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. POLAROGRAPHY JlITH SOLID ELEC!RI'JDES 

I c> . Investigation of Certain Variables Encountered in Uaiug Automatio 

Reoording with statioDaF,Y Platinum Electrodes. 

By 

Lo 9 .. Rogers, H .. Ho Tliller ll Ro Bo Goodrich .nd Ac> Pc> 8tttbney*. 

Abstract 

Mb:turos ot ions which reaot rapidly with Mercury u.eually caonot 
be analyzed polarographioally'with the dropping mercury e18otl"odeo Bonnr. 
OIl the basia of experiments With silver :lon these polarographio analyoes 
appear to be feasible using a platinum miorocoeleotrode and the usual 
automatio recording technique .. · The etfeot on the balt .. ave potential and 
the dlttusion current ofueing different rates ot polar1zatiou, larger 
eleotrode areas and stirring ha~e been Gzaminftdo UDder controlled oonditiona, 
the precision of the measurements is somewhat lower than for the .dropping 
mercury e 180trod8 c ' 

Introduotion 
Ii 1 

The dropping mercuJ"y eleotrode i8 used extensively. b1 polarographers 
beoause meroury has a hi~ hydrogen-overvoltage Which allows a wide ra~ ot 
reduction potentials to be studied ... Another advantage ot a dropping meroury 
electrode is 1ts reproduoibly tresh surface.. However, one is limited in 
using this electrode ~cauae meroury readily 4t8801Ye8 When it i8 made an 
anode.. In a neutral solution or potassium ohloride one oan operate only in 
the range ot 000 to col05 V. yorsus a saturated calomel eleotrodeo On the 
other hand. a smooth p.1atinum eleotrode has a muoh lower hydrogen=OYerYolta&Oll 
the hydrogen ooming ott at apprOXimately c008 V" but" the eleotrode oan be 
used as an anode to ~ 100 Vo before o:cygen 18 dischargedo 'f'hus" .the platinum 
electroc;le make. available to polarography a new region at potentialo . 

Platinum electrodes have been used far obtaining polarographio data 
'by Laitinen and Kolthoft (1) Who determined the reproducibi·U.ty of dittusion 
ourrents and ohecked the linearity ot the relation between diffusion currents 
and',OollOentratiol1., !hey used a manually operated instrument and measured 
the current by detormining the potential drop across a standard 9999 ohm 
resistanoe in series with the cello 'lbe electrodes were platinum wire (2L 
4 _0 long and .006 tmno in diameter /I sealed 1n the end at a gUS8 tUbeo The 
experiments were oarried out at a oonstant temperature to avoid thermal 
efteots aM conditions were such that no mechaldoal disturbances oould 
interiereo !hey obtained the points b1 increasing the emf slcwrly to the 
desired value and thel1walting two to three minutes tor the electrolyeis.to 

.Presented in part before the East Tennessee Seotion ot the .AmericaA Chemioal 
SocietYD May 24t1 194'7" 

.*Presen'b addreee; Graduate School" lh! "rslty of Chicagoo 

=2= 



:. 

.. 

~ 

• 

... 

reaoh a constant currento ay proceeding slawly they created a minimUm ot 
disturbanoe in the dirfUsion state Dear the eleotrode and prevented a 
discharge of gas on the eleotrode surtao • .., It 1s apparent that th1e, method 
or obtaining a curve point by point 18 very time"",onoum1ng even if one 
,substitutes a rotating eleotrodeD whioh reache, equilIbrium tmmediate~~ tor 
the stationary electrodeo 

--3= 

!he application of the usual polaro~phl0 prooedure inVolviDI • 
oontinuoualy changing potential would decreaae Cluite oonsiderably the leDgth 
of time required to obtain a ourVOo Zlotoweki CI} and 'P8.len and Bai •• tnski (4) 
used automatio recordiagwlth solid electrodes to obtain curreDtavoltasa 

. information about electrolytic reaotions but these 'authors weN not pr1marily 
oonoerned with the analytical phases of the teohniqueo They 4id, hawsver, 
illustrate the usefulness of solld eleotrodes ror anodio as well as oathod10 
reaction. a 

The present study was designed to .exatlline the possibility of uslng 
the automatio recording teohnique with 80lid eleotrodes 1"or aralytioal purpoaeso 
A IItudy was made of' variables such al the ef'f'ect or changing the size ot the 
eleotrode, the ef~ot 01" stlrringthe solut10n~ aDd' the effeot of app~ing 
voltage oontinuously at dif1"erent rates of ohange.. 'l'he criteria used to 
abeck the reliability of the data were the reproducibility or halt~waye 
potentials and of diffusion ourrents.. The final oonsideratiOD tor quantitative 
analysi8 was the linearity ot the relationship between the o once ntrat ion of 
reduo:lble 10n and the diffusion ourrent., 

Atter the present investigation had been atarteds MUller (5) reported 
automatically reoorded polarographio studiea in whiCh solutions of eleotrolytes 
1"IOlt'ed past a stationary platinWll eleotrode in a glass capillaryo Be showed 
that the wa.,.e helr)'l.ts were a tunction of the conoentration ot the reducible 
material and the rat, or tlow" and that better. agreement of halfeo'W8.ve 
potentials were obtained with aloarer rates of tlowo Aooording to Matheson (6) 
polarographic studie 8 with stationary electrodes have also been carried out 
by H .. A .. Robinson of the DO\\' Chemioal Company using an osoillographic teohnique (1) 
and Matheson reported aimllarltlea between Rob!"180n's resulte and those 
desoribed in the present paper ... 

Silver was seleoted 1"or -study beoause 1t has a s1mple redox reaction 
which is thermodynamically reverslble~ beoause knov/ledge of such a system , 
is neoessary it more oomplex sYstems are to be understood. and beoause the 
reaotion illustrates an application of the platinum eleotrode to the analysis 
ot, an 10n whioh i8 reduced in the anodic region. After preliminary experiments 
indioated that copper 10n (II) did not interfere with the 81l.,.er wave" a mixed 
silverceopper solution was used 80 that other experiments involving the 
reduotion ot ouprio ion in the presenoe ot silver oould be oarried out later 
on the same solution.. solutions oontaining other ion8 have been examined in 
a preliminary way to test the general applioability or the method, and these . 
exper1mente will be reported 1n another paper!) 

Ezperimental Detalls 

Reagonts and solutions 

All chemioals used in the investigation were reagent gradep and all 

.see also a paper pubUShed atter our work was c~mpleted: R8nal.s~E~-1Jo • 
Analyst 720 301 (1947).. . 
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solutions were prepared v.r1th distilled water.. The ooncentratlOl18 ot 
standard stock solutions were known to better than 1%0 

""4<:> 

The oomposition of the standard polarographic solutlOD. was 6000 x 10-4M. 
in silver iong 1000 x 10~M in cuprio 10n and OolOOM in patal.ium. nitrate/) 
The pH, adjusted b,y the addition of about two drops ot 65 nitrio acid. was 
4000 t 00010 This solution was used througnout the experiments deecribed in 
this report with the exception ot the atudies ooncerning changes resulting 
trom differences in the oonoentration of silver ion. In thele studio. the 
oopper (II) was omlt.tedo 

'rank nitrogen, used for removing oxygen &0111 the polu-ographio ceU, 
was treed from. oxy~n by passing the gas through a series ot tour wash 
bottleso The first three oontained an ammoniaoal cuprous chloride solution 
and strips ot copper foil. 'l'hs fourth v/ash bottle oontained 81' sulfurio 
acid which removed amonia trom the nttroe,en streamo The acid was J"8atnred 
from time to time to insure comp¥1te oollection or ammonia.. !h.e uae ot a 
firth bottle oontaining water tor the purpose of introducing water vapor 
into the nitro~n stream and thereb,y decreasing evaporation losses in the 
polarographic solutions was unnecessary because large volumes of solution 
were employedQ 

Apparatus 

About 300 mlo of the polarographic solution was held in a 600 mil> 
bottle in which was suspended the platinUlll eleotrode and an aF bridgeo 'l'he 
pletlnum electrodes were made b,y fusing platinUJll wire into a 80tt glu8 tube 
and making electdeal oontaot in the usual way by f11Une; the tube with 
mercuryo '!.be agar bridgeg saturated with potassium nitrate. conneoted the 
solution to a 60 mlo bottle containing saturated solution or potas8ium 
chloride" and another bridge saturated with pota8sium chloride oonneoted 
this bottle with the reference electrode" a saturated oalomel eleotroc1eQ 
In order to be able to Make the oorreotion for IR drop» the resistanoe ot 
the oe11w8.s measured before eaoh run with a conductivity bridgeo 'l.od01 RC .. IB~ 
made b,y Industrial lnatrumentso Inc .. 

For oertain portions of this study it was neces8ary to atl!" the 
polarographio solution during a runo Mild stirring was obtained by bubbling 
nitrogen through the solutiono For taster rates of stirringo a motor~rlvon 
glaBs rod with a 600 bend an'inch above the end was usedo Ita speed was ' 
adjusted to 366 rop..,mo by tn9ans of a variaoo 

Polarograph Models XII and XXi) manutectured by Eo 11 .. Sargent a: CODlpatlJ' 
were used for continuous reoordingo Although it 'WaS possible to use these 
instruments to obtain "manual" ourretlt""'Voltage ourves lI suoh CUJ"M8 were 
usually obtained with a eet..,up consisting of a leeds and Northrup potentlometerD 
a'Rubioon galvODOmeter with a sen8iti~ity or 000013 UA per milltmeterv and an 
Ayrtou shunto 

A thermostat was tel t to be unneoessary ror moat of thia work" ""The 
experiments were carried out at room temperature whioh was usually 260 "" 2° Co 
Each of the aeries ot studies concerning the relationship between dirfusion . 
current and oOl1o&ntration "a8 oompleted in quiok succession during wMob time 
the temperature or the room (and the solution) did not change notloeablyo 1080 
(: 0010 C.)o Bowe~er, a bath maintained at 2600 t 0010 Co was employed when= 
ever' or1tioal experimentsD such as the study ~ changes in the he.lr ..... a'Ve 
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potential wi"I:;h changes in the concentration of' reducible ion.!' were made <> 

Proo9dures --
1. Cleaning electrodes" 

Prelimnary tests showed that the electrode cculd b0 oleaned vI' 
imposing -upon it iii. suf'f."ia1ently positt"" J)otentisl t., dissolve the silve:t .. 
HO'M}"I7el"", the aleotr.ode eould also be e leaned by dipping it In'to ew nitr:i~) aoid 
f'0l~ two mint.mGs or lllorel) and then washlZtg it with distilled water.. 1he . 
eleatrode \vaa then dried with kleenex before uaing" Because the aoia. ·t,·IiHitmeJlt 
was faster" it lias employed. throu6h~ this stud;y .. 

It should be pointed out :tbat l.mlesG th$; platinum-gless SE.£ll Wa;t. 

very tight,p the electrode sooner· or later produced errntio reeultao 1h.i$ 
appeued to be oaused by reaction . between the nitrio acid and the mercu.t':f 
wddo the glass tube" 

2... Deaeratloll of polll:rographie solutions .. 

Ox,ygen-f're8 nitrogen Was bubbled through the tolut1on for fif{~Qen 
minu.tes 1:mm.ediately betore each run And was pasaed (WeI' it durln~ aach TlUl" 

!his aeAl1'!ra.tlon was not neC0aeary in that the ':Silver ion was reduced b~f~OI'ii!I 
clituolved oxygenB but the step Vias desirable in that aposslble uneet'te.:l.nty 
in ooha~ior .as remOTed., 

S to Polarography .. 

'!'he 1I'IQ!1ual teohaique of LaitineD aDd. Kolthott el) W8.8 elllployed to 
establish Cltandard curves., A closely related procedurf! in which the potential 
W@.8 changed. from one '\]'alU9 to another by means ot a l'Iloto~ .. driven slidsw1xlli 
Was . later substituted" At a predeteJ'J'!dned potent!al/> the motor W&8 stoppedr> 
Ii ~nute allOW'ed tor the cut'rent to becomo eonstantll' the current ree.ord.ed., 
and the motor started again.. The use of' the motor simplitied th& operation 
of approaohing each potential slowly and reproducibly", ' 

Curns were alao reoorded in the USUAl coIltiuuOU6 way with tiw 
polarograph.. 'rhe rata ot oh.a.nge or potential was calculated in each ea.st!' 
aftel" dote mining by msana of a stop watch» thf: time r0quired ff.'«' thef:llidew1re 
to ohange the applied potential by a volt or m.cre.. : 

Result. -
.g~l!~i,sot\ or manual Qn~. oontinuous JIlIIJthod.~ .~in§ a o1o,ro",!, le'J~ro,~~. ~ 

Fil!;UJ"e 1 shows the type ot curve obtained with a motor"'<lt'iY81l 
sUd-swire c Continuously t'f!corded OUMre8 usually had round maXima", whef'~ii.8 
latlxima were rarely observed in manual curves.... While the plt"8senee or maxima 
l.Iettlnad .t;(!l be the rule ill oontinuous reoording" some runs" whioh were dupU,eates 
of' other!'.! tor- whioh Ii maxima had been round showed no lSign0 of' 8 ma~mUflk 

~5,;.. 

1~axima were expeoted from experienoe with the I.eitinen and Kci·~t.hoft. 
teohniq'W!) 0 '!'here one finds that ourrent usuaUy ).no1"e88e8 while the potential 
ia being ohanged and that as 800tl 88 tho potential is held oonstant,. tho .. eurren'!; 

;' -' 



,-



! •. ; 
, 

I ! l i j I ; . 
I , I r: t. r, , 
, L .. 

"
,
 . 

.. ~ , 
'; .. " .' P

-
-
-
~
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
~
-
-
~
-
T
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
~
-
-
-
-
-
-
-
-
-
-
'
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
~
O
 

-
. , 

....... 
(!)::: 

-. :I.L,; :', . i
' 

I. 
-. 

t, 
, 

.; 

_
~
:
t
 

S
3Y

3dW
V

O
Y

O
IW

 

.' 

H
 

~ 

" 
.' .. q o o 0 ~ tn 

0 ~ 

o ~ !:i 0 >
 



decreas6m with time.. The deorease Is rapid at fir-at but becGIIge v:e1'7 .1_ 
within about a minute G.fter vhich the current i8 essentia.117 constaat. !he 
changes in OUl"ren1;£l beth positive and negativeD llI'e partic~lar17 Doti ... bl. 
ill the region. of voltage where the polarop;r8:ph1c WIIIV& oocurs8 anel th.,. ladleato 
that the rate at whioh the aystem reaohe. "diffusion equilibria" 18 .1-.1' 
thm the rate at 'Which the voltage ohanges. J.'v1dence tor wah lID expluatlOD. 
ia toulld 1D. the taot that these maxima are not 01'. the sami type •• tho.e 
enoountered with the dropping meroury· eleotrode in 80 1'0' a. the pre .... 
01' gelatln exer1i. no repressive efteot on them. Thus one would ezpe. a1GlNr 
rates ot polarizatlon to produce oune. witl!- amaller JD8Jr'.. I1_WlI', the 
irregular ooourrenc. of maxilla preveD'teel the authors fro. reaob1ac a .etla1t. 
oonclua1on concerning the eftect of 1lhe rate of' polaruation .. tlul hdpt crt 
the maldDJJllo ' 

In 'able I are l1sted the .:"rage val vee tor the halt ........... S.l 
aDd the diffusion cunent obtaiaed with three 81 ••• ot el.ot..... Val •• 
lieted in. this table he.... been oorrected tor IR drop and r •• 14 ... 1 ourrent aDd 
represent the .ftrage ot eiz or more r1U18.. The inatrtlll8ntal lSBd.t <fot aoeuraC7 
in detezomiDin~ the h&1t""'ave potential i. oons1~er84 to be wttilSrl "" 0.01 volt.o 
and the limit tor the ditfusion current withia ",0 .. 1 microampere.. HGlfewr.e the 

. reproduoib1l:lt7 limite ot the experbtental meaaureJllent. were rielere -auo the 
,a1t4'ave potentia18 tor a quiet ~olut10J'l w.~e U8~lly duplicable with1D. 
- 0002 Vo although most of the value. tell vith1D ... 0 .. 01 VO ot the aver .. o 
Variations in the Ta1.11 tor diffusion current. were much more mar_d" aa.d. the 
magm:twSe of the variatiO!1 1D.creaaed with the size ot the ..... 1" .. ditta.101l 
ouiTento 

=6""' 

0Qe 1'II.q oonclude frOJll the table that the half ....... p«*ential 1. 
1ndependent ot the rate of polarization. '!'he slight17 po.1tl.... ahlf" o'baened 
with a 6 DIIIlo electrode 1s within the I1m1t_ ot elq)8r1l118Dtal erroro 'the halt..., • .,.. 
potential tor a continuoualy recorded cur,,", obta1ne4 by u.1ng the oppos1te . 
tireotloD. ot polarization alao agreed within the limit. of GrrOl" with the valuea 
1l'.,ted in fable I.. It 1s 1nteresting to nat. that althoufll the rate of polarisatlon 
ell4 not att,ot the halt~a... potential, faater rat.. of polarl.ation di4 produoe lar... dith.lOll curr.nt;a.. -

Etteot of .u. of ele"tro4e 

It hal just. been pOinted out that -the 81&e of' the e1eotrode doe8 not 
etreat the halt .... Qv. potential. PUl"therm.ore" an iDerea" in 'the eleotrode area 
appeared to procluce no important change 1ft the shape of' the oorreoted polarographio 
wave .a .hClllm in Figure 2. !hu8!, a large electrode gave a oune .... 1'7 dJailaJ" to 
one obtained nth a smaller electrode in contact with a. higher cOMeatrat1OD. at 
.reduolble 1011 ('(I'lgure S).. HoreTerj) u:n.tl1 the curreDt'"'Voltap ouma ill'lolvlug 
18.1"181" ourrent. had been oorrected tor IR drop. tbe7 we ... JI\JOh tlattw thaa the 
ourve. tor 1II'hicb IR oorr~ot1oll8 wore_eligible 0 Figun" in_rate. thl. etteot 
whioh II met in all polarographic work. AI an illuutratiOD of 8Il ezceptioaal 
ea .. ., riFe 6 ah_e aD W100rrected OU1"'f'8 tor .. toil eleotrode wheN the IR4rop 
-au so 16.1". that no iittulioft. current plateau .PPlaNd 'before the _x:l.sua 
'Yolta. ~t the .Ud_ire had beeD reaehed<J 

Deapitu exof'!.abe oar. in olellJlizlg the electrode l1li4 1ft _aaunag Its 
area .. dlffioulty waR experienced In olR:.iD1ng a go04 ,our"'" lib_Jag the relation 
between dithalon ourrent 81'14 electrocle &reao 'rherefore8 F1CUN 6 .. ned 0DlJ 
to substantiate .the expeoted trend.. 0. might po1¢ out that this t~ ., . 
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Figure 2' 

Ii. , . 

Effeot or eleotrode s1a8 on ourJ'ent produced 1D" quiet 
801utioDo Bate or polarisation - 1.46 mv/aec. . 

10 cne JDl1'I. )lla'b1num electrocte 
(0.02 cr in area) . , 

II. 

,1110 

six 11111. ElatirlUlft electrott. 
(0,10 cr. in,area) 
'011 pl~inum,,~eotr0d0 
(2.14 emiD ANa) 

tb,L, 
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Figure 3 

Effeot ot varying conoentra~lon on the maximum from a foil 
eleotrode (2014 om2) in a quiet 801utlono Rate or polar11at1oD -
1046 ~/seoo 

I. 5,,0 X 10 ... 4 M Ag+ 
II" 2..60 x 10",rM Ag'" 

III. 6.25 X 10 .... 5 ! Ag-r 

60 
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Figure 4 

Curren~~voltage curves showing correotion for IR drop.aorosG 
the oell using an electrode in a quiet 801ut1~nc> Rate of polar1t:atlon ... 
1046 Iffff/seoo . 

1.. Uno orreoted c urV8 
II .. Corrected curve 
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Figure 6 6. 

Effeot of stirrin.g on the diff"us1oD. ourrent using a 2.14 or/-
toil electrodeo Rate ot polar1zation ... lo46mv/seco . 
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Figure 6 

~elation between electrode size arul dit'tusioii current; 1n 8 
quiet. solutiono Rate of polarization ~ 1046 rnvl'eea. 

. . 
C) = Foil eleotrodes 

~. Wire eleotrode •. 
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illustrates th$ better precision whioh is obtainable with smaller 
electrodesD aDd also the ~gnitude or the error which might be introduced 
in trying to prediot the she of a diffusion current ret/' an electrode 
by oomparing its plano area to the area or a /Second electrode., It 
emphasizes the need tor calibrating every electrode with a standard 
solutiono 

A oomparison ot Figures 8 and 10 emphasizes the desirability of 
selecting an electrode area acoording to the region ot concentration tbat 11: 
being examined.. That is to say, smaller eleotrodes are more suitable tor " 
higher concentrations and 1ar&er electrodes tor mont dilute ooncentrations of 
reduoible i0118 0 

Effect ot stirr1ngo -
One'would expect the results from stirred solutions to be similar 

=1 .. 

,to thoae obtained with a rotating electrode or by flawing a solution past the 
stationary eleotrode beoause# lnall cases, there is a Dovement of the 
solution past the surface of the eleotrode.. '!.'he'dlffusion ourrent for a given 
concentration of reduoible ions should be greater the taster the stirrlug , 
beoause of the larger number of ions Which are acoessible to the eleotrode 
surfaoe for reductio!! within a giTen time interval::., Lik8w1.ee" thereshoulcl 
be no max1mwn because of the raster r,ate of reaching_ equilibrium" fhee. 
expectations wer~ verlfledo Sae Pigura 70 

The deposition prooess is not 8S simple in a stirred solution 8S in a 
quiet one. ~itlnen and Kolthoff (8) round 1n using a rotating platinum 
eleotrode that the current .. voltage ourves had ebnormalslop9a oompared ' 
with curves in whioh ooncentration polarization was assumed to be the only 
efrective type of polarizationo Mentlonwae made earlier of Maller'u report 
that~when the solution flawed pest a mloro=eleotrod~a better helt~ave 
potential could be obtained with slower rates of flow" The experiments 
reported in Table II contirm the aboveobaervatione and alluw several related 
generalizations to be madeo . 

In the first place o stirring markedly deoreased the reproducibility 
ot both the half"'Wavs potential end the dlrf"usion olU"rent.. In many ~,case8{) no 
h8lrQ~ve potential could be calculated beeause ~r failure to obtain a diffusion 
ourrent plateau., . A similar 'behavior had been noted in some oases for rotating 
electrodaa (2)" F"<lTthermo:..~ Ii when nalt""'Wave potentiala could be oalculated/,) 
the 'vallUt8 were often spread over III range of 0006 V iii and the 'average value 
appeared to be somewhat lower than that for U11stirred ~olutiona .. " _........,. 

In the seoond placeD although faster rates of stirring resulted in a 
much smaller probob11ity of finding a diffusion current plateau for a curve~ 
whenever the plateau was foundg the expected increase in the ma~itude of the 
diffusion currGnt had oeourredo For a glv~n rate of polarization the probability , 
,of reaching a d1f'fuBion cuxorent plateau bore a rough inverse relation to the 
l.dz9 of the eleotroda" '!'he probe.bl1U;y reaching a di~ru.lor:a current plateau 
for fa -pat"ticule,li" el<actrode and a. fixed' rate of' stirring was ,inoressed somewi}at 

, by using a fsster rate ot polarizatlouo 

Effec·1;;. =O!:"~O~\~i:;;,-;;~l~:i\ ,~~<.~':::~~~ ior;, on the half"'h.ve potent1alo 

'i:h-z. C\~:uos;v:;;:l'}u of e;y:. C!G'l7ItS';l.\; ::At a solid electrode is analogous to the 
deposition of (,'>, .;:r.121(,mt :<l ::n msretn"'y at the usual dropping mercury 
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Table II 

Ha1taWav. Potentials and Diff'ua1ol1 Currents of' Silver in Stift"ed 
i 

solutions 0 

Rata of' Applied Voltage Uanu;al 1.46 'lIxv/seo 2092 _/eeo 4038 D/eeo " 
Ii 14 Et '14 Ei let Ei Id ' 
V. fA· Vo fAo v. pAc Vo pAo 

, I. ODe Mil1~ter Eleotrode .ootO: 1.8- 0032 , 14.4* 0.32 11.2* 
(Oo02 om ) N.D.P.- 0.8S '1404- 0031 11112-

N.D.P •• 0.33 ' 8,02* 0028. 16 .. 8-
WoD.P.· 0.34 8.0* 0034 11.4-
W.D.P •• 0018 8.4* 0~32 160 9. 

0.3~ 704* ,0034 11.4. 
O.S3 1.8$ 0.30 -' 1706. 
0.12 0 ,'1.80 
V.D.P •• I - ' BoDoPo* ,oo'i . 

! 

2. Six ~ll~ter F.lectrocte 0.35· 2406 o III 0.33 43.0. 0001 22.6*,* 0.31 75.9* 
(0 .. 10 om ) 0.34 16.0$111 0033 39.1. 0.84 16.4** 0.31 frT.1 ~ 

0.36 18.0011 0.,34 S6.9. 0028 30,,0*. 0029 82C10~ 0085 22.9*. 0081 6103. 002'1 3208.- 0083 7809 
NoD.P.* 0.3S 4100* 0.30 41.2* 0.28 1S~'o! 
N'oDoPo* WoD .. Po* O.,SO 69.1. 0034 82.0* 

H.D.Po· NoD.Po* " 

, lf~D.Pe* I.D.P •• 
N.D.P •• 

30 Poil El~trode N.D.P.*: I.D.P.,. N.nop~* 
(2014 c ) No Do'P.,. N~D.P •• NoD_Po. 

,'No J)o P. 0 .. 

~ .... ~~-- -
" 

'M.D.P. means no' dltf'usion ourrent plateau Was reached. ' 
*!>'!'ot or at uree! ! 

Il<*Nitrogen stirred, oonditione extremely diffloult to control" 



Flgur~ ? 

,Effect of stirring on the diffusion ourrent for a 6 Mmo 
olectrode (0010 cm2). Rate of polarization G 4038 mv/seo6 

10 Unstirred solution 
II 10) ~.rotor"'8t1rred. solution 
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eleotrode.. Therefore" a· sh1f1:;' or the haltdIVave potential to more _gat!_ ' 
potentials with dilution of' the reducible 1011 should be tOlUlCl (9) in aooordanoo 
with the equation. 

Hi- :: BO + RT In t. '" 1ft la 0 
iii iif l' 

Ct,) 

where t. i. the aoti'Yity coettioieDt ot the reduaibJ.. iORa !his equation 
aS8ume. that the aotivity or the deposit i8 UD.lt,'o 

In aotual praotioe., the,.e 8.J"8 <riiher f'actCl'S which m.uat be oonald.reel 
8UOh ... G'l'eivolta". D Teriatlcms in the reference eMatroae potential" aa4 
j'W'lOticm poten~ia1a.. Qrdll1U'lll'n the current deneltlea enoounter" lit 
polarograph7 are 80 amall that :O'V'ervoltage 1. not a souroe of large error." 
partioularly when one i8 .clealing with a readiq rever.lble reaction ... , Eft'or. 
in the oalamel reterenoe electrode arising trom the presence at oxygen are ot 
the arder or a millivolt and cen be negleotedo R7 using e. large re1'eren.oe 
electrode. errore ln' thereterenoe pote~t~al arising trOll polarlza:t1on eall 

be _!ntawel at negliglb17 small va11l880 Junction potentia18" horrever# -7 
'be 0006 Vo or larpro Whlle all or theM f'aotor8 would han to 'be oOlle1dered 
ill oaloulating BO trom liD the1 are usual17 at little oonaem 1n polarograplQ" 
where one 18 oou.cel'llod simpl,. "11th keeping them OODJrtaitto 

In polarogaphl'. where the 801;i,,1t7 or the reduc1blll ion is alaoet 
alw81's le.s than one peroent of the total aotbi,t7. t. i8 e •• 8ntia117 WUlfteete4 
b,y difrerenee" 1n the ooncentraticm. of the reduoible ion in two atheJ"Wi •• 
ld.nt10&1 801ut10nllo fhU8" the polarographer 1s usually _:re ocmoeJ'D84 with a 
·praotioal EO. or ·formal potential· 1IIh1oh inoludes BO and the tactor8 diaou ... ct 
abO'VG .s oonateta. . 

. 0 Ii:: 'I ...... R! In C 
. .L 'ii? l' (2) 

o 
Br .18 the formal potentialo Provi41D.g the all8\IIIJpt1cm8 in equation (2) 
are oorrect, the !It tor .11",eJ" should ehltt ..()o069 V ~ f'oJ" eaah tenfold 
di1utiouo 

BetaJ". teatine equation (2) b.J performing the experimeDto reported in 
Table III, the sl1dR1r. of the Sarg.;nt llodel xx: wao carefully reoal1bratedo ill 
ot the det.:rm1Dat iona wve made with this instr~nt and wlth the s... mloro 
electrode (0002 eta. ).. !he initial and tiDal potentials or each r\lD we" cheoked. 
with a potentlometero 1'he eolutiona were analyzed at 2500 ! 0 .. 10 c. 

Ta.ble III 1Ih0lll8 that the ohenge in the h .. lt .... a". potential agrees very 
well with the value of -00059 V. predioted by equ.atlon (2) tor thft reduction 
of al1ver ion on a ail"r eleotrocteo Theref'ore" it i8 essential f'or r'eaotion8 
ot this type. to specifY the oonceDtratlon of' the ion Whenever the halt ... ...,.. 
p otentiali.. reported.... . 

It will be noted that the a.verage half."...ve potent1al (0033 V.) listef 
in. 'lable I doe. not agne wlth the value (0029 Vol oalculatedtor a 500 :It 10"" L 

ante sign of \he poEeii\lal is reversed fig the OOllVttntlOZl in IAtl"Jriiljrij" 
·Oxidat10ll pote,Jltlals" to agree with the 81gn of the polarographio calecrbrod.o 



Table III 
\ 

Effect at Cha.nge. in Concentration at Silver Ion on 1ta Balt...wave Potential in 

Conoentrat ion 
Mo 

10000 x 10 ..... 2 

10000 x 10-3 

10000 x 10'"" 

. 

001 ~ Potassium Nitrate at pH 'o~ 

Ei 
Trial Jl. Tr1al 2 

+00372 ~0.315 

+00316 .. 0 0 322 

~Oo275 ~Oo259 

AEI 
Average 

,.00314-
.. 00055 

+00319 
"'0 .. 051 

tOo262 

=8a"" 



solution from fable lIfo 11; is felt that the latter is a bette~ value 
beoause the analyses were obtained under better conditions. 

c9= 

Equation (1) may be tested by oalculating fa after substituting values 
fqr EO (10) with its sign ohanged and referred to the saturated oalomel e1eotrode" 
Efi and C. For a 1000 x 10~3 1.~. 801ution one finds g 

00069 log fs ::a(O .. 80 - 0026) ~ 0 .. 32 "" 00059 (~o30) (3 ) 

fa ~ 003 (4) 

It 1& read1ly apparent that this value is not logioal and that is 1~ probably 
about ooeo Junction potentials and avervolta~ 'are probably the souroes of 
this d11'terenoe and these etfects need total only 0.02 Vo to eliminate the 
d1sorepanoyo An additional consideration whioh may not be negligible is the 
formation of a nitrate oomplex whioh undoubtedly exists to some extent althougp 
no data oonoerning its stability have been foundo 

A'shift in the Eh with dilution would not be expeoted it a s01ublt!l 
ion were produoed beoause Ei is desoribed byg 

Ei - EO ... R'r 1n sox ... (5 ) 
'iiJ ared 

or by 

Ei ... E 0 t R'l' 1n °ox '" f nF --=-
°red 

(6) 

At Ei~cox i8 essentially equal to Cred making Ei independent of the initial 
oonoentration of ferrio iono In order to' check this pointg the experiments 
reported in Table IV were carried outo 

Attempts to obtain values for 1009 x lOaS No solutions were unsuooessful 
because the diffusion curreut waG too amallo 'The slieht drift of the E~ toward 
positive potentials may be real although it i8 within the reproducibiIity 
limits of the experimonto 

Effect of conoentration of reducible ion on the diffusion ourrent ~ application 

to quantitative analysisl 

It is obvious that any study designed to test +.he accuracy or a 
quantitative method should be carried out under conditione favoring high 
preoisiono From the previous disoussion, one can see that a quiet solution, 
a small eleotrode areaD and a moderate rate of ohan~ in the polarizing 
voltage represent such a set of condltlottsc 

A great dealof' oare was exeroised to min1ntize errors that might result 
from slight changes in the procedureo For example" the solution was allOrled 
to stand for an interval of several minutes follOWing the deaeration in ordor 
to make certain that the polarographic solution was not in motiono In order to 
avoid the need for thermoatating the sol~tionsg they were allowed to stand in 
the roam for severnl hours after thay had been prepared.. Thenl) 'atter they had 
reached room temperaturo o eaoh series was run in quiok muco8asiono . . 
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Table IV 

Effeot ~t Concentration on the Halt~/ave Potential tor the Ferric to Ferrous 

Concentration 
Jlo 

1000 x 10..,2 

1000 x 10..,3 

lC!>OO x 10..-4 

Note: 

Reduotion in 0,,1 )80 Hfdroohloric Aoido 

EI 
Trial 1 Trial 2 Average 

-5-00514 o\i>Oc:>606 '\!>C0610 

~Oc520 <>00506 .0.,513 

~Oo52'1 ~Q.:>511 f-00519 

'l'he EOg or more exaotly, the Er 0 tor the reaction 

01" + Fe.&4> "" .".. heft-flo t e 

AEi 

<K)oOO3 

{pOoOO6 

under the oonditions of this experiment is ..()o76 V" Agreement with the EO 
value or ... 0071 Vo" given in latilner t II book tor the reaot i on" 

Fe<i'~ =:!' Fe~">~ ~ e 

is 0 oine ident.al 0 
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temperature of the room end the solutions did 'not appear to change 
noti oea bly (! 0.,10 Co) during the interval rtf time required to make t'1e 
analyses 0 As a reauit.o the precision of the analyses appeared to be 
higher than that found in the results reported 1n Table I .. 

The relation between the diffusion ourrent and the ooncentration 
was shClWl1 to be linear (Figures 89 9. and 10) with the three 8iz,s of' eleotrodes 
that were examined.. The values plotted on the graphs represent single 
determinations rather than averages or two or more rletermination8o Attempts 
to duplioate these curves were very sucoessful.. For currents greater than 
.3 'lA.,. d1fterenoes -between two values tor a given solution were usually Ieee 
than 10%9 oi'ten 5%0 For ourrents less than 3 p...~ agreement was 1n the order of 
10 to 20% (loe. ~ OQl pA).o 

Other aEelioations. 

The reoording of curves for other ions, singly and in simple mixtures. 
has been tested end found to be as satisfaot0rY as tor silver.. Thus it is 
possible to use the usual polarographio recording techniques to.make qualitative 
and semiaoquantltatlve analyses for ions such as Ce4• 11 Mn04 .... t and C"20,"''''' more 
easily than when a dropping mercury electrode is used<> Analyses for these 
ions have heretotor been complioated b.Y the spontaneIty ot their reaotions 
with mercur,yo. SImilarly. oxidations ot N2H6~s er3• and other ions whiCh were 
impossible because of the-anodic dissolution of the dropping meroury eleotrode 
have been examined with a platinum eleotrod80 These studies will be reported 
later 'I 

Solid electrodes otter other ad,,-antageso It has been possible' to make 
analyses 1n solutions oontaining hydrofluoric acid by using a plastie oel1 and' 
by ooatin~ with Wa%g the glass in whioh the platinum eleotrode 1s embaddedo 
It appears plausible to expeot a solid electrode to be used tor studies in 
liquid ammonia and similar solvents at temperatures nelow the free:lng point 
of' meroury., 

~ knawledgment 

The authors are indebted to Do Bo Ehrl1nger for making some ot the 
measurements reported in this papero 

~ry 

10 Contrary to What one might have predicted !'rom the work· of' 
la1tlnen and Kolthoff to welloodetined and reproduoible ourrflnt""Voltage curves can 
be obtained tor silver ion using a stationary platinum rnicro=eleotrode and a 
aont1nuoualy changing potential., . 

20 . The half=¥18ve poten:tial or silver in a 0.,1 TIT KNo.s nitl'ate solution 

iIt appeal's fha~ lHepreci8ion, par~lcularly in the oase of' the lar~r 
diffusion ourrents, mirpt be improved appreciablyo For example p studiea 
that were made after the work reported ab~e had been comp.leted indio ate • 
that more elaborate ~reeautlona in the oleaning of the electrode resulted 
in a Bli~tly .ore reproducible diffusion eurrento These experiments will 
be repol'ted 1n 8 separate paper in oonnection with other studieBo 

f 



Figure"S 

Relation between oon~entratlon ~nd dir~18ion ourrent tor 
a one mmo eleotrode (O~02 om ) in quiet solutionBo Rate ot 
polarilatlon - 1046 mv/S80o 
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Figure 9 

~ 

Relation between concentration and diffusion ourrent tor a 
six mmo ,1eatrode (0.10 om2)1n qUiet solutionuo Rate ot polari&at1on ~ 
1046 mv/seoo 
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Relation between ooncentration and diffusion ourrent for a 
foil eleotrode (2014 cm2) in quiet 801utionao Rate·of polarization ~ 
1046 mv/seoQ 
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ot pH 4000 is independent of the direction or pol~iaatloDp the rate changing 
the Toltage.l)cl and the sile of the electrodec. It does, howeverp depend upon 
1;h.eooncentratiou of . silver 10n acoording to pre~lctlons baaed Upon the wernet 
equatiouo 

So' Stirring decreases the reprodueibll1ty or both the halfclJ'T8'ge 
potential end the diffusion QUJ"rento Stirring appears to produoe a 8li~t 
shift of the half=1law potential toward more negative potent1als but the 
extent or the shirt is barely larger than the exper1mental limits of erroro 

40 The diffusion current 1noreases with the siae ot the eleotrode~ 
the rate of polarlzat1on, ,aDd the speed otatirrlrt.go ' These observation. 
can be uaed to extend the J'8.tlge of i:he method to more d.1lute 80lutionao 

50 Stationa~ platin~ electrodes give a linear relationship betwBen 
d1ftuaion cUrrent and concentration with an acouraoY' wh.ich allows the method 
to' be used for seml-quantltatlve dete~inations. 

60 A round maximum i8 usually obtained in quiet solutions. the 8ite 
of the max1m:U1Il appearing to increase nth electrode area aud concentration 
of reproduoible iODo 1'he maximum may result trom the time lag in reaching 
Q state or dlf>tuaion equilS:brlumo No tlWd.ma were obserTe,a in stirred solutionso 

70 Solid electrodes otter advantages OVEtt' the dropping meroUl"1' 
electrode for analyses i~ the reg1o~ ot positive potentials (vso SoC.E.), in 
solutions· or h)'drotluorio aoide and in solutloD.8 at low temperatures" 
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