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L

Up to the commencement of 1876 direct experiments on the difference of potentials of .

solids in contact with liquids had been made by Vorra,* Sir HumpuHRY DAvy,t
MM. Burr,} BrcQuEreL,§ Phcrer,| Praved Sir Witiriam Tromsow,** HaNkEeL,tt
and GErLAND,I} and of liquids in contact with liquids by KomLrauscr ;§§ but
although extremely interesting they were all incomplete, for the following reasons :—

1. The earlier experiments were not carried out with apparatus susceptible of giving
accurate results.

2. Owing to the incompleteness of the apparatus, assumptions had to be made not
justified by the experiments.

8. No direct experiments had been performed to determine the difference of poten-
tial of two liquids in contact, with the exception of a few by KoHLRAUSCH, using a
method which appeared to us quite inadmissible as regards accuracy of result.

With regard to the objection No. 1, it is needless to do more than to remark that
some of the earlier experimenters thought it permissible to touch a liquid under test
with the fingers, or assumed without experiment that a piece of blotting-paper, pre-
viously soaked in a liquid, acted inductively on a distant metallic surface as a layer of
the liquid would.

* Voura, Gehler’'s Worterbuch, Bd. iv., s. 616.

+ DaAvy, Ann. de Chim,, t. Ixiii,, p. 230, 1807.

t Burr, Ann. d. Chim. u. Pharm., Bd. xlii,, s. 5, 1842; u. Bd. xlv,, s. 137, 1844.

§ Brcquerer, Ann. de Chim. et Phys,, t. xxv., p. 405, 1824; Pogg. Ann., Bd. ii., s. 169.

|| PicLer, Aun. de Chim. et Phys. [3], t. ii,, p. 233; Arch. de 'EL, t. i, p. 621, 1841.

€[ Prarr, Pogg. Ann., Bd. li,, s. 110 und 197, 1840.

#% TuoMSON, Proc. Lit. and Phil. Soc. of Manchester, Jan. 21, 1862 : Papers on Elec. and Mag., § 400,
p. 317.

++ Hanxksr, Elektr. Untersuchungen, vi.; Abhandl. der Math.-Phys., Classe der Konigl. Sichs. Gesell-
schaft, Bd. vii., s. 585, 1865.

11 Geruanp, Pogg. Ann., Bd. exxxiii,, s. 513, 1868.

§§ KomrrauscH, Pogg. Ann., Bd. Ixxix., s. 200, 1850.
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16 PROFESSORS W. E. AYRTON AND J. PERRY

Regarding objection No. 2, great vagueness existed as to whether the contact
difference of potentials between two substances, A and B, which we shall call for
brevity AB, was a constant depending only on the substances A and B and the tempe-
rature, or whether, one or both being a liquid, it was a variable dependent upon what
other substance was in contact with either. Some writers regarded it as a variable ;*
GERLANDY considered he had proved it constant when one or both of the substances
was a solid. But, first, the agreement of the value of the electro-motive force of each
of his cells with the algebraical sum of the separate differences of potential at the
various surfaces of separation, which was the test of the accuracy of his theory, is so
striking, and so much greater than polarisation, &c., usually allows one to obtain in
experiments of such delicacy, that one cannot help feeling doubtful regarding his
conclusions ; secondly, his apparatus did not allow of his experimenting with two
liquids in contact, consequently he could not legitimately draw any conclusion in this
latter case. And although KonrLrAausca had made some few experiments on the dif-
ference of potentials of liquids in contact, still, since he employed moist blotting-paper
surfaces instead of the surfaces of the liquids themselves, we felt, for this reason if for
no other, that his results did not carry the conviction the distinguished position of the
experimenter might have led us to anticipate.

In fact, the inability of all experimenters to measure directly and accurately with
their apparatus the contact difference of potentials of a solid and a liquid, and especially
of two liquids, caused the whole theory of voltaic action to remain in a vague and
incomplete state. It therefore appeared to us, in 1875, desirable to design an appa-
ratus and carry out a series of experiments on this subject ; and the results obtained
during the following year will be found in our papers Nos. I. and II. (Proc. Roy. Soc.,
No. 186, 1878). Our method consisted in measuring directly the difference of poten-
tials in volts at each separate contact of dissimilar substances in the ordinary galvanic
cells, and then ascertaining whether the algebraical sum of all the contact differences of
potential was or was not equal to the electro-motive force of the particular cell in
question. The result obtained was that, within the limits of experiment, if AB,} BC,
CD, &c., were separately measured (any one or more of the substances being solid or
liquid), then if any number A, B, C, D .. .. K were joined together, and the electro-
motive force of the combination AK measured, the following equation was found
true :—

AK=AB4+BC+CD+.... 4+JK

Which proved that each surface of separation produced its effect independently of any
other.

* F. JENKIN, Elec. and Mag., p. 44, 1873

+ Grerianp, Pogg. Ann., Bd. exxxvii, s. 552, 1869.

1 AB, as previously defined, being the difference of potentials between A and B in contact with one
another, but neither in contact with any other conductor. '



ON THE CONTACT THEORY OF VOLTAIC ACTION. 17

Since a preliminary notice of our first paper was communicated by Sir WiLLiam
TroMSON to the British Association in 1876, Professor CLiFroN has published one
“On the Difference of Potential produced by the Contact of Different Substances ;”
but in spite of the exact workmanship of Professor Crirron’s apparatus and the pro-
bable accuracy of the results attainable with it, it ‘nevertheless possesses the same
objection as the instrument employed by GERLAND, namely, that it was not possible to
measure directly with it the difference of potential of two liquids in contact. The
results given by Professor CLiFTON are, as far as they go, generally in accord with
those contained in our paper.

IL

The experiments of which the results form the subject of the present communication
were made duri‘ng 1877 and 1878, and the new apparatus employed, although gene-
rally the same in principle as that prev1ously used, possessed many important modifi-
cations suggested by experience.

The method of measurement was as followst :—Let 3 and 4 be two insulated gilt-
brass plates connected with the electrodes of a delicate quadrant electrometer. Let
1 under 8 and 2 under 4 be the surfaces whose contact difference of potential is to be
measured. 3 and 4 are first connected together and then insulated, but remain con-
nected with their respective electrometer quadrants. Now, 1 and 2 are made to
change places with one another, 1 being now under 4 and 2 under 3, then the de-
flection of the electrometer needle will give a measure of .the difference of potentials
between 1 and 2.

Fig. 1.

For before reversal let (fig. 1) the potential of the electrometer needle be N, of the
induction plates and of the quadrants be B, of the substance 1 be A, and of the sub-
stance 2 be A<+, so that a is what we desire to measure ;

* Proec. Roy. Soc., 1877, vol. xxvi., p. 299.

+ It need hardly be noticed that an inductive and not.a conductive method of experimenting must
necessarily be employed since the latter would introduce always unknown differences of potential.

MDCCCLXXX. D



18 ~ PROFESSORS W. E. AYRTON AND J. PERRY

Let the capacity of each pair of quadrants be C,, of 8 be Cs, and of 4 be C, ;
Let the coefficient of induction of the electrometer needle on each pair of quadrants
be K,, of substance 1 on plate 3 be K, and of substance 2 on plate 4 be K,.

Now on reversal (fig. 2) the needle will be deflected and the change of the capacity
of each pair of electrometer quadrants, as well as the change of the coefficient of induc-
tion of the needle on each, will be proportional to the deflection, that is, proportional
to d the difference of potentials now existing between the two sets of quadrants,
therefore let the potential of 3 become D-d, and of 4 become D ;

Let the capacity of each pair of quadrants become C,+cd, and of 3 become C’s,
of 4 become C';

Let the coefficient of induction of the electrometer needle on each pair of quadrants
become K,+kd, of substance 2 on plate 8 become K’y, and of substance 1 on plate 4
become K';; then—

Before reversal, fig. 1,
The charge in 3 and in

the pair of attached » =AK,+BC,+NK,+BC,

quadrants

The charge in 4 and in
the pair of attached » =(A+e)K,+BC,+NK,+BC,
quadrants
After reversal, fig. 2,
The charge in 3 and in
the pair of attached
quadrants

=(A+0)K, -+ (DFd)Cy+ N(K, o)+ (D+) (Cp+-od)

The charge in 4 and in
the pair of attached »=AK’14+DC4+N(K,4kd)4D(C,4-cd)

quadrants
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This is the most general case, it only assumes the electrometer quadrants to be
symmetrical with reference to the needle, but allows any amount of unsymmetry in our
induction apparatus. In practice, the motion of the electrometer needle is usually in
these experiments so small that we may neglect the change in the capacity of the
quadrants, and in the coefficient of induction of the needle on them produced by this
motion ; consequently since the charge in the plate 8 and the attached pair of quadrants
is not altered by the reversal

AK,+BC;+NK,+BC,= (A+(L)K'2—|- (D+d)C;+NK,+(D+d)C,,
similarly
AKX, +DC,+NK,+DC,=(A+a)K,+BC,+NK,+BC,
- aKy=A(K", —Ky) +D(C,+C))—B(C,+C))
20— C)) = A (K, —K';) +B(C+ C,) = D(C's+C,)

In order therefore that a, which is the difference of potentials we desire to measure,
shall be proportional to d, the observed difference of potentials, it is necessary that

either C; = C, or B=0
and either ¢';= C’, or D=0

K,=K,
and either or A=0
K/, =K,

Now the conditions on the left hand side mean perfect symmetry of our induction
apparatus before and after reversal. But as this, at any rate in J. épan, is practically
unattainable, it is desirable to make B, D,and A each nought. B can be made nought
and also D very small by not merely connecting plates 3 and 4 together at the com-
mencement of each experiment, but also with the outside of the electrometer or the
earth, and we can also make A small by connecting either substance 1 or 2 also with
the earth. Such connexions were always made in the following experiments.

In order to rotate the lower substances 1 and 2, it is necessary, if one or both of
them be a liquid, to first increase the distance between 1 and 2 and between 3 and 4,
in order that 3 and 4 may not strike against the sides of the vessels containing the
liquids. In our former apparatus this was done by the table carrying 1 and 2 being
supported and capable of revolution on a central leg, which itself was movable up and
down (Proc. Roy. Soc., No. 186, vol. xxvii., pl. 7). But when the two substances of
which it was desired to measure the difference of potentials were, say, a vessel of mer-
cury and a comparatively thin plate of metal, the difference of weight on the two sides
made it almost impossible with this method to obtain sufficient parallelism of the
surfaces 1, 2, and 3, 4; so that our former experiments were necessarily confined to
pairs of substances not having a great difference in weight. But, as it was obviously

D 2
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desirable that the present investigation should not be thus limited, it became necessary
to construct a new apparatus, of which the end elevation is shown in Plate 5, and the
side elevation in Plate 4.

Again, in the old apparatus it was necessary to open the metal cover enclosing the
whole apparatus in order to lower, rotate, and raise plates 1 and 2. Now we consider
that, although theoretically there was no objection to opening this case, provided it
was shut again to screen the apparatus from exterior electrical induction before a read-
ing was made, still that, as it introduced a possibility of the plates 3 and 4 being
touched during an experiment, this opening was objectionable. In the present
arrangement, the table A B, which carries the levelling screws [l for supporting the
substances of which the contact differences of potential are to be measured {in our
figure a liquid, I, and a solid plate, P, about 530 square centimetres in area), runs with
three wheels, W, on a circular very rigid metallic horizontal railway, R ; and to avoid
lateral motion the table is kept centred by a stout iron pin, M, turning in a brass
socket, 8. The necessary vertical motion is produced in this apparatus by the plates
3 and 4, which are attached to the upper framework with an arrangement similar to
that employed with a parallel ruler, being raised or lowered by a vertical brass rod, 77,
capable of rotation, so as to allow of the pin, p p, passing through the slot, s s (shown
in plan below), or being stopped by it when the rod is required to remain raised. The
plates 3 and 4, which are each about 300 square centimetres in area, are supported by
chemically clean glass rods, G, kept artificially dry by pumice-stone soaked in sulphuric
acid, and resting in the leaden cups, U, sliding into the brass cylindrical tubes, B, with
bayonet joints. These leaden cups may be lowered by handles, 4, so as to rest on the
brass plates 3 and 4 when the instrument is not in use, thus preventing access to B of
the external air. The permanent adjustment for coincidence of the plane surfaces of
the brass plates is effected by means of three screws, w, in each of the brass caps, C.
Temporary adjustment of the horizontality of the brass plates is effected by means of a
spirit level and the three large levelling screws, K, which support the whole apparatus,
and the positions of which are fixed by hole, slot, and plane.

T T are strips of brass soldered to the induction plates 3 and 4, and connected by
means of clips to fine platinum wires leading to the insulated electrodes of the quadrant
electrometer, and to the insulated terminals of a highly insulated short circuit key,
not shown in the drawing.

In addition to the whole framework being made very stout and of cherry-wood, one
of the Japanese woods that warps least, it was further strengthened by various cross
tie-pieces, as shown in the drawings. ‘

The whole apparatus, including the short circuit key and electrometer, was, to avoid
induction from outside, enclosed in a large zinc case connected with the earth, and
was not opened at all during one complete experiment, consisting of some ten short
circuitings of the upper plates, reversals of the table A B, and corresponding readings
to the right and left of the electrometer needle.
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We shall now describe a complete operation to obtain the contact difference of
potentials, between a metal and liquid, for example. Suppose the permanent adjust-
ments to have been made, and the gilt plates 3 and 4 to be quite bright. The plate P
is cleaned with emery paper that has touched no other metal, and all traces of the
emery removed by means of a clean cloth; it is then placed on the three levelling
screws, 1, and fixed in position by hole, slot, and plane. The porcelain dish containing
the liquid is laid in a metal one just fitting it, and on the base of which is a hole, slot,
and plane ; this is now laid on the other levelling screws, I.

The rod, 77, is then lowered until the disk, d d, rests on a brass plate let into the
top of the wooden framework at the top of the instrument—that is, until the induc-
tion plates 3 and 4 are in their lowest position. The levelling screws, [/, are now
raised until a small metal ball, of a diameter of 8 millims., is in contact at three fixed
points with the plate 4 and the plate P, or until when in contact with the plate 3
it and its reflection in the liquid L appear to meet. To avoid any harm arising from
possible contact of the liquid with this gauge ball, it was made of a material not acted
on by the particular liquid under experiment.

Before proceeding further, each pair of quadrants is in succession put to earth, the
other pair remaining insulated in order to test for any possible leakage from the
needles to the quadrants. Each pair of quadrants is now charged with a battery, the
other pair being connected with the earth, in order to test for any leakage along the
glass rods G, the small glass rods supporting the quadrants in the electrometer, or
along the paraffined ebonite pillars of the short circuiting key. It having thus been
ascertained that there is no leakage, the strip of metal which has been cut from
the same sheet of metal as P itself, and temporarily attached to it by a binding screw
soldered to P, is made quite bright with emery paper and a cloth, and its end dipped
into the liquid L, as shown in Plate 4. The zinc case is then closed up, plates 3 and 4
connected together, and with the earth, by means of a key (the handle of which
was a long thin ebonite rod projecting through the zinc case), and the electrometer
reading taken. 38 and 4 are then insulated from one another, and from the earth, and
raised by means of the rod,  r, projecting above through the zinc case ; the table A B
turned from below by means of a handle passing through the base of the instrument ;
3 and 4 then lowered into exactly their former position, ensured by the parallel motion
of the supporting beam and by the limiting stop, d d. The reading of the electro-
meter is now taken. Again short circuit, insulate, raise, reverse, and lower, and take
a new electrometer reading, &c.

Some ten readings having been thus obtained, a fresh set of experiments is always
made with the same two substances in the following way in order to compensate for
the error introduced by defects in parallelism of the apparatus affecting the result
obtained from two rigid surfaces (as that of copper and zinc), differently from the
result found with one or with two liquid surfaces under test. Instead of commencing,
as before, with the liquid L under 3 and the plate P under 4, we start with the plate
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under 3 and the liquid under 4, and readjust, by means of the levelling screws [, the
heights of the surfaces, until their distance from the plates 3 and 4 is, as before,
8 millims. We then short circuit, insulate, raise, reverse, and lower, and take exactly
as many readings as before ; and the mean of the two sets of readings, obtained with
the two modes of levelling, is regarded as the result of the particular experiment.

111

The results we have already obtained in this present investigation group themselves
under three heads :—

Ist. The contact difference of potentials of metals and liquids at the same tem-
perature.

2nd. The contact difference of potentials of metals and liquids when one of the sub-
stances is at a different temperature from the other in contact with it; for example,
mercury at 20° C. jn contact with mercury at 40° C. '

3rd. The contact difference of potentials of carbon and of platinum with water, and
with weak and strong sulphuric acid.

But those contained under head No. 1 are alone contained in the present investiga-
tion. The remainder of our completed experiments we desire to have the honour of
submitting on a subsequent occasion to the Royal Society.

A fourth very important division of the subject, namely, the measurement of the
contact difference of potential of substances in other gases than air, it has been our
intention for some time to take in hand; but, although we commenced the working
drawings of the apparatus necessary for that investigation at the beginning of 1877,
we have not yet had an opportunity of constructing it.

The numbers which follow in the accompanying tables are those to which alone we
attach importance, but it need hardly be said that, in such delicate experiments as the

present, much time has to be spent in obtaining measurements which are afterwards
found out to be wrong for a variety of reasons. All such we have not included in the
following tables ; and this therefore explains why, in some cases, one measurement
only is apparently the result of a whole day’s work.

In our previous papers Nos. I. and IL we used as our standard electro-motive force
that of a LaTiMER CLARK’S standard mercurous-sulphate cell, since that was the most
constant galvanic cell known to us; and we found experimentally, as Sir WiLLIAM
TroMsON previously ascertained, that zinc had to copper a contact difference of poten-
tials 075 volt. Now, although Mr. LAmiMER CLARK’S cell is a very constant
element, the difference of potentials of zinc and copper is even more constant ; we
have, therefore, in the present investigation compared all our measurements with this
standard, which we have taken to be equal to 0:75 volt.
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A contact
difference
Date. The following— Has to the following— At— . of Remarks,
potentials,
in volts.
°C.
30/1/78 .| Zmc sulphate, sp. gr. 1'125, | Copper sulphate, sp. gr. 166 +0:090 | Each of the numbers in the
at 16*9 C. 1'087, at 166 C. preceding column is the
Copper. . ' " 17 +0°103 average of about ten obser-
Zinc . Zinc sulphate, sp. gr. 1125, 17 —0238 vations.
at 16>9 C.
8/2/78 Copper. Distilled water . .. + 0269
11/2/78 .| Zinc ” N 185 | +0088
Zinc sulpha,te, saburated at ” » 135 +0°120
15°8 C.
Zine . . . . . . ’ ’ 135 +0°156
Copper. . ' ’ 16 +0100 |
12/2/78 Copper sulphate, saturated ’ ’ 1 +0°044 | The contact difference of
10 a.M. at 15° C, potentials of saturated
Zinc sulphate, saturated at ’ » 145 +0°190 copper sulphate with dis-
15>3 C. tilled water was here mea-
11 AM. .| Copper sulphate, saturated ’ ’ 14'6 +0°052 sured several times on
at 15° C. different occasions, as a
8.15 p.m. ” » " » 16 +0°040 test of the efficiency of
7.85 p.M. » 1 ” " 15 +0°040 our method of measuring
15/2/78 Copper sulphate, saturated ’ e e e e 16 +0'041 the difference of potentials
at 15° C of two liquids in contact.
18/2/78 Zinc sulphate, saturated at | Copper sulphate, saturated 14 +0°090 The comparative con-
153 C at 15° C. stancy of the numbers
s 9 Distilled water . Lo 155 +0°184 obtained on the different
19/2/78 Copper. . . . . . . .| Copper sulphate, saturated 156 + 0070 occasions, 0°044, 0°052,
at 15° C. 0040, 0°040, 0°041 volt
1 Distilled water. . . . 16 +0°150 (each being the mean of
Zine 2 o e e e 174 —~0°105 some ten observations),
s e e e Zinc sulphate, saturated at | 17 —0°457 proves that our method is
17° C. practically accurate,
Copper. . . . Tin. i7 —~0'456
19/2/78 o e e e e Lead 18 —0°542
Lead . . . Zinc . e 187 —0°210
Zine Tin., . . . . . . . .| 19 +0281
Copper Iron . . . 18 —0°146
20/2/78 .| Lead . . . . . . . Tin. . . . . . . 17-8 +0099
21/2/78 .|Iron . . . . . . . Water . . . . . . 13 +0°148
Platinum . . e 14 +0:310 N
. . Nltrlc acld .o 17 +0°672 | Difficult to measure in con-
Zinc . Distilled water with a shght 17 —0°241 sequence of the film which
trace of sulphuric acid. - condensed on the gilt in-

» Distilled water with about 18 —0289 duction plates.

% per cent. of sulphuric
acid.

»” Distilled water with about 19 —0-312
% per cent. of sulphuric
acid.

» . 1 of sulphuric acid and 20 188 —0344 | The value slowly increased
of distilled water by from the formation of a
weight. salt on the surface of the

zine.

» 1 of sulphuric acid and 30 19 —0'344 | The zinc slowly blackened,
of distilled water by but not so quickly as
weight, before.

22/2[78 .| Solution sea-salt, sp. gr. 1°18, | 19 —0'506
at 205 C.

23/2/78 .| Copper . ' 15 — 0475

25/2/78 .| Lead Distilled water . 17 +0°184

’ Coe e Strong sulphunc acid. 17'8 10720

26/2/78 .| Zine . . . . . Sal-ammoniac, saturated at 14 —0°637

15%5 C.

Copper ' ' 15 —0°396

» e e e Strong sulphuric acid. 17 +1°056

Lead . . . . . . . s 5 18 +0°720

Platinum . » ” 18 +1+424

’ e « « . . « .| Lead 18 —0"771

27/2(78 Copper o Platinum . 15 +0°238

.| Platinum . . . . . Zine 16-4 —0'981

) Iron . 17 —0°369

M e e Tin. 17 —0°690
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13/3/78
14/3/78
15/8/78

the results.

Platinum .
Copper.

kL .
bR

Zinc

Zine

Saturated zine s;llp.hafze

Mercury .

»
Ver’)’r clean Irierc'ur&v .
Saturated zinc sulphate .
Saturated copper sulphate .

1 of distilled water, 3 of
saturated zine sulphate.

16 | +0129
16 +0°316
15 +0°254
15 +0°812
16 — 0420
16 +0:095
16 —0-444

A contact
difference
Date. The following — Has to the following— At— of Remarks.
potentials,
in volts.
°C.
28/2/78 Copper Alum, saturated at 165 C.. 15 —0°243 | Each of the numbers in the
Zine » » 17-8 —0536 preceding column is the
Lead Sal-ammoniac, saturated at 18 —0°189 average of about ten obser-
17° C. vations.
Iron 2 »” 18 —0'652
Lead 1 of sulphuric acid, 5 of dis- 17 —0"120
tilled water.
1/3/78 » Distilled water . . . . .| 17 +0°167
woe Alum, saturated at 16>5 C. . 16 —0139
Iron . . 3 5 16 — 0653
4/8/78 Lead Distilled water . . . . .| 155 +0°163
” Solution sea-salt, saturated 17 —0'267
at 17° C.
Iron » » 18 —0°605
Zine . ,, 154 | —0624
Copper ” ,, 16 —0524 |
5/8/78 Lead Alum, saturated at 165 C.. 16 —0139
Iron s ’ 16 —0°653
6/8/78 » . Mercury . . . . 19-4 + 0501
Copper » .o . 19 + 0378
7/8[78 R Brass . . . . 19 —0°151
Zine y e 18 +0679
Iron 3 19 +0'064
Lead » . 185 +0°472
Tin » 185 + 0872
Platinum . g e e e e e e 186 —0-287
' Solution sea-salt, saturated 18 - 0856
at 17° C.
Tin » 1 17-8 —0'304
» .. Sal-ammoniae, saturated at 18 ~ 0364
155 C. !
8/3/78 Platinum . » 5 17 +0°057
’ Alum, saturated at 16>5C. . 17 + 0246
Tin . , 17 —0°225
9/8/78 2 Distilled water . 145 +0°177
Tron Mercury . 16 +0'503
Lead » 15 +1:00
rapidly
diminish-
© ingto0
11/8/78 Tin 1 of distilled water, 5 of 16 — 0256
sulphuric acid by weight.
Brags . 1 " i5 +0°016
» . Distilled water . . . . . 14 + 0207
” . Solution sea-salt, saturated . 14'5 —0435
2 .o Alum, saturated . . . . 14'5 —0014
» . . Sal-ammoniac, saturated . 14 —0385
12/8/78 Tin . . . . . Distilled water . . . . .| 16 +0°177
Platinum. . . Mercury . . 17 + 0204

Here a number of apparently very discordant results were obtained when experimenting with mercury. The
explanation at length was found to be due to the apparent contact difference of potentials between a metal and
mercury as measured inductively, varying much with small alterations of temperature.
redistilled in the laboratory between every two experiments to remove all traces of impurities, probably in some
cases it had not become perfectly cold before a new experiment was made, and hence the apparent irregularities in
As, however, this investigation forms the subject of a future paper, it is unnecessary to say more now
than to remark that in all the results mentioned in this communication, the mercury was not used until its tempera-
ture had become approximately that of the air.

Now as the mercury was
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A contact
. difference
Date. The following— Has to the following— At— of Remarks.
potentials,
in volts.
°C.

15/3/78 Saturated copper sulphate . | 1 of distilled water with 8 16 —0°102 | Bach of the numbers in the
of saturated solution of preceding column is the
zinc sulphate. average of about ten obser-

3 " 1 of distilled water with 1 16 —0093 vations.
of saturated solution of
zinc sulphate.
Zinc . Saturated zine sulphate . . 16 —0°440
Copper. Alum, saturated . . . . 15 —0°109

As a small leakage was now observed between the needle of the electrometer and the quadrants this instrument
was taken to pieces and cleaned.

18/3/78 Copper. Meteury . . .7 . . . . 135 +0°851
19/8/78 Tron " B I £ 1 +0:473
Copper. Alum, saturated . . . . 15 —0-145
Platinum . Strong sulphuric acid . . 15 + 1587
Lead » »” 145 + 1252
Copper. » 5 15 +1:170
20/3/78 Platinum. . . . . . Mercury . . . . . . . 155 +0°198
Brass . . . . . . . Distilled water. . . . . 15 +0°256
26/3/78 » Sal-ainmoniae, saturated at 17 —0'861 From the 26th March to the
1575 C. . 8th April occupied with
8/4/78 . s v e e e Zine 157 —0697 experiments on the con-
tact difference of poten-
tials of hot and cold mer-
cury.

IV.

We now endeavoured to measure the contact differences of potential of each pair of
constituents in a LAaTIMER CLARK’S mercurous sulphate cell. First we tried mercury
and mercurous sulphate paste, the mercury being put into one of our porcelain dishes
and the mercurous sulphate paste into the other, the connexion between the two
being made by a small glass siphon filled with the mercurous sulphate paste and the
earth connexion by a platinum wire dipping into the paste in the porcelain dish.
Many days were spent unsuccessfully at this experiment, and at similar ones which
follow, on account of the thin layer of water which floated on the top of the mercurous
sulphate, even after great care had been taken to remove it with a pipette. Often,
therefore, instead of measuring the contact difference of potentials between a substance
A and the mercurous sulphate paste, we obtained that of A with the paste plus that
of the paste with water. At length, however, we obtained the following, each number
given being, as usual, the mean of many experiments. Very great care was taken to
have the materials chemically pure, the mercury being frequently redistilled ; also to
prevent any discrepancies in these results being caused by any possible electrification
of the porcelain vessels themselves, they were thoroughly de-electrified after cleaning
and before using.

It may be noticed that this difficulty experienced by the thin layer of water which
floated on the mercurous sulphate paste is a very good example of the inaccuracies

MDCCCLXXX. E
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that must have been introduced by former experimenters using a moist blotting paper
surface instead of the surface of a liquid itself. (See page 15, “Reasons for Incom-
pleteness of Early Experimenters.”)

) A contact
difference .
Date. The following— Has to the following— | At— of Remarks,
potentials,
in volts.
°C.
12/4/78 .| Mercury . . . . .| Mercurous sulphate 15 —0°092 | Connexion between the mercury and the
) paste paste made by a small glass siphon tube
28/4/78 . 3 Coe e e s . " 17 + 0405 filled with the paste. Connexion with the
» e e e ” ,, 17 +0°420 earth made by a platinum wire dipping
24/4/78 . »» e e e e e 2 ” 19 +0'360 in the paste in the last four, and with
25/4/78 . 3 e e e 3 »” 17 +0470 an iron wire dipping into the mercury
in the first case.
13/4/78 .| Saturated  solution » " 16 +0°103 | Connexion between the liguid and the
zine sulphate paste formed by a tube filled with the
paste, but neither were connected with
the earth.
” » » 9 17 +0°106 Zinc sulphate solution connected with the
earth by a platinum wire, the connexion
g with the paste remaining as before.
23/4[78 . ” " ” » 18 +0°740 ) o
24/4/78 . » ” » » 18 40900 " » ”
”” 1 » ” 18 +0°720 ” " 3
27/4[78 . ” ”» » 2 19 +0°100 | Connexion between the liquid and the
s ” » » 19 +0°080 paste formed by a very clean cotton
» » » 5 19 +0°120 wick previously soaked in the saturated
2 2 19 +0°090 solution of pure zinec sulphate. Con-
nexion with the earth made by a plati-
num wire dipping into the porcelain
vessels containing the zinc sulphate.

In order to ascertain whether the high or the low value for the constant difference
of potentials of zinc sulphate with mercurous sulphate was correct, an ncomplete cell
of zinc sulphate solution, mercurous sulphate paste, and mercury was formed, and the
electro-motive force measured, the arrangement employed consisting of the zinc sulphate
solution being put in one of the porcelain dishes, and in the other the mercury,
the two being connected with a small beaker containing mercurous sulphate paste,
and which did not act inductively on the induction plates. The connexion between
the zinc sulphate and the mercurous sulphate was made by a clean cotton wick
previously soaked in a saturated solution of the former, and the connexion between
the mercury and the paste in the beaker by a small glass siphon tube filled with the
latter.. Earth connexion in the first experiment recorded was made by a platinum
wire dipping into the mercury, afterwards by a platinum wire dipping into the zinc
sulphate instead of into the mercury.

SATURATED zinc sulphate and mercury connected by mercurous sulphate paste.

Date. Temperature. Difference of potentials in volts.
24/4/78 18° +0725
25/4/78 17° —0330

27/4/78 19° +0770
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Now the mean of the low set of values obtained previously with zinc sulphate and
mercurous sulphate is 4-0°100, and of the high values 40787 ; the mean of the
values previously obtained with mercury and mercurous sulphate‘ is 40414, and a
single value —0'092. In order to obtain the electro-motive force of the incomplete
cell we must subtract the two latter from the two former, giving us

—0°314 or 40879,

which are practically equal to the extreme values obtained directly for the electro-
motive force of the incomplete cell. It therefore seems to be tolerably certain that
the variable results obtained when experimenting with mercurous sulphate paste are
due to the uncertainty of the nature of the bounding surface.

The mercurous sulphate paste and the saturated zinc sulphate solution were now
boiled together, as is done in preparing Mr. LatiMEr CLARK’S constant element.
Using this mixture in one porcelain vessel and mercury in the other, and joining
them with a small glass siphon filled with the mixture, we obtained

Volts. Mean of.
9/5/78 Mercury has to Mixture, 22° C, —0°210 10
11/5/78 » ’,, N 40072 10

Wetting the surface of the mixture with a little saturated zinc sulphate solution
brings up the answer to 40340, the latter being the mean of ten observations all
giving nearly equal results. The following contact difference of potentials was now

measured.
Volts.
11/5/78 Amalgamated zinc has to Mixture —0°840
” » s —0'930
» » » —0-740

A little saturated zine sulphate solution being poured over the mixture and taken
out again carefully with a pipette altered the result to 4-0-520.

The following incomplete cell consisting of mercury and amalgamated zinc joined by
the mixture of saturated zinc sulphate and mercurous sulphate paste previously
referred to was now made, and the mean electro-motive force was found to be about
40200 volt, the mercury being positive to the amalgamated zinc; this is roughly
equal to the first value obtained with mercury and the mixture added to the last
value obtained with the mixture and amalgamated zinc.

It was found that
Volts.

26/4/78 Amalgamated zinc had to Copper 18°C. 0894
From which it follows that

Amalgamated zinc had to Platinum ,, =+1'125
E 2
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Therefore the electro-motive force of a LATIMER CrARK’S cell should be

Volts,
(Platinum, Mercury) ' =-+0'156
(Mercury, Mixture, Amalgamated zinc) =-0200
(Amalgamated zinc, Platinum) =+1125
1-481

The real value of the electra-motive force of the cell being about 1°46 volts.

A contact
difference
Date. The following — | Has to the following— | At— of Remarks.
potentials,
in volts.
°C.
26/4/78 .| Amalgamated zine | Copper . . . . . . 18 + 0894
» py | Tin . oo L 18 + 0463
” » 1 of sulphurie acid with 18 — 0429
5 of distilled water
by weight.
» £ ” 3 —0°431
2 1 1 of sulphuric acid with 18 —0'858 | Wiping the zine surface increases the
) 10 of distilled water reading, showing that the half-liquid
by volume. surface of the amalgam introduces some
indefiniteness.

2 2 2 22 18 — 0424

" » | Distilled water . . . 18 +0090 | Readings go down rapidly, but wiping the
strip of amalgamated zine dipping into
the water brings them up again.

» o Strong sulphuric acid . 18 + 0848 | As the zinc was rapidly acted on slightly
by the strong sulphuric acid, it required
re-umalgamating after every few obser-
vations,

27/4/78 . 1 ’ Saturated zinc sulphate 19 —0:284 | No falling off in the readings.
The induction plates were now regilt.
12/5/78 .| Catbon . . . .| Zine. . . . . . . 215 —0°045
s . . « .| Copper. . . . ., . 215 —-0°370
” .o . .| Lead . . . . .. 21'5 —0°858
5 e o o .| Mereury , . . . . 215 +0°092
Platinum . ' e e e 215 —0°143
15/5/78 .| Carbon . . . .| Zine. . , , . . . 22 —1:143 | Carbon slightly warm, having been washed

and dried by heating,
The experiments of carbon with liquids constitute a separate paper.
21/5/78 .| Distilled water . | Sulphuric acid . . . +1:319

riging to
+1:600

The connexion between the liquids was made by a glass rod dipped previously into
distilled water, and the legs of which rested one in each of the porcelain dishes.
During each of the experiments the readings gradually rose, but if the glass rods were
taken out, redipped in distilled water, and replaced, they returned to their original
value. In case this might be due to the drying up of the film of water on the surface
of the connecting glass rod, the connexion between the liquids after the next experi-
ment was made in the following way. In addition to the wetted glass rod, the legs
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of which dipped into the two porcelain dishes, there were twisted round it a few clean
cotton threads, which had been previously soaked in distilled water or in the non-acid
liquid employed, alum, copper sulphate, &c. The threads were of such a length that
one of their ends dipped into the dish containing the non-acid liquid, while the other
descended nearly, but not quite, to the acid.

A contact
difference
Date. The following— | Hag to the following— | At— of Remgrks.
potential,
in volts.’
°C. :
21/5/78 .| Sulphuric acid . . | Saturated zinc sulphate —1699 | After long delay goes up slightly.
22/5/78 .| Distilled water . | Sulphuric acid , . .| 22 +1-278
rising
slightly
Saturated solution 52 » e 22 + 1458
alum.
Saturated solution ,, 1 e 22 +1:269 | Increased a very little in two hours.
copper sulphate
V.

As a test of the accuracy of the measurements we may see how nearly for any

three metals A, B, C, the suym
AB+BC+CA

equals nought, as it ought to, since it is well known that in any compound metallic
circuit at uniform temperature there is no electro-motive force. In order that the
test may be the more rigid we will employ only the measured contact differences of
potential, and not the calculated ones or those marked with an asterisk in the table
of contact differences of potential of solids with solids,

Volts. Sum,

1. (Copper, Lead)+(Lead, Platinum) = 40229 '

(Platinum, Copper) = —0238 —0'009
2. (Copper, Zinc)+(Zine, Lead) = —0°'540

(Lead, Copper) = 40542 40002
3. (Iron, Brass)4(Brass, Copper) = 40151

(Copper, Tron) = —0146 40005
4. (Zinc, Platinum)+-(Platinum, Copper) = 40743

(Copper, Zinc) = —0750 —0°007
5. (Zinc, Platinum) 4- (Platinum, Lead) = 40210

(Lead, Zinc) = =—=0210 0000
6. (Iron, Copper)+ (Copper, Brass) = 40059

(Brass, Iron) —0°064 ~0°005
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Now if it be remembered that the various experiments with the different metals,
although made at an average temperature of 18° C., were, as mentioned in the various
tables, made at somewhat different temperatures the one from the other, it will be
seen that the previous six sums cannot be absolutely nought. We may therefore
regard them as sufficiently small to prove a considerable amount of accuracy in the
experiments.

The numbers given in the two large tables for the contact differences of potential
of solids with solids, solids with liquids, and liquids with liquids might be employed
to build up the electro-motive forces of well known one and two fluid galvanic cells.
As however the summation law referred to at the commencement of this paper may
be considered as having been established in our two previous papers on the contact
theory of voltaic action, it is not necessary in the present instance to take further
examples of it.

In all our experiments two air contacts enter into our measurements, and the
summation law gives no indication of the value of the contact difference of potentials
at these air contacts. For example, suppose it be desired to measure the difference
of potentials between two substances A and B in contact, either or both of which may
be solid or liquid, then in reality what we measure is

(Air, A)+AB+(B, Air).

If now we measure by the inductive method the difference of potentials between
B and C in contact, then what we really obtain is

(Air, B)4+BC+(C, Air),

and the sum of these two we have proved in all cases to be equal to what is obtained
if A and C be joined by B and the difference of potentials between A and C measured.
What really we have proved is therefore that

(Air, A)+AB+(B, Air)+(Air, B)+BC+(C, Ar)=(Air, A)+AB+BC+(C, Ai).

And this would be the case whatever the values of the difference of potentials at the
air contacts, provided they remained constant, so that

(B, Air)=—(Air, B).

One way, and the way we hope shortly to employ, to enable us to determine the
electro-motive force of contact, in volts, of a substance and a gas is by repeating all
these exact contact experiments in different gases, for if we measure by our inductive
method the contact difference of potentials of A and B in a gas G then we shall obtain

GA+AB+BG,
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and the difference between this and the result of the first measurement will be

(Air, A)+(B, Air)—GA —BG.

Consequently, if such experiments be made and the exact electro-motive forces of
contact measured in a number of gases, we shall ascertain whether the contact
difference of potentials of a substance and a gas differs much with different gases.
Qualitative experiments in this direction have already been made with very interesting
results by Mr. BRown, of Belfast, but his experiments differ from ours in not being
quantitative.

If the gas measurements such as we have indicated be extended to a good CROOKES’
vacuum we may then possibly approximate to the real value of AB, a contact
difference of potentials of A with B, the value that we should obtain by a measure-
ment of the PELTIER effect. It is therefore our purpose to extend these quantitative
measurements not only to other gases than air but to a CRoOKES vacuum, as well as
to measure the PELTIER effects for a number of contacts of dissimilar substances.

‘We have to thank two of the students of telegraphic engineering at the Imperial
College of Engineering, Japan, Messrs. T. IwATA and N. NARAYAMA, for considerable
assistance rendered us in the carrying out of this somewhat laborious investigation.



PROFESSORS W. E. AYRTON AND J. PERRY

32

‘uoqaes a7y wo Jurpuede(]

.

e

.

060-

£60-

201-

€60-

e

£70-—

.o

e

.o

.o

87E.—

8% —

F10-—

1€2.

98- —

88—

$22.-—

LLT

£<0.

948.—

9%¢.
ave.

G8¢-
9¢T.

.o

68T.—

L92.—

68T-—

T4T.

299.—

S09-—

899.—

S¥I.

30¢-

968. —

SLp.—

§0T.

+ ogeydus ourz uory )
-N0S PagBINGES @ TIIM
POXIUL “124BM. PITYSIP T

* ogeydns ourz uory
-njos pojeanges I ym
POXIUL ‘Toges PO[[ISIP T
0 69T 9
GgT.T ‘A91aead oygroods
fmonnjos ageydns oury

ﬁ N S
pogeangss ‘ejeydius oury
% e . 0 ©.,QT 9%
,@mud.guﬁm.%msoﬂﬂﬁﬁam

D7 02008 98 8T-1
‘Kq1a%815 ofyroads ¢ gyes vog

-~
*SUOTIN[0]

T D 99T % L80.T
‘Ky1awvad oymoeds ¢ uomy
-njos eyeydus aeddop

©0 "0 04T e pogRL
-nges ‘eyeydmns aeddop

* R 25
e pojeanges  ‘wnly J

© ot deges pOIUSIQE

< -+ e+ Lmosery

proe Suga 3 uoxggy

pojex

+arerdns
-nges g ‘1ejem poqmsIp T

worn[os

ourz

0 69T 98

GgT.1 ‘dy1avad oymads

¢ wonjnpos ojeydms ourg

Z

dms ou

0 €.,8T 98 PoIBANgES

‘uorguios ojey

0 ST
‘tory

-njos oyeydins xeddop

pejsaiges

18

wmpy

0 69T 98 PojBL

‘aorgnios

-nyes

“Toyes POTIUSI(

8B

ouIZ pojeuIRI[Rury

‘ury,

fanuyslg

‘peeT

*uoay

'sprbi i sprobyy puw ‘spmbyy ya sprjos ¢ sypoa ut eryuejod Jo seoULISYTP 40€3U0D NVATY




ON THE CONTACT THEORY Ol' VOLTAIC ACTION.

‘3704 TAT.0 ST sTer3uejod JO QOUIIOHIP JOBIU0D O[3 PUE “XaJeA PA[NSIP 03 oAntsod ST Peo] SN, "J0Lju00 Ul SUld( SIDUBISGUS 041 Y} ‘TOYULNT Y} §B MOX [BJUOZLIOT DWITS oY}
UI 00URISGNS OY) PUT 9IUBISNS JBY} UISMFO] ‘9I[0A UI ‘[eIjU0jod JO SOIUSISIP OUJ I B0UBISQNS € JO OWIBH Y MO[A] UWN[0D [EOILPA © Ul stequiud dqf, -omnd f[erioururod
£]uo s0m “Gosomoy ‘sprjos oyy ¢oand Apjvormoyo orom pofordue syfes pue spmbi{ oyl [[V "0 LG JNOGE SeA OPBWL oTom sjuewrLiadxo osayyy owl) 0Y] 98 aanyerodurey eFerose oy,

‘uoqaeo oy uo Surpueda(]

.. . .. . . .. . e .e . .o .o .o . . .. . oam.n& Q«u&@ﬁym SNOIMOIITY
e
Q
> . .. . .. . .. .. .. .. .. .. 229 . .. .. .. -+ - - - peeouny | 2
@
s
G081 | @%.1 %98- 2
. . ** | 669-1| 692.T | 9¢%.1 | 86&-T . v | S8 . . o3 o3 te SILT o3 © o+ puoeowmydpng W
009-T | 03 §g- J
e - - - pum N
.. .. .. . .. .. . . 910 .. .. 9¢g. — .. 08T — .. . 0) oungdms Suoxss, g
10- L ‘wejem  poqisip T
- - - poe
.. .. .. .. .. . .. . .. 6% — .. .. . . . . . ounydms Suoxs T
Ioyes  pOTIISIP_ ¢
—ySom £g
co.— - - - pwe
.. . .e .. .. .. . .. .. 8Gg. = . . .. .. .. . A m_oo. oumydpas Suoxgs T m
VOV 1 [ togem pormsp o1 | 2
—owmnjos £g it
T ,m.
. . . . . . .. .. .- | ppe— . . . .. . .. oumgdms Swoxgs 1 r =
‘Tojem  pPofUSIP 0F =
—ySrom &g | O
proe omydns Jo *jued m..
. . . . . .. . .- . .- z1e.— .- .- . . .- aod  patmy)-emo noqe ’
I TejeM PO[MISIQ
poe oumydas jo *queo
.. . .. .. . . . .. .. .. 692 — . .. . .. .. . sd qyy-ouwo  qnoqe
A GejEA PRSI
© -+ pweoungd
820- . .. .. . . .. .. . .. We.— . . . .. = -[ns 3o eomig 9YSIS
' yjM ‘ae3em Po[[ysIq
@z o~ N Nl . ol.elelelg|l i B | 2|8l 2| ¢
& |EEE|oEc|Ec | cEE| 85| 2 | 8| & | & | ° z . g g
S e nvomJn I m Q¥ = 2 1) =3 & = sl B
B8 glecss| g5 2o - = ] g
¥ 1tz e AT 2| oE 2 g j
& ZE|TEE 25| SE| %2 B g
x = = g = 1] =
2 | 8% &glgz| £5| °F g
; @ -] = =1 )
s8| ZE|SF z| 8
= = — =
§5 R 2 =% 2 |

“panurguor—spmbrp gy spmbry pue ‘spmbip yiia spijos ¢ sjoa ut [eryusjod Jo seoueIalTp §0RIUOO NVATY

MDCCCOLXXX,



ON THE CONTACT THEORY OF VOLTAIC ACTION.

34

-oand A[Teorwreyo 10U SI0J0I0TY) PUR ‘DOISWWOD JO 9SO SIOM S[RIOUL 8],
“J[0A ZFG.0 SUIOq J0BIUOD JO 9OIOF SATJOW-0.1393[0 o} ‘roddoo 0} earyisod st pes] sny,
"}9R)U0D UL FUIDQ $OUBISANS 0M) 9] “TOQUINT 83 Se MOI [1UOZLIOY SUIELS O} UI S0ULBISqNS OY} PUL 0uL)SqNS e}
weaM9aq S9[0A UL Terpuejod JO SIOUSISPTP OY) 9Iv 90URSNS © JO OUWIRU U} MO[oq UWIN]0O [EITLIOA € UL SI0quInu oY,
‘ *9010] 9ATIOUI
-01399[0 OU ST 9197} danjeiadua) oures 8y 9e [[e S[eeur Jo J1NoIn punodwos © ur Jey) uondwmsse UMOUN-[PM 9Y}
Sursn ¢ woryernoreo £q sLogse ue Ym os0Y) ‘yuemaniodxo £q AT10eIIp pourelqo SIOM JSLI9ISE U JNOYILM SI9QUINU Y],

0 *338- 6L9- aLe- 185 — | e %90. 180— | FTF. — © sserg
D81 | T 0 WL— | €9%— | #SGLI— | %4S&— | WWlA— | ¥68— | ¥803I—  ouzpojemeSieury
oqusvn spem | 649 | P 0 18%— | 186 — | 0Ta— | %009-— | 0S4— | 960-I— ° ° - owg,
oton spowgad | BT | €97 18%- 0 069- — | 660- 18— | 9%F— | #G6L — ©wy,
-X0 9591} sowry 488 #5611 186- 069- 0 T44- 698 8¢5 61T — wnueg
o 1o oamquad | BPT | wl6 0T 660-— | Til — 0 07— | @e— 88 — | - peory
-woy oSeI0a® oYY, 790-— P L- %009- %8T§: 698 — | %T0%- 0 9FT-— | x$8% — - woay
280- 768- 082 95%. ges — | v 97 T. 0 0L — + 1addop
TP £80G-T | 960-T | %962 &1l 8¢8. 287 0Le- 0 * woqep)

‘sseIg @wﬁ%ﬁ%ﬁ&d *ouIy iy, wmunelg | pserT ‘uoay -roddop ‘woque) _

"SPI[OS YIIM SPI[OS ¢ $7[0A UI [e19U9j0d JO S9OUSIOYIp 10RIU0O NVATY




STLIE]

SUe ] STQIeR] |Q THUT ‘SU0g % To

Ayrton. &Perry.

Phil. Trans. 1880. Plate 4.

>
I r
i
7 A
7
< lm} I

%
T
Wﬂéx

S
“

P2 Y 49 5L




TOSTLIYH]

WUEWEe] STRARNY G L SUeg

HAyrton. & Perry. Phil. Trans. 1880. Plate 5.

= Ty

M ( i!llllllllllllll)l'llumnm‘.lt’.
| y ,
(I —
/‘—\"K‘\
. S ———

A
)
T

\]\l\ll@@»@%ﬂ
/

=
e
/

¥
+

e
qumw}y;/}/u»)/@x ‘“.’;':

a5 g 40




