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302 A Derivation of Plancl’s Law of Radiation.
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which is the quantum relation of Planck.
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Hence the energy dE in the same frequenvy interval is
equal to
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This is Planck’s law of radiation. ‘

In an oscillation taken at random, we find j{v) quanta of
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XXIX. Electrolysis with a Dropping Mercury Cathode.
Part 1. Deposition of Alkali and Alkaline Earth Metals.
By JAROSLAY Heynovsky, D.Se., Ph.D., Assistant Pro- ,
fessor in Plysical Chemistry, Charles’ University, Prague”. |

INTRODUCTION.

B. Kutera (Drud. Ann. vol. xi. p. 529, 1903) showed that
the change of surface-tension of polarized mercury, i.¢., the
“ Blectrocapillary parabola,” can be very exactly determined
by drop-weight. In this method, mercury ‘«lrogping slgw]y
om a glass capillary in an aqueous solution is pol'arlzed,
the other electrode being the layer of mercury covering the
bottom of the vessel.
~ In using the dropping mereury as cathode, it has heen
observed that in neutral or alkaline solutions hydrogen 1s
10t evolved even at high polarizations. This arrangement
eemed thus couvenient to study the cathodic deposition
of the most ¢ positive » metals, which are otherwise attu.cl.ied
v water. Besides the high over-voltage the_z dl-oppu!g
ercury electrode possesses other advantages : it yields in
* Communicated by Prof. W. C. McC. Lewis.
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the solution always a fresh and pure mercury surface,
avoiding thus any “ concentration polarization ”; further
the drops when fa{ling on the bottom mercury used as anode
also produce stirring there.

The bottom layer of resting mercury when in a solution
of a halide or hydroxide keeps up the well-defined potential
of the vespective standard electrode, and thus can be relied
apon as an exact reference electrode.

- With such an arrangement even calcium and magnesium
can be deposited in mercury before hydrogen and their
amalgam formation can he followed in an exact manner.

Fig. 1.
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The ense with which various metals arve cathodically
deposited in mercury can be determined by observing in each
caso the shape of the electrocapillary parabola, obtained hy
the drop-weight method, when readings are continued until
considerable amalgamn formation is reached. From this
point any further increase of polarization does not effect any
change n the drop-weight or drop-time. Consequently,
when amalgam formation begins, the descending branch of
the parabola turns horizontal.

The graph in fig. 1, which refers to decinormal solutions

with « Dropping Meveury Cathode,

of chlorides of the respective ions, gives us only approximate
numbers; the results vary slightly, depending on fastors
which determine the current, i.e., the size and velocity of
drops, strength of the solution, and dimensions of the vessel,
A much more accurate method, however, is to determine
in such cases the increase of current caused by the increase
of the polarizating B.M.F.; these investigations are de-
seribed mn the following part *.

MEeasvrEMENT 0o THE ('URRENT.

The arrangement is shown in fig. 2.

The Apparatus. A double lead accumulator A was cir-
cuited through two resistance boxes, . From one of these
the current was branched to the electrolysing vessel, which
consisted of a conical flask, B, with a platinum contact
attached to the bottom ; a thick-wulled glass capillary passed
through the cork stopper U, connected by a rubber tube to @

* See also J. Tleyrovsk¥, Chemické Listy, vol. xvi. p. 256 (1022).
Phil. May. S. 6. Vol. 45. No. 266, Leb. 1923. X . ¥
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mercury reservoir (not shown in_the sketch), by the level of
which the rate of dropping could be regulated. The glass
tubes, which passed througi the stopper, served to lead the
hydrogen in and out. The negative terminal of the resistance-
box was connected to the mercury reservoir above the capil-
lary, the other was connected through a sensitive galvano-
meter to the hottom mercury layer in the flask.

The capillaries were drawn out of a thick-walled thermo-
meter capillary, with about 1 mm. inner diameter ; they were
broken off under water when connected with the mercury
reservoir, so that the pure and dry mercury rushed into the
tip first. It is essential to have the inside of the tube quite
free from dust—however, the capillaries must not be washed
nor moistened ; for this reason capillaries made of fresh
glass have to be used. The break of the tip was chosen so
as to yield drops of about 4 to € seconds time (i.e., 0°02—
005 mm. inner diameter of the opening).

Since on prolonged use the capillaries get stopped and
moistened inside, which might lead to hydrogen evolution in
the tip, they have to be frequently exchanged for new ones.

The reflecting galvanometer of the Kelvin type with an
astatic needle had 350 olims resistance; one millimetre
deflexion of scale, when two metres apart from the mirror,
corresponded to 107" ampere.

The Method of Procedure. Before starting polarization,
the resistances of the boxes were adjusted soas to be one ohm
per millivolt of the F.M.F. of the source (about 4 volts) ;
this E.M.F. was determined by compensation with a standard
Weston cell with an accuracy to a tenth of a millivolt and
was frequently checked. The vessel was then filled with a
solution prepared from Kahlbaum’s or Merck’s purest speci-
meng, and the stopper was sealed with paraftin-wax. In
order to prevent oxidation by air at the cathode, it has heen
found necessary to pass hydrogen for 30 to 40 minutes
through the solution.

The room temperature was kept as close as possible to
20° (L, ; the maximal deviation + 1° had no noticeable effec,
which probably lies within the experimental ervors of the
method.

The zero reading of the galvanometer was then taken and
ihe polavization was gradually increased, and for each value
of the applied E.M.F. the corresponding galvanometer
reading was noted.
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OBSERVATIONS,

bom‘e of the typical curves, showing the relation between

E.ALF. of polarization and the resulting current, are d
¢ . g y 8 rawn

on the diagram (fig. 3).

When working with solutions in an open beaker in air a
small current passes even at small polarizations, which is
 largely due to oxygen dissolved in solution. The readings
in snch cases were not steady, but oscillated within sharp
h_nuts (1-2 scale divisions) synchronously with the drop-
f.lll.’lf, this being no doubt caused by the different rates of
oxidation of the rhythmically changeable drop-surface. By

Fig. 8.
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- expelling air with hydrogen, the current was considerably
- diminished and oscillation stopped entirely. ’
With increasing polarization the current increases at first
very slowly until a certain value of the E.M.F. is applied
!nbuve which the current increases rapidly, so that a f'urtl]elz
increase ol a few centivolts puts the mirror off the scale.
This critical EMLF. is quite independent of the dimensions
- ?f the electrodes of the drop-time and of the amount of air
in solution--in fact, it is found to depend only on concen-
tration of the cation. y
- The independence of the critical polarization, which might
be termed the ¢ decomposition E.M.E.,” since at this point
X2
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extensive electrolysis of the salt sets in, has bce_n us'certain'ed
in a series of solutions using different capillaries, with
different drop-times (from 1 to 5 secs.), with varying dis-
tances between the electrodes (0°3 to 6 cms.) and varying
size of bottom layer (from 9 to 60 cm.?), further. with
varying external resistance in the boxes (from 0-1 to 10 ohms
per millivolt). ITor very quick drops (less than one sec.) a
slight shift towards greater polarizations can be obger.ved;
for drop-times greater than 1'5 sec. the results coincided.
The slower the dropping, the more steady the galvanometer
was ; therefore, very narrow capillary openings were used,
giving about 3 secs. drop-time at the decomposition polari-
zation.

The decomposition B.M.F. was fixed as the value from
which the current beging to increase distinctly in a geo-
metrical progression, Owing to this steep increase it was
possible to fix this point in most of the solutions within
9-4 millivolts, in some cases even to a greater accuracy.
For this purpose the E.M.IF. near this value was increased
by 5 millivolts and the exact point found from a graph.

Fig. 4,
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The more dilute solutions require larger decomposition
EM.F. (see fig. 4), the differences for a ten-fold dilution
of a uni-univaﬁmt salt amounting to 110 millivolts, for a
bi-univalent salt it is about 80 millivolts, whichi is the well-
known difterence of “ free energies” at these dilutions (¢f.
Melunes and Parker, Journ. Amer. Chem. Soe. 37, p. 1443,
1915). Solutions prepared (by weight or dilution) at
different times and from different sonrces always led {o the
same decomposition .M. F.

Traces of noble metals or oxidizing matter in solution
cause distnrbances in readings ; these become troublesome
in very concentrated solutions, which therefore had to he
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prepared in a high degree of purity to give satisfactory
results. IFFor much help in this way the author is oblige'd
to Professor B. Branner, who presented some of his rare
specimens and provided for exuct standard solutions.

When a cathode of very small dimensions is polarized, the
large refevence electrode being used as anode, the decom-
position E.M.F. must be equal to the difference hetween
the potential of the eclectrode used as anode and the
potential at which decomposition takes place at the cathode.
iet us denote the latter as the « deposition potential * of the
cation in mercury. To show that this deposition potential
is independent of the anion, solutions of chlorides and
hydroxides of the same metal in various dilutions were
electiolysed, and from the resnlts the deposition potentials
referred to the normal calomel electrode were calculated.
For this purpose the exact potential difference of the hottom
reference clectrode in the vessel from that of the normal
calomel electrode had to be determined. Therefore, for
most of the solutions a calomel or mercuric-oxide-electrode
has been set up and compared with the standard calomel
electrode. The potential cf these single electrodes never
differed ly more than two millivolts from the polarized
bottow mercury layer when both were in the same solution.

To eliminate the liguid junction poteutial between the
normal eleetrode and the various solutions, a quarter-satu-
rated, half-suturated, and fully saturated potassium chloride
solution has been used and the values extrapolated.

The results are given in Tables T. and IT.

The results show distinetly that the polarization at which
electrolysis starts, IS, depends only on the concentration of
the cation being equal to the difference of potential of the
resting mercury and the deposition potential of the cation
(77'0—71" . .

The valne 7y, which is the deposition potential of the cation
from a solution containing one gram-ion per litre, has been
obtained from 7' actually observed at different dilutions by
subtracting the free energy of dilution of the ions ; lLere the
average numbers observed in concentration cells at room-
temperature were used, viz.: —

For ten-fold dilution of uni-valent eations 0:056 volt.

For 100-fold dilution 0°114 volt (known from silver- or
hydrogen-ion concentration electrodes).

For bivalent 0:026 and 0:054 volt respectively (from
Zn'*, He*, Ba concentration cells).
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are evolved. This was still worse with beryllinm salt
solutions, which, owing to hydrolysis, did not lead to any
satistactory vesult. Traces of acidity change the electrolysis
of salts to that of hydrochloric acid (see in fig. 3) and then
hydrogen is evolved before the metal is deposited.

On the other hand, traces of alkalies stubilise greatly the
over-voltage and thus remove fluctuations in readings ; the
alkalinity, however, changes the potential of the rvesting
mercury, making it more negative, and this change has to be
measured and taken into account.

The most suitable for these measurements of polarization
are alkaline solutions of hyidroxides, not only on account of
the scarcity of hydrogen ions, but also that the produes
formed at the anode is mercuric oxide, wlich is at the same
time the depolarizer used in this electrode.  Of all solutions,
those of baryta are most favourable, as in this instance the
traces of all other positive metals would be deposited at much
more negative potentials, and impurities of nobler metals
are excluded owing to the alkalinity of the solutions.

Electrolysis of dilute ammonium chloride offered no
difficulties ; it differs trom the deposition of metals in that
the current curve does not increase so steeply with inereasing
polarization (see fig. 3). The same was observed with
maguesium salts and in concentrated solutions of caleium,
strontium, and lithinm.

In dilutions greater than hundredth normal the readings
became indistinct, in very concentrated solutions impurities
mattered mucl ; in concentrated chlorides, morcover, the
formation of complexes with mercury brings it in solution,
which causes great increase and oscillations of the current.
For a similar reason sulplates cannot be nxed, since mer-
curous sulphate is considerably soluble and the solution
shows increasing conductance during polarization.

DiscusstoN oF THE RESULTS.

There is no doubt that the sudden change in slope of the
current-EL.M.F. curve (figs. 3 and 4) is due to amalgam
formation at the cathode. The formation ol amalgams from
electrolysis of salts was studied by Coeln and Kettembeil
(1991-4), who used agneous solutions of caleium, strontium,
and barinm with a mercury e¢np as cathode.  With such an
arrangement, however, extensive hydrogen evolution, besides
concentration polarization, excludes satislactory results.
Experiments with resting mercury nsed as cathode repeated
by the present author guve the break at much lower and
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very changeable potentials, due only to the evolution of
hydrogen, which depends on catalytically acting impurities
present in solution.

According to the theory of electrolysis, even the slightest
polarization, say 01 volt, deposits some cations on to the
surface of the mercury drop, and forms there an extremely
dilute amalgam. A very minute current equivalent to this
deposition must pass through the solution, but, since the drop-
surface possesses now a more negative potential, the current
; ! = { A ;
is stopped by the oppusing E.M.F. In increasing the
polarizing E.M.F. we increase the minute amalgam concen-
tration in the drop surface and diffusion into the inside must
vesult.  The wmount which diffuses will be proportional to
the concentration of the amalgam in the sarface, which is
given by the formula
! )

RT §
wT=— ‘log‘ 1{3[0 ~ U‘\[c,
nl

where Cy, denotes the amalgam concentration and 7 the
potential of the polarized drop. Thus the current

anE

i=k.Cy,=K.e Ul ;

i. e. the curve should be an exponential.

It will be noted that the incrcase of current above the
decomposition potential proceeds in a geometrical pro-
gression, the curve resembling a steep exponential.

The concentration of the amalgam in the drop-surface at
the deposition potential can be estimated from the investi-
gutions of G. N, Lewis and his co-workers (1912-15) on
the alkali-metal amalgam potentials. Assuming that ten-
fold dilution of the extremely dilute amalgam lowers its
potential by 0:06 volt, we obtain from the available data a
concentration of the order 10~% gram atoms of alkali metals
per litre of mercury. i.e., about one millionth of one per
cent, .

Mercury Drop Potentials. An attempt was made to
measure the potential of polarized mercury by placing under
the dropping capillary in the clectrolysing flask B (fig. 2) &
glass cup with a platinum contact. Normal and tenth-
normal sodium chloride solutions were used ; the potential
of the drops collected in the cup was measured against the
hottom mercury, or, which was found always to be identieal,
against a normal or deci-normal calomel electrode conpecf:ed
with the solution. From the beginning of the polarization
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al_u! also at the decomposition I.M.I. the drops showed no
difference against the pure resting bottom merenry ; however,
40 to 60 millivolts above the decomposition potential the
drops in the cup showed already 2 millivolts difference from
pure wercury, and this difference increased rapidly, so that
at a polarization of 2-10 volts the mercary in the ¢np was
already negative by nearly 2 volts more than the reference
electrode.  Obviously the most dilute amalgams which are
tormed at the deposition potential are only superficially
polarized and lose their negative potential d"uring the fall,
being instantly acted upon by water.

Affinity for Mereury. Itis assumed that the positive metals
combine with mercury and their compounds are rich in
mercury. Recently Richards and Conant (J. Awer. Chen,
Soe. xliv. (1922) p. 601) pointed out that even at very
great dilutions amalgams do not belave as ideal solution;‘;,
showing a rather large decrease in potential and a con-
siderable heat of dilution. The explanation is that even at
such dilutions combination with mercury still proceeds.

Supposing complete saturation will once be reached, in
an enormously dilute amalgam, as is probably the case in the
surface of slightly polarized mercury, we cannot expect that
this snormously dilute amalgam will have a tendency to
diffuse inside the droF as the particles are lighter than
mereury and are completely “solvated ” with mercury. As
soon as the the amalgam concentration increases so far
that it will not allow all atoms to he fully solvated with
mercury, affinity for mercury as well as the increased
coneentration will cause diffusion into the interior of the
drops 3 from this point the current curve will proceed much
steeper than ordinary diffusion could effect, and this probahly
happens at the deposition potential. )

The atoms of the alkali metals in the surface of mercury
are under two opposing forces: the affinity for mercury
draws them into the surface, their solution tension, on the
other hand, sends them into solution. Thus the deposition
potential depends both on the affinity of the metal for
wercury and ifs electrolytic potential. Since at the de-
position potential all alkali metals are in an analogous con-
dition, we can use these values to express the relative
affinities of the alkali metals for mercury. The deposition
potential indicates thermodynaniically the very small partial
pressure the alkali metal has in the drop-surface ; the com-
bination with mercury has lowered the activity of the alkali
metal, indicated by its electrolytic potential (E.P.) to tle
characteristic value my. V

On Indian Drums. 315

Thus the affinity, A, of the metal for mercury is equal to
mx—B.DP.

From the work of G. N. Lewis, mentioned above, and the
ralues 7y we have :—

Metal. E.P. Txe A=ax—EDP.
L1 ——— — 3804 —2:023 1:281
Na. ... —92:098 —1-860 1188
! ot -3-208 —1-883 1:325
| —3205 — 1796 1-409
R i (—33) —1837 (1-8)

The affinity is expressed in volt-laradays per gram-atom
This series shows that the affinity for mercury increases with
increasing atomic weight. Sodium has an anomalous
position (¢/. McPhail Smith, Zeitsch. Anorg. Chem. lviii.
(1908) p. 281) and behaves like a nobler metal, its amalgam
being very stuble—in fact, hydrogen was never observed in
these experiments to be formed on mercury drops on elec-
trolysis of sodium solutions. Finally, it may be pointed out
that the affinity of casium for mercury, which from extra-
polation would amount to 15 volt, points to the E.P. of
ceesium being —3+3 volt (from the calomel electrode).

Besides to Prof. Brauner, the author’s thanks are also due

to Professors J. Sterba-Bohm and F. Ziviska for their
Lelp.

The author wishes to express his indebtedness to the
prematurely deceased Professor B. Kucera, who suggested
to him the study of the polarization of dropping mercury.

Chemical Labovatory of

the Charles’ University,

Prague.

XXX. /adian Drums.
To the Editors of the Philosophical Magazine.

GENTLEMEN,—
IN India, like kettledrums, there are many drums which
are musical, and which ave used in company with stringed
instruments. They differ from kettledrums in two respects :
(1) they are loaded over a central zone, and (2) they e]icit
harmonie partials (¢ Nature,” Jan. 15, 1920, p. 500). It is
well known that the partials of an unloaded membrane do
not form an harmonic series, and a few of them give a
consonant chord. From a look at the Indian instruments, it
at once becomes evident that the load per unit area varies

E




	Forepage
	hist-23-titlep
	hist-23-Heyrovsky-2



