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SUCTION I
INDUCIAICTICOR

the reaction o the alkell ncials with water disturis
the equilibrium conditions necessary [or direct measurements
of their electrode potentiels. Thus for many yesys it wes
velieved impossible to determine these constants expoeri-
mentallys FHowever, an indirect method which overcomes thils
A1ffioulty was devised by G. U, Lewis[:lﬁj.l The method de-
pends on the possibility of nmeasuring (&) the potentisl of 8
AL lute emelcocam of the slkell metal with respect to an
soveons solution o ite ions snd a reference electrode, and
() “ve difference in potentisl between the same smaleoam
ervi the pure metsl when both are lemersed in a non-agueous
conduetine golution containing ions of the lieli mezel,
‘The nonegouecus golvent zmet not resct with the slkall metal
and mush dissolve sufficient sllall salt te form & conducte
ing solutione. he success of the mnclpem clectrode In
agueous solutlione depende on the lowering of the setbtivig: of
the alkell =mestal) and on the hiskh hydrogen overveltare of

mercury, which inhibits the vresctlon between the alkell =netel

and water,

1 rumbers in brackets refer Lo the reference of that

nmmber in the bibliorrephye.
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Mo stendard elegbrode porenticls of 511 of the alkell
metely Yrve been mesgured by this indirect mcthod [18, 13,
1&,153. Towever, these aescurements have usually included
one oy ore 0f the wneerteinties ceuged by the use of
liguid Jwretions, solutions for which the mctivities can
only ve approximated, and unrelirble reference electrodes.
horeover, the detorminstions have only Deen made abt one
tempers turc.e
The stunderd electrode potentisl of sodium in use today
depende prinerily on the value at 28 C obtelned thirty
years a0 by Lewlis and Xraus [12] for the non-aquecus cell
Hel(s); Mal (in cthylemine)y Fa (0.2082% amalpen)
which thev combined with s messgurement on the squeous cell
We(0,2062% emalpom)y Wacw(0.2 ¥) | ¥ac1(0.2 )|
¥0L(0.2 ¥) | ¥C1(1 B), Heptlgls)y Hel(l)
The ecxlaulatlion o the electrode potentisl from the emf of
thie acnesous cell involves corrections for three licuid
Juneticng, the activity of 0,2 ¥ so’lum hydroxide, and the
referance pobtentizsl of the normel ocnlome) electrode, Tewis
sl andall [1@] recalculeted these corvections nnd obe
tained %,718¢ v {for the stendard electrode poteniiel of
sodivm with respeet Lo the hr roren slectrode. A nmore
recent recelculation Ly Heclnnes [323] in which the messure
ment of Lewia snd ¥raus on the none-agueocus c¢sll 1z contined
with an interpolated velue for the cell
Ha (0.2082% amalrem)y KaCl (0,1005 m) Feglle; He(l)

from the work of Allmand sent Poleck [1], pives E,713¢ v at



25° Ca lowsver, Allmand end loleck pluce & reproducibllity
of only 0,001 v on thelir originsl meesurensnts snd an
interpoletion of their results is possibly less precises

vecause of the importance of sccurste vslues o the
standard electrode potentiels over & range of tenpe:ratures
for thermodynanie and ennlytical calculations, it appears
desirable to rede:crmine some of the older veluess, This
paper rives the result & of am redeternminetion of the rstanisrd
eleectrode potential of sodium in which liquid jJjunections
were elinminated snd e relliable reference clectrode was used,
As in tre ploneer work of Lewls snd Freus, s nonescueous
*n? mn asuevus cell were used, Dimethylamine, instead of
ethylamine, wag used in the none-agueous ¢ell Lscause oent
and Lwify, J?a,[ﬁ] heyve shown thet the Tormer reatts with
sodium rmuch less readily than doss ethrlamine. The two cells
may be represented by

Ha(s); Hal (in dimethylamine)s Na (amalran)
and

ra(oamalgam) g ﬁacl(a), AgCl(s)s ag(s)



£TOTTON T
UHIPE AND STANDAEDS

Accordinm 0 computations to be publighed shortly by
Co £e Uragoe of the Nationel bureasu ol Ltunderds [29], the
velue of RTq, 48 8371,16 abs. joules mole~l, “he value of
Tos the sSempernture of the lce polnt, is talten e £73,16° K
[28], and the velue of B is therefore 08,3144 nbs,. joules
deg.~lmole=l, To obtain the vnlve of ¥ in int, jJoules the
conversion “actor of 1,00020 obtained from the critical
examination by Wensel [ 28] was used, thus siving K = 83,3127
int, Joules dﬁﬁ,‘lmﬂle'lo

Wensel slsc hseg dlscussed the value ol the farsday
obtalned from the silver and the [odine coulometbors, The
full preelsion o the mean vaelue Lg ~lven Ly
Fom 0,850 x 10% int. couls In shenicsl thermcdynaanics, quan=
itiecs of energy are [reguently expressed in celorles even
thourhh  these guantities a: ¢ mecsured precisgels in 2leotricel
units. Unfortunetely, the term c¢slorle Ly it:e¢ll 18 not
delinive, since Lt may mean the hLest capecity of waier al some
tenperature oy it may signify & uniit delflned srbitrarily in
joules independently of the propertles of water, The use of
the caloris as & unit of enerpy thus reguires the sistement of
e conversion factor which depends, {or example, upon whether
the celorie recommended by the Internatlionsl Undion of Cheaistry
in 1934 [ 227 as 4,1833 int, joules, the Internstional Steam

Trble calorie of éggg abs. Joulesn, or some other calcrie iz



uged. Vhie ellure of asny suthors to stace the conversion
factors used in their calculs lons hoes resulted in con-
sideratle confusion cnd uncerdainty of published velues,

Smith snd Taylor [ 30] have proposed thet the calorie be
ebandoned ae & unlt of energy in slec-rochemical investie
mptions. In view of their proposel, the results In this

paper are reoported in int, foules, nnt She eslirie is uced
onty in erlevlstlione for compsrison with ~wasuremente roporied
in celoriss by other workers,

The primery reference clectrode with reszect to which
the velues o stenderd sleclrede potentiels are conventionsle
1y #mlven is the :taondsrd hydrogen electrode, put for the
actusl =measur ments 1t is ususlly necessery to employ a
secondary reference clectrode. For many determinntions the
silvey=slilver chlouride clectrode is an excellent secondary
standerd, “he conditions under which 1t ls constent snd
reprodueible have been investigeted [ £5, 26, 27] anad its
value with respect to the standard hydrogen slectrode hae
been pariiculerly well studied over & range of temperatures
(0 to €0° C) by Warned end Thlers[6]. A recent recalcu=-
1ation of thelr results [ 5] ylelded values which were neither
soriously nor sonsistently Aiffereont from the oripinal
filrmres. Por the messurements of this pasper, the values of
Tarned rnd Thlers as expressed by thelr equstion

TP = w0.B2230 + 68,4552 x 10™%(t - 25) + 3,284 x 1078(t - 25)%8
- G4948 x 1079(t - 25)3

were niopted and are ~iven Iin table I



Taile T.« #efepence values 07 the shandard electrode
potential, Y9, of the gilver-gilver chloride
electrode and of the mean sotivity coefficient,
£y of sodium chloride,

N ne £1a( 0005 m) £2(0.1 m)
*C inﬁ. v

5 | -0,23391 0.8244 0.7608
10 - 23130 8239 «7805
15 - 422651 8253 . 7800
20 - 22554 8224 7792
25 - 28239 2214 RATY
30 - 221908 8202 7770
35 - 21562 5189 7756
40 - 421200 81785 7740
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The alrm o an electrodse potentisl =ay be frlien as

oF

hat of the hypothetical cell
elactrode; aolutianllﬁ*(a = 1)3 Hp(r, 1 atm)
consid-ored asz positive when the electrode acts spontaneous-
1y s ts anede and the hydromen slectrode as the cathode.
The double vertical lines indicate thet liquid juncticons or
thelr effects have been eliminated, The numerical value
depends on the scele of concentration em@layadl:lVJ- It
is convenlent and customary in eleetrocheuiocel inve:rtl -ations
Lo follow the conventlion populrrized by G, H. Lewis [15J -
to sxpress concentrations on the molal basis of formuls
welizhts of solute por 1000 g of solvent., If the subscript
m denotes this molal concentration =nd the subscript ¢
denotes concentration per 1000 cmd of solution, the dif=-
foerence Letween the values of & stanlard electrode potentisl
on the two scales is riven by Ey - Ez = - {(u7/MF)1n de,
where dg ig the denslty of the pure solvent st the given
Leupers ture snd pressure, This ecuation msey ve derived in
the following waye
Activity is delined Dy the ejuation
Fe?f® +5T Ina
For a given umsa, expressed on the two different scales of
concentration, ! 1s the same while F° and a sre different. Thus
F = Fp + KT 1n &y
and
F = Fg + RT 1n e¢
Since F; end Fg ere both constants, it follows from the

properties of the logarithm that the ratio 2m = constent.
8g
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The cornstant ney be evaluated by the following mothod,
onsider a golution of density & rovin. r concen-
tration of ¢ moles of solute of molecular weight M per
1000 on® of solutions The welght of the solvent which cone
teing ¢ moles of solute lg
1000 4 « Mc
One thoussnd ~rems of solute will contein

1000 ¢ molesg of solute, -ut since this is the

definition o7 the molal escrle of ooncentration, the molality

m will Leeonme

4= o 1000
o * 1000 d - Mc
and
o Me
:',: - - 1
" 1000 (1)

8 sinple relation vetween these two meothods of expressing
the concentrastlion of & solutions Since 3¢ = o and
gy = fpm, where £, and £ ere the corresponding asctivity

ceefficients,a

2Miere are no universally established symibols {or the
activity coefficients on the verlous scales of concentr-tion.
thus YacInnes in Principles of Flectrochemistry [18] uses f
for the coefl? clent on the volume =cale snd ¥ on the molal
scale, while MNole In Txperdimental and Theorctical Flectrow

crenictry (Melraw-1iill Book Coapany, New Vork, #.Y.) uses Y

in the grme sense saa lncInnes but desipgnates { as the



Footrote £ continued,

on the mele ‘ractlon scele, Slarlie, Iin Vydiroren
Tons (Villiems and Willkine), usee ¥ for the coefliclent on
the volume sceale, whnlle Noyes and fherrill, in Chenicel Prine-

¢’ ples (Maciillen) use K Lo designate activity coefrficients,

5

e

tather than Lo accept any one of the exlsting conventions, 1t
seems Letter %o use £ as a general symbel for the sctivity
coefficlent, with the subsgoripts m, ¢, or x to designsate
whether the councentration ilg dellined on the molal, volune,

or mole fraction secales, respectively.

fm o 8 _ 4 . Mo (2)
Eciam m

In squeocus solutlons the infinitely “1lute soluticon is

chogen sz the ctondard state 20 that ths sobtlivity coeflficlients

approsch unlty ae the concentration approaches zero., Thus

€Qqe £ reduces Lo
Celi 3

when m end ¢ becume zero, since the density of the solution
becomes that of the pure sclvent, and this limiting case
serves for the evelustion of the constant.

The expression or the emf of an electrode as o
function of the sctivity on the two scnles is

E = Ey - %g Ina, = Eg - §§71n<ae
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from which

® L p? RT . 8¢
I - (@)

On substitution of the velue for the sctivity retio given by

6ge 3, there rosults

e ) nT
Epp = Eg = = i 1n dg (5)

which ~ives the dilference bvetween the ztsndard electrode
pobtentiels on the two scales, Por acuecus solutioneg thieg 4ifw-
ference amounts to zero at 4%, 0.08 mv at 85%, and 0433 mv at
507 e In some non-agueous medis, very 1arge differences would
existe

A gimple relaotionship vetween the activity coel{icients

o1 the tw scales, nanely

£ c

results when the uctivitles ag and &, are repleced in eq. 3
by thelr equivalent e:pressions fm.m rnd fge¢, respectivelye.
The sctiviby coefficients of sodium chloride at £25° C
have been determined preclsely by drown and MaoInnes [ 3,
12]. Their velues, which are siven on the volume scale,
were eonverted to the molality scale by use of ege 6, The
coelficients so corrccted for the melalities of 0005 and 0.1
gt 257 ¢ were taken as cbandard and the values needed for
the other temperatures st the same molalitles were calcou-

lated with the aid of the excellent data obtained LY
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Robinson cn “ullbrensen [ 4, 23] on the relatlve partial
molal heat contents of solutlions of sodium chloride, From
their ‘mta, the relative partial molal hest content Lg of
the sodium chloride was expressed in calories as a linear
function of temperature. J‘he method of least squares wase
employed end the following ecuatlions were obtsineds
Por m = 0,05
Lo = 93.97 + 3.286(t - 25° C)
For m = 0.l
To = 100,09 + 4.542(t ~ 25° ¢)
The varisntion of the logarithm of the activity ceoefficient
with temperature is siven by the equation

d in fyp ~Lg
ar = TR (7)

in which £, is ths meen activity coefficient on the molal
scale and the other symbols have their ususl significance,
At each molality, the equation rfor Lg as a function of
tempersture was substituted in eq. 7 and, after integration,
the difference between the logarithm of the sctivity co-
efficlent et a particular temper: ture and 25° C wasg come
puted. <The mean actlvity coefficients thua obtained are

given in columns 3 snd 4 of table 1.



5 CTION IIX
MATTRIALS

The nercury used in the preparstion ¢f the amalpgam
was virgin mercury which was purified vy washing with
nitric neid, dlstilling in & Yulett still [7], distilling
in vacuun, end flltering through a fritted slass {llter,

The amal-am was made electrolytiesally in s round
bottom leliter flask having two sidearms for the electrodes
and st the bottom an cutlet tube with & stopcoek and s
ground joint of stendard taper, as shown In figure I,
Approximetely 200 ml of mercury was put In the flask, A,
and covered with 400 ml of & 5 pereent solution of sodium
hyidroxide, The slkall used was: of resgent rrede and test
sowed that it conformed to the specifications of the
Amcrican Chemical Society [8] for this material. One of
the plstinum electrodes dipped into the mercury snd the
other into the solution, The mercury was stirred
mechanically and electrolysis was continued until s plet
of current snd time indlcated that the desir:d epproximste
concentration hed been stteined, when its preparation was
completed, the amslgem was transgferred to the reservoelr C,
To relicve strain during the transfer, a flexible spirsl
of glass tubing, B, was inserted between the [lask and the

regservoir, The reservolr and splirsal were evecuated before



Pigure I. Apparatus for preparatisn of amalgans

16
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the amalnam was transferred, Ury nitrogen I'ree ron oxyren
was then placed, at & pressure of atout 20 cm sbove atnese
pheric, over the amalgam, The amalcoam had substentislly the
saMe appearance gg pure mercury and this appearance was re-
tained throughout the investirstion,

For anslysis, portions of the amslram were decomposed
b water, on o stemmbath to hesten the rate of reaction,
The resultine solutions of sodium hydroxide were separated
from the mercury snd an excess of staniardlzed sulfurie
acld was added Trom e welrht burette, After bolline to re-
move carbon 2iloxide, the excess aeld was titrated with
st ndard alkalil using bromthymoel blue es the indicatore The
analyses showed that the amelgam contained 0.0651420,00006
percent by welpht of sodiume. The analysis was of course
more informative than fundemental for the investiratlion,
since the concentration of the amalram is not invelved in
the inal calculation of the stsndsrd electrode potentisl,.

The sodium used for one electrode of the non-zgueous
cell wes & commercial product which was found by test to
conform to the specificetions of the Ams-icen Chemleal Sow-
ciety Tor the reagent grade of this naterisl [16]. A sample
was converted to sodlium chloride and teated for potassium
[@]. Within the sensitivity of the test (9,01 percgent), no
potasalum was Tound, A spectrographic examinetion of a
sample of the metal indicabted only the traces of Ilnpurities

glven in table I,



TABLE IX
Spectrographic Analysis of Sedium

Im@urity Amount present
Silver faint trace
Aluminum trace
Copper trace
Iron trace
Potassium weelk
Magnesium feint trace
Rubidium faint trace
S8ilicon faint trece
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The dimethylemine for the solvent in the non-aqueous
vell was prepared from dimethylamine hyirochloride of C.P.
grade and sodium hydroxide of reagent grade, The procedure
for preparing and drylng the amine is described in the next
section,.

The sodlum icdide for the electrolyte in the non-acueous
cell wes of reagent grads, recr:stallized, heated to inciplent
fusion, =and stor-d in a desiceator until used,

The sodium chloride for the elscirolyte in the squeous
cell wa:z of respent grade further puriflied by two precipi~
tations with gaseous hydroszen chloride followed by recrystal-
lization rom redistilled water and fusion in & pletinum dish,
£ semple wos shown by test [9] to conbaln less than 2,01 pere-
cent of pobtassliun.

The souecus solutions were prepered to have the desired
concentrstions on the molal sesle (formula welshtes of salt
pe:r 1000 g of weter) by welrhing the dry sslt and the added
redistilled weter, Zoliursted wel thbts were used and g1l
welohings were correchted I'or alr DuOyENCY.

The nitrogen used Tor en inert staospherc was reed
from oxypen, and othor undesirable gpeseg, DY possage OVey
hot reduced copper snd through coluuns containing dilute
alkell end dilute acid. That which was used In contect with
the anmal-am and in the preliminery sweeping out of the cell
weg dried with anhydrous megnesium perchlorate (anhydrone)
and that used to elininete oxyren from solution was bubbled

throurh & solutlon of the same concentration.
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The silver-silver chloride eleotrodes were of the
thermaleeleotrolytic type and were equilibrated [25, 26, 27]
in the cell for et least two days before use, The method
of prepsaration of these electrodes was the ssme &s that
given in & pr-vicus paper [ﬂ?l Two of these élﬁaﬁwﬁaa
were used in the agqueocus cell snd their differences in emf .

were alwnys lese than 0,01 Ve



SHCTION IV
APPARATUS AND PROCEDURE

The noneagueous cell, H, snd the apparatus for filling
it are represented in figure II., The auxilisry spperatus
consisted of a s8till, A, & dryings tube, I, filled with
drierite {(anhydrous calcium sulfate), & drying tube, C,
£11led with hydrale {(anhydrous alumi»um oxide), and an
amine reservoir, D. At E was placed a masnetic hammer by
means of which the caplllary inner scal, I, could be broken
when Jdeeired, The bottom of one limb of the cell was "itted
with s standsrd taper ground joint to mccommodate the amal-
et reservolr and the other 1limb with & capillary tube sealed
to & bulb froa which the sodium for one electrode wse la ter
Tilter:d into the cell through the capillary., The horizontal
connecting arm of the two limbs wes provided with a pocket
and & tube through which the electrolyte, sodium icdide,
was ploced in the cell., A tube for introducing the solvent
was alsc provided, Platinum wires for contact with the
electrodes were senled In soft gless tubes which in turn
were Joined to the cell by means of graded soft glsss
to Pyrex seanls,

One hun’red grams of dimethylamine hydrochlceride was
pleeced in the still pot and a solutlion conteinings sodium
hylroxide in excess of the amount neceéssary to liberate the

free anine woe added through the funnel inlet. With cold
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Pigure IX. Non-aqueous cell and auxiliary spparatus
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water circuleting through the cundenser, the stlll pot wes
sently heated, Tube & was open to the atmosphere at this
time, Dimethylamine distllled into the receiver, D, which
hed been filled partially with shavinge o° sodtium 2nd ime-
merged in s aooline beath contelinine solid acarbon lexlde in
a =ivture of chloroform and carbon tetrachloride,. When
dletilletion was completed, the receiver was sealed off at
De “he tube & wes then connected to a vecuum system and
the scurce of pure dry nitrogen. FHesidual air in the re=
ceiver was removed by alternate eveacuation and admission of
nitrogen sfter which the receiver wa: sgealed at ¢ under
the wvapor pressurc of the dimethylamine at the tempeiature
of the cocling bathe The cooling bath wos 1 moved and the
receiver was allcwed Lo sttein the Lempereature of the roome.
The liguid amine wrs thus stored over sodium untll needed,
The amelennm reservolr was next connected to the esll
by mesns of the stendard taper joint, sodium was plsced in
the bulb provided ror it, and the sodium iodide was rdded,
The appersbtus was evacuated, a sufflelient quantity of amsle

Y

s was Intro‘uneed, +n? the slde arm lesadlnrsr to the sualran
voservoir vae sesled of 7 cloge to 1ts 1limb of the cell,

e oulb contelnins the sodivm was hested snd the liquid
metsl flowed throush the capillery to the other cell limb
and, at the esame time, was [lltered from oxide crust.

This side arm was then sealed off. AiAfter this, the cell
was surrcunded by the cooling beth, the capilllary inner

seal wes broken, and the emine was distilled intc the cell,
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hen suv i slent amine hed been introduced to come sbove the

hort

ok

contal 1limb, the cell wes senled off from the filling
apparatus. Thorouch =mixings of the smolution in the cell was
scconmplished by alternate cooling of the vapor space of each
cell 1limb ceusing a movement of the electrolyte from one
limb to the other.

The mein requiremsnis upon which the desi n of the
aqueous cell was based are: (1) an easily renewable amalpgsnm
electrode to present o reproducible snd unpelarized surfeace
Tor each measurement; (2) & means for removal of used amale
sam to prevent continuocus renction with the solutiony (3)

e eans Lfor renewsl of the electrolyte to eliminate gow
lution whiech ras re-cted with amaleam; and (4) the exclusion
of oXyTene

The desi-n sdopted for the agueous cell is shown in
firure III, The cell proper, G, consisted of & longer limb
for the caplillery amelsam electrode and & shoriter one for
the silveresilver chloride electrodes., +‘he electrode tubes
were sesled to ground joints of stonderd tapers The apparatus
was made of Pyrex glass except for graded soft glass to
Pyrex serls on the Ltwo silver-silver chloride electrode tubes,
which feciliteted sesaling in the platinum wires toc hold these
electrodes, It shoul® be noted that one of the intermediate
zlneses present in these ¢reded secls was Tound to be
atit-cked by solutions of sodium chloride. The amount of

decomposition was ~reat enourh to cause mechanicel feilure
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Figure III. Aqueous cell and auxiliary apparatus



in a relatively short time and, for this reason, the
srnded seals were so plnced s to be above the level of the
golution in the cell at 211 times, Tsoch limb contalined a
~ag=-oubblive tube so that nlitrogen could be passed through
either at will, The wae outled, I, common te Loth linbe,
weg provided with, a sump Lo preovent condensed walter vapor
Prom reburning to the ¢ell when measurcments were nede at
Lemperatures edove thi bt of the laboratory. The longer limb
had o DMoonel-sha ed partition just below the bublle tube,
A sanll orifice in this partitleon permitted drops of uszed
anmalyram to fall to the bottom snd hindred back diffusion
of amal;am decomposition productse. 4&n outlet tube, D,
Just belew this paritltion, Tor reuoving sclution, and a
caplllary tube, E, for withdrawing used amalram from the
bottory, were serled to the amalpam limb,

The caplllary eamalzom electrode wes given an S-turn,
C, because with a straight capillery tube & bresk and
consegrent pap In the column of amelgem gometimes cecurred

gt tlhe conbtect w

| e

re, “he upward low of amelrem post the
covtoel wire eliminated this annoyance. 7o insure Turther
apeingt a break in the colurm of smelrem end te avoild pre-
liminery conbact and re:ctlion of the amelgenm with the so-
lutlon, the ecaplllary was first filled, by suction, with
pure morcury up to and through the stopceck bore, beflore
1t was pleced in the cell. To facllitete slignment with

the smelyam reservoir, A, snd to teke up chanres
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in strain, o flexibile plass spirel wes sealed between the
gstopeock end pround joint of the amalgam electrode,

The solution rescsrvolr, i, consisted o a round-
bottom [lask having a capacity of 1 lite:, to which were
sesled inlet and ocutlet tubes Tor nitrogen, a tube for
f1llins with solution, snd & spirel, ¥, connecting it to the
cell, i‘he reservoir was supported above the call at the
temperature of the laboratory. The function of the spiral
wag to brins the solution to the tempersture of the thermo-
stet before it entered the cell, Nitrogen, ssturated with
water vapor st rcom tempereture, was pagsed through the
reservolr fto disploce oxygen from the solutlon an? on throurh
the septurstor, ¥, which was irmersed in the thermostst and
£f1lled with some of the seme solution, snd then throurh the
cell to outlet I, Lefore fillinz the cell snd saturstor, ‘ry
nitroren was passed throush them overnight eand during this
time & rround--lsssg plus took the ploce o the silver-silver
chloride electrode tube., After the cell and sa urator were
filled with the oxygen-free solution, the silver-silver
cliloride electrodes were inserted and nitrogen wastubbled
through for st lesst two days, to insure complete egquilibrium
of these electrodes with the solution [ 25, 26, 27] vefore
aeasurenents were made, The next step was to connect the
anslaoan reservoir with the eapilllary electrode, evacuate the

flexible spirael, and £111 it with smelcoem,
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Yhen e suffelent amount of anslr-em haed been psssed
throurh the capillary to displece pure mercury, reproducinle
potential differcnces were obtained. During the measur-mentes,
fresh solution was passed through the amalgeam limb of the cell
at & rate of avout 2 ml per minute. With this rate of Ilow,
no detectable drift of the emf, which would result 17 any
appreciable change in composition of the solution were cpused
oy resction with the amelcam, was ouvserved, To make sure of
thig, the annl-am limb wee occasionally dreined end refilled
with fresh solution without casusing any appreciable chance in
emnf o

To bring the messur-d emf within the rsnpge of the
potentiometer, an unssturated Weston standierd cell wes ccnnected
in opposition to the agueocus cell and the difference in emf was
obgerved. This unsaturated stenderd cell was kept in an insu~
lated box, and it: emf was determined before asnd after each
serles of measurements.

Staticonary and Tlowing amslrams were tried and the former
proved to be nmore satisfactory, £ fresh drop of amslsam was
produced on the electrode tip send emf reedings were made,

The rendings quickly reached & meximum, which was within less
than 0,1 mv of the initilal value, and then varisd only o few
hundredths of ¢ milliveltd from this value for e lonrer period
of avout one nminute, after which & slow bLut definite decresse
in emf cccurred. Tach fresh droplct behs=ved in the game
manner, and the maximm resding of each was recorded, The

enf reported at esch temperature ls the asverape of at least



ten such rerdin-s, with an average devietion =f avout

+0402 mve After each serles of messurements was completed,
the solutlon level was lowered so that the capillary tip

was oubt of the eloctrolyte but the silver-silver chlcride
electrodes were still immersed in the solution. Thls was done
to mininize reaction with the amelgam Jduring the periods be-
tween obscervations. The o0ld electrolyte was Arained and fresh
wog run in before sach new scries of measurements,

Both the aqueous and non-~aguecus cells were ilmnersed in
an o1l thermostat which was equipped with & cooling unit for
naintaining temperatures belcw that of the room to & cone
stancy of 20.,03° C. For temperaturcs sbove that of the room,
the constancy was better than 20,01° C. The teaperatures
were read with a beckman thermometer, the sebting of which
was checked £t each temperature with a pletinum resistence
thermometer,.

The neasurements of electromotive force were made with
a calibrated Rubicon Type B potenticneter and & pair of
saturated Veston standerd cells which were kindly mede, calle
brated, and supplled Ly (. ¥W. Vinal end L. He. Brickwedde of
the Electrical Division of the National puresu of Stendards,
These cells were housed in & temperatur: control box esw
pecinlly desirned for saturated stendard cells [21]. The
salvanoneter employed was & Leeds and Northrup Type R instru-
ment which had e resistance of 495 cohms and & current sengie

tivity of 0,000092 microamp/mn/m.



On any one day, wecsurcments wvere made ab only one
temperature, The [irst measurements wer: made at £5° € and,
as scon as these were completed, the tempserature of the bath
was lowered to spproximetely 20° Co On the following day
the teupsersture was sdjusited closely to 20° C, Thus the
temperature was within s few tenths ¢f & degree of the dew-
sired value or at leamast 18 hours and within & few huniredths
for st least & hours besfore observetions were sgtarted. This
procedure was continued for successlve S~degree intervals down
e 5° Co Polliowing the messurements &t 5%, the teupersiure
wags brought back to 25° € in one step for a test of reproduci-
bility eand hystereslis. The reproducibllity was within a few
hundredthe of & 1illivolt and no hy:zteresis effects were 0b=-
gerved, The beaperature was then ralsed in b-~degsree steps
up to 40° and brought back in one step from 40 to 25°, This
procedure was applied to voth the non-acueous and agueous
sell. Two oncentrations of the solution of scdium chloride,
0405 and 0.1 m, and one concentration oI the amelpgan,

0.08514 percent by weight of sodium,ws:re used,



SECTION V

ATEULDE 2T DIRCTISION

Pd i v

l, HNon-acgueous Cell
The messured values of the emf of the non-aqueous cell
Va(s); Nal(in dimethylamine; Na(0.068514% amelrmanm)
ab the Jdirferent feaper - turcs are zlven in column 2 of
tavle 17T, The method of least squares was employed and the
eguation obitained
E = 0.88578 + 0,00008390{t - 25) + 0,000000762(t - 25)2
expresses the data wlth averare end gsreastest devistlions of
D402 and 04,06 mv, respectively. The cheumical reaction which
takes pl-oe in the operation of the cell is
Na({s) = Na(0.,06514% amalpgam)

The values of the change in pertial molasl free energy, Afﬁ,
gsccompanying the c¢ell resction were cocmputed from the relstion-
ship AF = ~¥E, where ¥ is the Faraday and the £ %s taken from
the ecustlone They are listed in column 3 of table Iil. The
valuesg of st, the chenge in partiel molsl entropy, rsiven in
the Tourth column were obtained from the relationship
AS = F dE/AT in which AT/AT = 0.,0005390 + 0.,000001524(% - 25).
The velues of AW, the chanre in partisl molal hect cenbent,
listed in the fifth columm,were calculated from the equation
AT = AT + 705,

sent end Swift, Jre (8] have measured similar cells and

have civen equations for the calculation of the activitr,[&ﬁ,
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Values for the nonagueous celly Na(s); Nal in (CHg)pNHg
12 (0,065147 amalgan)

Heaction: MNa(s) = Na(0.065147 emalgan)

& 3 AF AS AE
e ¢ inte Ve int.joules int.joules int, foulas
mole mole dege mole
S 088442 -8553543 5416 | «33309
10 « 884467 -85372 5.89 ~-83703
15 | « 88500 ~854035 G463 ~33494
20 « 88837 -835438 7«36 -33260
25 «BBTY | -8B4&T7 410 =-830863
30 JBEGRE ~35517 8483 ~82840
35 2883867 35566 D7 ~32817
40 « 838720 ~85615 | 1030 -B32388
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ATl for fferent mole freoticones of sodlum in soium

s

anc

fo

-

emolron at tenacerabtures Letween 5% and 26° Ce The values

of A'E'cﬁﬁputeﬂ from their equations «rree with ours to

04086 prrcent in the comparable range of 5° to 25° C. The
values of A]E; which depend on the tempe rature coefficient of
emf, dlffer Ly & to 6 percent snd the values of AW dirfer
by sbout C.2 percent. Consldering the s2mall marnitude of A8
and that the cozparison is masde with interpolsted dsta, the
ascreement appears adequate,

S3ince the normel boiliny point of dimethylamnine Ls sbout
+7% C, the pressure in the aquecus cell varies from approxi-
nately 1 atm. at the lowest temperntur~ to approxi mately
3.7 atne &t 40° C, Data on the vepor pressurc of dimethyle
amine are riven by Simon and Huter [24], The change in emf
with pressur- iuz siven by the eguetion dF/dP = nlaﬁ/F, in
which z&g g the Aiff-rence between the partial molal volume

&

of godivm in the smel~sm end of pure sodlum. The pertiel
molel voluze of sodium in an amelrsem contsinine 0,08514 per-
cent of the arlkaell metal was estimmted {rom the saspscifiec
volume daba of Heey [20] to be 15479 cc and thet ¢f pure
sodium 1s 83,71 ce, so that AV = 7,92 cc. From this data
an/er is celculated to be 0.008 mv per atmosphere, The calcu-

lated corrections ranged from less than 0,01 v t0 & maximum

of only 0,02 av end were not applied to the date.

2., Agueocus Cells

@
.

d
&

sults with the agueous cells sre given in table IV,



34

w16

L LE IV

- . o v i T o £ - s - B :
Values for the asuveous cells: HNa(0.085M7 amelpem); NaGl{0,05 or 0.1 u), =2Cl{s); 2z(s)

Reaction: NHel{0.06514% enmalran) + ApCl{s) = ¥all{0.,05 or 0,1 m) + Le(s)
t L o T 4. e i N 2 0T . . o Av, T°
e lh(O.GQfm) .~§~h In{0e1 ) Ve
o= 0.05 W= (.}t‘:‘f:} m om Oel o= 0.1
° ¢ int, ¥ inbte v inte ¥ inte Vv inte v inte v int. v

2,20084
280440
242077

Lo}

21086

L
B3

8

ey
15.)2’:1\

;:L .:31 3

3

o

% eR1343

D el 196

b4

0415282
15560
+15838
«16118
«16398

L7200

2404802
204880
2404937
£404968
204983
2 04987
204975

2404840

2417009
2417304
2417586
2,17850

3

.18105
2418337
£.,18546
2418757

-

018442
.12665
» 12860
13116
13344
13574

« 13605

2.04769

2.04993
2.,04874

2.04552

2.047906
2,04871
2404929
2.04954

244235

&

2404990
2.04976
2.04349
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In columns 2 and 5 arve listed the observed emfs with the two
concentrrtions of electrolyte employed. The E° values were
obtained Ly adding to the ¥ values the terms
(2 #7/7) In{fmen), in which fi, is the sctivity coefrficlient on
the molal scale, given in table I, The last column lists the
averar-e value for I° obtained from the tw. concentrations of
electrolyte. As a test of the relisbility of the ouservations,
the ratios of the activity coefficlents were calculated by
the equation PAE = 2 RT 1n(2f5,1/f0,05), in which AE is the
difference between the emf of the two aqueous cells, at =
siven tempersture, and corresponds to the transfer
HaCl{0«d m) = Hall{(0,05 m)e Tre ratios so computed were come
pared with the ratlos of the values miven in table I, which
were used in the computations of E®, The results are riven
n table V, Cver the entire temperature range, the greatest
difference found between the two sets of retleos is four parts
and the average difference is two parts in 1000, This sgree-
ment 1s satisfectory since the differences in emf were obe
tained indirectly ss the differences between quantities near-
ly 100 times larger. However, these differences in emf are
not of sufficlent accurascy to justify their use for calou~
latlons of the changes Iln entropy and hest content acconpany-
ing the transfer of sodium chl-ride between the *tws concen-

trations,



Retios of Actlivity Ooefficlents

Table V

£0,05/T0,1 from | fo 05/f0,1 from

3 table I

5 0403075 1.0528 1,0558
10 03136 1.0616 1.0556
15 «03189 1.08621 1408586
20 03236 1.0538 1.0554
25 03277 1.0568 1,0585
30 +03332 1.0568 1.0556
35 +03395 1,0551 1.0558
40 03439 1.0573 1.0562
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3e Combinations of Cells

By addine to esch E ¢f the acuecus oells viven in
table IV, the I of the non-aqueous cell at the sams bLemperature
as riven in teble III, the emfs of the cells

Ya(s); NaCl(0,05 or 0.1 m), AsCl{a}; Ag(s)

are obtained for easch tempersture. Araln employing the
methed of least squaress, the results are expressed by the
Tollowing ecuations:

For m = 0,05,

T o= 3,00064 + 0.,0006699(t - 25) - 0,00000240(t - 25)°

Z,
ot
}
e g
ot
2

» averare and greatest devimtions of 0,02 and 0.05 nv.
For m = Ql.l,
% om 3,06679 + 0,0005671(t = 25) = 0,00000241(t - 25)2
with averase and greatest deviations of 0,03 and 0,07 nwv,

A rether severe test of the deta may be made by taking
the second derivatives of these equaetions to calculate the
difference between the molel heat cepacitlies of the product:
and reactants of the cell resction

Na(s) + A2C1l(8) = HaCl(0.05 or 0.1 m) + Ag(s)
by mesns of the relationship ZkEP = TFA2E/at®, The vaelue
thus found may be compared with the algebraiec sum of the
molal heat capaclties directly observed, since
ATp = Cplag) + Cp(NaCl, 0.05 or 0,10 m) = Cp(Na) = Op(AaCl)
At 85° C and a = 0,06, for example, ACp iz calculated fron
the second derivative to be «138 int, Joules as compared
with =133 Zor the sum of the separately messured guantities,

A aore interesting comparison is that of the value cslculated
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for Ey(%a51, 0405 or 0.1 m) with ite velue obtained from
neasurenments of heats of dilutions. Thus, from the values of
5? for silver (25.3), zodium (28.4), end sllver chloride
(52.8) listed in the International Criticel Tables [11], and
result from this work of 138 int., joules for L&EP, the
partial molal heat capaclty of 0,08 m sodium chloride solution
is calculated to be =82,3 int. joules or -19.,7 calories,
Gulbransen and Robinson [ 4, SSJ s from calorimetric measure=-
ments of the heats of dilution of sclutions of sodium chloride,
expressed 1ts partial molal heat capacity in czlorles by the
equrtion Ep = 21,9 + 1&.8'm1/2, which ylelds -18.4 calories
for Q.06 m with a probable error which they estimate to be
not more than 15 percent, The sgreement et 0,1 m 18 not guits
as cloese, the present measuremente gilving «19.8 calories as
ceapared with the calorimetric value of ~16.,9 caloriesy &
Gifference of 2,9 calories., However, 1t 1s quite setislactory
or a comperlison which involves a second derivetive and
data on specific heats from various sources.
For the cell
Ha(s); NaCl(fgm.m = 1), AgCl(s); Ag(s)

the vnlue of E® at each temperature was obtained by adding to
each averare E° for the agueoug cell, given in the last column
of table IV, the corresponding ¥ for the non-agueous cell,
ziven in table III, The results which are given in table VI
may be expresgsed by the eguation

O = 2,93564 + 0,0001096(t - 25) - 0,00000288(t - 25)2

ovtained by the method of least squares, The equestion expresses



“ﬁ

TR T T AFT
‘If"si,,-?;" ¥ I

$

Combinetlon ol the squecus =nd non-squecus colls: Tals)g
Nall(mf,, = 1), 4£301(s); Ag(s)

Recctiont Ha(s) + AgCl(s) = NaCl(mf, = 1) + Ag(s)

t re are A &° A PP
¢ ints Vv int, {pules int. Jjeoules int, joules
mole moles dege mole
5 2293238 282975 2049 ~277156
10 2493338 -283072 18,43 -277879
15 2.93489 -283158 15.8 -278619
20 293501 -283229 13,2 -279369
25 2.935663 -28328% 10.6 -200134
30 2.93616 ~283336 & a0 -2800914
35 2493643 ~2565569 Cad -281702
40 2e9BEED -283390 2.8 -282007




the tavulated resultes with an averare Jdeviation of 0,02 and

a rrertest devistion of 0,04 nv, Table VI alrsc includes the
chances in peartiel molel free enersy, ontropy, snd heat cone
tent neccompanying the cell re:ction, calcula ted with the aid

ol the equation and its first derivstive.

4, The stendard Dlectirode rotential of Sodiunm
‘he omi of the hypothetlcal cell
Na(s); Nat(fyem = 1) || B¥(fpem = 1)3 Holg, 1 stm)
may e found by adding the stsndard electrode potential of
the silver-silver chloride elesctrode, ~iven in tabLle I, to
the electrode potential of the cell
Ha(s)s Nall(fuem= 1), 4xCl(s)s Ag(s)

siven in table VI, at ench temperature. The E° value thus
obbtained at each btemperature 1ls the standard electrode po-
tential of sodium. These final results asre given in teble VII
together with the value of E°, AF®, AS®, and A ¥H®° calculeted
from the sguation

IO = 2,71324 + 0,0007532(t = 25) + 0,000000668{(t - 25)%
This lesst square equation expresgses the observatlons in the
temperature range of 5% to 40° €, with an aversge devimtion of
0«08 end a grsatest deviation of 0.05 mve The smoothed values
of E° calculated from the equation and given in column 3 of
teble VII are recommended as "best" values for the standard
electrode potential of scdium.

The sccuracy of the final results depends on a number of

factors. Lesving out of considerstion, for the moment, the



TALLY VIX
e Stendard Tlectrode Potentianl of Sodium

7® from | ©° from | AP A s A e
meaaurow-| equation
mentsa
¢ ¢ int, v int. v‘ intesjoules | int.joules | inte jculesn
mole mole der, role
5 2,000447 | 2.69846 -260401 700 -240921
10 270208 | 2,702086 -260749 707 -240732
18 24703783 | 2470578 -261108 71l.4 ~240545
20 2470947 2470040 ~281466 7240 -240353
25 2.,71324 | 2,71324 -261828 TZ2e7 ~240155
30 271708 | £,71703 ~-262193 734 ~239556
35 272082 | £.,72084 «~282581 74.0 -230754
40 E.724680 | 2.,72466 «262830 74,7 «-230543
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reference silver-silver chloride electrode, the most critliw
cal of these frctors snd the calculated influence of thelr
estimated uncertainties ores

le The amctivity coefficlents of sodium chloride, ine-
cluding their corrsctions to the differoent temperstures
(0,03 mv),

2. Accurscy and constency of temperstures (0,01 mv).

3. Polerization of the amalgam electrode in the
agueous solution (0.02 mv).

4., CUnlibration of potentiometric and steondard cells
(0,02 mv).

5. The concentrstions of the aqgueous sclutions (N.,005 mv).

£o Lfceldental errors (0,01 av).

7. Neglect of pressure corrections (0.00 to 0,02 mv).

The scuare root of the sum of the squares of these
errors glves 0404 to 0.05 mv for an estimate of the overall
sccuracy of the messurements., +he reference values of the
sllver-silver chloride electrode are probavly zood to about
the ssme amount, s8¢ that the values obteined for the standard
electrode potentisl of sodium are considered to be correct

to within O.1 mve



43
LECTICK VI
ACKHOWLTDOMYNTS

This work was done under the direction of Tr, Fdgar
Reynolds Smith, Chief of the Physical Chemlistry Section of
the Mationel Bureau of Standards, whose ruldance and assls-
tance is gratefully s cknowledged, The friendly interest
and counsel of Prof. Malcolm ¥, Haring of the University
of Maryland, both during the preparation of this thesis
and throughout the entire graduate study of the author,
are deeply appreciated,



10
11
12

13

14

15

16

17

44

SHCPION VI
REFERENCES
Ae Je Allmand and W, %. Poleck, J. Chem. Scec. 115,

1020 (1919)

"o ¥u Bent and E. Swift, Jr,, J. Am. Chem. S0c. 58,
2216 (1936)

Lo & Brown snd D. A. MacInnes, J. &me Cheme
Soc. 57, 1356 (1935)

s Ae. Gulbransen and A, L. Robinson, J. Am. Chem,
foce. 58, 2637 (1934)

we dJa Hamer, Je Ce Burton, and S. f's Acree,
J. Research NLE 24, 2069 (1940) kP 1284

He S, Harned end R. ¥W., Ehlers, J. Am. Chem, Soc. 55,
2183 (1933)

Ge A. Hulett, Phys. Rev. 33, 312 (1911)

Ind. Eng. Chem, 17, 756 (1925); 18, 636 (1926)
ind. *ne Chem. 20, 979 (1928)

Ind. Eng. Chems., Anal. Fd, £, 351 (1930)

Int. Crit. Tables 5, 8587 (1929)

G. Ny Lewis and G, A Kraus, J. Am. Chems Soc. 32,
1459 (1910) |

Te M. Lewis snd I'y Go Keyes, J. Am, Chem, Soc. 34,
119 (1912)

Ge 17y Lewlis and ¥, G, Keyes, J. A1, Chem. Soc. 35,
340 (1913)

Gs N, Lewis and W. L. Argo, J. Am. Chem. Soc. 37,
1983 (1915)

G. Ns Lewls end 3. Handall, Thermodynanics, pp. 33
and 416 (scOraw-Hill Book Co., Inc,, New York,
N.Y¥., 1923)

A, Hacfarlane and O. Gatty, Phil, lsg. 13, 283, 2061
(1932)



183

19
<0
21

22

23
24
28

26

45

N, L. MacInnes, Prin&¥plrﬂ of Tlectrochenistry,
pe 197 (Heinhold Pu.lishine Corp., Wew York,
EeV., 1039)

D. &, MacInnes and A, &. Brown, Chem. Rev. 18, 335 (193&)

L. daey, Z. physik. Chem. 29, 119 (1899)

ke P's HMueller and He. Fo Stimson, J. Research NBS 13
699 (1934) HP 730

»

Premier Happort de la Commission Permanente de
Thermochemie, Int. Union of Chemistry, p. 3 (1934)

A. L, Robinson, J. Am, Chem. Soc. 54, 1311 (1932)
A. Simon and J. Futer, 7, Elektrochem. 41, 28 (1935)

Fe Re Smith and Je. Ko Taylor, J, Research NBS 20,
837 (1938) RP 1108

Je Yo Taylor and E. Re 8nith, J. Hesearch NBS £2,
307 (1939) RP 1183

JZ ¥e ?aylor, Haster'!s Thesgla, University of Maryland
1938

. Te Wensel, J. Besearch N33 22, 375 (1939) RP 1189
C, S. Cragoe (private comunication to the suthor)

Te Hae Smith and Je. Ko Taylor (private communication
to the author)



Name: John ¥eenan Tayler
Degree:r Toctor of Philosophy, 1841
Mate of birth: Aurust 14, 1912

Seeon’ary education: Wyattsville ¥ich Echool, Hyattsville, X¥d,

Golleginte Ingtizuvione attendsd ntes Necpe Ty e Of

W st f}& m’ﬁ &
Feorme Lashinston Unlversity 1980=34 Bal, June 1934
Univeoregicy of larylond 120441 el June 1938

Publications:

Refrac*ive Index sand Dispersion of Normal and Fcrvy iater,

Le We Tiiton end Js xe. Taylor, J. Research NS 13, 207
(1834) RP 703

Accurate Representation of the Hefractivity and Density of
Distilled Water &s a Function of Temperature, L. VW, Tilton
and J. K. Taylor, J. Research NiBs 1&, 205 (1837)

Refrsctive Index and Disgpersion of Distllled ueiter {or
Visible Eadlation, &t Tempreratures 0 te 60° C, L. W, Tilton
end J, Y.Taylor, J. Hesearch NBS 20, 41¢ (1938) EP 1085

Reproducibility of the Silver-Silver Chloride Flectrode,
Je Ve Toaylor, HMacter's Thesis at "miversity of Maryland, 1938

Reproduclibility of the f£ilver-Silver Chloride Flectrode,
Ve Ry fmlth and J. K. Taylor, J. Research NBS 20, 237
(1@"543) Ly 1108 .

‘e H, Bmith and Jo K. Taylor, J. Pesearch NBS 20, 837

(1%@@} y 1108 ¥

Neproducibility of Silver-oilver Falide Ylectrodes e
Taylor end ©. Hs Smlth, J. Research KBS 22, 307 'i%s
%? Axed OO B #f o

Time, Ve He Smaith end J. Ko Teyler, hocznikow Chemii
sz*i, 762 (1938)

Positions helds

Optical Instrumente Sectlon, Natlonal Buresu of Standards,
1929=36



Platinum Metals Seation, Nasional Buresn of Standar

| ugwx Chemtstry Sestion, Natione) Buresu of Standerds,



THID ETAYNTARD YLVOTRODE POTIHTIAL OF SODIUH
By John ¥eenan Taylcey
Abotrect

Mie reaction of the mlkell metels with water “leturbs
the equilibrium conltions necegsary Mor Airvect measurenments of
their electrote potentisls, 4n indirect method which overe
sones this A1flieuldy depends on the poessliLility of messure
ine {(a) the pobentiel o & dilute smelren of the &£lkell —etal
with resgect to an agueous solution of its lons and @
reference electrode end (b) the difference in potentisl bee
tweon the sane amalgem and the ure metsl when Doth are inme
mersed in & nonaguecus conducting solution conteirdng ions of
the allkall metals The standard electrode potentisls of all
of the alkali metals have been measured by this method Lut
the results are somewhat uncertein, dus to the inclusion in
the mesgurements of liquid jJjun:tions, solutions for which the
activities can only be approximeted, and unreliable reference
electrodes,

™is paper rives the results of s redst raminstion of the
stentar? electrode potentlal of sodium, Iin whlch thess sources
of error were elisinateds The two cells mmy be represented by

Ka(s); Hal (in dimethylamine)i Ha (smslean)

He (emelgam)y HaCl{m), AzCl(s)y Ag(s).
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£llwplase oells wers desirned snd constructeds The cell for
ugs with the aguecus solution wag 20 arrsnyed as Lo renew
conveniently the amslpgem electrode snd the sclutlion snd to
exclude oxyren. MHeasuremente were nmde at 5% temperature
intervals over the temperature range of 5% to 40° ¢ and the
stendard electrode potentiasl, E®, for Hm(a)y Ha* was obtained,
The final resulte nay be expressed by the equetion

E® m 2471326 + 0,0007532(t = 25) + 0,000000688(t « 25)%,
in which ¥® 48 in int., volte and ¢t is in ° £, The various
thermodynenic quantities derivable from the data werec gome
puted,



