005
0.058136 1.00221 7958.2 136.89 1.005
0.068130 1.00362 9212.8 135.22 1.007
0.079763 1.00526 10652 .k 133.55 1.007
0.089681 1.00663 11858 132,23 1.008
0.10032 1.00811 13143 131.01 1.008
0.1L867 1.01485 18738 126,04 1.011
0.1973% 1.02167 24108 122,16 1.016"
029899 1.03580 34657 115.91 1.022
0.39842 1.04961 44288 111.16 1.029
0.55080 1.07082 58120 105.52 037
0.5931k 1.0765% 61665 103.96 1.038
069679 1.09087 70246 100,81 1.050
0.78873 1.,1036k% 77488 98 .2L 1.058
0.89180 1.11783 85278 95.63 1.066
0.99713 1.13225 92985 93.25 1.076

(29)




ATVA L TONT T T VTR AT A e N T oy T A O
DATA FOR LITHIUM NITRATE SOLUTIONS AT 25,00°C,.

Concentration Density Specific aquivalent Relative
(mole/1liter) (gm/ml) Cpnductance6 Conductence  Viscosity
(mho/cm x 10°) (mhos)
0.010572 0,99751 1083.0 102 bk 1.000
0.021061 0.99793 2105.k 99.97 0.999
0.,029775 0.99830 2920.0 98.07 1.00%
0.038848 0.99866 3770.3 97.05 1.005
0.,050821 0.99897 4861.3 95.66 -
0.,059158 0,999%9 5604, 1 4. 73 1.007
0.069872 0.99991 6533.8 93.51 1.009
0.,076234 1.00010 70954 93.07 1,008
0.091701 1.00079 8L448.0 9.13 1,011
0.10111 1.00112 92476 91.46 1.011
0.14980 1.00332 13290 88.72 1.017
0.19937 1.00506 17267 86.61 1.022
0.29918 1.00902 24887 83.19 1.043
0.39900 1.012983 32130 30.53 1.,0k2
0. k5941 1.01532 36341 79.10 1.050
0.58142 1.02009 L5406 76.62 1.060
0.71135 1.03509 52771 74,18 1.075%
0.81640 1.02930 59193 72 .51 1.087
0.91191 1.03301 6Ly 71.00 1.098
1.,00L6L 1.03667 69959 69 .6k 1,11k

(30)




TABLE VI

DATA FOR LITHIUM NITRATE SOLUTICHS AT 35.00°C.

(mho/cm x 10°)  (mhos)

0.010540 0.99446 1306.2 123.93 1,000
0.020996 0.99485 253%,9 120.73 1.002
0.029683 0.99523 3525.9 118.79 1.003
0.038729 0.99559 Loko, 1 117.23 1.006
0.05066% 0.99589 5848, 1154k -
0.058975 0.99640 6745.2 11k,37 1,008
0.069654 0.99679 7861.2 112.86 1.010
0.075999 0.99700 8531.6 112.26 1.008
0.091418 0.99770 10157.2 111.11 1.012
0,10079 0.99798 11114%,3 110.27 1,014
0.14929 0.99997 15960 106.91 1.020
0.1987% 1.00186 2072k 10k.28 1.02%
0.29821 1.00576 29822 100.00 1,04k
0.39769 1.00960 38460 96.71 1.045
0.45787 1.01192 L3479 ok, 96 1.055°
0.579L5 1.01662 5323k 91.87 1.066
0.70689 1.0215% 6299L 88.86 1,081
0.81351 1.02566 70605 86.79 1,09k
0,90862 1.02929 77198 84%.96 1,106
1.0010 1.03287 83338 83.26 1,117

(31)
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DISCUSSION CF THE RESULTS

1. Ostimation of the Possible Zrror

Allowing for the same error in density determinations
as in celibration, the mean deviation of the densities from
Their true values should be 0.004%. Data for ammonium nitrate

solutions For the equations (obtained by least mean square

calculations)

@ = 0.997091 + 0.0040552 P
and
35 .
) = 0.99%077 + 0.,0039351
with a mean deviation of 0.002% at 25°C. and 0.0035% at 35°C.

~

P is the weight percent of ammonium nitrate in the solution.
Devietions are random, indiceting that the introduction of a
term in P? is not necessary. The densities for P = O agree

with those of water within 0.0018%. As pointed out earlier,
welght percent concentrations are kuown to at least 0.01%.

e g

The molar concentration 1s then known to at least 0.015%.

The accuracy of the specific conductance determinations
depends on tihe cell constents, which are kanown to 0.02%, and
the resistances, knowa to 0.01%.

Lgulvelent conductences may then be expected to be within

0.05% of their true values, making some allowence for the

possibility thet several errors may operate in the seme direction.

(33)
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2. Comparison with Previous Work

The least mean square equation for the densities of

ammonium nitrate solutions at 2500. is
% = 0.99710 + 0.03236% o - 0.00079 ¢?

within 0.,002% for O < ¢ < 1 mole per liter. Gucker gives
the equation

&7 = 0.997077 + 0.032628 ¢ = 0.000963 c3/2

- 0.0000473 ¢° .

For O < ¢ < 1 these equations do not differ by more than
0.002% in d25. The differences in the JSOC. data for ammonium
nitrate solutions from the data of Campbell and Bockl6 and
Campbell, Gray, and Kartzmark19 are no greater than 0.01%,
except in the case of Bock's 0,023 molear solution, which
differs by 0.03%, and Gray's 1 molar solution, which differs
by 0.14%.

Bguivelent conductances for ammonium nitrete solutions
o \ 6
at 35 C. were compa¥ed with the results of Campbell and Bock
by means of a plot of the difference between ex tperimenteal
conductance and that calculated from the Fuoss- Cnsager equation,
against concentration. In the range checked, 0.01 molar to
0.07 molar, the present results are consistently 0,08 mho,

or 0.05% higher then those of Campbell and Bock. This isg not

unusual, however, when one remembers that a difference of

0.10% would still be within the experimental error, The fact




- 35 -
that one set of fesults dirffers consistently from the other
mey be attributed to a calibration difference, such as might
occur in a cell constent determination.

Conductances in the range 0.0l molar to 0.1 molar were

20
fitted to the Shedlovsky extrapolation function .

A= A, - (o fer Bae + he
1 - a~/c

where o = 0.2289 and P = 60.32 at 25°C. and o = 0.233% and

s, O 7 - R -
P =75.09 at 35°C. The values of /. obtained are shown below:

s

Shedlovsky Literature Reference

Ammonium nitrate 2500. 145,0 145,01 21
357, 17%.2 17%,21 16
Silver nitrate  25°C.  133.2 133.36 21
35°C.  161.0 161.53 00
Lithium nitrate 25°C.  110.5 110.1% 21
35°C.  133.7 133.48 21

In view of the relatively high concentrations to which the
extrapolation function was applied, and in view of the effect of
association of most nitrates on conductance, agreement may be
considered as good.

The viscosity results agree witn those of Campbell,

19

Gray, and Xertzmark anda of Campbell, Debus,and Kertzmarks 3

within 0.2%.
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3. Self=consistency of Bguivalent Conductances

Plots of the g values necessary for agreement of
experimental conductences with those celculated by one ofc
the conductance equetions against a convenient function of
concentration are a rigid test of the self- -consistency of
experimental data. Figure 1 shows such a pnlot for ammonium

nitrate solutions at 2500., using the Falkenhagen-Leist
equation. That none of the points deviates from the average
line by more then the experimental error, shown in Figure 2,
is evidence that the conductances are self-consistent

within 0.05%.

L. Descrintion of the Calculations with the Lxperimental Results

The Falkenhegen-Leist and Robinson-Stokes eguations contain
tance of closest approach between

ions. This parameter is chosen to give good agreement bhetween

]

experimental and calculated equivalent conductances in dilute

. . . . 0 .
solutions. The calculations in this work force & to absorb

1.

all imperfections of the conductence equations

The data from which the figures were drawn appear in

1

ures, the size of the circles is not

e

an appendix. In the fi

(fo

indicative of the experimentel error,

nhe Falkenhagen-Leist Equeation

ot

(1) Ammonium Hitrate and
b 1 1 Q £ ] 1 T 1 1 b *
Flgure 1 shows how &, calculated by the Falkenhagen-Leist

equetion (17), varies with concentration. The effect of the




viscosity correction, equation (22), is also shown. Above
i . . L2 .
1 molar the datg of Campbhell and Kertzmark were used.

fote that:

et

0 R : . . . L
(a) The a values from the viscosity-corrected equation
show greaver scatter than those from equation (17).

This is due to the relatively large uncertainty in the

viscosity determinations, 0.2%.
o) ) _ _ _ '
(b) The & values from the viscosity-corrected equation

generally lie below those from ecuation (17). The fact
that ammonium nitrate solutions below about 4 molar

3 O 1 . o, - 1 I ~
at 25 C. have viscosities smaller than that of water

colains thise.

w\

o

¢
c) One would expect a values calculated from equations

(17) and (22) to be closer the more dilute the solution.
It will be evident from the discussion below that an accuracy

] 1

of 0.005% or better in the viscoslty cete netions would
1 - 1, Jal e J S O - he] - da Ty L0 h
pe necessary to show that two a values do not differ by
. 0

more then 0.2 A at 0.01 molax

Q . s . . s .
(d) & determinations in dilute solutions show greater
scatter than in concentrated solutions. The reason lies
. . A s X . o |
in the nature of tThe Falkenhsgen-Leilist equation. a is
used only in the Ilinear and quadratic divisors, (1 +Ka)
end (1 + éq/gga + +k282), both of which approzch unity
with Increasing dilution. Conseguently the more dilute
L :

tne solution, the greater the uncertainty in the

- ~ 9 X , ,
determination of a from the conductance.
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Figure 2 shows how the uncertainty, Aa, in the

0

of a varies with concentration. There is no significent

difference between nlots at 25 C. and 3506. The
given is Tor emmonium nitrate solutions but also anplies,

vithin 20%, to solutions of the two other salts. Points were
obtained by calculating the effect o 0.05% chenge in

s alt constent concentration.
0
a

concductance on the value of

Figure 2 is useful for estimeting th accuracy of velues.

=N

For example, if conductence date accurate to 0.01% are

ht s

be calculated to

- 1

O
the nearest 0.0k 4, within 2% of most & values, and no better.
1

er solutions 2 may Dbe calculated with a possible

o0

solutions weaker than 0.001 molar will not contribute to the
u ! . O . b 1 . - . . E v
cevermination oi a. IT should bhe remembered that the bulk

of conductance dabta does not meet this eriterion of low

experinental error.
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Secause of the magnitude of the uncertainty in the determination
"'O “ 1 ] ] t
T'a, 1t is not possible to state indisputably whether or not

Temperature. Above 0.1 molar there is no doubt that two
different & values will De necessary to reproduce the experimental
The Falkenhagen-Leist eguation reproduces the data for

ammonium nitrate solutions

in spite of the inconstancy of

.

Figure 4 1s a plot of the difference between observed and
experimental conductances for two arbitrary values oi a,
vn 9 . , % e
2.500 4 and 2.625 A, Gxpe
O.4% mho up to 1 molar for

systematic and greater

disturbing 1s the failure of the equation to renroduce dilute

¢

solution

0
a value.

- - . 4

would be necessary, but the sum of the crystellogranhic ra
o}

equation (10), is also illustrated in Figsure 4. Below 0.1 molar

the effect on the calculated conductance is negligible, but at
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S

(ii) Ammonium Nitrate and the Robinson=Stokes Zquation

0
The variation of the Robinson-Stokes a with concentration,

wer viscosity correction

O

, Q0 . .o
and the effect on & of a first p

are illustrated in Figure 5. Eguations (1h) and (21) were

used in the cslculations. Three observations made earlier

in comnection with the Felkenhagen-Leist equation (page 37)

O

may be applied to this plot. a values calculated with the
¥iscosity-corrected equation show greater scatter than those
with equation (1%). The 2 values celculated by equations

(1%) and (21) do not become identical with increasing dllutione.

-

The viscosity-corrected e values lie below those from equation (14).
dxamineation of Figure 2 will show that the uncertéinty in 2
for date accurate to 0.05% is 0.3 K at 0.01 molar, 0.035 K
at 0.1 molar, and 0.008 E at 1 molar. The uncertainty in

0 , . .
a Robinson-Stokes a i1s about 50% higher than that in s

- 4 - - 1 O
Falkenhagen~-Leist a.
o) : .
For equation (1k), a increases up to 0.6 moler, has the
o}
constent value 3.37 A up to 1 molar, then decreases rapidly
O . 1 s ] b} 7
a values from equation (21) reach a maximum at 2.82 A (0.7 molar)
. . o . .
and e minimum at 2.53 4 (5 molar). A comparison of I
1 and 5 shows that Robinson-Stokes 2 values are nigher, and

consedquently more plausible physically, then Falkenhagen-

; 0
Leist & values.

Experimental conductances and those calculated with the
o o}
Hobinson=Stokes ecguation corrected for viscosity (& = 2,75 A)
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.1

are compared
0.5 mho.

reproduces

(iii)

An at uell“ t was

in
Bouation (1k), with

the

Ammoniun

6. Up to 1 molar greement is within

0
a

Figure

= 3.37 A (not illustrated),

.

dete equally well below 1 molar,

Nitrate and the Fuoss-Onsager Equetion

o)
mede to fit the 35 C. date of Campbell

16
and Bock anc some of the present data to the Fuoss-Cnsager
equation, (18). The procedure, which neglects ion associstion,

is described on page

concentration
—/L—o

s} @]
to = 4.6 A,

I

@
!

also lie on &
and the slope

eduea

“

(iv) Silver Hitrete and

174,18

treatment no doubt

ions form

11l. A plbt of the quantity‘44- against

is linear below 0.003 molar, with intercept

+ 0,08 mhos and slope J = 350. This corresponds

Data in tThe range 0.003 molar to 0.04% molar

straight line but the intercept is 174.5 mhos

0
3 L3 g O { iy o -
180, corresponding to & = 2.2 A, The failure

lies in the fact thet ammonium and

ilon palrs; consequently the simpler Fuoss-
lon is not applicable.

the Falkenhagen~Leist Equation

o)
The Falkenhagen-Leist a is plotted against log concentration
in Figure 7. As with emmoniuvm nitrate , resulits irom the

viscosity-corrected equation show .c

.

of the uncer
. o)
solution 2 val

calnty in

viscogity dets

o

ues are less certain than calculstions in
T ande s A 1 5 25
solutions. A recent review by Stern and Amis
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gives the Tollowing radii, determined from lonic constituent
+ - 0
mobilities: Ag = 1.13 3, 0, = 2.25 A, The sum of the ionic
radil obtained in these calculations 1s always less than 1.9 A,
no doubt because ion associlation has been ignored.
The usefulness of equations (17) and (22) for reproducing

-

Hither ocu tion

' . - - . e

Xperimental date 1s examined in Figure O,

will give, at concentrations below 1 molar, a conductance within

o
l..-l

- o .o O L
0.5 mho of the experimental value if a is chosen properly.

(v) Silver Iitrate and the Robinson-Stokes Equation
S - b L1 . O 4 - o [ Ty TN - ] 1 O
Flgure 9 snows the variation of the Robinson-Stokes a

o . . . o . . .
Tor silver nitrate solutions at 25 C. with concentration.

The curves are of the same shape as those for the Falkenhsgen=-

- . . ) O " 3 s - .

Leist e tion, but RobinsonsStokes & values are higher.

Figure 10, a comparison of calculated and experimentel conductanges,

shows that the Robinson-Stokes equation is as satvisfac

as The Fallkenhagen~Lelst equation.
L)

1

Falkenhagen-Leist Hquation

’a

-

The 25 °C. data are summarized in Figure 1l1. Stern and

Anmis give 3.%0 A as the radius of the lithium ion. We expect,
T T g 4 . 9 . Q N Q 4
therefore, that a will be about 5.7 A. A4All & values calculated

0
here are less than %4.2 A. Once more, the discrepnancy may be

Figure 12 presents the deviation

of calculated from experimental conductences. The ecuation fails
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Zgulvalent conductances, densities, end viscosities of

aqueous solutions of ammonium nitrate, silver nitrate, and

O

lithium nitrate have been determined at 25 €. and 35 C. at

concentrations in the range 0.0l molar to 1.0 molar.

or solutions weaker than 0.005 molar

~

are of 1little value for determining the distance of closest

Ammonium nitrate date up to 1 molar may be reproduced
R { RPN t o menl P 1 iy T T o~ [l O 3
within 0.4 mho Dy the Falkenhagen-Leist eguation 1f a is
taken as 2. 56 L, or within 0.5 mho by the Robinson-Stokes
eguation with viscosity correction, using

.

Silver nitrate data up to 1 molar may be reprodu

The same accuracy is obtainable with the Robinson-Stokes
e .9 ‘(l\) T A dala P 2 CI _ b
equation and a = 1.5% A, Lithiun nitrate date up to 0.5 molar
may be reproduced within 0.3 mho by the Falkenhagen=-Leist
o (¢}
eguation with viscosity correction using a = L.00 A.

Qs

These distances of closest approach are smaller than we

expect, pult they increzcse in the same order as the sizes of the
i 9 o

A

cations: ﬂ” > Eﬂh > Ll .
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Distence of closest approach
. : Q .
solution, in cm. and A4, respectively
Empiricel constant
Fuoss-Onsager constant, vage 10
Theoreticel constants, pages 8 and 9

oncentration in moles per liter

«

of a pure solvent

Dlelectric consten

~«!
b

Fuoss-Onsager constant, page 10

1

¥

]

Mean ionic activity coefficient of an ele

n

see Fuoss-Onsager equation, page 12

Value of the Faraday, coulombs
Ffuoss~-Onsager constant, page 10
Boltzmann's constent in ergs per degree

Association constant for ion pair formation
Specific conductance in mhos per cm.

Concentration in ions per unit volume

Avogadro's number in molecules per grar
Heciprocal of the volume of ions 1 and 2

r_)

10

(D

Fuogs=-Cnsager constent, va

o
3

Temvperature in ees absolute

degr

Volume in ml.

between ions in

mole
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¢, P Debye~ilickel constants, page 5
Y Activity coefficient of an electrolyte in

solution, Debye-Hlickel ecuation, page
Yo Degree of dissoclation of an electrolvte in

solution, Fuoss-Onsager equation, page 12

€ Charge on the electron, €.S.U.
K Reciprocal of the "radius" of the ilonic
atmosphere

L y 7La sguilvelent conductance snd limiting equivalent
conductance in mhos

s Ce Viscosity of solution and pure solvent, poises

Blectrical potentiel around an ilon

Charge density around an ion

SR

fuoss-Onsager constants, page 11

y
!




VALUES OF PHYSICAL CONSTANTS

Faraday, coulombs/equivalent 92,6193 x 103
Charge on the proton, e.sS.u. 4,8022 x lO-lO
Boltzmann constant, erg/degree 1.3803 x 10-16
Avogadro's number 6.0238 x 1023
pi, 77 3.14159
Base of natural logarithms 2,71828
LogelO 2030259
Holecular weight, NHLFNO3 80,048
AghO 169.888
LiNO3 68 . 948
KC1 7He557
Constants relevant to water at absolute temperature, degrees,
298.16 308,16
Density, g/ml. 0499707k 0.994059
Dielectric constant 784 5% 75,03
Viscosity, poises 8.910 x 10> 7.203 x 10
WALO, mhos, 145,01 17h.21 .
Aglio, 133.36 161.53
, Liko, 110.1% 133.48
_zéi,i,,) 7 7
(lESDOkm (page L) 3.2866 x 10 3.3076 x 10
By (page 8) 1.84%07 x 1078 2.,2768 x 107°
Bs (page 8) 2.3783 x 10_8 2.4087 x 10-8
By (page 9) 1.8381 x 1076 2.2737 x 1076

(60)




DATA PERTINENT TO THE FIGURES

k] - . ] WETT T Or‘v bl O 7
1. Falkenhasen-Leist 9 values, NH) 0., 25 C. and 35 C.,
L )

Figures 1 and 3.

s . L -1 o .
(¢ is in mokes per liter, 4 in cm. , a in cm.)

L '6 - O , - "'6 Q
c H 5% 10 2y 5 AKns Byps 3551077 335

0.01 3.2691 2,19 136.4% 1.95 3.284%9 2,36
0.02 4,6519 2.25 133.0 1.82 4, 6743 2.27
0.03 5.6135 2.27 131.0 1.98 5.6411 2,36
0.04%  6.5706 2430 128.9 1.95 6.,6030 2.38

0.048 7.1973 2,32 127.7  1.98 7.2321 2.41
0.05 7.3k95 2.3k 127.,6  2.15 7.3849 2.42
0.06  8.0502 2.1 126.1  2.06 8,089 2,47
0.07 8.6983 2,41 125.1 2,17 8.7403 2,47

0,08 9.,2912 2,440 24,0 2,16 9.3360 2,500
0,09 9.8582 2,185 123,2 2.24 9.9053 20542

0.10 10.396 2.482 122.3  2.24%  10.443 2.557
0.15 12.882 2.562 118.6 2,31 12,94k 2.602
0.2  1k.731 2. 59k 116.0  2.32 14,802 2.623
0.3 18,070 2 .62 111.8  2.30 18.156 2.6k42
0.k 20.785 2.625  108.9 2.30 20.882 2.629
0.5 23,158 2.618 106.2 2,26 23,269 2,615
0.6 25,39 2.605 04,3  2.,27  2.5513 2.591
0.7 27.4%93 2,564 102.% 2,25  27.620 2.568

(61)




1. (continued)

- 62 -

¢ fpsx 107° 55 A5 S5 3 107 815
0.8 29.386 2,561 100.5 2.21 29,520 2,538
0.9 31.220 2+ 547 99.1 2.21  31.362 2.516
1.0 32,862 2.523 97.6  2.17  33.006 2,495
(The following were calculated from data in references 19 and 2k.)
1.0 32.932 2.527 97.3 2.15  33.248 2 .47
1.7 - - - - k2,776 2.305
1.9 - - - - L5, 427 2,22
2.0 46,400 2.290 87.5% 2,016 - -

3.0 56,756 2.072 82.3% 1,976 - -

4,0 65,897 1.873 77.47  1.900 - -

5.0 73,594 1,716 74.27 1.865 - -

6.0 80.7u45 1.575 72,21 1.856 - -

7.0  87.049 - 70,00 1.830 - -

8.0  93.02% - 68.79 1.799 - -

9.0  986.835 - 67.26 1,816 - -
10.0 103.9%52 - 67.83 1.858 - -
11.3 110.39% - 67.9  1.888 - -

2. Fallenhoagen-Leist Deviations, IH 04, 25°C., & = 2.625 A

80

and 8 = 2,560

hige 9. .
, Figure L,




2. {(continued)

8 = 2.625 2 8 = 2,560 %

c Calc. Cond. Deviation Calc. Cond. Deviation
0.01 136,61 - 0.1k 136.59 - 0.12
0.02 133.5% - 0,22 133.51 - 0,19
0.03 131.56 - 0.30 131.50 - 0.2L
0.0k 129.69 - 0,36 129.62 - 0.29
0.048 128.52 - 0,39 1284k - 0.31
0.05 128.2k4 - 0.33 128.15 - 0.29
0.06 126.99 - 0.33 126.89 - 0.23
0,07 125,89 - 0.39 125,78 - 0.28
0.08 124,90 - 0.36 124,78 - 0.2%
0.09 123,99 - 0.29 123.85 ¢ 0.15
0.10 123,15 - 0.32 123,01 - 0.16
0,15 119.59 - 0.20 119.38 + 0.01
0.2 117.19 - 0.09 116.95 + 0.15
0.3 113.46 0.00 113.1% + 0.32
Ok 110.83 0.00 11045 + 0.38
0.5 108.78 - 0.0k 108435 + 0.39
0.6 107.08 ~ 0,18 106.56 + 0.3k
0.7 105.56 - 0.33 105.0k% + 0,19
0.8 104, 3% - 0.57 103.77 0.00
0.9 103.23 - 0,72 102 .63 - 0,12

1.0 102.30 - 0.96 101.68 - .36
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s ) 1, O aTTT - e
3+ Robinson=-Stokes & values, IiH) 10, 2500., Figure 5:
T

U

o

. ' . . o)
Robinson-Stokes Dgviations for a

o
= 2,75 A (with viscosity

correction), Fisure 6.

¢ 2 g?. Calc, %oZd?’75 %eviation
0.01 2.48 2.16 136.5 - 0.1
0.02 2.63 2,07 133.% - Ok
0.03 2.61 2.21 - -
0.0k 2.66 2.18 129.% - 0.5
0.048 2.70 2.19 128.2 - 0.5
0,05 2.72 2,48 - -
0.06 2.83 2.32 126.6 - 0.5
0.07 2.83 2.50 1254 - 0.3
0,08 2.89 2,49 ' - -
0.09 2.96 2.60 123k - 0.2
0.10 2.96 2.61 - -
C.15 3,11k 2.7k - -
C.2 3.205 2,76 | 115.9 + 0.1
0.3 3.283 279 - -
Ok 3,340 2.82 - -
0.5 3.368 2.78 106.1 + 0.1
0.6 3.38k 2.82 - -
C.7 3.379 2.82 - -
0.8 3.366 2,76 100.% + 0.1
0.9 3.375 2,78 - -
1.0 3357 2.75 977 - 0.1
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3. (continued)

0 . 9
. g g a = 2,75 A
a Calec. Cond, Deviation

(The following were calculated from date in referance 2L).

1.0 3.366 2.70 SIPYy - s
2.0 3.107 2,591 89.0 - 1.5
3.0 2,798 2.606 83.8 - 1.5
4.0 247k 2.532 799 ~ - 2.k
5.0 2,205 2.518 77 .0 - 2.7
6.0 1.953 2.559 73.5 - 1.3
7.0 - 2.555 72..5 - 2.5
8.0 - 2,607 70.6 - 1.8
9.0 - 2.620 68.9 - 1.6
10.0 - 2,785 67 1t + 0.k
11.3 - 2,95 65.6 + 2.3

] 1 . .0 - 0 e
4. Fallenhegen-Leist a values, Agii0-, 25 C., Fisure 7
)

Falkenhagen-Leist Devietions for a = 1.51 2 (no correction)
and 9 = 1.80 ﬁ (with viscosity correctionlj Figure 8.
c A(X ZLO_6 8 _Al%g gﬁ‘ Deviations
4 9 = 1.1, 1.80
0.01 3.3122 1.7 12k.7 Lok + 0.5 - 0.1
0.02 L, 5769 1.1 121.7 1.57 - 0.26 - 0.2
0.03 5.6411 1.19 119k 1.71 - 0,30 - 0.3

0.0k 6.5729 1.30 117.3 1.63 - 0.25 = 0.3
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L. (continued)

¢ = 10-6 3 A Y4 %";Z Deviations
g =1.51, 1.80
0.05 7.3239  1.29 115.5  1.50 - 0.33 - 0.5

0.06 7.9365  1.33 11%.3 1.52 = 0.30 - 0.5
0.07 8.5919 1.33 113.0 1.5% = 0.36 - 0.5
0.08 9.2968 1.38 111.7 1.61 - 0.31 - 0.5
0.09 9.8575  1.39 110.6 1.61 = 0.30 - 0.5

0.10 10.4258 .41 109.6 1.63 = 0.26 - 0.5
0.15 12,693 1.478 105.8 1,70 = 0.12 - 0.k
0.2 14,623 1.51k 102.9 1.76 + 0,02 - 0.1
0.3 18.001 1.545 98.11  1.79 + 0.23 - 0.1
0.4 20,780 1.546 Ok.68  1.81  + 0.28 + 0.1
0.55 24 43k 1.555 90.42  1.803 + 0.48 0.0
0.6 25.357 1.538 89.36  1.795 + 0.30 - 0.1
0.7 27 .48k 1.526 87.36 1.811 + 0.18 + 0.1
0.8 29,241 1.51% 85.82  1.823 + 0.05 + 0.3
0.9 31.09k4 1.50% 68%.20 1.825 =~ 0.08 + 0.3
1.0 32.881  1.h8 82.71  1.826 - 0.36  + 0.3

L o 7 O 7 T O g
5. RobinsongStolkes & values, Agli0,, 25°C,, Ficure 93
o

0
Robinson-Stolkes Devistions for 8 = 1.54% A (no correction)

.0 % L. . . e .
and a = 2,00 A (with viscosity correction), Figure 10.




5. (continued)

o 9 g% . Deviations

a = 1.5k, 2.00
0.01 1.8 1.5 + 0.07 - 0.1
0.02 - 1.62 - - 0.2
0.03 1.03 1.71 - 0.36 - 0,2
0.0k 1.18 1.62 - 0,31 - 0.3
0.05 1.18 1.47 - 0.40 - 0.6
0.06 1.28 1.50 - 0.39 - 0.8
0,07 1.2k 1.53 - 0.43 - 0.6
0,08 1.32 1.63- ~ 0.36 - 0.6
0.09 1.33 1.63 - 0.35 - 0.7
0.10 1.37 1.66 - 0.33 - 0.7
0.15 1.466 1.77 - 0.21 - 0.6
0.2 1.52k 1.87 - 0.05 - 0.k
0.3 1.582 1.93 + 0,19 - 0.3
0.k 1.595 1.98 + 0.31 - 0.2
0.55 1.619 1.99 + 0.53 - 0.1
0.6 1.597 1.99 + 0.40 - 0.2
0.7 1.586 2,02 + 0.36 ~ + 0.2
0.8 1.571 2.,0L9 + 0.26 # 0.k
0.9 1.563 2,063 + 0.20 + 0.5

1.0 1.5%0 2,075 0.00 + 0.7
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PR o) . o e .
6. Falkenhagen-Leist & values, LiNO., 25 C,, Figure 11:

U
o]

T

. , o . 0 e
salkennegen-Teist Deviations for 2 = 2.00 A (no correction)

. 0 Q . . . s N
and a = 4,00 & (with Viscoslity correction), Ficure 12,

. % 10—6 9 A gﬂ . Deviations
a = 3,00, 4.00

0.01. 3.3793 3.47 0 102.k% 3 bk + 0.13 - 0,2
0,02 4, 7696 3.77 99.90 3.6k + 0.4%0 - 0.2
0.03 5.6711 3.19 98.51 3.85 + 0,13 - 0.1
0.0k 6.4778 3.60 97.53 L.19 + 0.48 + 0.2
0.05 74092 3.61 96.20 L.15 + 0.61 + 0.1
0.06 7.9938 3.53 95.37 .10 + 0.62 + 0.1
0.07 8.6876 3.33 ok, 36 3.98 + O.Llk 0.0
0.08 9.0745 3.39 93.86 3.96 + 0.56 - 0.1
8.09 9.9525 3.52 93.09 k.15 + 0.83 + 0.2
0.10 10.4508 3.48 92 .49 k.10 + 0,89 + 0.2
0.15 12,7203 3.40 90.25 4,10 + 0,92 + 0.2
0.2 15,675 3.3 88.47 4,06 + 0.85 + 0,2
0.3 17.977 3.203  86.68 k.27 + 0,76 + 0.8
0.k 20,760 3.091  83.90 3.90 + 0.k2 - 0.3
0.5 22.277 3.023  83.07 3.9 + 0,12 - 0.3
0.6 25,061 2.918  81.22 3.82 - 0,49 - 0.8
0.7 27.720 2.799 79,71 3.71 - 1.30 - 1.5
0.5 29.696 2.728 78,78 3.73 - 2.66 -

0.9 31.385 2.665 77,96 3.69 - -

]..oo 32°9L:”2 20600 770 59 3073 - -
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