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Introduction and Literature

This research was underteken to establish with more
certainty the value of the normal electroae potential
of the mercurous bromiae electrode, and thereby calculate
the free energy and heat of formation of mercurous bromide,
and recalculats the activity coefficients of hydrobromise
acid from measurements of the potential of the cell: Hy,
HBr(m), ngBrz, Hg maae at various m concentrations by
Matthswsl and Larsonz.

In view of the large amoun@ of work done on the silver
bromide electrode, and the recent papers by nestons, Harned,
Keston, and vonelson? wherein the normal electrode potential
of the AuBr electroae 1s determinea very accurately, a meas-
urement of the E° of the Hy,Bry electrode based only on the
difterence between the E®s of the AgBr and the HgoBrg elect-
rodes should be subject to considerable accuracy. All the
calculations of the E® of the HgoBr, up to the present time
have been based on the measurements of the activity coeftfic-—
ient of HBr by some other method, usually involving the AgBr

S » Ha.rnede, Lewis

electrode in an HBr solution (Livingston
and storch'). Gerke®, Larson®, and Matthewsl, all based their
calculations ot E° on the measurement ot the activity coetfic-
ient of HBr aetermined by lened60r Livingstons. Subsequent

measurements of HBr activity coefficients by Harned, Keston’

and LUonelsaon, and those two papers by Harned6 and Livingatono
indicate a discrepency of arouna onse per cent, giving, for
example, .8Uo, 802, 814 respectively for the activity coeff-

icient of HBr &t 0.100 molal cancentration. In view of this,
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some doubt can be thrown on the E values reported by

2, and Matthewsl.

uerkes, Larson
gerke and Geddes® report the value of the E® of the
mercurous bromide electrode as .1396v at 25.00°C. They
furnish a value to the International Critical Tables of
.1385 v at 25.00°C. .atthewsl reports a value of .1396 v
at 25.00°C using concentrations of HBr of arouna 1.0
molal. Larson, on the basis of Harnea's® previously
published activity coefficients, gave a value of ,13927 v
when the HBr concentration was .,9864 molal and .13855 v
when the HBr was about 0.1 molal in his cell, both at
25.00°C. A value calculatea by La.rson2 from the best
value of the cell: Hg,Hy, Brg,HBr(.10015m),Hg(Pt) reported

8 6

, and Harned's  activity coefficient

by Gerke and yeddes
was an E® of .1391 v at 25.00°C.

The above values of the E° of the mercurous bromide
electrode have a divergence of a little more than &
millivpit. They indicate that the true value probably lies
between .1385 and .1396 v &t 25.00°C.

As comparsd to the rather wide divergence of the above
values for the E° ot the mercurous bromide electrode, let us
look at the recently reported values for the E® of the
silver bromide electrode. Iwo types of silver bromide
electrodes are now in use., One of them i3 the so eallea
“ecInnes type of electrode, wherein the AxBr is plated
onto the electrode which is made the anode in a HBr sol-

ution. This is carried out at very low current densities.,

The base of the electrode is a Pt wire on which a coating

of Ag has been formed either by plating or by the old






method of fusing a silver oxide paste at 450°C. The more
recently devised fused type of silver bromide electrods,
called the Restona electrode, is made by fusing & paste

of 10% AgBrO; and 90% Agg0 for 73 minutes at 650°C. Harned,
Keston, and Uonelson4 checked these two types against one
another and found practically no aifference. The present
paper also bears out that conclusion. Both types are repro-
aucible to within a few hundredths of a millivolt.

Kest..c:n:5 reported a value for the E° of the silver bromide
electrode of .0711 w at 25.00°C, measuring the cell: Ag, &gBr,
HBr(m),Hg(Pt), and extrapolating the results to infinite
dilution. Owen and Foeringg, measuring the cell: Ag,AgBr,
KBr(m), NaBOo(m ),HBO.(m2), Hg(Pt), extrapolated the results
to 1infinite dilution and obteined an E° far the AgBr electrods
of .07128 v at 25.00°C. Jonea and BasckstromlO reported a
value of .0712 v at 25.00°C, obtained from calculations from

4, measured the

other data, Herned, Keston, and Donelson
cell Ag,AgBr,HBr(m),H,(Pt) and extrapolated the results to
get the value of .07103 v at 25,00°C for the E° of the
AgBr electrode., In the most recent paper, Harned and Donelson11
eheck Owen and Foeringts results very closely after extrap-
olating the results on measurements of the cells: Ayz,AgBr,
LiBr(m),LiOH(0.0l),Hz(Pt) ana Ag,AgBr,LiBr(m),HBr(0.01),H,(Pt),
and report a velue of .07131 v at 25.00°C tor the B°® of the
AgBr elactrode.

The above brief survey is not at all complete in an his-
torical sense, but it is indicative of the consistency of
the E® values reported by different authors using the latest

1l

technique developsd. As Harned and Donelson™™ point out,



«07115 ¥,00015 would include all of them. It 13 very likely
that the true value of the E° of the silver bromide electrode
(for the reaction Ag Br~ AgBr e) is within the range -,07100
to .07130 v at 25.00°C. There is here a deviation of only
«3 millivolt.

The cell measured in this paper is:

Ag, AgBr, HBr(m), HggBrg, Hg

The potential of this cell is independent of the concentrat-
fon of the HBr, or of the type of electrolyte furnishing
the bromide ions, whether HBr, kBr, or some other bromide
salt, for it i3 a simple bromide ion exchange cell. The
above statement is true of course only if the electrodes
are prepared praperly. The cell measures direc¢tly the dif-
ference between the normal electrode potentials of the
silver bromide and the mercurous bromide electrodes, It is
a cell similar to the cell measured by Randell and Yonnglz,

uerk615 dl4

, and Bronste » using the corresponding chloride
electrodes.

Because the three recent papers by Owen and Eoeringg,
Harned, Keston, and Donelson%, and Harned and Donelsonll
all obtain their values of E° airectly by extrapolation
to infinite dilution, and because they report the values for
the E° of the silver bromide electrode for various temperatures
(at five degree intervals between 0° and 40°C), these E's
are eéeh given equal weight and used as the basis for the
calculation of the E° of the mercurous bromide electrode in
this paper. The E%3 in these three papers are averaged to-

gether at cach respective temperature, and the average values

obtained are assumed to dbe the most likely values for the E°



of the silver bromide electrode at the respective temperatures
involved.

The free energy of formation of the bromide ion from
liquid,gaseous, and aqueous bromine was determined in 1917
by Lewis and 3torch7, and more recently and probably more
accurately by Jones and Baeckstromlo. The latter also de-
termined the free energy of formation of silver bromide,
measuring the cell: Pt-Ir,KBr(m) Brz,KBr(m),AgBr,Ag.

Randall and 3pencer communicated to the international
Critical lables a value for the free energy of formation of
AgBr otr -22,910 cals at 25°C, based on data obtained from the
paper of Lewis and storch’. kandall and Spencer also com-
minicated a value for the free energy of formation of EggBrg
to the International Critical Tables of-42,702 calories at
25°9C, based on the E® reported by uerke and ueaaess.

A large number of workers have reported values for the
heat of formation of AgBr, many of which are too old to rely
on: Bertholet15(1875), Thomsenl6(1886), Kleinl?(1901), and
Jounianxla(1904). siore recent work includes the value deter-
mined by Krahmerl® from e.m.f. measurements of -24,193 cals.
at 25°C, the value obtained by :ebb2? from calorimetric
measurements of 23,810 calories at 25°C, and the value
reported by woitinek?l from cell measurements of -23,815
calories at 25°C. Shibata and Taketa®<, gave a value of
-23,430 calories at 25°C, based on cell measurements and on
the heat of formation of aqueous HBr given by Bertholet and
Thomsen, which faet throws some doubt on the acecuracy of
their value.

The data for the heat of formation of mercurous bromide

23 16 24

1s much more meager. Nernst™ , Thomsen™ , and Varet™  bde-



fore 190U gave values from calorimetric measurements.

The valuse in the International Critical Tables of

-49,210 calories at 18°C i3 based on their data&. he-
cently, Ishikawa and Ueda?s published values for the heat
and free energy of formation of mercurous bromide, based on
cell measurements. They measured the temperature coeffic-

ients of the cells: HZ,HBr(.loizm),HgBr,Hg, and Pb(hetero

&malgam),PbBrz(satd. sol,. ),HgBr,Hge.



Preparatian of liaterials and Cells

Mercury:- The mercury which was usea in making up the
mercurous bromide electrodes was in the first step of
purifieation, electrolyzed. It was made the anode in the
bottom of a shallew dish, coverea by an electrolyte of

3% nitric acid. The cathode, & Pt toil, was almost entirely
surrounded by a glass cup to catch any metal which dropped
off the cathode. A current source of 7% volts was used, and
the electrolysis was usually run for about eight hours,
which was found to be sufficient time to remove all of

the metallic impurities. It the mercury started with con-
tained some sludge and solid contamination, it was first
run several times through a capillary funnel into a col-
umn of two feet of nitric acid (3%), before it was electrol-
yzed. This in itself usually gave the mercury a mirror sur-
face,. After the electrolysis, the mercury was distilled
twice in an all glass still, under a pressure of about Smm.
A small stream of air was led in through a capillary into
the boiling mercury. The heater was an electric hot plate,
on which was set a copper, asbestos covered, cylinder to
surround the distilling flask. A stream of air from the air
jet was directed on the econdenser tube and copled the con-
asnsing mercury nicely.

A rather convenient and simple method of closing off the
top of the distilling flask, through which the capillary tube
was lead was devised. It is detachable, does not involve any
ground glass joints or glass seals to make it tight. It is
made by sealing a smaller tube about five centimeters in

length onto the neck of the distilling flask, extending it



upward. The inside diameter of this tube should be about the
same a3 the outside diameter of the tube which is to be
drawn into the capillary. Thus the tube extending into the
capillary will fit snugly inside the other tube for a
length of about five centimeters. lhe top is made air tight
by a rubber tube fitted as &« sleeve over the outside tube
and down onto the inside tube which goes through it. 1t is
found from experience that this extension does not get warm
during the distillation, and that the mercury never rises
more than a tenth of the way ﬁp the narrow space between the
inner and the outer tubes. Therefore it never gets to the
rubber and effectively we have an all glass connection,

- The mercury was kept under an atmosphere of nitrogen

after it was distilled.

Hydrobromie Acid:- The source of the hydrobromic acid was
Baker's Analyzed hydrobromic acid., Constant bailing HBr was
prepared from this by distillation in an all pyrex still.

It was distilled four times, the middle fraction being kept
each time, and was water white when used. It was kept in
the dark to prevent decompositian. vilution of this constant
boiling acid, which boiled at 123.6°C at 74.21 cm, made
approximately the correct concentration of acid desired. Lue
to the nature of the cell, and the fact that analyses were

made of the cell solutions, exact dilutions were not nec-
essary.
Mercurous Bromide:~ This was prepared from Q.l1l molal

hydrobromic acid made from the canstant boiling acid ment-

ioned in the abave paragraph, and 0.1l molal mercurous

nitrate, made by dissolving the proper quantity of Baker's



Analyzed mercurous nitrate in water (two ce¢ of concentrated
nitric acid per liter were added to the mercurous nitrate to
aid in dissolving it). These two solutions were evacuated,
while being warmed in hot water, to remove dissolved gases,
especially axygen. They were then placed under an atmos-
phare of nitrogen. Evacuation mentioned above caused the
solution to boil, and this was continued for about ane-

half hour.

Equivalent quantities of the solutions were added togeth-
er. The mercurous nitrate solution was placed in an amber
bottle inta which a stream of nitrogen was bubbling. A
separatory funnel cantaining the hydrobromic acid was inssrt-
ed through a rubber stopper. The separatory funnel was
equipped with a tube allowing nitrogen to be bubbled into
it. 1t was kept continually filled with nitrogen. The
nitrogen escaping through the mercurous nitrate now bubdbled
up through the separatory funnel and the hydraobromic aeid,
when the stopcock was opened. the size of the nitrogen stream
was regulated such that the pressure in the bottle just per-
mitted the hydrobromic acid to drip into the mercurous
nitrate from the separatory funnel. rhus, &lmost automatically,
the precipitation was carried out, and stirred vigorously by
the stream of nitrogen at the same time. After the pre-
cipitation was complete, the stream of nitrogen was ceased,
and the precipitate allowed to settle. It was washed by de-
cantation with evacuatsed watexr eight times, ,using 200 c¢
portians (200 cc of Q.1 m mercurous nitrat@ formed the pre-
cipitate). It was vhen washed five times with 150 ee portions

of the hyarobromic acid which was to be used in the cell,

and then placed under 250 ce of the same solution. Some mer-

tn
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cury was added to this, and the bottle was shaken vigorously
for several minutes by hand until the mercury was finely dis-
persed in the precipitate. This was allowed to stand for at
least eighteen hours to equilibrate, before it was placed

in the cell. All washing was done unaer an atmosphere of

nitrogen, ana tne precipitate was kept in an amber bottle.

Silver Bromide Electrodesi- 1hese were prepared by two
different methods. Most of the electrodes were prepared

by a method similar to the one deacribed by Brown?® for
silver chloride electrodes. A Pt wire was sealed through

the end of a 5 mm soft glass tube so that it extenaed about
2% cm. It was plated with silver from a pure KaAg(CN)g sol-
ution. 31x of the electrodes were plated at once, while
arranged circularly around the anade, which was surrounded
by a porous cup. The total current for the six electrodes
arranged in parallel was only two milliamps. Plating was
continued for six hours. They were then washea over night,
before coating with silver bromide. Before being plated the
Pt wire was cleaned in bdoiling nitrie acid. The plating sol-
ution contained 10 grams per liter of recrystallized Kig(CN)o
and was prepared accor@ing to the directions of Brown26
working with MacInnes.

The silver bromiae was put on by making the six elect-
rodes anodes in & Q.1 m HBr solution, for one-half hour.
The total current for the six electrodes arranged in par-
&llel was again two milliamps. They were protected some-
what from the light during plating. After plating, they

were evacuated in a solution of 0.1 m HBr to remove any

adsorbed yases, and they were kept in an amber bottle in



11

the same solution.

The other type of silver bromide electrode is the
Keston fused type. lhey are prepared as directed by Kestons.
Silver oxide and silver bromate are grouna together in the
weight rationof nine to one. Both compounas are prepared by
precipitation from tenth normal solutions of recrystallized
compounds. After they are ground together they are moist-
ened with water and a paste mads. Coils of Pt wire arse
sealed through the ena of a 5 mm soft glass tubing. These
are covered with the paste ana heated for 74 minutes in
an electric furnace controlled with a thermocouple at 600°C.
This type of electrode was used only in cells 25 and 26.

They were evacuated and kept the same as the other type.

Potassium Bromide:- Thia salt was prepared by three times

recrystallizing the Baker's analyzed product.

Water:- In the preparation of all solutions, water which
had been redistilled from the ordinary distillea water

was used. Distillation was carried out from a pyrex three
liter flask using a block tin conaenser. Permanganate was
aaded to oxidize organie impurities, This water showed a

specific conauctivity of less than 2 x 106 reciprocal ohms.

Nitrogen:- Tank nitrogen was passed through two bottles
each containing the orainary oxygen absorbing alkaline
pyrogallic asid to a depth of about five inches. It was
then led through a bottle containing of electrolyte sol-
ution the same strength as was the solution through whieh

1t was eventually tao be bubbled.
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The Cells Themselves:— The cell was of the assign illus-
trated on page 1l2. Connection between the two half cells
was made earound the ungreased middle portion of the two

way stopcock. Diffusion of one solution into the other was
thus restrained. Some of the same solution which had been
evacuated ana placed over the precipitated mercurous bro-
miace was retained under the nitrogen in an amber bottle and
was used as the electirolyte in the silver bromide half of
the cell. Thus the concentration of the HBr was usually
exactly the same in both half cells.

In setting up the cell, tubes were extended to the
bottoms of the mercurous bromide portions of the cell
vessel and nitrogen was led into these tubes for sbout three
or four minutes to wash the air out of the cell. During
this time, the bottle containing the mercurous bromide
mereury mixture, eovered with HBr, was shaken vigorously.
Some mercury was squirted into each of the portions of
the cell vessel restrictea for the mercurous bromiae
electroaes, forming a pool at the dbottom of each, and then
some of the mercurous bromide suspension was pipetted in
until the level of the solution was near the top of the cell.
All of the time nitrogen was dubbling up through the sua-
pension keeping oxygen away. A3 the tubes were cautiously
removed, stoppers were inserted.

The other side of the cell was filled in a similar way
while nitrogen was bubbling from the jet indieated at the
bottom of the silver bromide half of the cell vessel. The
silver bromide electrodes, two of them, were necessarily

exposed to the air for a dbrief moment while inserting them



into the cell, but were allowed to remain in the stream

of nitrogen bubbling up from the bottom to insure that no
oxygen was present on them before the cell was closed and
sealed. The stoppers were sealed with paraffin, and the
cell was placed in the constant temperature bath. The
process of filling the cell was carried out in some cases
in the light of only a red lamp safe for bromiue papers,

in other cases , in the semidarkness ot the laboratory
efter the shades had bsen pulled down. The manner of
preparation in this respect is indicated with each cell.
When the cell was aismantled, a sample of the electrolyte
was removea from each side, and analyzed. The acid solutions
were weighed and titrated with standard O.1 N base, NaQH,
using phenolphthalein as en indicator. The potassium
bromide solutions were weighed and titrated with a standard
O.1 N silver nitrate so]:ut.ion1 using the adsorption in-

aicator, dichloflourescein.

Constant Temperature Baths:- 1In order to protect the cells
tfrom the daylight in the laboratory, the water in the baths
was treated with some dyes which permittea only orange red
light to enter the baths. The cells were almost completely
submerged in this solution. The dyes which were found to be
most suitable were a combination, about 50% each, of Acia
Fuchsin ana Amaranth. The Acid Fuchsin absorbs strongly in
the green region, and the Amaranth in the blue violet regiom.
To cool the 15° bath a stream of water from the cold water
tap through some water jackets, proved to be satisfactory,

if regulatea from time to time. It proved to be much harder
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to regulate at a constant temperature over along period of
time than either of the other baths, however. Beckman
thermometers, calibrated against a Bursau of 3tandards

thermometer, measured the temperature.

Potentiometer:- The potentiometer usea in all the measure-
ments was a Queen Potentiometer, The potentiometer permitted
measurement to 1/100 of a millivolt with a fair degree of
accuracy. The source of current for this was two Eaison
cells which maintainea their voltage fairly constant over

a long period of time. The standard was a weston Stanaara cell
#5506 calibrated by the Bureau of Standares ana ewarded
certificate test # 71606 with a voltage at 25°C of 1.08618.
A type R Leeds and Northrup high sensitive galvanometer #
78411, havihg an internal resistance of 500U ohgs was used

as a current detector.

The whole of the potentiometer set up wags on an equi-
potential pase, & copper sheet. The wires were carried with
the exception of the ends, through conduit. The galvanometer
regsted on a lead sheet on a conarete block tfloating in sand,
in order to guard against vibration. The standara cell was
kept in a copper box suspended in the 25° constant temperature
bath.

Humid weather always seemed to cause highly irregular
results. On such days it was found nesessary to suspend
measurements. At first the leads from the potentiometer
to the various baths were carried through conduit. This
was found later to contribute to the irregulerity of the
measurements on humia aays. Clip leads out in the air,

gave much less irregular results on these days, although



on dry days, no aifference was observea,

16
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Experimental Data

The cell aiagram: Ag, AgBr, MBr(m), ngsrz, Hg applies
to all of the cells measured in this paper, with the simple
substitution of HBr or KBr as 1is the case for IBr, and of
the proper concentration m as recorded for each particular
cell. In order to obtain a balance with the potentiometer
it was necessary to have the Ag electrode connected to
the negative terminal of the potentiometer.

In recording the voltége of the following cells, the
notation is used as follows: Hg*-Ag'* 1naicates that the
potential measurement is between the first mercurous
bromide electrode and the seeena and the second silver
bromiae electrode. The avergge values arc corrected to
rouna temperatures by the following equation: Eoy. 00—

Ey + .Q0U31(t-20.00) , where .UUU31l represents the
approximate temperature coefficient of the cell. All

potential readings are in volts,

Cell No. 1 (liade up in semidarkness)
Molality of HBr is .1022
Time,Hrs. Temp,. Hg'-Ag® Hg''=-ag' Hg'-Ag'' Hg''=Ag*!

20 24.80 «0676 0682 V0?9 06179
Ty 24.80 V679 0679 «0679 «0679
‘4 24.80 V6790 0679 «0679 069
88 24.80 «06792 «06780 V6784 «06782
111 24.80 .0681 .0680 .0681 «0680

Av..Value, Ey,, 1is .06797 v

Analysis of solution from the cell gave .1022 i
for the Hg side and .1026 M for the Ay siae.

Eg,(corr.for concentration) is .06790 v
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Cell No. 3 (Made up in rea light, dim)
Molality of HBr is .1lou2

Iime,Hrs. Temp. Hg'+AgQ! Hy''-Ay! Hg'=-Ag'' Hg''=ag'®

$13 24 .86 06602 06605 06760 «Lb b3S
changed Ag* e6lectrode
*38 24.80 06760 06765 «06750 «06753
changed Ag't electrode
*41 24.86 U618 00788 «06737 L1748
42 25.00 «06¢83 <0808 «00800 06820
47 . 06790 «U6822 06807 V6842
ol " .06800 « 06809 «06807 «06812
68 . 06804 «06792 «L6800 « 06799
8o . «U6802 «V06791 «06800 «06792

8152 " «06823 06768 «06745 «00781
# excluded from average
Ave. Value, Ep5 1is .06804 v

No correction necessary for concentration.

Cell No, 4 (Cell madeup in dim red light)
Molality of HBr is .1002

Time.Hrs. Temp. Hg'-Ag? Hg'?—-Ag' Hg'—Ag'' Hg''-Ag'!

16 24 .86 «00760 «06¢63 «06780 eUBTT7
38 . «06768 «06768 «06802 «06801
85 " V666 +067¢81 «00798 «063808

Ave. value, E,5 is ,0678l v

No eorrection for concentration



Cell No. ® (Made up in dim red light)
Molality of HBr is ,1002

Time, Hrs. Temp. Hg'=—-Ag! Hg''-Ag' Hg'=Ag'* Hg''-Ag'!

*14 24.85 .06763 06754 00764 06754
18 15.30 06002 «06511 «06493 06505
21 15.25 06510 06494 «0b0U7 «0b515
24 24.84 .006Y3% «U6678% 06790 «06778

replaced Ag' electrode
243 24.84 .06790 V6T «06780 «06770
36 24.84 .06810 «06802 «Q6 797 «0V6 789
38 24.86 .V681l1 «06802 V6797 «06790Q
41 35.33 07147 «07121 +UT132 07102
»£60 ~ 34.67 07105 «07041 «07076 «07023
w462 24.85 .06808 «06762 «06760 «06748

/## Cell started to deeline in e.m.f. here and
became rather erratie.

» These values excluded from average.
Ave. Value, ElO is8 o06497v

Ave, Value, E25 is 0697 ¥
Ave, Value, E35 is ,07115 «

Analysis of the solution from the cell gave .1004 M
for the Hg side and .0999M for the Ay side.

Elé(eorrecned for conc.) is 06013 v
Eos » is 00813 v

E3° " is 07131 «



Cell No. 8 (iade up in semi darkness)

Molality of HBr is .1043

Time’Hrs. Temp‘ Hg'..Agi Hg' l_Agl Hg'.Agl' Hgl'.Ag"

3

6

*21
213

*43
46
48
74

491

115

*116
117

24.84 .06824 «LV6802 06837 00818
24.84 06811 «06791 «06817 «06796

24.80 06192 «0br84 06793 06788
scrapped tapping key contacts

. «06830 06820 «06836 «06826
" 06830 «06803 «06836 «06809
. «06762 «00r16 «06766 «0677Q

35.36 07124 «0r100 «07130 «07107
3533 07138 «07111 «07144 07115
24.84 «06812 «06803 «06817 «06804

25.53 «06849 « 06837 «06554 «0Oos41l
24.90 06778 «U6760 «U6782 +Oo/ro4d
24.80 «06768 «06747 «06775 «00750
24.86 «06830 «06817 «06840 «06824

#These values corrected to 24.85 before averaglng.

*These readings seem to be detfinitely outv of line
in a way that woula definitely indicate that the
measurement was in error due to dampness, and are
excluded in the first average.

Ave. Value, E 5 18 00824 ¥

2
Ava, value (including #* values), is .06807 v
Ave. Value, ESI is «07110 v

Analgsis of the solution from the cell gave .1lUS9M
for the Hg side and .lU4op for the silver side,

Ezb(corrected for coms,) is .06802 v

Ezg(corrected for eonc.) is .,07087 v

20



Cell No. 9 (ilade up in semi darkness)
ifolality of HBr is .1l068
Time,Hrs., Temp. Hg'-Ag!* Hgt!'t-Ag* Hg'—-Ag'' Hg't*-aAg'?

23 24.89  .ULBOV .06802 +06809 .06811
43 24.88 .06798 .06804 .U6812 .06819
19 14.80 .06436 .00488 .06458 06008
49 14.35 00437 V0474 .06431 «06469
#53, 24.87  +UOTO5 +V6757 V6772 <0675

* Excluded from average (hysteresis evident)

Ave. value, Eog is .UEBllv

Ave, value, E;5 is .06473vw

Analysis gives .10685 M, Hg side, and .1l068, Ag sids.

Ave. value(corrected for conc.), Eos is .06803 v

Ave,. value(corrected for conc.), Ej5 is .06465 v
Cell No. 15 (Made up in semi darkness)

Molality of HBr is .100

1% 24.86 .06810 .06812 +06807 .06810
6 24.90 .06813 «06817 «006811 «06815
24- '24.86 06829 +06832 .06825 .06828
47 24.84 06817 +00811 +06820 .06814
50 24.86 «06760 00772 ©  «00796 +06806
*55 15.21 .06406 +0b554 «00434 «06585
*58 . +06471 «06553 .06481 «06571
»72 . «06506 06506 «06498 06546

» N.B. These values are somewhat erratic but they
are averaged together nevertheless.

Ave, value, Eogs is .06814 ¥

Ave. Valua, Ela is 06507 v



Cell No. 16 (Made up in semiaarkness)
Molality of KBr is .200&

Time,Hrs. Tempe Hg'-Ag! Hg' '=-Ag* Hg'=Ag'' Hg''=-4g'!

17 24,86  .06307 .06807 06817 .06818
23 24,87 «0679Y «00798 06809 «06808
41 10.66  .06420 +06426 .06410 .0b412
71 15.17 .06435 .06422 06423 .06417
*(4 24.84 +06731 06752 «06746 «06743

sExcluaed from average (hysteresis evident)
Ave. Valus, Egg 1is ,06812 v
Ave. value, E;jg i3 ,06408 v

Cell No. 17 (siade up in semidarkness)

5 24.86 .00192  J06¢97 0ol  .006796
26 . (06796 06812
48 15.18 .06408  .06420  .06420  .06436
51 24.86 .06802  .06805  .06801  .06805
53 34.87 .07095  .07092  ,07098  .07094
69 "  .07152  .07160  .07128 07136
72 » ,07108  ,07088  ,07105  .07096

Ave. value, Eos is .06804 v
Ave. velue, Ej5 is .06416 v
Ave, value, Ezgs 18 .07109 v
There is no correction for concentration for either

of the above cells.



Cell No., 25 (xlade up in semidarkness)
wmolality of HBr is .0508

Time,Hrs. Temp. Hgt'-Ag! Hg''-Ag' Hg'-Rz'' Hg''=—aAg'!

223 34.76 .07108 .07098 .07108 «07098
24 34.75 .07128 +07120 .07125 +07115
2432 2 4.92 ,06832 .06808 06831 .06808
27 24.92 .06811 +06793 « 06506 .06792
43 25.08 +06841 «06843 +06840 .06842
48 16 .97 .06524 +06521 +06525 »06521
52 17.09 « 06509 «06509 «06511 .06511
54 . « 06533 «06533 .06531 .06531
65 25.07 .06824 «06837 .06831 .06833
67 25.07 .06834 «06536 +06830 « 06531
76 34,79 .07138 .07131 .07135 .07129
*89 25.07 +06765 « 06779 «06755 .06772

*Fxcluded from average

Ave. value, Epg is .06826 v

Ave. value, Ezg is .07126 v

Ave. value, Ejg 18 406439 v
Cell No. 26 (made up in semidarkness)

Molality of HBr is ,0508

3% 25,08 06792 .06800 .06792 .06801
7% 35.41 «07120 +07115 «07123 ,07122
9 35.76 .07120 «07115 .07123 .07128
22 25.07 .06825 .06807 «06834 .06815
25 . «06826 +06801 +06835 .06811
28 15,18 «06516 .06514 «06531 « 06532

35 15.50 «06525 «06521 «06544 «06540



Cell No. 26 (continued)

Av. value, E-g is

Av. value, E

is

35

AvV. value, E15 is

These last two cells,

using the Keston type of

AgBr electrodes used in this research were of the plated type.

There is no correction for concentration for either of the

above cells.

Cell No. 6

.06809 v
07102 v
06517 v

Nos. 25 and 26, were made up

fused AgBr electrodes. All other

(liade up in dim red light)

Molality of HBr is .2014

Time,Hrs. Temp,

14
16
19
223

*363

»44

24.83
24.84
16.10
16.10
16.80
24.85

*These values are excluded for the cell has obviously

Hg'=Agt  Hg''-Ag®
«06797 « 06775
06777 «06779
«06461 «06457
«06466 «064535
«06447 «06455
«06746 «067858

started to declime.

Ave. value, E25 is 06789 v

Ave, value, Ejg5 is .06429 v

Analysis of the solutions for the above cell gives

Hg ' =Ag! !

.06785
+06796
»06488
«06445
«06445
.06748

«2012M, Hg stbde, and .2015M. Az side.

Ave. value, (corrected for conc)

Ave, value, (corrected for conc)

is §35=.06783 v

is E}5= .06423 v

Hgl 1._A8l ]

+06791
«06797
«06485
«06450
«06450
«06759

24



Cell No. 19 (made up in semi darkness)
Molality of HBr is ,5120

Time,Hrs. Temp, HR'-Ag! Hg't'=-,g' Hg'=Ag't' Hatt-Ag'!

3 24.89 «06770 «06814 «06758 « 06803
6 24.87 «06783 «06774 «06762 «06751
27 24 .88 «06768 «06774 «06762 «06751

gell from this time on steadily declined in value,
Ave. value, Eog is 06777 v
Analvsis of solutions after dismantling the cell,
gave molality of 5120 for Az side and .5046
for the Hg sides Correstion of the sbove.E for
thig, gives
Egs(corrected) = .06716 v
Cell No. 21 (made up in semi darkness) ; HBr «S5082M
3% 24.90 .06676 Q6675 .06675 +06675
24 24.90 ,06692 .,06698 «06676 «+06683
Cell declined rapidly after these readings.
No correction was necessary for concentration,

Ave. value, Eog 18 ,06681
Cell No. 22 (made up in semi darknesg); HBr «5082M

19 25.05 06671 «06670 06665 06677
27 25.14 +06800 «06695 «06675 06681
43 84.97 «06628 « 06626 «06620 «06634
*93 24.88 «06467 «06473 «06480 +06483

* These readings are typical of all the cells having
a molality of 0.5 HBr; they show the manner in

which the e.m.f. declined as the cell stood.
No correction was necessary for conc. in this cell.

25
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Some discussion should be made of the divergent results
obtained in the cells 19, 21, and 22. These cells gave
an initial e.m.f. which was about one millivolt lower
than the average of the other cells. These cells also
showed a rapid decline in value., Due to the fact that the c
cells declined so rapidly in value, it seems unreasonable
to draw any conclusion from the fact that they were
initially lower than the other cells of lower concentration,
It seems likely that the result obtained is due to the AgBr
electrodes which were of very small area. The AgBr plated
on them would be relatively more soluble in the more con-
centrated HBr, and so much would dissolve off that they
would be progressively and permanently affected. Livingston5
came to the same conclusion.

One other thing was noted in regard to these cells.

When the cells were dismantled, the HszBr of the HggoBrg

2
electrodes appeared decide#ly darker. No such effect was
observed with the weaker concentrations of HBr. Apvarently
in the case of these cells the dye in the constant temp-
erature baths was not sufficient protection from the light,

For the reasons stated above, these cells are not in-

cluded in the final calculations,



The following two cells are included to show the type of

results obtained using the szBr precipitated from .O2M

2
HgNO, and .O5M KBr in air according to the method of

3
Matthews and Larson. The HgoBry after being washed eight
times with water as indicated in their theses, was washed
five times with the HBr which was to be used in the cell,
From the time of contact with the acid, it was kept con-

tinually under N_ in amber bottles. Original precipitation

2
was carried out in an amber bottle, and exposure to light
was slight if at all., It was allowed to stand under the
HBr which was going into the cell, along with some Hg, and
shaken occasionally from time to time, for about eighteen

hours (equilibration time).

Cell No. 13 (Made up in semi darkness)
Molalitv of 4Br is 100

Time.Hrs. Tempe Hgt-Ag! Hg''=-Ag*' Hg'=Ag'' Hg''-Ag?'!
The e.m.f. started at a low value around

063 v and gradually rose over two days'
time until the readings below begin.

48 24.80 «06739 06785 «06740 +06786
53 24.86 006725 «06773 «06736 +06783
147 24.90 +06664 «06722 «06672 «06735

Cell No. 14 (Same solution as above except that it had
stoo@ 5 days with the Hz,Br,. Values started
around .064 v and graduafly rose in two
days'time to indicated values,)

48 24.90 06744 « 06792 +06770 +06821

53 " «06660 «06725 +06729 « 06770

70 " «06666 «06740 «06690 + 06766
shook for a minute

79 . «06798 + 06829 «06834 «06864

8l 24,87 « 06817 «06873 +06838 «06894

139 24 .56 . 06784 «06832

27
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These results indicate that if sufficient time is
allowed and if sufficient shaking is given the suspension
of H928r2 in HBr, in order to allow it to come to equilib-
rium, about the same results will be obtained as with the
method used in the preparation of the rest of the cells in
this research. The results show here with the Liatthews!' method
of preparation indicate that much more time and care would
be necessary in order toobtain consistent results, for the
results are very erratic in these two cells. The advantage
of the author's method over Llatthews' in saving of time (the

cells come to equilibrium much more rapidly) warrants its

use .,



Table I

Summary of all e.m.f.s for the Cell
(cBrrected averages)

Cell No. Molal conc, Eis E25 Eq.s
1 +«1022HBr «06790 v
3 «1002 .06804 v
4 « " «06781
) . .06513 06813 .07181
6 «2014HBr (.06423) .06783
8 +1043HBr . 06802 «07109
9 +1068HBr «06463 «06803
15 «100 HBr «06507 «06814 «07109
25 «0508HBr «06459 «06826 «07126
26 +«O508HBr .06517 «06809 07102
16 +2052KBr (.06408) 06512
17 . («06416) . 06783 «07109
Average
(All cells) «06492 v .06805 v .Q711l1l v

This condensed data shows that there is no apparent t
trend of the e.m.f. of the cell with concentration, except
in the case of the already discussed and eliminated data
obtained with the 0.5 HBr cells. The values are quite
consistent and do not vary more than .24 millivolts in
the maximum from the average, and the average deviation is
mich less. The values obtained with the Keston fused AxBr
eleatrode (cells 25 and 26) agree perfectly with the
others, ‘

The temperature coefficient of this cell is constant

within experimental error, and is equal to:
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dE/dT = .000310 volts/°C
between 15 and 25°C.
Because the voltage of this cell is almost a straight
line function of the temperature (see graph 1), it is
perfectly proper to interolate values. The table below gives
the average values of the cell at five degree intertvals

between 15 and 25°C,

Table I1
Temperature Ecell
15.00°¢ .06492 v
20.00°%C .06649
25.00 +06804
30.00 «06959
35.00 .07111

The E of this cell is represented by the followiny

equation between 15 and 35°C.

E = .06804(1+ (t - 25.).000310)



of the Hg,HgsBrg, HBr(m), AgBr

y Ag Cell
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35.9°C

.Q705 v

v

Y

20865 ¥

2%.0%

15.0°¢C



The values reportea for the E° of the silver bromids
4
electrode by Harned, Keston and Donelson , Owen and Foeringg,

Harned and Donelsonll

are tabulated below and averaged. The
average values are &ssumed to be the most probable values

of the E° of the AgBr electrode at the respective temper-

atures.
Table III

Temp. EAET, Ak

Harnéd, Keston Owen & Harnea & Averaye

& Donelson Foering Danelson of all 3

15.00°¢C 07561 07599 07596 07586
20,00 «07340 +07372 07371 «07361
25.00 «07103 «07128 «07132 +07121
30.00 «06845 «06871 «06873 «06863
38.00 «06575 «06600 «06598 «06591

This E° corresponds to the reaction:

AgBr + @® —> Ag+ Br-
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The EPof the lercurous Bromide Electrode

Thig cell digram will apply to any of the cells measured
directly in this paper, with the simple substitution of KBr
for HBr in several cases and the various concentrations of
each inaiviaual cell for c.

The polarity as marked are the terminals of the potent-
iometer to which the respective electrodes of the cell were

connected when a balance was obtained.

Ag, AgBr, HBr(c), H825r2t Hg

Half cell -
reactions: Ag + Br (c) — AgBr +

#Hg Bro+@® —> Hg + Br (c)

Total cell
reaction: Ag4-%H528r2-——> AgBr + Hg

- (o] (o]
Bco1l = Eag,agBr+ BHgobry,Hg (‘fgeigk:ge Ecell

as positive)

o

o
then EHggBrz,Hg“' Ecell _EAg,AgBr

The last of these equations is used to calculate the E°
for the mercurous bramide electrode, using the appropriate
values of the E of the cell taken from the table II and
the values of the L° for the AyBr electrode from table III-

Tempera&ugzble Igﬁggbr Hg( for the reaction: _
15.00°C daore y | CHERPrpt@>HE+Br
20,00 «14010 v
25.00 «13925 v
30.00 «13822 v

35.00 13702 v
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Tegperature Coefficient of the
of the ngar Electrode

The average temperature coefficients between 15.00 and
20,00°C, 20.00 and 25.00°C, ana so on were calculated with
the formula below, and were assumed to be the temperature
coetficients at 17.50, 22.50°C, and so on respectively.

They are tabulated below.

(aE®/aT) = (EQq = Eps)/5

Temperature dg°/dr
17.50°C -.000136 volts/°cC
2%.50 -.000170
27.50 -.000206
32.50 -.000240

These values wer plotted in graph III and found to lie very
nearly on a straight line. Values at round temperatures
were taken from this graph for the temperature coefficient
and tabulated below. Their accuracy is as great as the

calculated values given.

Table V
Temperature ae®/dr
15.00°¢ -.000119 volts/°C
20,00 -.000154
25.00 -.000189
30.00 -.000223

35.00 -.000258
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Free Energy and Heat of Reaction
In calculating the free energy and heat of reaction, the
following formulas are used, well known equations in chem-
iecal thermodynamics:

- aF° = NFEo,joules-_: NFE° calories

When N is two faraaays, NF/4.186 46106,

. 55, (7(2) + )

For the reaction:

2Ag+ngBr2 —» 2AgBr + 2hg
which is the reaction in the cell Ag, AgBr, HBr(m), HgoBrg, Hg
when two farauays of plus current are passed to the right,
This is the cell measured directly in this paper. The temp—
eraturs coefficient of this cell is

dE/dT = .000310 volts/°C

eand it is constant throughout the temperature rang e in-

volved,
Table VI
Temperature =AF

15.00°¢ 2993 calories
20.00 3066
25.00 3137

30.00 3209
35.00 3279

The heat of reaction, AH, is constant throughout thisa

temperature range and is:

AH = 1152 calories

The constancy of this heat of reaction with temperature
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indicates that the sum of the specific heass of the
products is equal to the sum of the specific heats of

the reactants.

Jones and Baeckatromlo give for the free energy of formation
of silver bromide from liquid bromine and solid silver:

Ag +%Br2 —> AgBr 3 =AF = 22,935 calories (2506)
We have already calculated the free energy for the following
reaction:

2Ag + HgoBr, —> R2AgBr + 2Hg ; —AF =3137 cglories
&2 (25C)

Thus by doubling the first reaction and adding it to the re-
verse of the second reaction, we get:

2Hg + Bry —»> Hg,Br, ; —-4F = 42,733 calories (25°C)
This value compares favorably with the value obtained by
Ishikawa and Uedazsof'42,700‘calories, obtained by a differ-

ent cell measurement.

For the heat of formation of silver bromide from its
elements at 25°C there is given by Krahmer(1920)%°, webb(lgzb)zo,
and Woitinek(l932)2l -24,193%, =-23,810, and-23,815 calories
reapectively. The probable value is about -23,8l3 calories.

Ag + 3Bry, > AgBr ; AH= -23,813 calories (20°¢)
The value for the heat of the following reaction is given
on the previous page:
24g -+ HggBr, —> 2Hg —+ 2AgBr ; sH = 1152 eal.(25%)

Thus by doubling the first reaction and adding it to the
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raverse of the second reaction we get:
2Hg <+ Brz - Hg2B1:'2 s AH = -=48,718 calories(ZSOC)
Therefore the heat of formation of msrcurous bromide (HgoBrg)
from 1iquid bromine and solid silver ap 25°C is
AH = - 48,718 calories/ mole
This compares favorably with the result obtained by Ishikawa
and Ueda®® of -48,940 calories.

The Entropy of Formation
of Mercurous Bromide
According to the relationship,
AF = H - T\S
using the values for the free energy and heat of reaction

calculated in the previous section, we get:
-42,733 = =-48,788 —-2984AS

and then
A3 = =20.4 calories/mole/degree Abs.
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For the reaction:
38 + HgyBr, —s 2Hg —+ 2Br

which is the reaction in the half cell; -HBr(m),ngBrz,Hg
when two faradays of positive electricity arepaased to the
right. The values of the temperature coefficients for this
cell are taken from the table V, and the appropriate
values for the E° are taken from the table IV. The de—
drease in free energy and the heat of reaction is calculated
at five different temperatures and tabiilated below.

Table VII
Temperature -AF°
15.00°C 6491 caleries
20.00 6480
£5.00 6420
30.00 6373
35.00 6317
Table VIII
Temperaturae -PAHP
15.00°% -8071 calories
20.00 -8540
25.00 -9017
30.00 -9488
35.00 -9981

These valuesa were plotted in a graph and found to lie
very nearly on & straight line, indicating a relationship
like this:  HY = H gg( l+k(%-25))

This was calculated and found to be:

HE = -9017(1 + 95.4(% -25))

which will hold with an eceuracy of sbout Q.1% betwean
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15 and 25°C.

Specific Heat of kiercurous Bromide
It is noted in the section dealing with heat of reactian
that the heat of this reaction is conatant with temperat-

ure. .
Ag + ":HggBr —> Hg -+ AgBr

2
Thus accoraing to Kirchoff's law, the sum of the specific
heats of the reactants is equal to the sum of the specific
heats of the products. Since the International Critical
Tables list the following specific heat aata for Ag, Hg,
and AgBr, and none for ngarz. Kirchoff's law gives
a means of calculating the specifie heat of mercurous

bromide,

The International Critical Tables list the following

data:
Material Specific heat at 20°C
Ag 25.2 joules/gm atom/deg
Hyg 27.9 "
AgBr 558.3 joules/gm mole/aeg

The following relationship mus§ hold:

Co(4g) + C,(HggBrg) = C,(Hg) ~+ Cp(AgBr)
25.2 + . = 27.9 -+ 58.3

or Gp(#HggBry) = ssgoufgsfgggmole/des-



o
E¥ of the ngarz Electrode

1540° ° |
25 0% 35.0°C



Teupjra&ure coeffigient, dEo/

000028 volt

/°c

Mercurous Bromide E%ectrode

T, of the E° of the

« Q0026

« 00024

00023

00018

+00016

a5,0°c

35.




aH® for the reaction:

2Hg | 2Br

Hszar

2

e
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William D. Larsonzmeasured the cell:

(Pt)H,, HBr(m), HggBrg, Hg

Cell reaction:  3Hg Bro+iH, — Hg + Br—+ H'

E= E° = RI/nF*loggmp,.m_ YTt

The average values for the voltage of the cells he
measured are taken from Tadle V, p 33, of his thesis,

They are tabulated below.

Table IX
Mol;é;ty 200 '525 EBgg
.050 «29940 v .30172 v .30638 v
«100 «26643 «26813 «27157
«300 .21243 «21357 «21585
<8500 .18568 +18650 .18814
850 .15604
1.00 014643 +14625 «14590
1.70 .10019
2.00 +10038 +09971 .09837
2.75 «05906 «00784 «05239

From the above data, using the E® for the Hg23r2 electrode
determined in this paper, the aciivity coefficients of the
HBr were galeulated. A modification of the equation at the

top of the page is used.

o
log Y = -loggm - (E-E
e HBr A% _7____)
&RT/F



whereY is the mean activity coefricient of the HBr and Eo
corresponds to the reaction for the cell at the top of the
paga. These mativity coefficients ars tabulated in table

X below.
Table X

o Yeoc Yos° Vs
.05 .853 .846 .823
.10 .819 .813 793
.30 796 .784 .755
.50 .811 197 763
.85 . .848

1.00 .882 .873 .846

1.70 1.056

2.00 1.098 1.080 1.036

2.75 1.810 1.774 1.692



Summary

The cell: Ag,AgBr,MBr(m),ngBrg,Hg has been measured at
three different coneentrations with HBr as KBr, and at one
concentration with KBr as MBr. Two different types of silver
bromide electrodes have been used. lhe e.m.f. of this cell
shows no apparent trend with type of electrolyte (KBr or HBr),
concentration, or type of AgBr electrode. The cell was also
measured at three different temperatures, 150, 25°, and 5500,
and its temperature coefficient calculated.

From the above data, the free energy and heat of reaction
of the reduction of mercurous bromide by silver:

2Ag ngBrz —>» 2AgBr —+ 2Hg
was calculated, at five degree intervals from 15 to 35°C.

Making use of the previously, by other authors, accurately
determined E® of the AgBr electrods, the E° of the HggBry
electrode is calculated at five degree intervals from 15 to
55°c, also the free energy and heat of the following reaction:

2@ HgyBrp —> 2Hg + 2Br (a=1)

Also making use of the accurﬁxely determined data obtained
recently by other suthosa for the free energy and heat of
tarmatian of silver bromide from its elements, the free
energy, heat and entropy of formation of mercurous bromide
from its elements is calculated.

Using Kirchoff's law and the International Critical
Table values faf the specific heat of Ag, Hg, and AgBr, the
specific heat of HgoBrg is calculated at 20°C

Activity coefficients of HBr are recalculated from the
data of W. D. Larson using the above newly determined E°

of the mercurous dbromide electrode,

45
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