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As early as 1853 Hrrrorr (¢ Pogg. Ann.,” vol. 89, 181, 1853), discussing the results of
Lis experiments, emphasised the fact, that a more detailed study of the movements of
the ions during electrolysis would result in an increased knowledge of the constitu-
tion of salts in solution.
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He himself, in a research extending over a number of years, (¢bid., 89, 177, 1853 ;
98, 1, 1856 ; 106, 337 and 513, 1859,) determined the ratio of the velocities of the
two ions for a large number of salts, and the series of measurements has been further
extended by later investigators. (For the original literature on transport number
determination, see BuiN, ¢ Zeitschrift fiir Phys. Chemie,” vol. 27, 1 (1898))

The method adopted by Hirrorr consisted in the direct determination of the
changes in concentration which take place during electrolysis in the neighbourhood
of the electrodes, and depends on a recognition of FArapAY'S law. The increase in
concentration of the cation at the cathode is proportional to the number of cations
o carried by the current, and similarly for the increase in anion concentration at the

N anode, and these numbers are proportional to the velocities of the cation and the
anion respectively.

>

The ratio of the velocity of the anion to the sum of the Vel()CIblLb of the anion and

v
the cation TRV is represented by the symbol ), which is called the transport number,

“ Uberfithrungszahl,” of the anion. The corresponding transport number for the
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. U %
cation = 1 — p = UiV and hence =1y

As a result of the examination of simple salts, it has been found that for many
salts of the most simple type, ¢ ¢., potassium chloride, the transport number is inde-
pendent of concentration, whereas for a few of this type and for all salts which
contain a dyad metal as cation, it varies with the concentration. The direction of
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106 MR, B. D, STEELE ON THE MEASUREMENT OF IONIC VELOCITIES

change is different in different cases; for lithium chloride, and the chlorides and
sulphates of the alkaline earth metals, p diminishes with increasing dilution, whilst
for silver nitrate, the opposite is the case. The measurements of the same salt which
have been made by different investigators, although they show considerable differences
amongst themselves, nevertheless all point to the same general conclusion ; namely,
that it is only for a very limited number of salts that the transport number is
independent of concentration. These differences are probably due in part to the
difficulties of the method, and the very great influence of a small experimental errvor
in the determination of small changes of concentration, and partly also to the fact
that, following Hirrorr, many workers have employed membranes of one kind or
another to separate different portions of the solution, and thus prevent mixing by
convection currents, whilst others again have altogether avoided their use. DBuin
(‘ Zeit. Phys. Chem.,” 28, 439, 1898) has shown that the use of certain membrancs
affects in a very remarkable manner the value of the transport number, and it is
probable that a considerable number of the discrepancies are to be traced to this
cause. Another serious difficulty consists in the fact that an experiment must only
be carried on for such a time that no change in concentration can take place in the
middle part of the solution, and for many salts the formation of hydrogen and
hydroxyl ions at the electrodes further diminishes this time on account of the great
velocity of these ions. The danger from hydrogen ions has been minimised by the
use of a cadmium anode, and quite recently Noves (‘ Zeit. Phys. Chem., 36, 63,
1901) has completely overcome this difficulty by the device of adding small quantities
of acid and alkali to the solution in the neighbourhood of the anode and cathode
respectively.

The measurements of Noves are probably the most accurate that have been made,
and his results again confirm the statement made above.

The importance of and the need for a measurement of the resistance of aqueous
solutions of electrolytes was repeatedly referred to by Hirrorr; but it was not until
the development by Konrrauvsca of his well-known method—in which, by the use of
an alternating current, the polarisation effect is neutralised—that this problem
could be successfully attacked.

From the measurement of the conductivities of salt solutions, Kourrauscu (¢ Wied.
Ann., 6, 1, 26, 218) deduced the law of “the independent wandering of the ions,”
which states that the molecular conductivity ot an aqueous solution of an electrolyte
is the sum of two constants, of which one depends only on the nature of the cation,
and the other only on the nature of the anion; and he further assumed that these
constants are proportional to the velocities of the ions, u < U + V. The values of U
and V are obtained from the molecular conductivity, which is the sum, and the trans-
port number, which is the ratio, of the two velocities, or Us (1 — p)u and Ve pu.

It is found further, that with increasing dilution the molecular conductivity
increases, until it finally reaches a counstant value at véry great dilutions. This is
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IN AQUEOUS SOLUTION, AND THE EXISTENCE OF COMPLEX IONS. 107

explained by the supposition that in more concentrated solutions only a certain pro-
portion of the molecules are employed at any instant in the carriage of the current,
and that with increasing dilution the proportion of active molecules increases until
finally all are dissociated, or ionized.

The molecular conductivity of a solution is equal to the sum of the actual
velocities of the 2 ions multiplied by the quantity of electricity carried by 1 monad
ion; this is equal to 96,450 coulombs. At infinite dilution p = e(u 4+ v), at
other dilutions p, =x.e(w 4+ v) = ¢(U 4+ V), and hence = = u/p_, where = is the
coefficient of ionization, or the proportion of ions (cations or anions) to total
molecules. Provided that the specific velocities are independent of the concentration,
the actual average velocities at any concentration are U = xu and V = av, v and v
are the specific ionic velocities, or the velocities with which the ions move under a
driving force of 1 volt per centimetre. The ionic velocities of KoHLRAUSCH are
obtained from these by multiplication by e In all cases the relation U 4 V
= « (u + v) holds good.

Here, as in the case of the transport number, it is found that it is only salts of the
simplest type—-as, for example, the chlorides and nitrates of the alkali metals—that
agree well with theory; salts of the alkaline earth metals and of dyad and triad
metals generally present the difficulty that they do not give values for the specific
1onic velocities, which are the same when calculated from the measurement of different
salts of the same metal.

The idea of measuring directly the velocity of ionic movement by the observation
of a boundary originates with Lopae (¢ Brit. Assoc. Reports,” 1886, p. 389), who, in a
large number of experiments, endeavoured to follow the movement of certain ions by
their reaction with chemical indicators; thus the passage of the Cl ion through a
tube filled with gelatine, was traced by a faint cloudiness caused by its combination
with a very little silver salt, which was placed there to mark the progress of the
anion. Similarly the passage of the H ion through a gelatine solution was indicated
by the discharge of the colour of a very faintly alkaline solution of phenolphthalein.
In other experiments the point at which 2 ions travelling from opposite ends of the
same tube formed a precipitate, was considered to divide the tube in the ratio of the
respective velocities of the 2 ions.  Of all these experiments only that in which the
H ion was measured gave results in agreement with those of KonrrauscH.

This has been shown by WaETHAM and MassoN to be due to a faulty assumption
as to the distribution of potential in the circuit.

KonrrauscH, in his calculations of the absolute velocity, reduces the velocities to
that conditioned by a potential fall of 1 volt per centimetre, assuming that the
velocity is proportional to the driving force. A knowledge of the potential fall is
therefore necessary before any just conclusions can be drawn from the observed
velocity of a margin.

In any solution maintained at constant temperature the resistance and hence also

P2
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108 MR. B. D. STEELE ON THE MEASUREMENT OF IONIC VELOCITIES

the potential fall depends on the concentration ; any changes in which, that may take
place during electrolysis will condition corresponding changes in potential fall. The
question of concentration changes and the movements of these during electrolysis is
discussed by Korrravscn (‘ Wied. Ann.,” vol. 62, 209, 1897), in whose calculations it
is assumed that the electrodes are far removed from the part of the system under
~consideration ; the effects of ordinary diffusion are also not dealt with.

If we consider the case of electrolysis in a long narrow column of liquid, and
neglect the movements that take place in directions at right angles to the length of
the tube, dealing only with those in the direction of the axis, KoHLRAUSCH'S general

equation takes the form
& _ _ ;0 fue
o t oz w/)’

where ¢ is the ionic concentration of one species of ion (cation), that of the anion being
necessarily the same ;
¢ is the current density ;
x is the length of the tube;
u 1s the velocity of the cation whose concentration is ¢ ;
p is the molecular conductivity of the solution, if » is the velocity of the anion

and
p=(u4+0v)c;
' e u ,
then T T (I —=p)=9p,

where p’ is the cation transport number, and the equation takes the form

dc . 8/)'

LOp" o

= -9 = -1 B
ot O de O

From this it follows that a change in concentration can be brought about only in the
case that there exists an initial concentration change, de/de, together with a change in
transport number with change in ¢; when the solution is originally hpmogeneous no
variation in ¢ is caused even if p’ varies with ¢. If, however, the solution is not
originally of the same concentration throughout, a portion, s, of the solution being,
perhaps, more dilute than the remainder, then if 9p//dc = 0, or if there is no
variation in transport number, s remains stationary, “as many ions leave the section
as enter it.”

If 0p'/0c is positive, that is, if the cation transport number increases with inereasing
concentration, then s moves in the direction of the current.

If 0p'/oc is negative, the movement is in the opposite direction.

A sharp margin between a concentrated and a dilute solution of the same salt is
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IN AQUEOUS SOLUTION, AND THE EXISTENCE OF COMPLEX TONS. 109

not destroyed or moved by the current if p’ is constant.®  On the other hand, if p’
varies, it will move in the positive or negative direction according as the change in
p' is in the one or the other direction; it is further shown that such a sharp
boundary may be formed during electrolysis, provided that p’ changes in such a way
that the following ion moves slower than that in the solution it follows,

The case of the boundary between two electrolytes having a common ion is
discussed by KOoHLRAUSCH in this paper and also by WEBER (¢ Sitzungsber. k. Akad.
Wiss.,” Berlin, 1897, 936), and Massox (‘Phil. Trans.,” A, 1899, vol. 192, p. 331),
Konrravser and Massox arrive independently at the conclusion that the con-
centration of the two solutions becomes mechanically adjusted during electrolysis,
so that

c p
7 )

¢ p
where ¢ and ¢ represent the concentration of the two solutions, and p and p’ the
transport number of the non-common ions.

MassoN gives experimental proof of this for the case of a solution of copper chloride
following potassium chloride.

The stability of such a margin is dependent on the relation between the velocity of
the following and the preceding ions. The fact that the boundary between certain
pairs of solutions was stable when the current moved in one direction, but showed
signs of mixing when sent in the opposite direction, was first explained by
Wiaermam (‘ Phil. Trans.,” A, 1893, p. 337).

Some of the phenomena at the junction of two solutions had been previously
observed by Gorg (‘ Roy. Soc. Proc.,” 1880-1881), but were not looked at from the
present standpoint.

WeBER shows mathematically that the boundary is stable when the slower ion
follows the faster one, and experimental proof of this is given independently by
MassoN, who found the relative velocities of the potassium and chlorine ions in
potassium chloride to be the same whether the anion was followed by the chromate
or the tartaric ion.

For the velocity of the houndary when this condition is fulfilled, WEBER gives the
equation

ol 2t

A= (e’
where the symbols have the same signification as before. The velocity is hence
determined by v and ¢, the velocity and ionic concentration of the preceding ion. For

. dx w . . .-
the anion boundary -~ =-— ; hence if ¢ = ¢, the relative velocities of the two

at — (u+ )
margins gives at once u/v.

¥ Such a margin is obviously lost by diffusion unless some special condition for its maintenance is
fulfilled.
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110 MR. B. D. STEELT ON THE MEASUREMENT OF IONIC VELOCITIES

If, on the other hand, the following ion has the greater velocity, the velocities of
the 2 ions are given by
doy
dt wy (uy, + vy)c
i, 1,

and = (ZT—;v—l)r :

where u and v are the velocities of the preceding and ;. v, those ot the following
1ons,

The 2 ions no longer move with the same velocities, but a mixing takes place, with
the result that no stable boundary is to be expected.

Wrrrmam (loc. cit.), avoiding altogether the use of gelatine, measured the velocity
of the boundary between two electrolytes having a common ion, and by the device of
selecting pairs of solutions which possessed the same, or nearly the same, specific
resistance, obtained an approximately uniform potential fall for the whole column.
He was thus able to convert the observed velocities into those which would be
occasioned by a fall in potential of 1 volt per centimetre.

Although, as previously mentioned, the conditions for stability of the boundary are
pointed out by WrHrTHAM, in his experiments the values obtained are the means of
two sets of measurements in which the boundary moves alternately in opposite
directions, and generally with slightly different velocities.

Most of his figures show a very good comparison with those calculated by
KonrravuscH, and the measurements as a whole form the first direct confirmation
of the theory. Proof of the fact that the velocity is proportional to the potential
fall 1s also given in this paper. ;

In a second paper, Waersam (‘ Phil. Trans.,” A, vol. 186 (1895), p. 507) measured
the velocity of a number of ions in gelatine solution : in some of these experiments the
position of the boundary was indicated by means of chemical indicators. The
results show a very good agreement with Komrrausch’s figures.

Massox (loc. eit.), employing a gelatine solution of the salt, compares directly the
velocity of the anion and the cation margins, which he shows to be dependent only on
the nature of the ions, provided certain conditions are fulfilled; the potential fall
although unknown is the same for both boundaries, since between these the concentra-
tion, and so also the resistance, is the same at all points. His experiments afford a
striking confirmation of the Kohlrausch theory, since he shows that it is possible to
caleulate the current by measuring the velocity of the two margins,

The general theory of electrolysis is briefly summed up by the equation,

3=A§(U+V) =A§(u+v)m,

since the observed velocities U = 7, and V = 7xe.
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IN AQUEOUS SOLUTION, AND THE EXISTENCE OI' COMPLEX TONS. 111
In this equation,

C = the current as measured by the galvanometer.

A = the sectional area of the conducting medium.

n = the normality of the solution.

n = the electro-chemical equivalent of hydrogen.

U and V = the observed velocity of the cation and anion respectively.
v and v = the specific velocities of the cation and anion.

x = the coetlicient of ionization.

7 = the fall in potential or potential slope.

In MassoN’s paper it is shown that the ratio ) =1 for a number of salts

Gy
A (U + V)
of the most simple type; but here again salts of the type of magnesium sulphate
give values for this ratio (when measured in gelatine) differing considerably from
unity, and similarly for more concentrated solutions of potassium, sodium, and
lithium sulphates.

Both Masson and WarTHAM employ as indicators solutions which contain ions
having a characteristic colour. The employment of these necessarily limits the
method, since there do not exist many coloured anions from which to select, and
none which do not give a precipitate with the heavy metals and the metals of the
alkaline earth group. WHETHAMS first method is subject to the further limitation
that there are not many pairs of solutions that fulfil all the conditions necessary for
its application ; it also does not allow for the changes in concentration that will take
place, unless the transport numbers as well as the conductivities of the two salts are
identical.

Nurnsr (¢ Zeitschyift fir Electro-chemie,” 8, 308, 1897) has described a lecture
experiment, which shows the motion of a coloured margin, that between potassium
permanganate and potassium nitrate. The success of the experiment depends on
the selection of pairs of solutions whose ions on either side of the boundary possess
the same specific velocities, a condition that is fulfilled in the case of the ious
MnO, and NO,.

The author (StEELE, ¢ Chem. Soc. Jowrn.,” 79, 414, 1901) has succeeded in extending
Masson’s method in two directions.

The first extension consists in the substitution of aqueous for gelatine solutions
of the salt to be measured. By this means many salts which will not form solid
jellies with gelatine may be investigated. The second depends on the fact that it
has been found possible to observe the boundary between two colourless solutions,
on account of their difference in refractive index, thus rendering the use of the
coloured indicator solutions unnecessary.

The method compares the velocity of the anion and cation, and therefore determines
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112 MR. B. D. STEELE ON THE MEASUREMENT OF TONIC VELC CITIES

. Y V . . . . .
the ratio Ty will be seen, it also measures, in the case of salts of the

type of sodium chloride, the actual velocity U = wu for any concentration.

The essential feature of the method consists in the imprisonment of the liquid to
be measured between two partitions of jelly® containing the indication jons in
solutions, thus preventing displacement of the liquid during the course of an
experiment.

A large number of different forms of apparatus

Fig. 1.

have been tried, and it has been found that for the
measurements of the simplest type of salts, the appa-
ratus shown in fig. 1 18 most convenient.

In the figure, A and B are two carefully selected
glass tubes having an even bore, and being both of
the same area of cross-section ; they are joined by a
short piece of tubing of larger diameter. The tube
B s also provided with a tube E, by means of which
the liquid during measurement is exposed to the atmo-
spheric pressure.

Kach tube 1s fitted at either end with the vessel
C, Cand D, D which are carvefully ground in.  For an
experiment, two of the vessels (C, C it the indicator
solutions are lighter, and D, D it heavier than the

measured solution) are taken and filled to a depth of

2'5 centims. with a gelatine solution of the indicator
to be employed.

The open ends of the tube having been first closed with rubber stoppers F, the
apparatus is filled with the solution and the cells C C placed in position, care being
taken not to enclose any air bubbles. The apparatus is then completely Immersed
in o water-bath, which is provided with parallel walls of good plate-glass, in order
that the observations may not be aftected by uneven refraction at the surface.

The electrodes are then placed in position, and the current is started by pouring
into the cells solutions of the same indicator as that contained in the jelly.

Since the boundaries, at first coincident with those between gelatine and aqueous
solutions, advance shortly after the current is started into the tubes A and B, the
presence of the jelly can have no influence on their velocities, which arve conditioned

* Attempts have been made to use a poreelain membrane instead of gelatine, but it was always found
that the liquid was forced through the membrane in the direction of the anode, probably on account of
clectric endosmose.

T A modification of this form of apparatus may he made by connecting the tube with the clectrode
cells by means of rubber tubing, as shown in fig, 3.
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IN AQUEOUS SOLUTION, AND THE EXISTENCE OF COMPLEX IONS. 113

only by the nature of the preceding ion and by the potential fall, provided certain
conditions, which will be described immediately, are fulfilled.

It has been already pointed out that it is not necessary that either the measured
or indicator solutions should be coloured, a perfect boundary being rendered visible
in most cases by the difference in refractive index of the two solutions.*

The occurrence of such a boundary has been previously noted by LunNz (‘ Mem.
Acad. St. Petersburg,” vii., vol. 30, No. 9, 1882) in the case of cadmium chloride
following sodium chloride, and BriN (‘ Zeitschrift Phys. Chem.,” vol. 27, 9, 1898) also
refers to the same kind of boundary for the same pair of solutions.

The Production and Maintenance of a Good Boundary.

In what follows, by a good boundary will be understood, one which moves with
constant velocity under a constant potential fall, or whose change in velocity is
proportional to the change in potential fall.

For the production and maintenance of such a boundary, the following conditions
are necessary :—

1. The indicator ions must have a specific velocity slower than that of the ion
to be measured.

2. The indicator ion must not be such as to react chemically on the solutions to
be examined.

3. During electrolysis the cell solutions must not give rise to any species of ions
which would move faster than and overtake the measured ion, thus altering the
potential slope within one or both boundaries.

4. The specifically lighter solution should lie over the heavier.

5. The indicator should have a resistance not very much greater than that of the
solution it follows.

6. The potential fall should lie within certain limits, which depend on the nature
of the solutions forming the boundary.

In addition a tube should be selected of such a size that with the required
potential fall the total current does not exceed 0°03 ampere. If this limit is exceeded
there is considerable danger of the jellies being melted. It has been found,
however, that in a tube of smaller sectional area than 008 sq. centim. there is great
difficulty in detecting the position of the margin.

Of these conditions, the first three have already been given by Masson for the
measurement in gelatine. In aqueous solutions a refraction boundary may occa-

* This refraction margin may be shown to a large audience, or as a lecture experiment, by means of
projection lantern, when it is seen on the screen very clearly and distinctly.

T The best test of a pair of boundaries lies in the fact that if their velocities U and V bear a constan
ratio to one another they are probably both good, if the ratio is not constant one or hoth are bad, and
is easy by plotting the velocity curve to sec whether the boundary fulfils the required conditions.

VOL. CXCVIIL—A., Q
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114 MR. B. D. STEELE ON THE MEASUREMENT OIF IONIC VELGCITIES

sionally be produced even when conditions 1 and 3 are not fulfilled, but, as is seen
from the equations of WEBER, already given, its velocity is no longer that of the
ion in the intermediate solution. Condition No. 4 is sufficiently obvious, neverthe-
less 1t is mnecessary to point out that it is not sufficient that the difference in
density of equimolecular solutions should be known; for, since concentration
changes are brought about during electrolysis in the sense that the indicator
solution 1s always (provided condition 1 is fulfilled) of less concentration than the
measured solution, it may, and sometimes does, happen that an indicator solution
when placed beneath the solution to be measured, and which in equimolecular
solutions is more dense than the latter, becomes, through these changes, lighter
than and accordingly rises through the overlying solution, with the result that
no boundary can be obtained ; this behaviour is shown with 2 N potassium chloride
solution followed by 2N copper chloride. According to the relation ¢/¢’ = p/p/, the
concentration of the copper solution becomes reduced to 12 N, the density of which
= 10711, whilst that of 2°0 N potassium chloride = 1-0886. Hence for this reason
copper chloride, although its density, as calculated from VarsoN’s moduli (see
NernsT's  Theoretical Chemistry,” p. 333), 1s much greater than that of potassium
chloride, cannot be used as an indicator for the latter from underneath.

In addition to the experimental evidence of these concentration changes that has
been given by Masson, further qualitative evidence is found in the fact that in an
experiment in which lithium or magnesium follows potassium in a solution of
potassium chromate, so that there is formed electrolytically a solution of lithium
or magnesium chromate overlying one of potagsium chromate, the indicator solution

18 seen to be distinctly lighter in colour than the measured.

Tig. 2.

Since the colour depends only on the anion, this shows the
concentration of the latter is less in the indicator solution.

More direct and conclusive evidence was obtained in the
following manner :—

An apparatus, shown in fig. 2, was employed. The tubes
A and B, instead of having the anode and cathode cells
ground in, are provided with pieces of thick, strong, india-
rubber tubing, which are firmly bound on with copper wire,
into which the cells C and C' can be fitted.

It is found in practice that no displacement of the latter

takes place during the course of an experiment, and, in order
to reduce the danger of melting the jelly by the current, the
necks of the vessels C and (" are made a little larger thau the
tubes A and B; the tube I serves the double purpose of a

support or handle, by means of which the apparatus may be
held, and also to allow for any slight contraction or expansion

that may take place through unequal heating.
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IN AQUEOUS SOLUTION, AND THE EXISTENCE OF COMPLEX IONS. 115

a and b are two glass tubes sealed into the tube A, through which enter two
platinised platinum wires.

The tube A with the two points serves as an electrode vessel for the measurement
of the resistance of the solution to be examined.

The capacity of the apparatus was first determined by the measurement of a
solution of known specific resistance. The whole apparatus was then filled with a
solution of 05 N potassium chloride and the cells placed in position, C" being first
filled with a lithium chloride jelly. The resistance of the potassium chloride was
then measured, the current was started, and, after the margin had reached a point
well below the second platinum point, so that both points were inside the indicator
solution, the current was cut off and the resistance again determined. From this the
specific conductivity of the lithium chloride was calculated, and from this the corre-
sponding concentration was obtained from KonLrAaUscH'S tables of conductivities.
The concentration of lithium chloride following 0'5 N potassium chloride was thus
found to be almost exactly 04 N.

The confirmation thus obtained is only qualitative, since according to theory,
using Hirror¥'s values for the transport numbers, the concentration should be 0-278 N.

The relation between the resistances referred to in condition 5 becomes of
importance on account of the distribution of the heating effect of the current ; since
in any part of the circuit this is proportional to the resistance of that part, it follows
that, if in a cylinder of liquid there occurs a short column whose resistance is very
much greater than in other parts, the heating will be proportionally greater, con-
vection currents will be set up, and mixing will take place, with the result that
the boundary, if not destroyed, will be washed away and will advance more or less
rapidly than it should, according as the indicator lies over or under the measured
solution. As an example of the great difference in resistance that may occur between
the two solutions, the case of the system cadmium chloride following potassium
chloride may be taken.

If the concentration of the latter solution is 2°0 N, it will have a specific resistance
of 54 ohms, the concentration of the cadmium chloride becomes 1:0 N and its
resistance = 44'6 ohms, or the heating effect in the indicator is 8-25 times as great
as in the solution; in consequence of this it has not been found possible to use
solutions of cadmium or copper sulphate as indicator for potassium salts.

The formulee of Konrrauscr and WeBER do not show that the stability of a
boundary is in any way dependent on the potential fall. This has, however, been
found to be of the greatest importance.

As the result of a great number of observations, it may be stated that, for most
pairs of solutions, there is a certain range of potential fall which is capable of pro-
ducing a good and stable margin; there exists an inferior limit below which no
boundary whatever can be detected in the case of colourless solutions; and in the
case of one coloured and one colourless solution, a shading out of colour only can

Q 2
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116 MR. B. D. STEELE ON THE MEASUREMENT OF I10NIC VELOCITIES

be seen, and a superior limit above which the boundary is rendered useless for obser-
vation by the ““washing” and “mixing” effect of too great a current density and
consequent heating. For a few pairs of solution it has not been found possible to
obtain a refraction margin under any conditions that have been tried.

The potential fall in all cases is calculated on the assumption that the solution
between the two boundaries is homogeneous, being of the same concentration and
specific resistance throughout. Since OrM’s Law holds good for electrolytes, E = CR ;
and from the specific resistance = the resistance of 1 centim. of the liquid column
is obtained by dividing by the area of the tube, and hence the potential fall

{ Cr
{} == ~, where C is the current, » the specific resistance, and A the area of cross-

section of the column of liquid.

A striking example of the influence of potential fall on the condition of the
margin is seen in the case of a normal solution of barium chloride, using the apparatus
shown in fig. 1. With magnesium chloride and sodium acetate as indicators the
anion boundary is that between barium acetate and barium chloride, and will be

the cation boundary that between magnesium chloride and

represented by Ba jz‘l ,

barium chloride = ;; ClL  Starting the experiment with a potential fall of 1 volt per

centim., a fair but not very good anion boundary is produced, but there is no sign of
a boundary at the other end; on increasing the voltage to 1-20, the anion margin
becomes very sharp and easy to read. At the cation end the gas flame, when viewed
through the telescope of the cathetometer, is seen to be slightly distorted, but no
boundary has yet appeared. With a voltage of 1'5 the anion boundary shows signs
of “washing,” whilst that at the cation end is still too indistinet for use. At
2°0 volts it has become good and distinet, whilst from the anion margin little
whirlpools are seen to rise, and it has become undulating and sharp as though it were
cut with a knife. With further increased potential fall the cation boundary remains
good, until about 35 volts, when it, in its turn, begins to show signs of *washing”
and consequent mixing.

For the determination of the ratio g U \;‘—[ for salts which, like barium chloride,
require a different potential fall at the two boundaries, the form of apparatus shown
in fig. 3 has been found suitable.

Here the tubes to be used for the measurement are four in number, and are
indicated by the letters A, B, and C. The sectional areas of these tubes are different,

and each is carefully calibrated, and its area of cross-section determined. Since the

. lw  Cr
potential fall— ((% e
required ratio between the potential falls at the two margins may be easily obtained.
It is found in practice that three sizes of tubes are sufficient for all the cases that are

it follows that, by selecting tubes of different sizes, any
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IN AQUEOUS SOLUTION, AND THE EXISTENCE OF COMPLEX IONS. 117

likely to arise, the ratio of the areas of the tubes being approximately 1, : 13, : 225,
In this apparatus, as in that shown, fig. 2, the electrode cells, instead of being
ground into the tubes, are connected by means of thick rubber

Fig. 3.

tubing ; the tube G serves as a handle by which the apparatus
may be held in a clamp, and also, like E in figs. 1 and 2, to
allow for expansion of the liquid.

The apparatus shown in the figure permits of the use of the
following combinations: The tubes A and B may be used in
three ways: with two cells similar to D both indicators may
be placed on top ; with one vessel, D, and one E, as shown in
the figure, one indicator may be used from above and one from
underneath ; and with two vessels such as E both indicators
from underneath. The same combination may be employed with
the tubes B and C, whereas with A and C the apparatus can be
used only in the second of these three manners ; by the use of a
second similar apparatus in which the tube C is replaced by B,
and wvice versd. All possible combinations of these three tubes,
two at a time, may be obtained.

. ' . .
For the calculation of T from the observed velocity, since

the latter is proportional to the potential fall, and this inversely
as the sectional area of the tubes, it is only necessary to multiply
the velocity of the boundary in one tube by the ratio of the two
areas. Thus, using the tubes A and C, the sectional areas of which are « and y, if
U’ and V' are the actually observed velocities of the two margins, the ratio of the
lonic velocities is given by

U aV’

V= U
In Table L are given the potential falls which have been found to give a measure-
able boundary in the case of thirty-eight different pairs of solutions. In addition to
those tabulated, the following have also been examined, but no good margins could be
obtained :

Cu

g L0 g G0 gy GILSO, <0-5N ~~~~~~ SO4>, Tal, 1\%01, o

Li
NO, NO,’ NO, SR HE

and cadmium chloride as indicator following 2N solutions of the chlorides of potas-
sium, lithium, magnesium, and calcium.
In the first column of the table is given the system forming the boundary, thus :

A .
K ¢ represents the boundary between an acetate and a chloride whose common
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118 MR. B. D. STEELE ON THE MEASUREMENT OF IONIC VELOCITIES

cation is potassium, and in all cases the indicator ion is placed over the
measured 1on.

Tasre L

N =0 ’ N =1-0. N =20
Margin, S
A B A B. A B A B
- Ac . )
K4 - — 082 — — — 084 —
Ac 735 . . .
Na ol — — | 0-735 113 0:92 | —
Li é{ — — 1-57-1-98 — 1:06 — 1-94 | 1-1-2-3
Ba fé% — 1-06 195 1-1-1-6 1-02 _
Sr ﬁ — —_ 1+40 — 1-02 1-32 1:0-1-6
15 Ac o
G — — 12 0°916-1-61] 1-18 — 1-2 0:86-1-61
Mg éf — 17 1:55-1-90| 1+53 —_ 1-25-1-41 —
N =02
Mg Ae 938 | 205 21 — 2:26 | 1°1-
5 S0,
Ac ]
T . [ - 1 14-2-7 | 1 — : .
Cu S0, 6 7 6 16
-~ Ac
Halahdil . . 1-46-1-89 — —_ e 0-935-1-47 —
o, ) 47
Ae
A6 o . 26495 —_— — . —_
I“C,NOX 2 6 4 )
Br
K2 0 ~ 10-81-1-23 081 . - —
Of 0-81-1-23
Na B0 1-40 o 1-02- 1-02-2-10] — — —
ol
N =0-1
K ﬁ“ 1213 | — | 0-981 _ 1-192 — 0-841 —
1
T AC ; y
a B . — 0:906 | — 1-04 — — _
Na By 1:07
Li
— — ‘8 — —_— — 0-84 —
< O 0-82
I;g OH - — |0-81-1-23| 0-81- _ — — _
%{i €10, - — 139914  — — — 0°89-2-2 -2 3
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TABLE I.—continued.

S 2 N =05 N = 1-0. N = 2-0.
ST Z W Margin.
Fas A. B. A. B. A. B. A. B.
< Li gy 121 0-981 14192 0-85
<]\J ]{ ST 2 1 - bl - o
A .
<. %‘ Fe'Ox| | 2-43 '2-15-3-28] - .
— .
ok I&‘& cl 0-735 . 113 . 0-923
e :
N3 Li g, B 0-906 — . -~ — .
o e
EO Ao
= AL NO, 0°48-0°79| _ . . o
n.B . H -
=0 K ) . B}
89 i NOs |0°70-1200 . 0°3:0:6 0-238-0°85
ol
- l
o DQa | - | = 240 s - - -
%Iag cl _ 9256 2:00 |1:60-3-50| 2-56 357
%%g Cl . . 1-40 - 102 | — -
1}/—£g~ 0104 — — 2-50-- 20— -~ — E— ——
Mg
8 NO, - — 2:02% - - - -
2 Ag
: gﬂ Cl _ B — - — 251
or
g‘; cl _ _ . ] . 5-29 ;
é Cu B 9.5 )
»—I\IJ Mg Cl — - - 2-05
§ — X% NO; _o2er9esessr 2092 | o Lo
te)
m E “0“5‘“ - —_ 1-13-1 50 - 1 18 —_ -
= G o 15 5
= — — -50 —— 153
= QO Mg
—e ffi SO, | 238 | o | 205 2:10 226 | 11-
= )
<
2% gg SO, — — 366 _ 306 254
= Al o
825 cu S0 — _ 3-04 — 3-36 — | = —
oz
]
Eé * Boundary good but jelly melted.
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120 MR. B. D. STEELE ON THE MEASUREMENT OF IONIC VELOCITIES

The concentration of the intermediate solution is given at the head of the table, a
normal solution, here and throughout the paper, being one which contains 1 gramme
equivalent of salt in a litre of solution. In the columns A are given for each
concentration of the different boundaries the potential fall which has been found to
produce a good and measurable refraction margin. In the columns B are given the
limits, where these have been determined, within which such a margin may be

Ae . . .
expected. Thus, for example, for 05 N Mg z‘; the inferior himit is 1'5 volts, the

superior 19 volts per centim. A very faint and indistinet margin may still be found
when the voltage is reduced to 1-39, but its velocity is not constant. Above
1:90 volts the margin becomes ““ washed.”

Although an examination of the table fails to show any regularities of a striking
character, 1t 1s seen that, generally speaking, the slower the ions forming the
boundary the higher the potential fall required. On the other hand, contrary to
expectation, it is found that the margin between the same pair of ions varies in the
voltage required with the nature of the common ion. This is most clearly shown in

A . . . . .
the case of the 619 margin ; here, with Na as cation, 0°73 volt is more than sufficient

to ensure stability, whereas, with Ba, Ca, or Mg as cation, a higher potential fall than
this is required before the minimum is reached ; the same behaviour is shown by the

Li . . . . .
boundary T when Cl 1s the common anton, 0'82 volt is more than sufficient ; with

Fe”Ox,* on the other hand, the lowest voltage that will give a stable margin
18 2°5.

Greater regularities and a possible explanation of the difficulty of obtaining a
margin in certain cases are found by considering, instead of the potential fall in the
measured solution, the change of potential slope on passing from indicator to solution,
or the difference between the potential fall in the two parts of the system. To obtain
this a knowledge of the resistance in the indicator is necessary, and this can be
caleulated very approximately from the transport numbers of the two ions, which
condition the concentration change, and from Kounrravscn’s conductivity tables.

Table I1. contains the differences in potential for a few boundaries for which the data
exist for the required calculation. The numbers under “ Potential Fall (A)” give the
voltage used for the production of the particular boundary, and in the few cases where
the minimum fall is known, this is given in the fouwrth column under B. In the last
column E; — E, are given the differences in potential fall between indicator and
solution for the voltage under A and B.

" * This symbol has been used as an abbreviation {0 indicate the complex anion of the ferric oxalates.


http://rsta.royalsocietypublishing.org/

A
A

A

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

/AL
Ly

THE ROYAL /
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org
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Tasre II.—Potential Fall.

Margin. N. A. B. E; - E,.
= No, 0574 — 0-20 118
%{‘l o 05 0°82 — 116
%{E B 05 098 — 1:10
% cl 05 073 — 045
2%1_8 a1 2:0 200 — 001
1
ll\ o n -
255 1:0 — 1+60 0:65
ip O
}gg Cl 10 — 1:02 028
Cd 5
1 05 115 - 1+69
“Ca a
— 20 065 — 192
%%‘g cl 10 153 — 282
_ 2:0 125 — 267
1
2—%‘ cl 05 106 — 1-04
Cd
g 50 | 07 2ot B "
100 — 023
d
5<% SO4> 05 695 — 050
K élc 05 0-82 — 0-98
Mg A 05 - 139 1413
Ca éf« 05 — 0-916 0-98
Br
K 55 05 0-81 — 132

From this table it is seen that a very different electrical tension across the boundary
is required for some pairs of solutions than for others., On the other hand, for the
same pair of ions, a different value for the potential fall in the intermediate solution
corresponds to approximately the same change in potential slope. This is shown by

A . . . .
the E(f margin with K, Mg, and Ca as common cation. TLooked at from this stand-

point, it seems that the change in potential fall required is some function of the
velocities of the ions, and it is most probable that a connection will be found to exist
VOL. CXCVIII—A, R
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122 MR, B. D. STEELE ON THE MEASUREMENT OF IONIC VELOCITIES

between this and the Nernst theory of liquid cells. To establish the relation,
however, 1t is necessary that a very much larger number of experiments should be
carried out. In the table only five of the experiments correspond to the minimum
potential fall.  This follows from the fact that the investigation had for its fivst aim
the production of a margin, and not the determination of the limits of voltage within
which this may be produced.

Two of the boundaries previously referred to for which no satisfactory conditions

1\1/[? CL  From Table IL it is seen that for this pair

of solutions no change in potential slope is brought about. The densities and

could be found are the f\lﬁ Cl and

rvefractive indices of the two solutions, however, differ very considerably. Perhaps it
is on this account that it is possible to obtain an indistinct and undulating refraction
margin whether the Li follows Mg or Mg Li; but in neither case is the velocity
constant. This is undoubtedly due to the fact that, since there exists no difference in
potential fall at the two sides of the margin, there is no controlling force which shall
prevent the faster ion diffusing into the slower, or vice versd. Diffusion therefore
takes place, the resistances become slightly altered, and so also the potential fall and

.l .. . Cd . .
velocities. A similar case is that of the 05 N o 50, margin, Here, with a low
Bt =

voltage, a mixed colour boundary, which cannot be located nearer than perhaps
1-2 millims., results ; but when the voltage is increased, a sharp colour boundary
ultimately appears at about 65 volts, and from the table it is seen that even with
7 volts the change in potential slope only amounts to 0:30 volt. That no refraction
margin can be detected with this pair of solutions at this concentration (such a margin
is obtained in more concentrated solutions) is explained by the circumstance that the
refractive indices of the two solutions lie very close together. NErxst, in describing
the experiment previously quoted, refers to the necessity for a high voltage that will
allow the experiment to be completed in a comparatively short time, as the margin
would otherwise be lost by diffusion. This is another case in which there is no
change in potential slope on passing from one solution to the other, the velocities of
the NO, and MnO, ions being practically identical.

The case of cadmium chloride as indicator following 2 N solutions of the chlorides
furnishes examples of another difficulty. Here the boundaries obtained are the most
distinetly to be seen of any that have been investigated, but the motion is always
irregular and much too slow. These irregularities are probably due to a mixing by
convection currents set up as previously described by the greater heating in the
indicator solution ; they may, however, be in some way connected with the nature of
the anions in the cadmium chloride solution, which according to Hrrrorr, are not

simple Cl ions, but something more complex.
. Li Cu . . . .
For the systems ou Cl and Ti Cl also an undulating refraction margin results in
b A4l -

both cases; but in the former case the copper lags behind the margin, and the
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IN AQUEOUS SOLUTION, AND THE EXISTENCE OF COMPLEX IONS. 123

resulting lithium chloride sclution shows throughout the entire length of' the column
a uniform blue colour. In the latter case, when Cu is the following ion, it
encroaches on the intermediate solution and advances ahead of the refraction margin
from 05 to 10 centim., the colour gradually fading away.

The only case in which no boundary whatever has been obtained occurred in the
attempt to measure the velocity of the NOjy ion in nitric acid.* Three indicators (the
acetic, oxalic, and phenylsulphonic ions) were tried in different experiments, always
without success. It may be mentioned that with such excellent conductors as the
acids the use of a high voltage is practically impossible on account of the great heat
development. An apparatus was, however, constructed by means of which a potential
fall of 20 to 34 volts was obtained at the anion boundary ; under these conditions
the whole column of liquid was seen to be mixed by rapid convection currents.

It has been occasionally noticed that with the same boundary the inferior limit
apparently differs according to the direction from which it is approached ; thus for the
I}{i NO; margin, when an experiment is started with a low voltage and this is
gradually increased, no margin can be detected at 029 volt, whereas starting with
0°4 volt and diminishing, the boundary does not entirvely disappear until a potential
fall of 017 volt is reached. This is due to the fact that with a lower potential fall a
longer time is required before the stationary condition is reached than with a higher
one, and if before an experiment is started a little diffusion takes place at the point
where gelatine and aqueous solutions are in contact, it is possible that the margin
may have travelled right through the tube before it has become visible.

The production of a refraction boundary in the case that the slower ion precedes

. 4o . Li i Mg !
the faster, has been noticed for a few cases, e.g., b"Ié Cl, (% Cl, and C:: ClL.  In the

majority of instances, however, no boundary is obtainable under these circumstances.
But if at the beginning of such an experiment the concentrations of the two solutions
are proportional to the transport numbers of the respective cations (or anions), then a
stable boundary results which travels with the cuwrrent. Such a ratio of concentration
is automatically brought about during electrolysis, when the slower ion follows the
faster, and once this condition is established the margin so produced may be made to
move backwards by altering the direction of the current, and this may be repeated a
number of times without losing the boundary, although its velocity has been proved
by experiment to be less in the backward than in the forward direction. The
stability of this margin is easily understood from the fact that the potential slope in

* For the investigation of acids and bases it is impossible to employ gelatine solutions in the cathode
and anode cells respectively, as these are immediately destroyed by the H and OH ions; for these, there-
fore, a partition of earthenware was substituted at the one end, and in order to prevent as far as possible
movements of the solution through the membrane, the open limb of the apparatus (E, fig. 1) is dispensed
with,

R 2
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124 MR. B. D. STEELE ON THE MEASUREMENT OF IONIC VELOCITIES

the two solutions is so adjusted that the velocities of the two ions is the same, This
is, however, only strictly true for what may be called the reverse direction, for the
first moments after reversal of the current, since the change in potential slope no
longer hinders diffusion between the two solutions, but aids it, and hence the
resistances become altered, and so also the potential fall and the velocity. The

. . . . C . L . Ac
boundaries that have been investigated in this direction are % Cl and Cu S0 and
AN b 4

both of these are quite permanent when the current is reversed, and are not lost even
after 2 hours, their velocities becoming, however, steadily less.

The Influence oy Hydrolysis in the Indicator.

It is necessary that the indicator solution should not be such as has undergone
hydrolysis ; when this is the case, the H and OH ions overlap the boundary, and
entering the intermediate solution, thus reduce the resistance and so also the
velocity at that end.

Provided an experiment in which one of the indicators undergoes hydrolysis 1s not
carried so far that the H or OH ions reach the second boundary, the ratio of the
velocities remains perfectly constant, but is quite different to the ratio obtained with
an indicator which is not hydrolysed.

This is clearly seen by a comparison of the transport number of copper sulphate as
obtained with aluminium sulphate, and with cadmium sulphate :

Indicators = Aly(50y); and CdSO, and
N%LCzH;gOg. N&CgH303
CuSO, 05N . . . . 0749
1T°ON . . . . 0842 0660
20N . . . . —— 0730

The influence of the H ions formed by hydrolysis of the AlL(SO,); solution, in
A

1 . o
~-80, margin, is strikingly shown.

reducing the velocity of the ca

The Gelatine Solutions.

For the preparation of the indicator jellies the best commercial gelatine was
employed, which had been purified by diffusion in distilled water in the manuner
described by LoBry pE Bruyx (‘Rec. Trav. Chim.,” 1900, 19, 236). Gelatine
solutions containing half an equivalent weight in grammes of indicator salt were used

n . .. . . , o
for the - solutions, containing two equivalent weights for the N and 2N solutions.

The streneth of the jellies in gelatine was always, where possible, 12 per cent.
g J ;
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Certain regularities in the behaviour of the different jellies used may be noted.

Good firm jellies suitable for use in the experiments are obtained with the
following salts, using 12 per cent. gelatine : Potassium chloride, bromide, fluoride, and
chromate, sodium acetate, the sulphates of magnesium, copper, and cadmium, and
half-normal silver nitrate.

To obtain a sufficiently solid jelly of lithium or magnesium chloride, it is necessary
to use 20 per cent. gelatine.

0'5 N potassium iodide and 2°0 N cadmium bromide, do not form solid jellies even
with 23 and 25 per cent. of gelatine.

It is not possible to prepare a 0'5 N aluminium sulphate jelly containing 12 pew
cent. gelatine, as it becomes coagulated and semi-solid even at 100°; with 5 per cent.
gelatine a good solution is obtained, which solidifies to a very fine jelly of high melting
point.

By the electrolytic formation of the following gelatine solutions, the jellies are
melted even with very small heating by the current :*

Copper or magnesium nitrate formed by the passage of NOy anion into 12 per cent.
jellies of 2N copper or magnesium sulphate. In only one experiment the copper
nitrate jelly so formed was not melted.

The passage of Br ions into a lithium chloride jelly results in its melting with a
current density which would be quite safe, with no formation of lithium bromide,

The entrance of bichromate ions into a lithium chloride jelly invariably occasions
the melting of the latter ; and I or OH ions, so dilute as 0°2 N, immediately destroy
any jelly they enter. :

From these observations, which are entirvely qualitative, the statement seems to be
justified that the influence of the salt on the melting point of a jelly depends on the
nature of the ions, that, among anions the lowering effect increases as we pass down
the series SO,, Cl, Br, to NO,, Cr,0, and I, and similarly for the cations as we pass
down the series K, Na, Cu, Cd, Li, and Mg.

The sulphates of all these readily form jellies ot high melting point; with the
chlorides the melting point falls as we pass from potassium and sodium to Mg, and
so for the others. A quantitative investigation of the influence of salts on the
melting points of gelatine solutions should yield instructive and interesting results.

As indicators, normal solutions of the following salts have been used :—

Cation Indicators.

CuS0,, with copper anode, to minimise the formation of H ions.
CdSO,, with cadmium anode.
LiCl, with Li,CO, suspended in the solution.

* This difficulty of the melting of the gelatine would be overcome by substituting an earthenware
partition, as has been done for the acids and alkalies.
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126 MR. B. D. STEELE ON THE MEASUREMENT OF TONIC VELOCITIES

MgCl,, with Mg0), suspended in the solution.
KCl, containing dissolved K,COs,.

AgNO,, with silver anode.

AL(S0,),, with Al,(OH), suspended in solution.

Anion Indicators.

NaAec, with HAc to prevent formation of OIL ions.
KF, containing a small quantity of HAc.
K,CrO,, with K,Cr,0..

The current was obtained from a battery of thirty storage cells, and the total
voltage used in different experiments varied from 20 to 70 volts.

The temperature of the experiments was that of the room ; it was constant to 0°5
throughout any experiment, but varied in different experiments between 14° and 19°,

The Accuracy of the Measurements.

The apparatus having been prepared as already described, shortly after the current
is started, the boundaries having advanced into the tube; their vate of motion is
measured by means of a cathetometer, a small gas jet when placed behind the tube
being seen to be cut by a dark line at the point where the two solutions are in
contact. Kach tube has etched on it a horizontal line, which serves as a fixed point
from which measurements are made. At frequent intervals the time, the current,
and the distance moved over are measured ; the ratio of the distances moved over by

the anion and the cation boundaries gives directly g, from which UZHV 18 at once
obtained.

The cathetometer employed was capable of giving readings correct to the tenth
of a millimetre, but from various causes the accuracy with which the position of the
margin can be read is about one-third of this. The difference in the values of p
obtained in the various readings of the same experiment amounts in some cases to
2 per cent., but the error here arises in nearly every case from the fact that in the
earlier measurements, where the distance moved over by the boundary is often less than
0'5 centim., a small error in reading the cathetometer has a very much greater
influence than later when the distance is more, hence it is found always that the
last few readings agree much better among themselves than do the earlier ones.

All the readings from an experiment are therefore averaged in the following
manner -

Each value for p is multiplied by the distance moved over by one of the
boundaries since the beginning, the numbers thus obtained are added together and
divided by the sum of the multiplicands. When averaged in thig manner, it is
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found that for salts of simple type, the difference in transport number of the same
salt, as determined in different experiments, is exceedingly small: thus six experi-
ments with 2 N, KCl gave 0'492, 0°490, 0:494, 0488, 0488, and 0°489, and two
experiments with N, KBr gave 0473 and 0°474.

For salts of less simple type than these, only two duplicate measurements have been
made ; these are, for magnesium sulphate 0'5N, 0693 and 0694, and for a 02 N
solution of the same salt 0649 and 0646,

For the measurement of the current, a galvanometer with the resistance of about
100 ohms was employed; it was far too sensitive for the amount of current used,
and was therefore always connected with a shunt. Provided the total deflection
of the needle amounted to at least 70 scale divisions, readings correct to 1 part
in 200 could be made ; to ensure accuracy in the measurements, therefore, it was
necessary that, whatever the strength of the current, the deflection should be not
less than about 50 scale divisions.

Since the current varied greatly in different experiments, a series of shunts was
prepared by the use of which widely varying values could be given to the scale
divisions. The apparatus is shown in fig. 4, where ( is the galvanometer and S the

box of coils, one or all of which can be used as a shunt. In the figure the three
coils between 2 and 5 are connected with the binding screws of the galvanometer,
and by moving the connecting wire ¢ and the wire d to different mercury cups,
a large number of different values can be given to the shunt. The value in amperes
of each scale division was determined by direct measurement when the various coils
were connected with the galvanometer, and by this means it was possible, however
the amount of current varied, to ensure in all cases a deflection of from 80 to 100
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128 MR. B. D. STEELE ON THE MEASUREMENT OF IONIC VELOCITIES

scale divisions. Fig. 4 shows, also diagrammatically, the arrangement of the whole
apparatus for an experiment. B represents the battery. W is the water-bath,
in which is immersed the apparatus, of which A and K are the anode and cathode
cells respectively. R is a very large and easily varied resistance placed in cireuit,
by means of which the voltage between A and K can be varied as required.

EXPERIMENTAT, RESULTS.

The independence of the margin velocity on the nature of the indicator, provided
the latter fulfils the required conditions shown by Masson, has been confirmed
by the measurement of magnesium sulphate with three pairs of indicators—copper
sulphate and potassium chromate, cadmium sulphate and sodium acetate, copper
sulphate and sodium acetate—and by the fact that practically the same result has
been obtained for the velocity of the hydrogen ion when measured with silver
nitrate or with potassium chloride as cation indicator.

The negative case has been proved by a large number of experiments, all of which
show that, when the faster ion follows the slower, in cases where a boundary is
produced at all, the ratio of its velocity to that of the boundary at the opposite end
of the solution is quite inconstant.

Table 1I1. contains the results obtained during the research.

In column 1 are given the formule of the salts measured. In the second column
is given the concentration of each salt.

Vo, . . . .
In column 3, under o+ 18 given the ratio of the velocity of the anion to that of the

cation, this being calculated directly from the observation in the manner previously
described.

L
anion transport number. Under S are given the numbers obtained by the author,
under (Masson) those obtained by Massox by direct measurement in gelatine, and
under (Hirrorw, &c.) are given those obtained by different investigators by the
indirect method of Hrrrorr, The latter numbers are taken from Konrravscr and
Horeorx (* Leitvermogen der Electrolyte’).
A comparison of the figures in the fourth and fifth columns shows that for

. v . .
In columns 4, 5, and 6, under U g v are given for comparison the values of the

potassium and sodium chloride there is a very close agreement between the
numbers obtained by direct measurements in water and in gelatine, whilst for lithium
chloride and magnesium sulphate no such agreement exists. For 2N magnesium
sulphate there is given in brackets (column 5) the number 0'688, obtained by the
author for the value of p in gelatine; this measurement being made for purposes
of comparison. For this salt the gelatine results agree among themselves, as also
do the aqueous; whereas the two sets of measurements show no such agreement as
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v Indicators.
] v TV ndicators
Salt. N. U )
S, (Massox.) (H‘ggo)m" Cation. | Anion.
KCl. 05 0-96 0+490 0-495 - LiCl NaAc -
1-0 0-955 0-488 0490 0-515 - —
2-0 0955 0-489 0-483 — — -
NaCl 05 148 0-597 0-598 0626 LiCl NaAe
10 145 0-591 0595 0637 - —
92-0 144 0590 0587 0-642 - -
KBr 0-1 0-935 0-483 - — 110l NaAc
05 0920 0-478 - 0-513 - - e
10 0900 0-473 - . - —
920 0-880 0-468 . o . —
NaBr . .| 05 147 0595 | j . LiCl NaAc
LiCl. 05 252 0-716 0687 0-73 Cdso, NaAc
10 302 0-751 0680 0-745 — _
KOH 0-574 271 0730 | 0-738 LiCl KBr
AgNO,;. 115 0-943 J 0-486 | 0 CuS0, KT
BaCl, . 05 136 0576 | 0-615 MgCl | NuAc
10 162 0-619 {0640 R
20 1-73 0:633 0657 e .
SeCl, 05 1-67 0625 e — MgCl, NaAc
10 198 0665 - . i —
20 944 0-709 - - CusO, | -
CaCl, 05 214 0681 0:675 CdsO, NaAc
10 2-30 0697 0686 — -
2-0 2-51 0-715 - 0700 CuS0y —
MgCl, . 05 239 0-70b 0:690 CdSO, NaAc
10 260 0-722 0-709 — —
2-0 284 0740 - 0729 CuSO0, —
MgSO, . 0-184 1-82 0-646 — 0660 CdSO, NaAc
05 2926 0-693 0684 0700 — —
10 250 0-715 0-703 0-740 _ _
2-0 2-80 0-737 0693 0-750 — —
- — — 0-688) | - ' — —
CuS0, . 1-0 1-94 066 0-696 CdSOy NaAc
2-0 271 0-73 — 0720 — —
KoCrO,. .| 0°5 0-807 0-447  — 0-512 LiCl Nadec
20 0-677 0403 | — - S
KFe”Ox .| 0603 0-495 0-331 i _ o LiCl } NaAc

PHILOSOPHICAL
TRANSACTIONS

VOL. CXCVIIL—A. S
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130 MR. B. D. STEELE ON THE MEASUREMENT OF IONIC VELOCITIES

do those for potassium chlovide. The explanation of this behaviour is rendered
more difficult by the fact that the transport number for magnesium sulphate has
been determined by Hirrorr's method, using a gelatine partition to separate the
anode and cathode portions of the solution. Two experiments made in this manner
gave 0'732 and 0°744 for the anion transport number, numbers which agree well with
the older determinations and with the figures in column S. It is worth pointing
out that whilst p for these salts, when determined in water, shows a considerable
change with concentration, in gelatine on the other hand p is approximately constant.

Tasre 1V,
Group 1. Group II.
! )

no=05. | ne=10. n=20 no= 08, | n=10 | n=20.
Li. . . . . 0716 0-751 _ Mg L 0-705 0-722 0-740
Na. . . . .. 0597 0-591 0590 Ca. 0-681 0697 0715
K. . . . . 049 0488 0489 Sr 0-625 0-665 0709
Ba. 0576 0-619 0633

A point that is shown with great clearness by a consideration of the figures in the
fourth column is the periodicity of the transport number of the same anion with
different cations belonging to the same group. Table IV. shows the periodicity in
question for the chlorides of the elements of Groups L. and I as far as these have
been studied. Tables IIT. and I'V. bring out very clearly the difference, referred to
in the earlier part of this paper, between salts of the type of potassium chloride and
those of the type of barium chloride and magnesium sulphate.  For the former, p is
practically independent of the concentration; for the latter, p changes with the
concentration.

A comparison of the figures in the fourth and sixth columns shows that for
potassium and sodium chlorides the values obtained by the two methods are both
nearly constant, although not coincident with one another. For the other salts a
general agreement is seen to hold between the two sets of figures; the variation in p
is also in the same sense and of approximately the same magnitude.

In referring to the individual experiments it may be mentioned that for the
measurement of potassium hydroxide only one gelatine partition was used.

The experiment with silver nitrate is probably the least accurate of all those
tabulated, as the potential fall employed for the anion margin was very near the
inferior limit for a good boundary, in order to prevent melting of the jelly on entrance
of the NO; 1on. .

Many unsuccessful attempts have been made to measure solutions of sodium
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IN AQUEOUS SOLUTION, AND THE EXISTENCE OF COMPLEX IONS. 131

bromide and silver nitrate of different concentrations to those given in the table. In
the former case, the % Br and in the latter the N—%—g Ag boundary could not be
made to move with a constant velocity or without ¢ washing” under any of the
varied conditions tried. For the first salt, no other indicator has as yet been used ;
for the second, no other anion whose silver salt was soluble has suggested itself
for trial.

In Table V. is given the ratio of the current, as measured by the galvanometer,
to that calculated from the margin velocities. For potassium and sodium chlorides,
potassium and sodium bromide, potassium hydroxide, and 0°5 N lithium chloride, this
ratio is, as required by theory, within the limits of experimental error, equal to unity.
On the other hand, this is not the case for all the other salts examined, the closest
agreement with theory being shown by the more dilute solutions; for example,
0'5 N magnesium chloride and 0'2 N magnesium sulphate. Only for one salt have
duplicate measurements been made, namely, for 0°5 magnesium sulphate, but here
the results are in accordance.

TasLe V.
% ! _
folt \ C’} \ T ﬂ__vC’Y ! < , J : 07’
Salt, N. AN( 3 T V) Salt. N. - AN (U“+V)' } Salt. , N. ‘ Xﬁ(ff-—?V)
KCl . 05 0-984 BaCl, 05 0956 MgSO, .| 0-183 0-980
2-0 1-009 1-0 0-944 0-5 0-949
NaCl 1-0 0-989 2:0 0-956 0-5 0-951
2-0 1-004 SrCl,. 05 0-870 1:0 0-977
KBr. 0-1 0-978 1-0 0-916 2:0 0-956
0-5 1-000 2:0 1-080 20 0-807*
1-0 1-031 - CaCl, 0-5 L 1-04 2:0 0-8147
2-0 0-998 | 10 1-03 CuSO, .| 10 1-06
NaBr 05 1-001 2:0 0-973 2:0 0-965
LiCl. 0-5 1-006 MgCL .| 05 1-01 KyCrO,. | 0°5 0-965
1-0 1-070 1-0 1-05 2-0 0-910
KOH 057 1-02 2:0 0-968
* MAssoN, in gelatine. T STEELE, in gelatine.

Massox has found that for this salt the ratio as measured in gelatine is considerably
less than 1.  Under 2'0 N, MgSO,, are given in the table the values found by the
author in aqueous and in gelatine solution, and also MassoN’s number found in
gelatine ; a difference is here to be noted corresponding with that already pointed out
tor the transport number.

For the calculation of the current the average is taken, this being obtained from
the area of the time-current curve, and for the velocities the total distance moved
over divided by the time in seconds.

8 2


http://rsta.royalsocietypublishing.org/

ACHONS SOCIETY A

PHILOSOPHICAL
TRANSACTIONS

\

ya

A

/

THE ROYAL /
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org
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Tarrr VI,

Conductivity. U = au. Ve an.

Measured. | Calculated.KOHLRAUSCH. Found. Konrravsca.,  Found.
KC1 . 05 102-3 1045 0000512 0-00055H3 0-000543 0-000529
2:0 926 910 0+ 000466 0-000483 0-000494. 0-000458
NaCl 10 Td-4 7 745 0-000285 0-000318 0-000485 0-000452
2:0 64-8 64-6 0-000250 0:000274 0-000418 0-000395
KBr . 05 105-7 1045 0-000542 0-000568 0-000553 0-000516
1-0 102-0 99-5 0-000522 0-000542 0-000532 0-000484

20 974 973 0-000500 0-000538 0-000510 0:000471
KOH 0-576 192-0 190-0 0-000530 0-000535 0-001450 0-001435
1iClL . 05 70°3 670 0-000196 0000191 0-000535 0-000483
1-0 62-8 H8-8 0-000173 0-000141 0-000480 0-000450
BaCl, . 0-5 76 752 0-000310 0000330 0-000494 0-000450
1:0 703 15 0-000264 0000283 0000465 0000457
2-0 603 607 0-000213 0000231 0-000411 0-000398
SrCl. . 05 804 810 0'000312 0-000316 0-000512 ] 0-000524
1-0 736 52 0000255 0-000261 0-000507 | 0-000519
2+0 541 509 0-000164 0-000152 0-000396 ‘ 0-000374
CaCl, 0-5 747 676 0-000252 0+000224 0-000521 0-000476
1:0 678 642 0-000220 0-000201 0-000482 0-000464
2:0 580 550 0-000180 0-000162 0+000420 0000408
MgCl, 05 710 64+ 2 0-000229 0-000196 0-000508 0-000468
1-0 63 56-9 0-000189 0-000163 0-000463 0-000427
2:0 53 H1-6 0-000149 0-000139 0+0004.00 0-000396
MgSO, .+ 0-18 44-0 454 0-000155 0-000167 0-000301 0000304
- 0b 354 368 0-000111 0-000117 0-000257 0-000264
C10 28:9 29-4 0-000078 0-000087 0-000221 0-000217
} 240 214 2341 0000054 0000061 0-000168 0:-000178
CuSO; .~ 10 258 922-9 0000082 0+000080 0-000186 0-000155
20 201 199 0000058 0-000055 0-000150 0-000151

B KL A o i

NaOH . 0-2 o j o - 0-00152 0-00158
KOH .' 0-576 1920 190°0 © 0-000540 ! 0-000535 000145 0-001435
HNO, . 02 b - 0-00280 | 0-00282%
002 { — - ' : 0-00280 0-002727

* With AgNO; as cation indicator margin = ‘}f’r NO..

T With KNO, as cation indicator margin = h NO..
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IN AQUEOUS SOLUTION, AND THE EXISTENCE OF COMPLEX TONS. 133

The correctness of the assumption that the velocity of the boundary is in veality
that of the preceding ion is capable of being tested by the calculation of the
conductivity of the intermediate solution from the observed velocity. For this
purpose it is necessary to first reduce the latter to that which would be produced by
a potential fall of 1 volt per centimetre. ~Krom the sum of the velocities thus
obtained the conduectivity is obtained by multiplication by e, where € is the quantity
of electricity carried by 1 ion = 96,500 coulombs. Table VI. contains a comparison
of the conductivities so calculated with those given by Komnrrausca. In the last
four columns are given the values of the velocities, calculated from KoHLRAUSCH'S
tables, at the concentrations indicated in the second column, and those reduced from
the author’s measurements.

Since the sum of the velocities is proportional to the conductivities, the sum of
U and V must show the same agreement with the sum of U and V from
KonrraUuscH's figures, as is shown in columns 3 and 4 ; that U and V singly do not

show such an agreement is due to the fact that the velocity U = ';f p, and hence if

the Hittorfian p is used in the caleulation, a different value for U will be obtained
than if the author’s p is used.  In columns 5 and 7 the p that is used is Hirrorr's ;
in columns 6 and 8 that obtained during the present research, and hence the want of
agreement, The fact that by the use of the latter the figures in question would be
brought into much greater concordance, speaks strongly in favour of their greater
accuracy.

The Hxistence of Complex lons.

With the three electrolytic measurements that have been considered, it has been
found that it is only in the case of a few salts of the most simple type that
experiment and theory are in agreement. In the case of all other salts, in the first
place the transport number, whether measured by the older method of HirrorF or
by the direct method, described in the present paper, is not independent of the
concentration ; secondly, from the measurements of the conductivity it is not possible
to assign any specific ionic velocity to such ions as Mg, which is constant in different
salts of the same cation ; and finally, the current as measured by the galvanometer
is not the same as that calculated from the observed velocity of the margin.

For the change in transport nummber two explanations only seem possible, since in
the majority of instances the influence of hydrolysis is practically negligible.

The first of these is that with change in concentration there occurs a variation in
the specific velocity occasioned by the electrolytic friction, and that the influence of
the latter is greater for some ions than for others, and usually greater for the cation
than for the anion. '

If we assume that at a given total concentration the specific mobilities of the ions are
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represented by » and v, and the ionic concentration by ¢, then for the transport
number we have

cv v

P=wso)y T uso

For any other total concentration # the mobilities are %, and v}, and the ionic concen-
tration ¢, :
, Oy b
pa= 00 = D
o (u, + ) wy + oy

In order that p, should be greater than p it is necessary either that », increase
faster than u,, that u», diminish faster than v, or that u, decrease and v, increase
with inerease of concentration; the latter case may be excluded from its great
improbability. Further, since in all cases the fluidity of a solution decreases with
addition of salt, it is not probable that the ionic mobility will be greater in the more
viscous solution.*

Assuming, then, that no increase in u, or », takes place, for a variation in p u,
must decrease very much more rapidly than v,. To take the case of barium chloride,
the anion transport number changes between n = 001 and 7n = 20 from 056
to 0°66.

044

In the dilute solution U= e 0= 0786 v,
. . 0:34 :
in the stronger solution u = Ges v = 05140,
and hence Y = 1537,

Uy Gl

or between these concentrations » has diminished in velocity 1'53 times as much as v.

For calcium chloride a similar caleulation gives the relation

Y =294,

%, 7
Such a large difference in the influence of concentration change on the actual velocities
of the two ions seems hardly to be expected.

It is also difficult to explain by any change in « and v the fact that if we consider
solutions up to 01 N of potassium nitrate and chloride and barium nitrate and
chloride, in the case of the three former no change in p occurs ; whilst for the latter

* The conclusions of JAUN (‘ Zeitschrift fiir Phys. Chem.,” 33, 545, 1900; 35, 1, 1900) point to the
fact that with increasing concentration, up to %(5 the velocity of the ions increases in solutions of potassium,

sodium, and hydrogen chloride, the ratio of the velocities, however, remaining constant. (See also
ARRHENLUS, ibid., 36, 28, 1901, and SACKUR, ¢ Zeit. fiir Electrochemie,” 1901, No. 34.)
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it does ; this would mean, either that the Ba ion has its velocity diminished more
than the anion 1 solution of the chloride but not in the nitrate, or, that the NO, ion
is diminished in velocity in the barium salt, but not in the potassium salt. Further,
the variation in p for potassium sulphate points to the fact that the potassium ion is
retarded more than the sulphate, but not more than the chloride. Any of these con-
clusions are of course possible, but improbable, and the more so since all the facts are
far more simply explained by the supposition that complex ions exist in certain salt
solutions.

The variation in p with N, which is found by direct measurement in aqueous
solution, seems to point to the correctness of the assumption of a variation in u and v.
But for this class of salts it has been demonstrated for a few cases, and is probably
true for all, that a change 1n concentration of the solution occurs within the anion
boundary. Such a change does not occur with potassium chloride, and it is not clear
how it can be brought about in a system containing only simple ions. And here
again a more reasonable explanation is afforded by the theory of complex ions.

The form of the equation given by Masson for the relation between current and
margin velocity is not altered by supposing a variation in % and v, hence no explana-
tion is afforded by this assumption of the divergence from unity of the ratio of the
current as measured by the galvanometer to that calculated from the observed
velocities.

The difficulty in assigning values to the specific ionic velocities finds here, also, a
possible explanation. For a given solution the conductivity is A = ec¢ (v + v), where
e is the quantity of electricity carried by one monad ion, and u, v, and ¢ have the

. . .. A ¢
same signification as before. The molecular conductivity u = - = € -~ (v + v), where
a ¥
n 18 the total concentration of the solution.
For infinite dilution, ¢ = and p, = e(u,+v,), where u_ and »_ are the specific
[

o= the ratio of

.. . . . . c u A+ v
velocities at infinite dilution. Hence = & | = - Here
By N e+ Ve

1onie to total concentration, or the coefficient of ionization.

v ’ wu_ A+ v
Therefore : o=t =T
Mo U A
and since ' = e(u » } therefore x = ~—*——
d “, u, =+ v_) therefore x K

e(u + o;j ’

or the coefficient of ionization is given by the ratio of the molecular conductivity to
the product of e into the sum of the specific velocities at the same concentration, and

is only equal to ;’“‘ when (v + v) = (x4 va).

From what has been already said, the probability is that if » and v change,

uw =+ vis less than (v, + v_), and hence the real value of = is greater than f—

a
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Now, taking as an example solutions of calcium chloride, if' we assume that v is not
diminished in velocity, u only being affected, and assign such a value to z that the
absolute velocity of the chlorine ions at the various concentrations = 0°000690 centim.
second, the value given by Komrravscm for the specific velocity, then we find
that tfor

N=05 a&=0756; N= 1'0, 2= 0697; and N = 20, x = 0°610.
For the corresponding solutions of sodium chloride, the figures are
0-737, 0'678, and 0°590,

or, solutions of calcium chloride are more dissociated than solutions of sodium chloride

of the same concentration. If we assume, instead of this, that the ratio 1 gives the

@

correct values for #, and calculate the specific ionic velocities for the anion and the
cation at different concentrations, we obtain the following figures .or solutions of
calcium chloride —

N=05 . . . u=0000401 v = 0000830
o . . . 386 845
20 . . . 372 867

v for Cl from KCl or Na Cl at all concentrations = 0:000690.

Thus we find that, unless calcium chloride is much more dissociated than sodium
chloride, the velocity of the anion steadily increases, and that of the cation steadily
decreases with rise in concentration; and the same is shown by all the chlorides
referred to in this paper whose transport number increases with increasing N.

The assumption of a variation in specific ionic velocity does not in itself seem to be
sufficient to afford a probable explanation of the difficulties in question.

The second explanation that we shall consider is one that was advanced in 1859 by
Hrrrorr, who says (‘ Pogg. Ann.,” 106, p. 385, 1859) : < Die Verhiiltnisse, welche von
der Zunahme des Wassers abhiingen, und bei den Verbindungen der Metalle aus der
Magnesia-gruppe auf die Ueberfithrungen so wesentlich einwirken, miissen bei den
Kalium und Ammoniumsalzen so gut wie fehlen. Dadurch werden wir auf chemische
Veriinderungen der Constitution unserer Electrolyte, die mit der wachsenden Menge des
Wassers eintreten, hingewiesen.” 1In the case of the chlorides of zine and cadmium,

and of cadmium iodide, the change in p is so great that the ratio >1, as

v
U+V
measured by Hrrrorr, or there is more current carried by the anion than the total
current—a conclusion which is obviously absurd. To explain these cases, he supposes

4 -
that ionization takes place not only into the simple ions Cd and I, but also, at least
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partly, into complexes of the nature of’ (Cd 1, 1)), and that a portion of the current
being carried by these, the change in concentration in the neighbourhood of the anode
becomes increased by the amount of neutral salt carried by this complex anion.
Referring again to the variation in p for other salts, he says (ibid., p. 546-7):

“ Die bedeutende Abhingigkeit der Ueberfithrungszahlen von der Concentration
der Losung erklirt sich in derselben Weise, wie bei dem Doppelsalze (ICd + 1K).
Mit der Zunahme des Wassers zerfallen die Doppelatome in immer wachsender Zahl
in die einfachen, der Strom wird daher immer mehr von den einfachen geleitet, welche
bei stark Verdiinnung allein vorhanden sind.

“Nur durch diese Deutung vermag ich den Thatsachen gerecht zu werden, und
stehe nicht an, dieselbe auf das Verhalten simmtlicher Salze, welche zur Magnesia-
gruppe gehoren, zu iibertragen. Die schon frither fiir einen Theil derselben angege-
benen Ueberfithrungen sind ebenfalls in hohem Grade von der Concentration abhingig
und wiirden, wenn noch concentrirtere Losungen in hinreichender Ausdehnung
untersucht werden konnten, fiir das Anion ebenfalls die Einheit tibersteigen.”

More recently Brepia (¢ Zeit. f. Phys. Chemie,” vol. 13, 262, 1894) has pointed out
the possibility of explaining this difficulty by means of complex ions, and NovEes

(loc. cit.) assumes the existence of complex anions BaCl, or BaCl, in solutions of

. . . . N
barium chloride so dilute as 10
The most natural assumption that can be made as to the manner in which such a
salt as magnesium chloride would ionize, is that there would be first formed the two

+ —
ions MgCl and Cl, and that on further dilution the former of these would dissociate

into the simple ions I\H; and Cl.  Novgs (‘ Zeitschr. f. Physik. Chemie,’ 9, 618), from
a study of the solubilities of such salts, concludes that this is the case, but the
formation of such ions (complex cations) would lead to a change in p exactly the
opposite of that which actually occurs, and it is possible that his results could be as

well explained by the supposition of complex anion, e.g., (MgCLCl,). The tendency
towards the formation of complex ions is discussed fully by ABEce and BopLANDER
(‘Zeitschr. f. Anorg. Chemie,” vol. 20, 471, 1899), who show that these are formed always
by the combination of a free electrically charged ion with an electrically neutral
molecule, the latter may be of the nature of a salt or not. As an example of the
former, the complex K Fe(Cu<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>