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INTRODUCTION 



- 1. ... 

Although anhydrous fol'mie acid .exhibits all the properties 

required by a solvent. for ideal polarographie characteristics, 

no study of the dropping mercury electrode in this medium 

has .hitherto been desc.ribed . ._ Formic acid besides having a 

high dielectric constant {56.1 at. 2S9 C (l.)) and consider-

able ioni,z-'ing propert:ies, also exhibits a strong solv1mt 

,act.ion upon .many organic compounds._ Furthermore, it has 

'been ahovtC l)y Pl·eskov (2) to be a solven't with small com~ 

plexing power., a feature whieh enhances its value for t.he 

examination of ions which are normally hydrated in aqueous 

solution.. The above author .also showed that the standard 

electrode poten.tiaJ.s in fermf..o acid, ot the ele'Den'ts .he 

studied, differed litt.le ·from the values :found 1n aquaous · 

solution.. .Exceptional behaviour was shown by zinc and 

cadmium the potentials ·Of which were displaced to more· 

positive values. This shi£t was a-ttributed to hydration 

o.t ions in aqueous solution as opposed to the absenee (lf 

sol.vation .in formic acid .• 

The remaining el.ec troch~ical investigations in annydr­

ous formic acid have beea confined to 'conduct.anoe measure­

ments, the measurement of transport numbers and pot.entio­

.m:et.ric t.it.:rat.ions. 

The conductance measurementte were made almost entirely 
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by SChlesinger and his co-worke·r.s. The conductivities of 

ammonium (3) all<:ali (4) and alkaline ·earth (S) format~s as 

well as hydrogen chloride (6) so·lutions in anhydrous formic 

ac~d w·ere measured together with the behaviour ot mixtures 

o'f two sal.'ta containing a common ion (7). More recentl.y 

Lange (8) has measured the conductance of potas!;lium chloride 

in this solvent,. Schlesinger and Bunt~ing (9) obtained values 

:for the transference numbers of the formates of sodium 

potassium and calcium in :formic acid. 

1be outcome of these experiments was that. anhydrous 

formic acid should be considered to be a highJ.y acidic 

solvent; hydrogen chloride was, for exarnpl.e, found to be 

incompletely ionised, while salts such as the alkali and · 

al.kaline earth tormates, which are bases in anhydrous formic 

acid, were highly ionized .• , 

A 11umber of workers (10.-15) have emplQyed anhydrous 

forxnic acid as the medium tor potentiometl"iC titrations and 

conclude that 11'for.mie acid is more l.ike water, t,hen is such 

a solvent e.s aeetie acid, in that solutions of sal.ts give 

.cryoscopic and conduet.ivi'ty value.s which correspond to 

extensive dissociation. ttith .respect to acidity and basicity, 

however, formic. acid differs greatly f:rom water, and solutions 

in it are even more deserving of the term superacid than those 

acet.ie acid eolut.ions in which t.he pioneer work on the 

potentiometr.i,c investigation of strongly acid solvents was 

done• .• 



In v.iew of the .interesting properties shown by anhydrous 

formic acid, it was decided to investigate: the electrochemical 

properti,es of tbia so'lvent, paying p.articular at.tenti,on to 

its suitability t'or the .reduction of e+ectroreducible ions 

at a dropping mercury cathode,. 



SECTION fi. •. 

GENERAL. 



It is desirable befor.e discussing the polarographic 

:1nvest1gati.on of anhydrous formic acid solutions, to give 

a re.sume of the equations used for the calculation of 

appropriate quantiti.es. 

The fundamental. equation on which all quantitative 

poJ..arographic calculations are based is that due to . 

Ilkovic (16, 17) 

id = 607 n D~-cm 2hti/6 (l) 

where 1d is the average current 1n microa.11peres during the 

life of a drop, n is the number ot Faradays of electrieity 

required per mole of tbe electrode reaction, D is the 

diffusion co~ffiei·ent of the reducible substance in th:e 

Wl:its cm~l. 2/sec •. , C is its concentration .. in millimoleE&/ 

-litre, m is the tate of' tlow of mercury from the dropping 

electrode capil.lary expr.essed in the units mgs./sec. and 

:t is the drop time in seconds .• 

The diffusion current. <:onstant, the value of which 

has been measured for eaeh inorganic cation in an-hydrous 

formie ac!td is 

(2) 

'!'his quanti cy sh'Ould be independent. of t.he: character• 
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ist.ics of the capillary tube used· for the dropping electrode 

and thu.s cha.racte:ristio o-f each ionic species. Because it 

neglects the curvature ot the electrode surface, however, 

the I:tkovic equation is not strictly valid and, in consequ• 

ence, the diffusion current tcQnstant' does shov; a small. 

variation from one capillary ttioe to the next. In this 

investigation however, only approximate val.ues were required, 

in Drcter to eompare wi t.h- those in aqueous solution-. · For 

this purpose .Eqn. 2 was quite adequate. 

In order to offer some informat.fon on the size of the 

.ion under mvesi:rigation the diffusion coefficient. of each 

has been. calculated from Eqn. 2.. These results, although 

obtained f.rom. -careful measurements, nu.1st. be· l'egarded as no 

more than approximations. 

MO-st. of 'the inorganic ·cat.i.ons investigated ·were fo:und 

·to undet~go complex formation in the presence of various 

supporting .electrolyt-es.. The structure of some of these 

com.pl.ex ions was achieved by measurement of the halt•wave 

potential. at two different c'Oneentrations of the complex 

ion. 

-. Eu_._ -= 0 0591 UiL. . -n X ~· . . . • 
1ogC sr , 0. 

•.. , ... _ ...••.•. (3) 

The above formuLa gives an approximate value of p, the 

co-ort!inat.ion number of t.he metal ion. The concentration 

of the complex.ing suppo:J?t.ing el.ectro1yt.e. is denoted by c 



while n has the same vaJ.ue as in. Eqn .• _ 1 .• 

The structux•e of on.ly a few complex ions -could. be 

attempted because o.f .a lack of knowledge of the liquid­

Junction potential between anode .and cathode compar·tm.ents, 

and consequently. an uncertainty in the actual value of the 

change in the ha.lf-wav~ potential. On the occasions when 

values ·of tbe ionic conductance in formic acid af the ions 

considered, were available, the liquid junction potential 

,;vas cal.culated using the Hendersen Equation ) 18) 

RT 
Ed - --; 

where D = ("L Ci i l) cat.ioil:s :... ("E. Ci{, i) anions 

(4) 

S = (~ CiZi li.) cations ~ <"'E Ctzi.tl) anions 

where.( is 'the ionic conductance at infinite ·diluti.on of 

the. ion considered., Z its va.lenee and C its concentration• 

Empl.oying this e~ation 1 t was calculated that the 

half-wave potentials of the ions shoul.d shift by 20 milli­

volts 'to more negative potentials on increasing the concen­

tration of sodium formate, used as supporting electrolyte, 

from o.s M to 2.0 M. The observed shifts were found. to 

be cltHse to this val:ue. 

In order, tO determin-e whether a given el.ement was 

reversibly or irreversibly reduced, a. plot was made from·· 

<aaeh ·polarogram of E vs log id.i _ 1 where id is the value of 
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the diffusion ·current and i the value of the ·current at an 

applied po'tential of E. The theoretical ·values of t#he· 

·slope of this plot. for reversibl-e one·, two·•· and three 

electron .reduc:tions are 0.020, o.oso and 0.059~, This 

slope has been labelled •tan a: • for brevity, .. a value being 

·quoted ·tor each reduction. 

I·t has been decided in this diss\!rtat.ion to disca:rd 

the usual prac·tic.e of referring to peaks on. the diffusion 

current as •polarographic maxima" and hence forth to name 

them •polarographic overcurrents•. The reason .f<~r this 

change is two•fol.d. Firs~ly, as t:he height of these over­

eurrents ·wi~l be shown tQ vary_, passing through maximum 

va.:Luea, the .confusion of referring to maximal maxima !s 

avoided •. Secondl7t the term .is believed to be a better 

description of the phe,nomenon t.han the non-committal term 

of •.maxim.tmt•. 

'rwo· actua1 polarograms nave been incl.uded, one. f-or 

lead and the othe~ tor thal1ium. The polarogram for l.ead 

is so typ:tcal of those measured for all the elements that 

it is included as a general photograph. The picture .for 

t.hallium !a included to show the way in whi·ch al.l the waves 

m.easured were .spread out :as much as was praetica~ly possible; 

by decreasing the ·voltiage scan, 'tO increase the accuracy in 

measuring the half-wave potentia~. 



- 8-

Several of the supporting electrolytes such as 

potassium aul.phate, sodium citrate, etc:. had added to them 

certain a.'llounta of sodium. formate. lri the -cases of bismuth 

antimony,lead and tin, this v.ras done main:cy to ensure com• 

pl.ete suppression of the ove-rcurrent, (See Section E). 

With other elen1ents the addition of ·sod.iwn formate was 

founc1 to greatly improve the shape of the wave. 1'hie 

addition lo,.'tered the· resistance of the polarographic cE!Ll 

appreciably, thus rendering the voltage drop correction 

of much less consequence and ensuring that the movement of 

·the ions to the mercilry-solution interface was complet#ely 

ditfu.si.on contr:ttlled. 

In. order to obtain ,a, value of the diffusion current 

constant, the diffusion currents at known electro~reducible 

ion concentrations have been measured ·f'or each of the 

elements. Although the figures are quoted in each case, 

the curve has only been plotted in th! 'Case of bismuth. ·and 

indium. With. the exception of indium, which shows unusual 

behaviotl!',t all. the curves were similar to that for bismuth 

differing only· in slope~ · It was thus f'el..t. that. .nothing · 

woul.d be acieved by incl.uding curves for all. ·the elements 

a:n(i in t.hese eases onl.Y t.be .results are ine.luded~ 

It was decid.ed w precede the polarographie investi­

gation of each inorganic cation with an examination of tb.-e 

effect, of an added quant.it.y o£ distilled water on t.he half-



r:ave potential.. The addition ot 2' (v/vl -of water was 

thus made in tb.e case of ea.eh -ele:.11ent. •. 

r;;.nen'$ver complex. tOI'mation has been shown to oceu:r 1ft 

:formic aeid solutions., an attempt bas been mme to give 'the 

struc·ture of Ute complex ion by quoting the corresponding 

complex species forJ1ied in aqueou~t sol.ut.ion•< · 

The range -of measurable potenti$ in fo%'inie aeid 

ttaing the quinhydrone-i:n-formic acid el.eetrode was betmeen 

+0.2 volts and -o.s · volt.s vs :s.-C:.F.A.E. Potentials more 

pDsitive than •0.2 volta were excluded due to the: presence 

of anod.ie waves,. while a'tc potentials more nega:tive than 

-o.a -volts., the_ wnve due tO the discharge ot hJdro:gen 

interferes •. _ 



• 

SECTIOl~ B .. 

EXl?ER IMENTAL. 
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ABR£1M; 

The instrunteat used .for this investigation t-vas a 

H~yrovsq polat*Ogt>Qph l~odel V301ft. the polarograms being photo• 

graphi:eallY recorded. The ,galvanometer· used (W.s~. Py.e and eo. 
' 

.Lt4 •. ; ·cambridge t England) bad the following· cbaracteristi:cs -

Period 9~8 s.,cs, .Resistance 1890 ohms, Critical aamp.ing 

resistance 241000 ohms, the reflector being a plane mirror 

with a front, l:ens .focus of lQO ems. 

The x-esistance· of the pol&rographic cell. was measured u.sing 

an A.·e. Nivo.c Wheatstone Bridge as supplied b7 George and Bak;er 

Lta. • .,· :t..on.don, at 115 volts and .50 cycles/see.. ':he null point of 

the J.>ridge was determined using a ma~r:to-e7e valve bridge balance 

4-etectoP• 

The thermostatic bath which was· used had a capacity of 90 

litres. end was. heated by a rectangul.ar coil, .~esistance 165 ohms, 

ttl$. temperatttre. being ma_intained by a spiral toluene -mercury 

ther.mo-regulator •. 'fhe ~iqu14 was stirred by a propel.ler-type 

Stirrett of diameter 12 ems. s·et at an .angle to the vertical.. A 

temperature ·of .25.00 t o.oafle was readila' maintained. 

The mercury used throughout. was pur.:i.fied by· allowing it. to 

run tb.rough a. tube one· metre long containing 6% nitric acid, 

filtering and then distilling twiee, in an· atmosphet'e of dry 

.ni.~rogen, under reduced pressure.. All contact between the 

----· 
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.mercury used snd the: wires of tbe apparatus were matte by 

platm\liU-gle.ss s·eals to prevent any ama!gamatlonr 

1fhe poten·tiala recorded \Vere measured using .a Cambridge 

a11<1e \'lire Pottmtiometer and a recently s'tenda.rdised vteston 

C~U, the E•!f •. )",.. Of wh1eh W'aS 1.018a'i VOlt$ at a5°C• The 

differ•ce ·of p'Otential app.lied to· the polarograpb.te cell w:as 

s~pplioo lll a DFG Co:nstmlt Voltage lbide 2 volt accUIIl.Ulator 

which t.vas .found to. ,maintain a constant vnitage to 0.2 m:i.U1volts. 

TP,e; head of me:rcur7 1 Oa), that is the height. .of tl\e mercury 

. eolumn between the level iA the reservoir and the tip of the 

dropping eleetrod.e ·was me$mll"ed witb a catbetometer. In ·ora• 
to facilttate the adjustm~t and .accur:ate me-asurement of ,h., 

use was mad~ of the .arrangement described by Lingane end 

La1tenen ·w> shown .in Pl.a.te 1 .• 

~M .. Ppl:i£pgraphj;cc. Cgll.: 

'The polarographi<= cel.l usea. 1n this research is eXhibited 

overl.ea.f' in photogr:aphs l ·• 4• :Photographs ·1 and 2 show the 

cathode and e.nod.e compartments respectively, sepal'at.ed, and in 

3~ the cell is shown complete. The fourth view t.aken &om , 

above,, is Jncluded. to c1arif)r the pGsi tio.ns of the nitrogen 

inl.et m.d O'Ut'let tubes with respect, to :One another ... 

Tube'$ ~, B and c are Joined by a Y·jo.:int. to the nitrogen 

sour-ce, while the outlet tubes D and B. are connected. by a 

s·econd '!-joint to .a drying tube o:f' ca.J.ci:um chloride, ·open to 

tJle air. Cap:Ul~y tubes ·O,f ·J.. mm. bore at .B and C ensure a 
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.steady •~ ot .ni.trogen in each. compar~. t;.,_.., tap 

links . · B· such tbat, · en th s-elilOftl of the . iaaolvec1. 

asea 1n the o•~le el.ec·~ 1a conple.te, th etreala ot 

n1troge 18 maintained t.brougll tube A, over tb.e eurt'aoe·. of the· 

liquid., th\18 eliminaUng .r.ay po lble lngrees o£ OJCJB4tll 1l.l'l.ro h 
•• •l 

tube D (a:). f.he eomputmenu. •• Joinect by a '812 SJ'OW14•glaaa 

Joint.&, main'Wned ao - let.eq watertight. by application ot' l1o1r 

a.ee which 1e insoluhle 1ft tormio 

aci4. The oatbo41o and .an.o ic electroly'tea are· eep&rat,ed 'b7 • 

sinter. · · gla_e . diac F, the por.e · ise of which wa . 5 - 10 1Cl'0118f 

tb.is was found to be JDOat .fNl,ti · actor¥, 1n that., while mala• 

tain, ·bafo eolu ion . .f.nterf c , tbe el. trical reei tmo:e 

of the ·eel1 · a not gr at.ly 1nc a · · • 

'fhe· nitro&m wted was .fl.rs-t. bubbled through aJKalJ.ae 

pyrogallo1 to t"emove .., o.qg·m preaent. ana tllen. tboro hl3 

tirl by p over pho&JPhorue pentox!ae. Jn quan.t1tatJ.ve 

dete :J.:rul:t:f.o a, tbe . led n1tl'O ·ea wa · lniU~ a turat.ed wttb 

f o c aeicl by bUbblJ.ng the gu through .a tube ·of the anbyd tc>U8 

solvent,, tbt~s ·elsur · that the-r. w . · no !ncr u 1n the eon­

·cmtr· Uon o th . solu.Uon caused by loa . o£ tAe sol.ven'\ du.e to 

vaport; -tlon. 

In order t.o Q.&Qre th.e absolut-e value: o'f tbe 4Utusion. 

current, a 1mo ledge o·f which i.s of tuncial - tal int.ere-at., i:t 

'WU necessary 'Go cal ibrate the polaro rams.. he polal'ograp ·ie 
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circuit was - ified by inclusion of a double-pole double-throw 

sv itch such tha.t the cell could be replaced by a stano.ard 

10,000 ohm resistance. By app lication ·of a suitable voltage:, 

the ht spot from th·e galvanom ter as ade· to deflect 

about ·one quarter of the ·way across the drum. ot the polarograph. 

The ehutte.r was t.hen opened tor two seconds,. thus recording 

its position on the photograph by a black dot: the fall ot 

potential measured across the s tandard resistance enabled ·the 

current flo to be readi.J¥ calculated by Ohms Law. 'lhe 

vol -e wa then increased eo that the 11gh &,POt was deflected 

1 v. · eros the drum and the bove proc dure repeated. 

•· ~1 1 '"' .. IA>:-.:l. m~ a w~.:a..n.t easure ent. as &de with the spot three 

quarters of the distance across the drum. 

~ he ou. co _e of these eaaur ents was that the polarogram 

was l.abell.ed th three dots at . · ich the current as acc.urately 

kno and by comparison ith which, the di.f:fus.ion current 

could · ily be computed. 

. he 9ao1;tlery tor the Dropping 

(l) Meagurernmt of the cap .• +Ierx r&4ius: 

'be usual; .method for ·tb.J.s operation W1l2 employed, viz. an 

unbroken thread of electrolytically purified nercury was int.ro-

ueed into the ca Ulary tube and its length was measured with 

a travelling microscope.. The densit,y of mercury at. the 

temperature of the experiment. was known fro tables and thus 

th tube radius was read.ily eo tputed. The resu~ta obtained 
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are · ulated below: 

T BLE l• 

Length Te P•· De sity tt,.. of Radius 
of thread t"C of mercury meret~ry of tube 

o. a.t t•c 
(ems) (~C) (gms/cc) (gms.) <mm.) 

1 11 .• 065 18.1 1341551 0.00778 0.0406(4) 
2 10.225 18.5 .13.550 0.00726 0.0408(4) 

10_. 809 l.B.4 13.550 0.00780 0.04U(7) 
4 10.44()' 18.1 13.551 0.00742 0.0408 '(6) 

an radius • 0.0409 mm. 

Variation of above results 11 

Length of capillary tube • 12.495 ems. 

Th unit'orntity of bor of th capillary tube as t.es·ted 

by intr.oduc • . a thread of ercury about 2 c ·.• long and 

aeuri it length in various parts of th tube. llo 'l ing 

for s .· ht temper.ature variation , this l ength r emained 

con . tan t., sho the t u e to be suitabl e for use a a 

drop ing electrode. 

(2) 9KA ot: t.Jle Cfpillary ubr~ 

eft r ae the capillary tube was ashed itb distilled 

at t then absolute leohol. and .as final ly immersed in a 

pool of ercury. It was occasionally found necessaJ'y to 

cl an the c a. illary, tJ h"ich a s chieved by fir t dra: ing aqua 

r · i , then · ter and finally ae tone th.ro. h the tube ~i th a 
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vacuum pump. On·e cleaned, the tube as not. allowed to re ain 

ersed in solution without ·continually discharging mercuryQ 

(3) Det,ertninttitD ot PDp Ume-a 
The times of merc\D'cy discharge were recorded using a 

y.ma Stop-watch which had been standardised over 120.0 sees. 

against a. stan ard 'chronometer ( pindler and Hoye-r, Gottingen). 

consistant error ot +0.2 sees (< 0.2'1) was f ound , which 
· . __ ' .. ~ . ·Ve'· . 

could be or· consid·ering .. t.hat only t or t · · was required. 

In these de ina Uo.ns tbe tim of dropp . ot a recorded 

nurnber of drops wa . al.ways as close to 120 sees as possible, 

the time f or one drop thus bein kno th a.ccuracy. 

-(4) Cgmpar.,an pf tQe Opseryw and Calsulat.ed Values of t.Qt 

Rp.y 91 l9w of f4ercurx tmm \bt Prooping lectrodf 

In. oroer to avoid continual easur ent o· the rate of 

flo · of mercury from tbe capillary (m) , 1 t was decided to 

c.ompare a aeries of easured and calculated values of this 

rate and, r ent. ju tified it, to obt in the value 

of (m) , 1n t.uture , . by calculation. 

'he e ation used to co ute the r ate of flo ot me.l'Cury 

(2]) was: 

m = I bdg -. 4.31 "11~ I L: . (mt) aJ ••••• (S) 
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-~ · ere r 1s the radius o.f the capillary tAlbe used 

ie the length o:f the capillary tube usecfl 

d is Ule dens! t,y fJf l!lareury 

:ts the vi.seosity o:f ereU17 

.h is the height of the 1 ·er .cur,y column between the 

level of .mercury in the raaervoir and the tip 

of the d.ropping ·elecfrro4e. 

<r is the interfacial tension at the mercury-formic 

acid solution interface. 

t is the drop time and theretore mt, the drop weigh~ 

The second term in (5) ·represents a eon$et1on tor t.b.e 

ba.ek pressure, due to the interfacial tension at the surf.ace 

of the growing drops whieh opposes the applied pressure. Dna 

to · the re.latively low- val.ue of this corr•etion term, 1 t would 

be sufficientJ¥ accurate to assume C5 ·• 400 dynes/em. tor use 

in ealculating (m), (2'2). It was, never tbe.lee&, decided, for 

completen~ss, to measure (<Y) with accuracy .• 

he mea...~em.ents. ere ·carried out. on pure for mic acid ana 

a o.5Ill ammonium. formate-formic. acid solu tlon., Besides the 

prim&ry objective of accumulating .more 4vidence tor the com­

parison of the obs-erved and ealeula.~ed values of ·(m) , tbe 

ammon.inm formate· solu:tion was chosen to· observe the effect on 

( <Y) of t.he -adiiition of an ~oecoplc salt to ·the· pure solvent.. 

The am,nonium :f'ormatre used, B.J)~lt-_ grade, was further purified 

by r eery$tall1sation from absolute alcohol and was stor-ed 1n a 

de.sicc tor over concentrat-ed .sulphuric acid in vaeuo. The 
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ne~ting point of this product. was 117 ,o•c, 1n good ag.reement 

with th.e value ot 117,3 ~ o,.2•c found by Kendal 1 and Adler C?-3. 

The equation used to dvive (o-) waa 

• ·••• ~ ( 6) 

This arises fl'Om tbe tact tbat when a ereury drop forme 

at the capillary it is ih.fluenced by a gr avitatJ.ona1 force 

( t€) and r es-training torce (2 r)~ 'rhe drop continues to 

gro t il (mtg) becomes equal to (2 r), at which point it 

falle Thus the drop eight (mt) should b directly pro-

portional to (o-) and further fo·r a g iven cap.Ulary, 1n a 

g iven supporting eleotrolyte, the d'rop 1feigh.t abould be 

constant and indeperu:lent of the rat.e of flo of mercuq.-

. "i f ie lty i s that the ercury surf ce absorbs ve.ry 

r adily any water which the f or-JLi c acid may take up, and 'this 

r ay poe :tbly change the interfac ial. tens ion ap reeiably. The 

e.ff ect on t.he .surface tension o£ small. ada itions of water to 

anhydrou s ormic acid have, however, been s.bo-wn to be 

particularly .small for this solvent (24. As the duration of 

each meaeur t occupied a maximum titre of 40 minutes, it waa 

deci.ded to not.e the amount of water absorbed l;)y the formic 

acid (by l.ower ing of 1 ta freez ing po 1n t) under the aame 

condi tiona over tJU e period. Thu about 15 ml of pure 

anhydrous f ormic acid at. 25•c were placed in the vessel depicted 

PJ.ate 1 which stood in ·a thermost.atic bath at. 
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25.00 .% o •. o1•c. ·rhe capillary was then introduced and the 

he ht. of the mercury reservoir, tild.justed to ~ive a drop time 

of .approximatel;y 2.5 sees. 

his drop time was determined on aeven occasions during 

the chosen. interval of 40 minut•s , but no eaeurable variation 

in this value as found. · ss ,ing, ith justification, that 

(m) remained invariant over this period , t.he drop time would 

be directly proportional to the 1nt rfaeial tension. In view 

·Of the above, the variation of (<J) must be at at less than 

0.5$. The freezing point of this. for ic acid wa:e then found 

to be 8 . 34 C which r presents an absorp tion ·Of moisture to a 

con tent of 0.04% ~. 

Th e measur ents ere no· acco plished by placing 15 m1 

of' · nium for a t,e-formic aci solution (or pure formic aei4 

in the second . etermination) 1n the vessel .as. before , 1n the 

e ostat. The capillary as then introduced and allowed to 

d is:charge into limb a t which s · e· the· ercury head (h) was 

nea.sured ith a catheto et.e.r ·, an the drop ti te · etermined until 

e en t was obtained. he capillary as then mov d in to 

11mb an alio ed to discharge for a kno\m t e , after which it 

~as reu~ oved fro the vessel. Tbe shape of this contai er 

f cilit a,t.es t.he retention of tbe ercury 1n B dur·ing the washi.Qg 

out., ith dist.il~ed ate.r, of the fo r ic acid so~ution and 

rcul"'y 1n A. The · ercury in B was then dried and eighed. 

The resul\S obtained are. quote<l in Ule following t.able a. 
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he durati-ons of mercury is charge i a thee results were 

easured d. th a stop-watch and checked aga!ns.t a standard 

chronometer.. A r ange ot values of t fro 2 to 4 sees. waa 

chosen as these r epresent ti.le. drop t imes to be used in the 

po l arogra :)hi c de·termina.Uons •. 

In calcu · a t ing (m) by equ Uon the to~lo ·~ing nw erical 

va~ues wer used' 

r = o~~q9 mm. 

t • 12.495 ems. 

g = 979.6(6) ems/sec. 

4 = 13.53(4) gms/sec. 

, • o. 0152 (l) poise. 

he drop weight i s thus shown to be const.an t.' to a. The 
' difference in 'calculating and e asuring (m) 1a. tb.us seen t.o be 

less than 1.2% m.ich justit'ie · c:alcul tion as. opposed to 

easur ents of this quantity in future work. 

Thus values of the 1n~.e~f~c1al t~sion bet ween mercury and 

0. 511 ammoni um f ormate-formic aeid solution was 356.0 ! 0.3 

dy11es/ cm. and 'between mercury aBd pure anhydrou& formi.e acid, 

36$.6 ~ o.s dynes/em. 

ANJOO)ROUS FQR q ACID. 

(1) 

Even at. room t perat?ur f o i.e acid slo ly 

decoi oses to rater and carbon dioxide (l.C) 1n .ad ition to which 
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it is hy; roscopic; water is t.bus by far, the major impurity. 

ue to a difference in boiling point ot only 0..7°C be\ween these 

two liquids, purification by dist.Ulation alone is 1mpos. 1ble. 

It is therefore necessary to dry the formic acid before 

distillatio~ Of the. U$Ual. dessican~ phosphorus pentoxide, 

acid sodium sulphate and sodium all react with formic acid 

while m n·esium perchlorate trihydrate absorbs it copious ly ~ f 

boric anhydride and copper sulphate anhydrous ~· ue, however; 

suitable. 

The starting material. was 98. - · 1001 BDFI fo~mic acid which 

was dried .over anhydrous copper sulphate, for 2 days with con­

tinuous agi tat.ion. It wa,e then fractionally distilled at 25 •c 

under a pressure of 25 JUl. of raercll.ry 1n an atmosphere of dry 

nitrogen. The fractionating eolwnn used was of SO ems. length 

packed Tith lass rings (diarn. 0 .• 7 cm.s.J and was water cooled to 

l.5°Cf the condenser Wlit was cool.ed by circu.latJ.ng water at 4•c. 

The first. fraction, of about 101 of t.b.e original volume, waa 

discarded it.h about 15~ remaining disti~led. The fo.rmic acid 

.so obtained usual.J..y froze at. about s.e•c, pur·e f ormie acid 

freezing at 8.40•Cf it was, therefor:e, further purii'ied by 

fraetionally freezing once. The pure forrllie acid was stored in 

sealed. glass stoppered 125 ml bottJ.es at -10•c. Tbue stored, 

no deterio·ration was observed over one month. 

(g) CRI TIWJ;I:A Of PYfllTX Qf T$ FINAL PRODUCT . ., 

The qua~i ty o:f' formic acid ay be assessed by exaril ina tion 

under five criteria of purity& 
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(a) an upper consolute temperature ith benzene at 73 . 2 C 

and 48$ formic ac i d ( 25). 

(b) a boiling point of l00. ?011 C (28) (altbou there is 

a pos ibility of very slight deco osition dur~ 

boil (26). 

(c) a freezing point of s.40•c (1 ). 

{4) a value of the. specific conductivity not .in excess ot 

os/ sq. em. 

'e) "" ti ind f 80 ·1 3"', A (29 ) \ a re .... r ac . ve ex o ng • , ..,. • 

e the freezing point has been sho n to be very 

sensitive to the adso~ption o all amounts of ater (25), 

easur ent of this quanti tq was selected as being both 

h hly satisfactory and convenient.. fhe infl uence of at r 

on the freezing point of formic acid is given be.low (25 ). 

epreesion o:t 
s ater Freezing point 

•c 

0 0 
0.053 o.cn 
0 .099 0.16 
0 .244 o.aos 
0 .502 0.70 
0. 984 1.36 
2.04 2.67 
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From t.b.ese results it, follo s t.ha.t the e£ · c.t OJ. ater on 

the reezing po1nt. of the acid, is . d1t1ve. 

·he freez ing points were ea~urecl us ing about 4 .m1. ot the 

aeid in a stoppered Dewar tube, the tem era ture being easured · 

by a standard ther omet.er -l0°C to +50 8 C graduated 1n tenths ot 

a d . ree insert through the to per. Only s .· ples of acid 

elt above . • 36°C (correapo in to a ax um wat r content, 

of o.~) were used.· 

Tile ~efractive i ndex was f 'oand to be · insuff iciently sensi­

tive to traces o.f water 1n the acidJ although,. at first, it was 

neasured frequently, this physical proper~y was discarded aa a 

criterion of purity. The measurements were :made using an Abbe 

r efr acto1 eter witJl water at ao.o~c circulating in the outer 

etal jacket. 

1 .• 3714. 

·ll the sanples of acid easured ave a value of 

The best value of the· conductivity of anhydrous formic acid 

is claimed by- Pleekov (2) as s.s - 6.0 x 10-e rnhos/cm. while 

l;.)C.hlea er and alvert us the ac1 f or conductivity j easure-

ments obtained a. value of 6.35 x 10-e mhos/sq.. em. .(3). 

In a sUJ" · tbe conductivity o the fo·r. ic ae.id .used in 

this research, use was aie of the cell eh0\"111 1n Plate 2 .. 

The constant of t.his cell was determined by measur.ing the 

res istance of a 0.01 . potasst ch l oride solution at. known 

te perature&• The pot.asiS iW chl.ot•ide ·used "'las recry ta.liised 



PLATE 2 



- 2S-

~b~e · t1r t•s frrun wat-er., ~ree t. e4il ~rom •·conduoti vit.y w.a.ter • 
·~ · -· 

and dried by ~attn,g at. 450•c tor 48 -bour•t 1\ was ·cooltld an4. 

eto'red in a des1ccat.o:r over cal cium chl.oride. tthe value-a of 

the S£.>ecif1c conduet.ivit.Y of this potas-sium chloride aolat.ioa 

at t.hese raspeet1ve temp.er·at.ures i& ec.eurat.ely knollllf \he vela•. 

u sed bere. were taken from the Pemllts of Jone· and Pftnd.er,gast 
i 

( aQ). The tem; erature ot tJle liquid in tile cell wa& .meuved 

b7 ~ ir.1meralofi ot a. thermistor tmich bad been seal.ed into tbe 

DlO stoppe:r (i'eplaced 1n Plat-e 2 by an ord i ua17 stDpper). Tae 

cel.l wa.e then immereed 1n a ~ermoet.a:t.1cal.l3 conta!Olled o.U bath 

.att 26 •. 00 t o.o1•c the l!bole being eontained in an air thennoat.a\. 

ma1n:ta1ned. at. 24.2 % o.1•c. (Thls te~p .. atar• was to.Wl(l to be 

moat auitable for tAe maintenance ot a tempeJ"ature of 25.oo•c 
1n the oU bath). 

The cell 'fiQS then washed o·u"t an6 drie« 1a an ovea at. 120•c 

tor 1 hear, coo~ed in a de&ieea·tor and tilled with f o:xmic aeS41 

tbe reeiatanee of which was then measured. The best value ·ot 

the specific ·concuet.ivi tQ obtained was 6. 734 x 10_. mboa/sq. Clll• 

.As t.ne. t'O·l'ittie acid was not. ·beina used tor co ·· uct;ivity purpose• 

and could t.bus afford to have a s ligbt.l7 bi · b4u"· eoo:duct-anee, aa 
' - . 

upper Unlit of ? .• s x :ao-• Dlhoe/eq •. em. was imposed e.n the ae14 

used, prov:Uiec! .1t. contor.ued to the limit,a Uipo .sea by the 

freezing po1Ato 4eterm1nat1ona. 
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For 0.01 1 potas sium chloride solution. 

her iator emp rature P• cond. of esist:an.ce Cell 
r ca 1ng ft-om KCl at. tee of cell constant 

ohm& the 1istOJ" .mhoe/s ... . em. ohms 
t•c X 10-& 

2528 24.82 1406 .• 56 285. '7(7 ) 0 .• 4019(7) 
2517 24.94 1409.81 284.6·(2) 0.,4012(6) 
2512 24 .. 99 .1411 •. 18 284 • . 6(4) 0.4016(4) 
2511 25•00 1411.45 284.4(2) 0 .4014(6 ) 

[ean value of the cell constant = 0,. 4015(6 ) .• 

For anhydrous formic aci d . 

T .erJ istor 
reading 

0 s 

2534 
2533 
2526. 
2518 
25ll 

Te perature 
from t.bermistor 

t.•c 

24 .75 
24.76 
24 •. 84 
24. 93 
25.00 

· esistance 
of cell 

o.hms 

60013.0 
5997 .. 9 
5985.5 
5973.1 
5963.4. 

• cond •. ot 
COO . at t°C 

mh.o.s/s • c • x 10-a 

6 •. 694(8) 
6 . 698{0) 
6 . 709(0) 
6.722(7) 
6,.733(8) 

ac . batch of anhydrous . or c aci pr apur d as shown to 

be pol · ogr ically pure by obse ving t.ne po a.t'O r obt ained 

us a o.s sodi fonnate in 1 ferent electrolyte , without 

any electro-reducibl e ion present, and noting the absenc e ot 

any apurious waves. ~~~en the·h h est gal vano ter sensi­

t i v1tie.s r cti.c ~ fe.re u.sed, the residual current was a l ways 

found to be very al.l, showing the absence of electro-

re .. ueibl e i npur·i tie a .. 
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SOF@ED §X ANHYD ous. li'OR.'fiC jQlD • 

(a) l?urUW ·I P21arggraphic RUQt 

rom the depression ot the .freezing point the amount of 

moisture taken up by the anhydrous. acid dur·ing a polarograpbic 

r un could be deternlined. It, as decided , however , tc certify 

the ·validi~ of the results obtained by the above method, by 

t-itra tion of t.he formic acid with Karl i.scher reagent. 

vo l of 20 ml• of anhydrous formic acid mp = 8.4o•c 
~~us found to require no Karl iseber reagent at all for 

ti tratio.n sho ing it t.o be uncontamin{ited with wat.er. 

volume ·Of 55 ml. of this a:c,id was no subjected to the same 

treatment as that un ergone in a polarographic deterinim t1on •. 

This involved both exposure to the air w~ile making up solutions 

and the pass of dried nitrogen through. the cell to re100ve 

d issolved ·oxyg en._ 'l'he mel.ting point of the acid was easured 

and 50 .rnl. were used for titration th the Karl Fi .scher 

reagent._ The results tabulated belo show close ~reement 

bet ween tne value of t.he wat.er absorbed as measured by titration 

an that obtained by measurement of t..ne freezing point. 

The apparatus used for the Karl Fischer titrationa is 

shown in Plate 3. 

( 
; 
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TABLE 6. 

ample reezing % Water Content 
No. point of By Freezing By Karl Acid "C Point Fischer 

1 8 .34 o.os X 
2 8 .32 0.06 0.07 
3 8.34 o.os 0.06 

x esult ·was discarded. 

Maximum water content of acid = 0.07%. 

(b) V/hen expo sed to at.mospherie moisture. 

Four samples of anhydrous formic acid , freezing point 

8 . 40 8 C, we:r e expo sed to the atmosphere for k.no m lengths of 

time , afte:r which their melting points were determined. Each 

was contained in a tube of 2.0 ems . internal diame ter, g iving 

a surface 1:>f exposure of the acid of 3.1 sq. ems . The acid 

surface lay a t a depth of 12 ems . in the tube. The relative 

humidity was 59% and the t emperature 20 . 8"C at the time of 

the experiment. 

The rtasults recorded are tabulated below. 

TABLE 7. 

Time of reezing Pt. vater 
expo:sure of sample content% 

<w/w) 

0 8.40 0 
30 m:ins. 8.37 0.02 
60 m:ins. 8.34 0.04 
90 m:ins. 8.30 o.o7 
4.5 hrs. 8.15 0.22 

• 
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The abov experiment s d.ernonatra te c l early that although 

anhydrous formic acid is hygro ccopic tt can be exposed to 

the a n osp ere for short peri ods without deterior a ting in 

puri ty u to the absor. tion o.f moisture . The quantity of 

1ater absorbed during the t ime t aken f or, and under the 

conditions pr evailing in9 a palarogTaph ic run, h~ been 

shown to be ve y small. Furth,er it has been demonstrated 

that the addition of quantitie .a of water, af the order o~ 

30 t imes the ~ounts absorbed by the ac.id, have only a small 

effect polarographically. Thus, although it had b.a:i brief 

contact with atmospheric mois ture during the making up o:t 

the so~utions, in view of the above ob$ervationa, it was 

f elt. JUStifiable to describe the for,111ic acid used in this 

research as anhydrows. 

The following reagents wer e dried by heating in an 

oven at 130 •e for 5 hours and cooled over anhydrous calcium 

chloride:,- pota s s i um chlo·ride as supplied by ·rck eo .• f· 

sodiwn tartra t e and sodium formate by British Drug Houses 

and sodi.wn bromide by Say and Baker· Ltd. British Drug 

Houses nalar grade sodium cit r te was dried at, l.80 9 C tor 

3 hours end May and Baker oxalic acid a.t 90°C ~or 2 hours, 

a l l being cool.ed over anhydrous e alcium chl oride . British 

Drug Houses ammonium formate was recrys tal.l ised trom 

absolute alcohol am then desiccated over concentrated 
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· ulp u :l ai v cuo . ri ·· sh ug ou pota s ium 

sul hatt~ , · sodium fluoride and alar ..,odi ac tate 

ere :l in a desiccator ove anhydrous calei 

hlori.J ·~ fo:r. 5 days. 
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THE Q UINHYDRONE-IN -FO R M IC 

A C I D E L E C T 0 R D E. 
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. ACID Ef-tECT. OPE., 

In view o:f' t.he necessity of employing a s anode in the 

po~arographic cell, an elect..rode of constant p~ntial. to 

which the measure4 hal.:f-· ~ve potentials of the electro-· 

reducible speeie·s could be compared , it was decided to 

examine the pt"'opert.ies o.f the quinh drone electrode ith 

'this end in view. 

On consider.at.ion -of the minu.te currents :Lnvolv·ed .in 

polarographic electrolyses ·(e.g. 20 microaro.ps) 1\ is ·to be 

expec~ed that .a q~inhydrane el.ectrode would remain unpolarised 

and of constant pot.ent.ial during the passage of .such currents; 

co.ul it. 'be sho n that t.h1s is actually the case, the 

e.leetrod.e would be admirably suited f ·or use as anode in a 

polarograpbi·C circuit. 

quinhydrone lectrode has only on.ee previous.ly been 

r eported. as a polarographic anode (31). fh.is was in 

a queous solution, and was foWld t.o undergo pol.arisation., 

which w~:s so ewhat . reduced by bubbling nitrogen through 

t.he sol· .tion .. -ecause of it th-e electrode was d iscarded 

as unsat.isfact.o·ry. Whether· this rejection was justifiable 
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on t.he limited nat ure of the investigation wa~ left undecided, 

e f ort b ing concentrated on exeu ination of the elect:rode in 

formic acid . Thus the saturated cal.omel electrode , itself 

the ref'eren.ce s t andard f'or half- wave potentials in aqueous 

solut-ion ; is unchallenged in its superiority in aqueous 

.media. 

In anhydrous formi~ acid, however , where slow adsorption 

ot oistur e is operative, an electrode is required which is. 

c apable of rap id preparation, one which will attain a re­

produci ble pot ential instantaneously and , further maintain 

this· value f'or a period of at least half an hour. It is 

also desirable t.Jlat the e:tect.rode should not. be significantly 

a!"f'e<:ted by traces of .moisture and small concentr.a tJ.ons. ot 

s a l ts; ftU'ther it nmst be such that liquid junc tion 

potentials are mini.IJlised without the institution of ge1-

s alt bridgee. 

In each of these con sidera t.ions the: q lli.nllydrone-in-formie 

ac id elect,rode was foul'lQ. to exhibit Inarked superiori~y ove:r t.lB 

to de aei ana~o.gue of the saturated calomel electrode. The 



- 33 -

only adv.er&l~ possibility was that. formic. acid exhibit.ins 

reducing prt)pertries as it. doea, me¥ have partially reduced the 

quinone to bydroquinone., thereby altering the po~ttial and so 

v1t.1a.t ing 1it.-s use as reproducible electrode... Had this 

reduction ~!en op erative, the po.te.ntial. of the quinhydrone 

electrode wc)·uld have depended markedly on the eoneentration of 

quinhydrone present, - an effect which was not ·observed on any 

occas ion. ~rhe quinhydrone electrode has been used in formic 

acid on t \\o oc·casion a in potentiometrie .st,udiea ·Of aeid-base 

~itrati.ons l(JO,.l.:Ut it i• quoted 1n (Jq that in the sodium formate 

sol utions U1sed, t.h.ere was no evidence of any reaction between 

·t.he f orm.ie acid and the quinhydrone. 

T.hese ~lutJ:lo.rs Q-0) maint.ain, however, that. platin.um 

el.ee t.rodea are unsa.tisf aet.ory, often showing di t f erences in t.he 

s ame. solution of several millivolts and subntit.. Ula t g,old 

electrodes be used in preference.. The. pl.at.inwn .Q1ect.rod.es 

empl.oyed in thi s r .eeearch and described below ·were found to be 

entirely sattisfactory; in a wide range of solutions of tbe 

most diverg1m t concentrations of quinhydrone and salts chosen 

as suppor~ing e·1ect.rolytes t.he maxi mum differenc e of potential 

observed be·twe-en any t.wo electrodes was 0 •. 0002 volt.s~ ' ith 

e l ect t-odes ~~l eaned overnight in chro i .e acid , tll.e d ifference 

was of ten wldete-ct&ble. 

It r e 1ined a t this stage to examine the performance ot 

t.be quinhydJrone electrode quantit.atively under the condit.ions 

ex .isting 1n polarographic electrolysis. 
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Two pla1~1num elactrodes were prepared as described ~) .. 

The platinum used was .in t.he form of bright unus-ed :foil and 

measured 10 mm. x 15 .mm.;. it was sealed into sot't glass tubing 

and c arefully anneal.ed. ~he perfection of the seals was tested 

by .:.uspending the electrodes in distilled water, which was then 

heated to bo:Lling p:oint and :finally all.owed to c·oo.~ t.o room 

temperature. Car.eful examination of the seals under a magnify­

ing glass showed no imperfections. This care was necessitated 

due to imper "'eetions in the metal-glass sea1s be ing one of the 

reasons for non-reproducible potentials. The el.ect.rodes were 

cleaned by i! ers ion in cold chromic acid cleaning mixwre 

(prepared frtlm ch lically pure constituents) which was heated 

to 125QC and all.owed to cool ovemight. After rinsing well witJl 

distilled water and absolute alcohol, the electrodes were 

placed in a stream of dry air for. 20 minutest when not in use 

they were stored 1n a desiccator over anhydrous c alc·ium ehlor'ide. 

he electrode has been shown in aqueous solution, to be 

i ndependent of the quality of quinhydrone used ·(32-35)., This 

conclusion , ~as verified in formic acid by comparison. of the 

e~ectrode potentials develop d us B.,D. H. Anal.ar r eagent .and 

quinhydrone tha t wa s further purit'ied by .r ecry.st.al.lisi.ng twice 

fro disti~led water and ·t.hen dr.ied for several days over 

calcium chl or·ide. ·The potential d ifference of two such 

electrodes was on no occasion more than 0.000~ volts4 it was 
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t.o- use B. ..H. Analar quinhyd.rone, 1 tnout 

In view of the necessity o£ aint.ainin the resistance ot 

the polarogr1aphic cell at as lJlw a value as pos ible and further 

to inimise the liquid · Junction potential between the anode and 

cathode co p13r ents, a concentration of 0.25 

as _ aintainc~d in the quin:hydrone co partment-. 

sodium f -ormate 

It is desirable, 

in the choie•~ -of this added substance, to select a salt , the 

anion of whit~h · ould not , in any way, interfere with. t.he electro­

r ducible ions und.er investigation at the dropping ereury 

iiiiiiif electrode, should a 8nlall amount of tbis salt diffuse acro-ss the 

sinter-ed lat:ss boundary. .In sol,utions of lead and alkaline 

earth ·s .alts, tb.e presence of the sul.phate ion would cause 

precipitation,. while in chloride ediwn , lea , cadmium, and 

zinc f or. monovalent. chlorid-e complexes.. Although these effects 

would, in all probability, be negligible, tile choice of a formate 

is free of ax-,y co pli-cation; sodium f orma te wa pr eferred to the 

onium sal1~ becaU:se the latter is v·ery hydroscop ~eAI! lthough 

it has been ohown that the potential of the quinhydrone- in-

for ic acid •~lectrode is indep endent of the concentration of 

quinhydrone and small quan-tities of added salts, it a decid ed 

to always a :[ntain a concentra'tion of 0.25 sodium f ormate and 

o •. os qu1nhydrone in the anode co partment. 
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The poes:i.bili ty of a small. amount of ditfus.ion of the . 

supPorting e lE!Ctrolyte across the sintered glass diset into the 

anode compartment,. cannot be ignored. and it was tberefore 

necessary to l nveatigate the effect of added salt concentrations 

on th·e uinhycirone electrode. Th.is effect ha.s been shown ·~ 

in aqueous solution to b·e extremely small for the salt con­

centrations under consideration in this work. In view of the 

small :amount <)f diffusion across the boundary that would occur, 

in formic .aci<l tbe effect would suppo.sedly have to be considerable 

to ex.ert any :Wluence on the electrode potential.~ It was 

decided to use salt .concentrations 'far in excess ·of thoae likeq 

to occur, in order to verify t.his supposition. 

A cell of two identical quinhyd.rone•in-formic aeid 

electrode.s containing 0.25 K sodium formate and 0.05 ll quin-. 

llydrone, was prepared, the solutions being separa ted as usual 

by a No. 4 eintered glau· disc. Nitrogen was bubbled through 

both co partrtents and the potential d ifference of the 

ele:c t.rodes,. measured. The concentration of sodium formate at 

one electrodE: wa s then increased t.o 0.35 Mf on solution of the 

added solid ,. t.he potential difference between the elect.rodes 

as again r.aeas ured.· The eoncen tration was then increased to 

0,..45 and finally to 0.55 M as aga.inst the original molarity 

of 0.25 "'l in the o.t.her electrode.. The above procedure was 

repeat.ed usil:tg potass ium chloride in place of the sodium formate 

as t.he s&l.t added to one el.ectrode., In calcul.ating the 
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d_iffus i on potent ials,. the ioni c conauctances a t fini te 

dilutio·n of the sodium and formate ions 1n anhydrous formic 

acid VIer · taken as 14 .. 6 and 51. 5 mhos/ s q. em., ·(9) , The 

e quiv· lent c n uctanc e at infinite di lution of po t a ssium cblor i de 

is 35. 8 mhos / s q. CJ"11. ( 8) the· ionic conductance of the 

potas i UJ'll ion at in.fi.o i te d ilution i s 17. 5 mhos/sq. em, < 9 ) 

f ron whicb t h correspondLng value· f or the chloride i on is 

co put ed as 18 .• 3 mhos/sq •. em. As Shown i n the tab belo.w, 

the pot-ential d i ff rence s were adequately accounted f or as 

11 uid j Wlcti on pot entia l s , sho the salt effect to be 

negl · i ble ., On the sev _ r al o.cca sions on which the se r easure­

ment _ were recorded , the r e sults proved .satisfactor ·izy r epro­

ducib e.. Further the poten t ial difference.s , once established , 

d.eereas very s lowly with time , s howing the d i f fus ion across 

the sintered g lass boundary to be small. 

· 11 c alculated v:alua s of the diffu sion potent ials were 

obtain · us i nen eraon •s ppr"oximate Equation ((4 ) ,- Sect . A) • 

I AJ3IE a. 

Potentia l Dif'f . ot -lect r odes 
i f · ere · ce of salt Sodium formate Potassium chlor i de cone ent ra tion bet ween 

el ectro es Obs. ale . Obs. a le . ·. 

0 o.o o.o o. ~ o.o 
0.1 i4 4 .4 4 . 8 0.4 0 . 2 
0 . 2 14 ?.a 8 . 4 o .• s 0 . 3 
o.a 14 10.6 11. 3 0. 5 0.5 
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The a'bove .. eaeurements ere r epeated using the three other 

salts likely to be ·empl~yed as supporting le-ct.rolyt.es. It is 

tmfortunatE:ly not possible to cornpare th~se data Wtth calculated 

values of the. 11 ,.uid Junction potentials, due to lack of 

inforinatiott regarniilg t.he ionic conduetance ot the· ions concerned. 
' ' 

The values meaaured tor t.lle.se salts have, however,, been recorded 

below. 

TAB!-§ 9 .•· 

iff . of. .salt· Potential Difference of lectrodes 
cone .• bet.ween Pet .• sulphate od .. tar t.r a.te Sodi um citra te electrodes mv. mv. mv. 

.. 

·o 0.1 Q.l 0.2 
0.1 3 •. 6 8.2 u.o 
0.2 M 6.6 13.5 17.6 
0 . 3 H 9 .8 18.1 23.0 

-

The potential of the quinhydrone electrode has been shown, 

in aqueous solution, to be con s:ider ably in:fluenceA by the 

pr esence of pro-teins (37). AltLf?"Ugh gelatin has been used, 

wheN necessary, fo:r- the suppression of polarographic overcur.rents 

throughout ·this research, it. is nee.·essarily used in this 

ca acit.y in ver y small concentrations., Two electrodes were 

compared., hc>viever, as just des cribed, one of which contained 

O. ON gelat. :in~ a quanti~y gr~atly ~ exces.s of the anount. that. 

could d iff u1se in to the anode : compar~ ent.. o _potential 

diff erence was r .ecorded be t.w·een t.h.e electrodes. 
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In &rde:r to test the non-po.larieabilit.y of the electrode,, 

a pr ime consideration in its rol.e as polarographic anode, a 

cell was :formed o.:f t wo identical electrodes of composition as 

quoted above and again separated by a s .intered g lass d isc. 

'it.h nitrogen bubbling through each compartm.ent. the d ifference 

of po.tenti l was f ound to be 0.0001 vo1ts. A current :of 40 
' . 

microal. ;peres was tben. passed through the cell for l . hour,. after 

which .no m.ea:surable difference was noticed, the value remaining 

0.0001 volts:. The above operation ·as then repeated without 

passin nitr<>gen through either compartment and the potential 

differenc.e again measured. The value had risen from 0 •. 0001 v 

to o.OOUi volts but i nmiediately dropped ·to o .• oool v on. ·agitating . ' 

the sol.utions wit.ll nitrogen. This experiment was r ·epea t.ed. on 

five occasions and the above results reproduced. Further the 

relationship between current t1ow1ng and voltage applied to the 

cell, was f ound to· be a straight line f unction over a range 

of 0 to 1.4 volts both with and without. the passage of nitrogen 

through tbe 130lu:tion .. 

I t was concluded that the electrode was r eversible, 

reproducible w:ld non-polarisab.le whether or not nitrogen wa·s 

employed to· ·l~itate the solution. During all polarog raph.ic 

measure. ·ents throughout this .research, however, .a stream of· 

nitrog·en was kept flo ing through the anode comoartment._ 



- 40 -

In. orde:r to conform with tne standard practice of quoting 

. polaro raphit:: half-wave po~tials against the saturated 

calomel elec'l: .. rod·e, it was dec1de:1 to prepar~ the formic aeid 

analogue. of t.his elec t.rode and measure its poten tial with 

res pee t t,o tile quinhydro.ne elec t.rode as prepared above. The 

saturated calomel:-in-formic acid electrode was prepared 

si ilarly to. 1:Ae aqueous coWlterpart .• Analar grade potassium 

. chloride was used , after further purif ication by rec.ry-stallising 

once from d.istJ.lled . water and drying at lBO•C for 5 hO\lrSJ 

the 'nercury ~ployed was of the same puritv as that ·Used tor 

1:Jle dropping mercury electrode. The calomel paste was prepared 

by rubbing tc>get.her in a .mortar, Analar grade calomel and 

mercury with some fo.r mic acid previously saturated with 

potass ium ohl.oride and calomel. T.he paste was then washed 

wit.h a quant,:it.y of this solution, the mixture being allowed 

each t.i e to stand until the calomel had set.tled. and the 

solution the.ll decanted off. 

; itJ:l the electrode t.bus prepared its pot.ent.ial waa 

measured aga.inst the quin.hydrone-in ... f ormic acid electrode 

at. as.oo :t 0.01. c t.be surface ot separation bet-ween. the 

electrodes bemg, as before, a Ho. 4 ·sint.ered gl.ass disc. The 

res~t. of t.hJe ·t.en determinat.ions made are tabulated below1 · 



No ... of determination 

1 
2 
3 .X 
4 
5 
6 
7 
a 
9 X 

10 
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tABLE 10. 

- -

Measured potential 
-

0.5382 
0.5384 
0.5376 
·0.5386 
0.5380 
0.52S?· 
0.5384 
0.5379 
0.5374. 
0.5389 

Mean value 

0.5384 

t o.ooos 
volts 

x Value i gnored in tbe mean. 

he value of the potential of t.he uinhydrone - in-For" .. le 

Acid Electrode (QFAE) against the Saturated Calomel-in:-Fo .ic 

Acid Electrode (SCFAE) i .s taken as ... 0.5384 ± 0.0005 volts · 

at .25. 00 :.t C>.Ol*C. 

t-~.s found previously, the e-ffect. ot bubb.ling ni trogen over 

the quinhydt-one electrode was immeasurab)¥ snall ,. 

~s the effect of small quantities of water on the 

po t.ential o:f the quinhyd:rone electrode may be important~ 1 t was 

.stud ied by the addition o·f O!t5~ (v/v) of distilled 1a~er to 

the anodic Etlectrolyte, all other variables remaining unchanged 

as in the pi'ecedi ng d eterminations. 'fh,e po tential of the 

quinh. drone· ·calomel cell was found to drop by abeu t 0--4 .mv .. 

he dependence· of the pot.ent.ial of we quinhydrone e1eet~rode 

. ' 
on such quantities of wa-ter is thus shO\\>tl to be i nsignificant,. 

The polarographic 1nv.es t 1gat 1on of anhydrous f ox-mic acid 
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olutions h1 be so rec tly f cili tated by th · institution. 

of th quinb.ydron -in-fo ic acid electrod that should · 1il 

quin dron electrod he found to b suitable in other non­

a .u ou o vents , their u ilit., ould b very consider bl .• 
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'I) B -~rom. 

As in aqu:E!OUS solution the waves for the reduction of 

trivalent bisrauth ions to the metallic state, gave rise to 

well develooe l raves. lt.ll. each of the supporting e~ectro• 

lytes used tht! value of tan « was close to · the the ore tieal. 

value ·of 0.020 for a reversible three electron reduction. 

As the hnlt-wave potentials of bismuth., in tile variety 

of -edia studied; · are all appreciably more pos itive than the. 

potential. of 1:.he· electro capillary maximum, the appear ance 

of overcurren1 .. s was expected... hese were observed t low 

salt concentrlltions but were suppressed by increasing the 

concentration of the supporting electrolyte.. The discussion 

of this phenonlEm.on. is i n,cluded. in ection F. 

Basic binmutb. carbonate was found to be o erately 

soluble .in f oJ!".tllie acid and was used in this 1nvest.i at.ion. 

'Bay and Baker grade BiaOaCC>a was dried over anhydrous 

c.aleium chlol':Lde for severa1 dtizys and us without further· 

purif ica tion. 

The prescmee of small quantities of water as found to 

exert very lit,tle influence on tbe hal.f-wave potentials. 

The addition ,>f 2% (v/v) of water shifted the half-wave 

potential. of bismuth 1n a 0.5 sodium .formate medium by 

0.003 vol ts, 'to more. negative values., showing the effect. 

·OVer this range to be small. 
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The value ox ·the diffu sion coefficient of bi.., uth ions 

in a o .• s .M sodium f ormate edium wa detex ined by the 

mea..,ure ent of the diffus.i on curren t at various concentrations 

of the bi uth salt. Calcula tion by · ean s o:t the IJ.kovic 

e quation ( (1) Section A) established this value as 0.2.3 x 

.lo-1 cms. :~/sec . Use of Lingane •s (38) easured val.ue of 

the diffusion current constant of bismuth in 1 nitric aei 

in which this ele n t is uncomple ed t led to e. dif:fusion 

coe:fficie:nt of 0 . 65 x lo-• ems. a /sec. for the bismuth ion in 

aqueous solution •. 

l:ABLE ll.. 

oncentrati-on of Bis ut.b Dif:fu.sion Current 

X 1o• gm. ions/litre (. icroaJ p s) 

2.536 2.22 
3.804 3.26 
5.072 4.42 
6.340 5.56 

These r esults are plotted in Plate 4. 

h = 43.26 ·c:ms.. t,. = 2 .40 sees. 

I " .Ye .. ~· -sA m = 4.474 mgs .. sec. .m t, a . 3.142 s . sees. 

1d;,e = 8. 70 icroamps/mgm. ion/litre. 

Diffusion current constants& 

I .. OOOH = 2.8 I aO = 4.64 

The half wave potentia l of bismuth when using a 0.5 M 

sodi formate supporting electrolyte was +0.136 ~ 3 volts 



PLATE 4 
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vs . c. F. A.E. (-Q.402 vo l ts vs . F •• E.)" On increasing 

the fo:rmat.e concentration the va ue wa found to be -o.ll4 

:t. 3 volts vs s.c.F •• E. (...0.424 volts vs • ... F. A. E.) The 

shif't of 22 ·mulivolts 1s almost exactly tbat expected on 

considerat.i.on of the increase· in the liqu.id junction 

potential arising from the increment in the sodium formate 

concentration. The value of tan « f .o.r· both media was 0.021.. 

The half' ave potential when using a supporting electro­

lyte of 0.2 .sodium fluoride and 0.5 M sodium. f o rmate was 

+O.l32 2: 3 volts vs s .. c.F.A.E. (-0.406 volts. vs . • ~· .A.E.) 

hich on increasing the sodiw tl.uorid.e concentration to 

0.4 M while maintaining that of the sodfwn formate constant, 

7 .. changed to +O.ll • 3 volts vs .c.F.A.E. ·<-o.42l. volts vs 

.F .A.E.). The value of tan a was 0.022. In aqueous 

solution it has been shown (39) that the complex ion 

[BiF• ]- i .s formed but is unstable.. Aa shown above, there 

is little evidence of complex formation 1n formic. acid., 

r~en using 0.5 M potassiurn chlorid,e and Q . .,s M sodium 

formate as tile carrier electrolyte, the half wave l)Otent.ial 

is -o •. Ol6 % 5 volts vs s .c.F.,A. E. (..0.554 vol·ts ve .F.A.E.) 

and this increases to -o.,oso ~. 5 volts vs .c •. F .•. A.,E.. (-o.S88 

vo.lts vs .F.A ... E,.) when t.he c·omposit.ion of the ·electrolyte is 

changed to 1.0 ! potassium chlorid e and 0,.5 Jl sodium formate. 
-

The value of tan a was o.o24. The chloro-bismut.h complex 
... . 

ions formed are probably [B1Cl•] and [B1C4] (40). The 
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sodium t :ormate was added in this inst.:mc·e to euppr ·e·ss the 

overcurrent, as the concentrations of potassium chloride 

used were not .quit;e sUfficient.. The sodium f ·onnat.e was 

.$uceessful. in achieving this suppression.. The wave was 

found, however, to be slightly irregular at the beginning 

ct tbe· diffusion current. plateau and this was overcGme by 

the addition of 0.05% gelatin. The initial p.art. of the· 

curve, be.fore t he ons.et of the VIS.Ve tor the reduction of 

bismuth tvas much r estricted in ler.~gth and in consequence 

the llmits ot accuracy ot the :neasurements of the po.tent.ials 

are larger than usual. This restrict-ion is caused by a 

shift o::f' the anodic wave of mercury to mo:re negative values 

·du.e to the formation of in~lolnble mercurous .ehlori.de \Vi th 

the chloride ions present. 

The det.ermi nation of bismuth in a bromide. medium was 

found to be impossible because the anodic wave for mercury, 

in a bromide med ium., completely ob.seured t.be lower portion 

of the bismuth wave., thus excluding any possib~_lity of 

measurement-. 

Complex formation was · o.bserved when using a supporting 

electrol.yt.e of 0"•26 .a oxalic acid and o.s 11 · sodium formate, 

tbe halt-wave potential. .in this medium being· 

..a.06? t 3 volts· vs s .C.F-.-A.E. (-G .. 471 volts vs .. F.A •. E.) 

'fhis potential changed to •0.059 t 3 volts vs s •. c.F .. A.E. 
(-Q.419 vol.ts ve .• F.A.E.) on inereasittg the oxalic ·acid 

-concentration to 0.5 K, the sodiucn formate- content, remaining 
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ur.tal tered. The oxalato-complex ion formed is probably 

A 'weak sulphato-bismuth complex j.s probably formed in 

.. formic acJd . The half wave po tential in a -o ._5 14 potass ium_ 

sulphate - o .• s .M sodium formate is +0 •. 1).3 ! a volts vs 

s , •. c . F .• A. E. ,-().425 volts vs .F.A. E. ) wlaich. on changing 

the. constitution of the supporting electrolyte to 1.0 M 

potassiUm sulphate - 0 . 5 11· sodium .formate , shifts to ~ 

value -of •·0 . 102 ! 3 volts vs s.c.F. ,..E. ( -Q .-436 vo-lts vs 

. F •. • E.). The complex ion formed 1s probably [Df(S04 ) 2 ] ­

(41). The value of tan a was 0 . 024. 

SUMMARY· 

va vs Limits 
SUpporting Electrolyte s.c.F • .A .. .F • .A.E. tan a 

{v,ol.ts) (volts) (vol t$ 
---

0.5 M sodium f .o.r mate 1{).136 -o .402 ~0 •. 003 0.021 
0. 5 M sodium formate ... . 

2% water +0 .. 133 ·-0.405 *0. 003 0 . 021 
2 . 0 Jl sodium formate +o. l.44 -o.424 :to.oos o •. 021 
0 . 2 M sod. fluorid e 1" 

0 .• 5 M sod. for{Uate +0.132 .-o.406 *o.ooa 0 . 022 
0.4 M sod. fluoride + 
o.s M sod. .tarsnate -0 .,117 - 0.42l. •o.oo3 o.oaa 

0.-5 pot,. .chl-oride + 
0 . 5 ~ sod. formate -o .• 01.6 -o. 554 *0. 005 0 . 024 

1. 0 1l pot. chloride • 
0 .-5 sod. formate ·<l.050- ' -o.588 :t:o .• oos 0 •. 024 

o • .s, M po't. Stllpbate + 
0 . 6 sod. fo·rmate ·•0. 113 -o.425 *·0 003 0.. 024 " . . 

J. •. o pot . sulphate ... 
o.s M sod. format.e ~ .• ,102 ...0 .436 S0· 003 0-. ,024 .. 

o.,as M oxalic acid + 
o.s M sod. formate of{) . 067 - 0-.471 ·to.,003 0.018 

o •. so M oxalic acid ... 
0.5 sod. f'orm..-ate •0.059 ..0.479 %o. 003 !0~018 
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CII) AtfTI?\PNX. 

The polarographic r eduction cr£ t rivalent. antimony in 

formic acid .was found to produce well develoJled waves ·nth 

sev .ral support.ing electrolytes. So e. media, however , 

. show . limited eu1tability, the reduction being either 

i rreversible or producing an .lmleasurable wave .• _ 'In most 

ot t he media, the reductions involved three electrons and 

were reversible. Very pronounced overcurren.ts were observed 

with t.his .element. Th.is was to be expected 1n vi~w of a 

d1spar1 ty o£ 0.5 vol.t.s between the electrocapUlar7 maximum 

and ~be half-wave potent.iale. These overcurrents were, ho...,.. 

ever , totally suppt ess ible by incre· se of the supporting 

e~e·ctrolyte concent.rat,ion. 

'tartar emetic was found to be highly soluble in fo.rmic 

acid and t.hus· em!nen t.ly euitable. The ["~llaO] wa~er 

cryst.al.lisation was removed by' heating t:.n:e salt, :as supplied 

by !Jay' and Baker Ltd . , in an oven at 130•~ tor 5 ,hours after 

which it a's cooled in a desiccator o·ver anhydrou.s calcium 

chloride. 

· The pre·sence of small quanti ties of water wa~e found t,o 

exert very little influence on· the halt-wave poteht1a1s. 

The addition of 2S (v/Y) of water shifted the hal'f'-wave 

potential of antimo~ in a 0.5 M sodium formate medi:wn by 

0.003 vo l ts, to more· negative potentials. 
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The value of th diffusion co effic i ent of ant imony 

ion s i n a o.S M sodium f ormate med i um was determined by 

the measurement of t he diffusion cur :rent at var i ous con-

centrations of the antimony salt, Calculation by means of 

the Ilkovic equation ( (1) Section A ) suggest ed this value 

to be 0.46 x 10-15 ems , a /sec, Use of Lingane •s (38) 

measured value of the d iffusion current constant of antimony 

i n 1 M HN0 8 in which thi s el ement is uncomplexed led to a 
-15 a 

diff usion coeff icien t value of o. 78 x 10 ems. / sec. in 

aqueous solution. 

TABLE 12. 

Concentration of Antimony Diffusion Current 
x los (gm. ions/l i tre) (microamperes) 

1.022 
1.471 
1.885 

h = 41.16 ems. 

t = 2.65 sees. 

= 
1HCOOH =· 3.89 

12.23 
18.08 
22.78 

m = 4.254 mgs./sec. 
2~ 1/a 2,.{, -1" 

m t = 3.087 mgs . sees. 

12.0 microamps/mgm. ion/litre• 
I 
~H20 = 5.10. 

The half-wave potential of antimony in a 0.5 lA sodium 

formate solution was 

o.ooo ! 3 volts vs s . c . F . A. E . <-0.538 volts vs Q.F.A. E .) 

which change.d to a value of 
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-o ... 023 :t s · volt..s vs s.c ..... \-o.56~ volts vs Q.F.A .. E .. ) 

hen the sod i um for ate co.i eentrat.-ion was incre~sed to a.o a, 
sho •i ng an absence of co plex fo.rm.at.ion in this mediwn. The 

Va.J..Ue o ~ tan a was 0.022 .. 

·'he character istic potential of an'Umony in a 0 •. 5 M 

potassi um $\llpha.t.e med ium was +0.004 t 3 volts vs s.c . F . A.E: •. 

(-D.534 volt-s vs Q.F •. A.E.) showing no co plex .formation. 

The value of tan a was o.o23. 

he pola~~gt'anl of ant imony in a 0.2 .i4 sodium fluoride 

0.6 sodium formate medium was found to be most unsatisfactory. 

The wave was extended, poorly developed and generally 

i mmeasurable. As this be.baviour was observed on t wo occasions 

no further attem ts rer made to .investigate antimony in the· 

presence of f luoride ions . o eomparab~e measure ent.s of this 

el ent in a ueous fluoride media have been made. 

T e wave in a edi.um of 0.5 N pot-ass ium chlorid·e - 0.5 M 

sodiU! for ate was well formed the half ave potential being 

-o .• 07S %, 4 volts vs s .c.F •• E. (-o.6ll volts vs · F .. A.E.) .. 

This value ·changed to -o.093 2 4 volts vs S,-.C. F.A •. E. (-o.631 

volts vs Q. F .A.E.) on ine.r easing the supporting electrolyte 

concentration to 1.0 M potassium chlorid e • 0.5 M sodium 

formate. This is due to complex formation probably w1 th 

the f ·onnat.ion of the ion [SbCl_., T (42) • Tbe value of tan a 

was o.oaa .. 

l e polarogram obt.ained when using a supporting electro-
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lyte. of 0 ._2. :u scxiium bromi de - ·o.s sodium formate 'was quite 

immeasurable.. ecause of a large anodic wave due to ·the 

pr esence of the bror.1i de i ons the lower portion of the wave 

as co p l etely obscured. 

The half wave potentia l when us ing 0.,25 V oxalic aeid 

.... 0.5 M sodium formate QS background ele'Ct.rolyte was· 

-o.:069 ~ 4 volts vs· s.c •. F. A.E. (-o-.607 volts vs Q.. ,F.A. E.) 

which on i ncreasing the. supporting el.eetro l.yt.e concentra tion 

to o .• J> M oxalic acid ... 0.5 M sodium formate, changed to­

-o.oa~ ~ 4 volts VS s .c .F~tA.E. <-o.619 vol:ts vs Q.F.A .• E.). 

'Th e c·omplex ion to~.med is probabJ:3 [Sb(OX)a :P (43). The 

electroreduetion of this complex however, was not reversible, 

the value of tan a being 0.033. It. i s supposed that. the 

d i s i nt.egr .at.ion of the complex at the dropping electrode· 

is. a slow proc.ess leading to irreve r s ibl e conditJ:ons-. 
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Half- ·wave poten tials 
. pporting lectr olyte --v-8-.....,..------t Limits tan~ 

S.C . ., •. A. E . vs 

0-. 5· ·~ sodium formate o.ooo -o .538 :o.ooa 0·. 022 
0 •. 5 

. sod. for ate + 
2% water -0. 003 · . -0.541 ±o. 003 0 .022 

a.o sod. fer mate -o •. 023 -o.£61 Z<>.ooa 0 .022 
0 . 5 pot. sul.phate of; 

o.s SO-d. f or mate !f'0 . 004 -o.534 ±o.ooa 0.023 
0 . 5 pot. chloride ... 

o.s M sod. f o rmat e. -o.o73 -o.eu ±o.o04 0.023 
1. 0 M pot. chloride .. 

0.5 sod .• for a'te - 0 . 093 -o. 631 ±o. 004 0 . 023 
0.25 f oxalic acid ... 

o.s sod~ f ornate - 0 . 069 -0. 607 zo.004 o .• oos 
o.s oxalic aci d + 

0 . 5 .. :sod. formate -o.os1 ..0-._6.19 ~0.004 0 . 033 



(III) l&W• 

The polarographic characteristics of lead in :formic 

acid were found to be most favourable, very ell de,veloped · 

wave-s being formed from a variety of supporting electrolytes._ 

The polarogram shown above, using 0.25 . sodium f'qr.mate .as 
' 

indifferent electrolyte is typical of lead, showizl.g alSQ ·the 

pr~nounc:ed :overcurrent observed wit.h tb'is element · (Plate 5). 
' . 

In ; all the . supporting elect.rolytea studied t.h.e slopes of the 

waves corresponded cJ.ose.ly , to a reversible two-ele~tron 
. . . 

red llc tion, the valu-es of tan a being in good agreem~t With 

the the ore ticaJ. value o:f' 0 .030. 

h e addition o-f 2$ (v/v) of water to the catJtode 

elec.trolyte was found to shift the hal£- wave potential. of 

lead to more negative values. In. th three determinations 

made~ this shift was found to be o.ooo, o.ooa and 0.004 volts 

respect1ve~y, which shows t.he ettec.t of added quantities ot 

water ,. over this range to be small. 

No-ne of tne l.ead .salts tried was found to be more than 

sparingly soluble in formic acid, t.be most suitable being 

lead acetate . The. lead acetate t.rihydrat,e used as supplied 

'by ~·~ay and Baker , was heat.ed in an oven at 100•c tor 3 hoursf 

the anh,ydroua sal. t so formed was cooled and stored 1n a 

desiccator over anhydrous calcium chlor-ide. 
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The halt-wave potential of lead in a. Q,._s M sodium formate 

medi um was found to be -o.224 , t 3 volts v.e s.c.F.A.E., 
(-0.762 volts vs ,F.A.E.). The value of t.an a was o.oa-a, 
On increasing the concentration of sodi . f ormate to 2 •. 0 M 

the half wav potential ~'aS found to shift to -0,.242 ! 3 

volts vs s.c.F.A .• E. (-o.780 volts vs . .F •• E.J. This 
. 

chang in r educt.i<>n potential is r eadily accounted for as 

a li ,..u id junction potential. sho ring the lead to und ergo no 

cora lex formation. 

The diffusion coefficient of lead in formic acid was 

estimated by measurements of the diffusion current produced 

by known concentrations of the lead salt., Calculation by 

m-eans of the Ilkovic e·qua~ion ((1) - Section A) established 

this value as 0.25 x lo-a cms .• 8 /aec. 'fb.e correspond.ing 

valu.e as calculated by Lingane (38) from measureme~ts ot 

the diffusion current c~ons:tant of lead 1n an aqueous non• 

co plexing medium (1 M .nitric acid) was 0._91 x lo-• ' em.s.8 /sec . 

~ 

Concentration of Lead Di1'i'usion Current.· 
X J.OS gm. ions/litre <microamperes) 

0.332 :2.,02 
0 .498 3.03 
0.664 3.87 



-55-

h = 42.25 ems. m = 4.368 mgs./see. 
%¥a .. % . -~ 

m t = 3· .... 12? mgs. se'?B• t = 2.57 sec. a. 

idle .. = 5.98 ic.roamperes/rngra. ion/litre. 

1HCOOH = 1.9 

It. was noticed during these easuremente that l ead 

acetate was very insolu.ble in formic acid but that. the 

solubili~y waa markedly' incr·eased by the· addition of &odiurn 

formate. A si ilar observation was z ade by avidson and 

Holm {44) who r eported on the i ncreased .soltlbi~ity of cupric 

forma.t.e in for. 1e acid -on t..he addition ot ammonium .f.ormate·• 

Ammonium and pota.ss iwn format.e.s must be r egarded as 

bases in formic acid. The above authors explain this 

enhanced solubility ot cupric formate in t he presence of 

ammon ium and potassium format.es by drawing an analogy with 

the appreciable so·lvent action of strong bases on cupric: 

hydroxide in aqueo.us solution. The increased solubility 

o·f lead formate in t.he presence ot sodium formate is thus 

not. unexpeC"ted. 

This enhanced solubility in t.he presence of sodiwn 

f ormate, altJlough not.ieed first. for lead acetate, was found 

t.o extend t.o the salts of all the other i ons st.udied •. 

_en a eupport.ing electrolyt,e con iat.ing of 0.25 

sodium citrate - 0.5 M sodium :tcrmat.e -..s. used, t.he hal.t 

wave potential of 1ead was tound. to be -0.238 i 3 volt,s vs 
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· ... C. F .A.E. 

<-o .• :ns vo.lt.s vs .,J;t"' .• A.. E .• }. The -value of t.an a was· 0.032 .• 

The tendency of lead ions to· form complexes in an 

aqueou acetate . edium has been shown to be small (45) t 

what complex formation there is, leading predominantly 

to [PbAc
8

]- (46,47) and in smaller measure to (PbAcf (48)._ 
. . 

The halt-wave potential with an indifferent electrolyte 

·of 0.25 .M sodium aeetate - 0.5 M sodiwn formate was f ound 

to be -0.232 ~ 3 volts vs s .c.F . A •• (-o •. 170 volts vs 

· ~F . A. E. ) clearly showing the absence of complex format..ion 

in torm1c ac.id. The value of tan a was 0.033._ 

Exarninat1·ou o.f the h~ wave potential. of lead with a 

·supporting e,lectrolyte of 0.25 II sOdi-w tart.rate - 0.5 M 

sodiwn format.e gave a value of -o.230 ~ 4 volts vs s •. C.F.A.E. 

(-o. 768. volts vs Q.F.A. E •. ) showing l.ittle tendency t,o com­

plex formation. This ttendency is also snall in aqueous 

solution where the compl .ex formed. conuins one tartr-ate 

ion per l.ead ion (49-52) .. The value of tan a was 0.029 •. 

In an indifferent eleet.rolyt.e of 0.25 oxalic acid 

and o.s .M sod1wn formate., the half-wave pot-ential. ae f ound 

to be -0.273 t 4 volts vs s .c.F •• .E. (-0.811 vol.t.s va 

. F . A. E.) which, when the oxali~. ac.i d concentration was 

increased to 2 .• 0 .14, was found to· shift to 

-o.210 % 4 volts vs s .c.F . A. E. (-<>.848 volt..s vs Q. F. A .,); 

This is distinct. evidence of complex formatio-n tbe oxalato-
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co plex o:t lead being ge.nerally accepted as · [Pb{Ca04 ) 2 1= 

·(51:.-55) • The value of tan a was 0 .._Q32. 

All at tempts to obtain a measurable polarogr aphic 

wave for lead in. chloride medium failed due probably t.o a 

very low aolubilitry o f lead chloride in formic acid-:- The 

three indifferent e1ectroJ.¥tes in which tbe measure ent 

was at.tempte:l were 0.5 II potassium chlor·ide, 0.25 :M sodium 

formate - 0•.5 potassium chloride and finally 0-.5 M 

ammonium. chloride. Apart trom a. slight -indentation in t.he 

pol,arogram a t. an applied potentia l ot -o •. 24 volts vs 

s •• F. A •• using the highest galvanometer· sensitivities 

reasonably po.ssible., no measurable wa:ve was obtained from 

my of these media. 

In a medium o:t 0.5 M potassium B\Uphate not even 

the su est.ion of a wave· was noticed almost cer t ainly 

du.e again to a very low solubility of t.Jle lead sulphate 

1n f ·ormic acid. Bot.h the chloride an:l sulphate edia ~e 

thus quite Wlsuitable for the deter ination of lead 1n · 

formic acid. 
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Hal1'- wa¥ Potentials 
up porting -lectrolyt vs V$ Limits t an a 

s.c. • A.E. .F.A.E • 

o.s sod • formate -o . 224 ...() . 762 *0. 003 0 . 032 
• 5 60 • for mate "*' 2 
(v/v) water -0 .• 227 -o . 766 :to. ooa 0. 032 

2.0 sod. formate -o . 242 - 0.780 ~0. 003 o.oa2 
0 . 5 sod. for ate + 

0 . 25 I sod. citrate - 0 . 238 - 0. 776 2' 0. 003 0 . 032 
o.s sod. formate • 

0 . 25 sod. acet ate - 0 . 232 -o .. 770 ~.003 0 .• 033 
0·. 6 sod. formate • 

0. 25 sod. tartrate - 0. 230 -o . 768 zo.oo3 0. 029 
o.s Msod. f ormate • 

0 . 2.5 · oxalic acid. -o . 272 -o.au *o.o04 0 .. 032 
o.s sod . t ormate • 

2. 0 · oxalic acid - 0 •. 310 - 0 . 848 ~. 004 Q. 032 
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(IV) m. 

The reduction of stannous tin to the meta~ pro uce<:l 

excellently defined waves in formic ac·id tro~ IIDst of the 

supporting electrolytes used. The reductions were fo\Uld 

1n · all caee·s, to be reversible and to involve two electrons,. 

giving values ot tan ·CI close to the theoret~cal. valqe ot 

o.oao. Polarographic overcurrents were observed with this 

element, as il:\! to be expected when consi dering the dispa;rit.y 

bet een the halt- wave po tentials (Uld the potential of the 

eleetrocapillary max.i um. The overcurrent.s were auppressecl 

by use of the optimum concentration of supporting electro­

lyte. 

The effect ot water on the characteristic potentiaJ.s 

of tin. was shown to be inappreciable. The addition of 2S 

(v/v) of water caused t l eee potentials to shift by o~oos 

volts to more negative potentials. 

Stannous ehl.oride, which is moderatel.y soluble in 

f ormic acid, was found to be suitable. The anb.ydroua ·&alt, 

as supplied. by Bri tieh Dru.g Houses, was dried by heating in 

an oven at 13()•c tor 5 hours and t.nen allowed to cool over 

anhydrous calci chloride. 

By determination of' the diffusion current at various 

concentraUons of stannous chlor.ide; a value of the diffUsion 
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coeffici.ent o.f the stannous ion in a 0~5 u sodium f ormate 

edium wa obtained. Calculat .ion by 1 eans of the Ilkovio 

equation ( (l) Section . ) established this val:ue as 0 .• ·21 x 

he corresponding value 1n aqueous solutiOn 

&·S calculated from Li.ngane •s (38) po~arographic easu.r . ents 

on t in solutions in 1 M nitr·ic acid was 1.1 x lo-0 cms.e /sec. 

The uch larger value in aqueous solution is attribut to 

the exist ence in f or i c acid of a formato st annous complex 

ion as oppo to th presence of a much smaller unco lexed 

spec i es in aqueous solution. 

T@LE H• 

Concentration of Tin 
gm. ions/l.i t.re x 101 

0.510 
0.941 
1.223 

h = 43.43 ems. 

iffusion Current 
·( icroarnperee) 

2.'77 
6.38 
6.86 

• 2.47 sece. 

I 
.J 

m c 4.492 mgs./sec. ~ -~ 
• 3.166 mg•• sees . 

idle·.·. • 5.62 micr oamps/rngm. ions/litre 

Diffusion current const ant ~COOH • 1.8 

Isao • 4.02 

The halt-wave po t ential of stannous tin in a 0.5 M 

sodi um fot"m t ~ edium we.e -o.28l "t 8 volts ·va S. C. F •• E. 

(-0 •. 819 volts ve . F. .E • .) which on increa ing the sodium 
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for a te concent.ration to 2 .0 M changed ,by -0.026 vol t;s. to a 

value of ...0.307 t 8 ·volta V S S. C. ll .... A. • • (-o.845 volts VS 

.•. F • .A. E.). This change of the hal:t-wave po t.ential :ls 

slightly in excess of that attributable to l1q.u1d Junction 

potential. It is believed to arise fro· the f .o.rma.tt.on o.t 

weak t ormato-stannous c.omplex [Sn(OOCH)• r·- as 1n aqueous 

s olution (56).. fhe value of tan a was 0.034. 

o evidence of oomplex fo.rmation was found when us ing 

a ·0 •. 5 potassium sulphate suppo.r tin electrolyte, tbe c araeter­

istic potential being -0.282 t 3 volt,.s vs .c. ·. A. l (-0 . 820 

volts vs .F •• E.). The val ue .of tan a was 0.034. 

'!'he appreeiable clisplacement of t.he half-wave potential 

when usin.g oxalic acid as the backgro\ltld elect,rolyt.e in icate4 

the formation . of a co plex. This may be of the form .. . . .. 
[Sna (CaO• )4 ] ':" as in aqu.eous solution US?). The halt-wave 

potential 1n a 0.26 M oxalic acid - 0.5 M sodium f or · ate 

edium was -o.346 ~ 3 volts vs s •. c .F,.A.E ~t <-o~s84 volta vs 

. F. A. E.), , and ith a aupporting el ectrolyte ot 9•5 J.l oxalic 

aciQ. - o.s M sodium. formate was ..0.369 ~ 3 volts ve s.c:.F.A.~. 

(-0.897 volta vs Q. P,. A.,E.). The' va1ue of t.an a tor both 

r e<luotions wa_s o.oaa. 

Stannous ions have been sho to und.ergo complex f ormation 

1n a f luoride med·i um giving rise to the ion [SaFa )_, (58) • It 

is probably the formation of tJlis complex which e.a\lsee an 

.appreciable shift of· potential in a fluoride-formic acid 



.ediUDl• The half- wave po\enti l when usL"lg a carrier 

electrolyte of 0 -. 2 M sodium fluoride - o.s M sodiwn .for te 

Wli\8 -0.333 * 3 volts VS s.c •. F •• I. ,-o.sn volts vs .F.A. E.) 

In a medium of 0.4 M sodium fluoride - 0.5· M sodium formate 

thi ~e potential was •0.355 t volts vs s.c.F .•• s . (-o.893 volts 

ve Q-.F .• · .E.).. The val:ue Of' tan Cl was 0 .0:33 1n each c·ase. 

he polarograph.ic examination of t-in in chloride and 

bro ide edia proved most disappointing. ithout the aad1tlon 

of gelatin the waves were poorly defined. The aiidi.tion of 

o.o.N of gelatin i mproved the wave when using a chloride 

supporting electrolyte but that in a brom.ide med.ium was so. 

irr egular as to warrant no further .investigation. All 

eetima~ion of the half-wave potentials was, however, attempted. 

· en using an 1nditferent electrolyte of o.s potassium 

chloride • ~.o M sodium formate this potent-ial was ...0.38 2 

.l volts V$ s.c .F.A.E. ( .... 0.92 volts va . F. A. ' .). rit.b an 

electrolyte composition of l. •. o M potaesiwn chloride - 1. 0 M 

sodium f ormate the halt-wave· potential was 

•0.40 t 1 volts vs s.c.F.A. • (-o.94 volts vs .F .A.E. >~ 

he ab..itt of potential ma,y be due to the complex species 

(SnCl:r'", SnCla an,d [SnCl 8 ]• formed. in. aqueous solution (58). 

o attempt was made t.o measure tan «• 

A half•wave potential. ot -o.89 * o.ol5 volts vs s.c. r .A.E. 
(-0.93 volta .. vs Q. F . A.E. ) was :tound when the indifferent 

electrolyte ·was 0.2 M aodiwn br o ide - o~s M sodium to~ate. 
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he bro -stannou eo lex ion probably for ed is (tJn · r 1 ]­

in qu ous solution (58). The diff 1c.ul t.y in mea uring 

- a e potential . ,aa added to by th cloee pro;Ki!ni:\y· 

o· th · Vfave of th bro 1 e ion • hia limite the 

length o th ba e of. the wave ak · 

i .. o .ible .• 

accur te nea urement 

Supporting lectrolyte 

0.5 $odium fort te 
0 .• 5 $Odium formate ,.. 

2~ water 
2 .o sodium f orm te 
0 .5 · po a slum ulphat.e 
o.:as oxalic acid + 

o.s so~. f ormate 
o.s oxalic acid • 

o .• B sod. .· o.r a~ 
0. 2 sod. fluor ide + 

0 .• 5 sod. formate 
0 .4 sod. fluoride + 

0. 5 sod . formate 
0 . 6 pot. chloride + 

. 1.0 od. forma~ . 
1.0 pot. chloride • 

1 .0 aod... forma,te 
0.2 sod. bro . ide + 

o.s "od. formate 

Halt-wave 
potentials 

vs 
. F. A.E 

-o.281 -o.sl9 
-o.284 -o.S22 
-o.307 ..0.845 
-o.282 -0.820 

-o.34.6 ...0.884 

·-0.3~ -o.~7 

-o.333 -o.a71 
-o.366 -o.893 

-o .• 38 -o. 92 

-0.40 -o.94 
-0.39 -0.93 

Limits tan a 

:to.oo3 0 .. 034 

-to.ooa 0.034 
*o.ooa 0.034 
'to.ooa 0.034 

to.opa 0.033 

±o.·003 o.oa3 
to.ooo. o.oaa 
to.oo3 0.033 

~ .• Ol. . .. 
to 11 ol • 

io-.015 .... 



The mo st suitable thallium salt tor the inve tigation ot 

the behavi.our ot' thallous ions was found to be t b carbonate 

which as moder ately soluble in. f 'ormic acid.. iballous carbonate 

as aupplied by Dri t,ish Drug ouses was allowed to st,and over 

anhydrous calciwn chloride f or 5 day& atter w icb it was used 

without f urther purification. 

The .b.al.f• ave potential of thallium in a o._s sodium 

form t e supporti.n electrolyte was found to be ...0.386 t 3 volta 

vs s •. c.F,. • • (-o.924 vol;ts vs •••. •). The reduction wast 

ho ever, found to proceed so ewhat. irrevers ibly, tlle value of 
' ' . 

t an a being 0.073. The a4di .t1on ot . 2'J (y /v) of wat.er wa s found 
' ' 

to shift, the potential by about 0.003 volts to more posi t1ve· 

va~uesf a shift in the posi t1ve direction wae in complete 

contrast to· $11 other cations examined in. formic acid. On 

increasing the sodium formate eoncent.ration to 2.0 M, the half­

wave poten.t ial was -o.312 ~ 3 volts ·vs s.c.F .• A.E. (-0.850 volta 

vs . F •• E.); a d istinct shift towiU'ds more pos1 tive val uea. 

'l he value of tan « was found to be 0.062. 

In vi e" o the unique behaviour of thal l iuln 1 t wall decided 

to measure the halt-wave potent i al and value ,of tan cs at even 

h igher sodium for .. ate eoneentrationa. The results are tabulate4 

1n Table 15, and plotted iDIPlate ?. The plot was 1n1t1ally 

curved after which a linear relationship developed. The 

increas e of the liquid Junction potential be t ·. en the anode 
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and c thode compartments has, in this invest tion, always 

caused the half- ave potential to change to more ne ative 

values •. 

·one . of sod. 
formate 

o.s 
1.0 M 
1.5 .t 
2 .0 
2 .5 ' 
s.o ,! 
3.6 M 
4 .0 
4 . 5 
s.o 

TABLi lQ• 

Halt-wave Potential vs 
.c.F ••• 
(volts) 

-o.382 
-o.366 
-o.354 
-0.343 
-o.333 
-o.326 
-o.318 
-o.308 
-o.soo 
-o.294 

It was ueeided to com.pl e \ely eliminate this jW'lctioJl 

potenti , boll ever., by rr•aking the sodiwa forma.te concen­

trations 1n tbe anode and cathode equal. In view of the 

investiga tion of the salt effect of the quinhydrone·in-

f or i c aci d el ectrode described 1n Section c, the increase 

of sodium fo:rmate in t.h.e anode compartmen t should be 11 ttle 

eff ct on th electrode poten.tial . The re.sult of increasing 

the sod! formate concentrations in the t o compartments on 

the half-wave potential of thallium is plott.ed in T'able 16 

and sho rn inli Plate 7. As anticipated this sho s the value 

of the half'• av potential 1n Graph I to be a combination 

of a positive shift and a change , due to junction potential, 
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t.o more negative va~uea . ith the latt r eff ct elimin ted 

the po itive shift was even more mark . • The potenti at 

.hich the .reduction f irst becomes r ev rsib~ is about 

- 0.29 volts vs s.c.F ••• <-o.a3 volts vs . F. A. E.). 

TAU 1§. 

one. of sod~! Hal.f-wave potential 
form. ·vs s. . F. .E. tan (I 

'volts) 

o.s K -0.374 0.073 
.J..o M -0.350 o •. 068 
1.5 -0.330 0.065 
2.0 -0.312 0.062 
2.5 -0.296 0.059 
3.0 -0.284 0 •. 059 
3.5 II -0.274 o •. 06o 
4 .0 M -o.260 0.059 
4.5 M -0.248 0.058 
s.o M -0.235 0.059 
s .• s 11 -0.224 0.060 

It was also at this potential that the plot ended the curved 

por tion and began the linear relationship. It was thu.s taken 

as the hal.f- wave potentcial of thallium. 

It has been found , although not examined in such detail, 

t.ha:t increase of concentration ot other el ectrolytes also 

c aused a shif'tt in the half- ave potential . The values, as 

found at the usual concentrations of these supporting electro­

lytes. are quoted. · 

The half- wave potential. in a o.a M sodium tluori e • 
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0-.5 sodtwn formate medium was ..o.382 * 3 volts va s , c.F. · .• :s • 
..0.920 volts vs .F •• E.) t.he value of, tan a being 0.069. 

o waves were obt.ained 1n th.e pre.eence of chloride or 
.. 

br0111ide supporting electrolytes, due tQ the high insolubility 

of these salta 1n formic acid.• 

In a medium of o.as oxalic acid am o.e sodium 

f ormat e the wave although not. we.U defined , was .measurable 

giving a value ot the half-wave potential. ot -o.411 t 5 volts 

VS S,C •. F.A.E. (•0.949 volts VB .F.A.E.). In a medium of 

o.s M potassium sulphate. the wave was also not :well defined, 

the value of the half wave potential b ing taken aa 

-o.4o8 t 6 volts vs s.c.F .• A.E. (-0.946 volts vs Q.F.A, ,.) • 

Du. to the slightly irregular shape o£ these curves, no 

easurement. of tan a coul.d be madfh The reduction app eared, 

nevert.heless, to -be irreversible. 

The wave in a aedium ot 0.25 M aodi.wn acetate - '?!5 II 

sodium format,e was well developed the halt-wave pot.ential 

being -0.374 a a vol·t.s vs s.c.F.A.E., (-0.91.2 volts ve .F •• E.). 

The valu.e of tan a was o.oes.. 

The polarogr.arn tor thalllwn using a au.pportlng elect.ro­

lyte of 0.5 II sodium formate is shown 1n Plate 6. 

No explanation of the anomalous behaviour of thallium 

has been found. The d iffusion coefficient of t.ballium in 

aqueous solution 18 abnormall-y h1g)l being att.J-1buted to the 



e 1 . tel¥ \lBtV'dl' •ta . · ot tiM · allou 1on (18) • 

1f ' ion co.etf1o1en:t., tn fom1c acst , ~ ..au. tbeD 

in · r, is .not aa eat.q reduced a t.ne other 1o · b7 

VoP<IIliU6U of medium fft · .aw w tor · .o acid• . ot, · oJl 

c : 1a at. tao 1 b.owv r, to .. f.a obeeft'atiot'h 

MC~I.O. ut beb.avtour · elf·ev . to e t.o ao • c 1pj._ t!tm u:. 

o \iVe :lA t o..Sc clt bu\. en'S.. , abatn\ in ··u oue 

ol.Ut. <Jrh That. the thal.loua ton ate• at· a rau · .-

.... "' ....... in uceu of \ba op.ec\eCl 11 a · ttel' ot d·· · l'J'ft.llill .. 

r · ~ thai\ t.SD:l. eolution to tJ1. obleDl t• 11.ot t.o . ·· 

in. the high ao .. lubU!Q- ot tballf.wa Sn meJ'eUrr· •• tilt. 

~ -\os- ia tb.e aae in. both, eolve\e •. 

v: · u a .ta ao'\ explain 011 ·tbe go · -• · o~ inor•aaeca lo 

' \b ot \be meat • fbe bal1-ftft potent:l.:Z.. 'for 

.An aqu.eou ltlUon haa be · · •bo · . to ~t\ .. •• 

n t.t.Y potentJ.al. on SAcr aae of ·.. .101.110 • th 60) • 

l'h• ph~ o .not be du to c.o.alplex tol'. t,.Son ot 
·8.'1.1¥ .kine! aa Ul1e .u. · re.W.\ iD a. a . tJ.v ahitt. ot ~ 

halt'• ave pot.ent.tel.. ahift. to -~ - - eitlve valo.e . .11 
• · eo . · if \he reluet.lon .ta bMo.m 

once r vere1b1U\Y l at.ta1ne4 ·tQ te.Dt1a1 would -~ ·ea-

W to .r110ain oonetan t aat \ben ·: uell¥ \0 ·. OYe baok 

to · • mo:r negaU ftl.u• \D!el' the Wlu-.ee at the 

1 .. f.d Juno\loa po . Ual.. Ttlta wu QO\ t.M o•M• 
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The only possible. d ifference between fo:rmie acid and 

wawr that could have an influence was that the f .ormer 

solvent is a powerful reducing agent while t4e other is not 

and furthermore tbat formic acid moleeu~es· are capillary 

active. It is difficult, however, to see ho · either effect 

can cause the observed anomalies. Under the cireumstaneea, 

therefore, it is .not possible to suggest an explanation of 

the phenomenon. 

The value .of the diff usion coefficient of thallous ions 

1.n a 0.5 M sodium form.at.e medium was det.E!rm1ned by the 

· easur ement of t.he diff sion curren\ at various concentrations 

of thallous salt. Calculation by eana ot the Ilk.ovic 

e uation ·( (1) - · ection A) established thi.s value as 0.96 x 

10-e ems.• /sec. 'l'he value derived by Lingane (61.) from 

conductance measurements was 1.08 x lo-• ems.• /sec. 

TANifi .17. 

-

Concentration of Thallium Diffusion Current 
X l.O gm .. ions/litre (micro amp a) 

1.60 9.11 
2e.32 13.34 
2.96 17.00 

h = 41.5! ems.. t • · 2.69 aeca. 

m • 4,293 mgs./sec. m.
8
At}la • 3.096 mgs.a,J,aecs. -14 
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id lc • 6~81 .mlcroampa/mgm ion/litre 

Ditfueion current constant,& 

I a.:o_o HaO • 
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<VI) QADl'mJM• 

The very favourable polarographic characteristic s ot 

cadmium in formic acid enabled the deter. !nation of this 

element to be made in a variety ot supporting elect.rol.ytes. 

The waves were well defined, showing a reversible two electron 

reduction ot tJie bivalent ions to metallic cadmium. ith 

all the sup],)Ort.ing electrolytes studied, the value of tan CJ 

wa. always in close QgPeement with the t.heoretioal value of 

a,oao. 

In view of the relatively · small. differences between the 

half-wave potentials of cadmium and the poten.tial of t.ha 

electro-capillary max~ it was not thought likely that 

pol rographic overcurrents would be encountered in the 

investiga t1on of this element.. No such overourren ts were 

observed even at such l.ow aupport,ing electrolyte concen­

tration as 0.1 (Section F). 

Ot the cadmium sal. ts 'b'ied, tJl chl.oride was found to 

be most suitable. admiwa chl.oride as supplied by a.y and 

Baker Lt.d., was_ heated 1n an oven for 6 hours at 130 C 

after which the anhydrous sal't was coo.led and stored· .in a 

desiccator over anhydrous calcium chloride. 

The effect ot added srnal.l quantities o.f water on the 

~aU-wave potential of ca&ni:wn 1n a sodium formate edium 
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WQS shown to be small• The shift to more negative potentiala 

c used by the addition of .aJ (v/v) of distilled water was 

o,oos volts, on both occasions tJlat the measurement was made •. 

The value of the d.ii'fusion coefficient ot cadmium ion 

in a o.s M sodium formate medium was determined l>y the 

.measurement of the diffusion current at various concen• 

trat ions ot cadmium chloride. Calculation by means of the 

Ilkovic equation ( {1) • Section A) gave this val ue as 

0.32 x 10-1 ems.• /see. The corresponding value in a ueous 

solution as derived from the measurements of Lingane (38) 

was 0.64 x 1o·• crns.8/sec. 

TABLE 18. 

Concentration of Cadmium Diffusion Current 
X 1Q8 BJD• ions/litre (micro amps) 

lel8 . 71116 
1.?8 12.4 
2 •. 38 16.1 

h = 42.45 cma. t • 2,51 sees. 

m • 4.3~1 mgs./sec. •o/•tVe • 3.126 mgs. '*sees.~ 
14/c = 6.80 microamps/mgm. ion/litre. 

Diffusion · current const.antsa- . 

In a o.s eod.ium formate edium, t.he half.-wave potential 

of the cadmium wave was shown to be -0.337 * 3 volts vs 
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· . c . F . ,E. (-0,875 vo l ts va . ,F . A. E.) • The va~ue ot tan a 

wa o.oao. The haJ.t-wave potential was f'oWld on increasing 

t he f ormate ion concentration to 2 .. 0 M, to change to 

-o.366 t 3 volts ve s.c .. F . A.E" (-0.994 volts vs · , F • .• E.) •. 

Unl ike zinc, c admi um is r educed at a potentia l appre­

c i ably more positive than that tor the discharge of hyclrogen 

i on . and is thus eon.s1derably more .s ui table t or the study ot 

the complexes formed by both t hese el ements, ith t.h __ hal ogen s . 

· e i s to be expected , from observati ons 1n aqueous solut ion, 

no complex was f ormed by cad_miwn with f luoride ions i t.h an 

indiff erent el ectrolyte ot 0.5 sodiWil formate - 0.2 

sodi um fluoride, the halt-wave potential was -o.344 ~ 3 volta 

v s ·, . ,.F .. AttE• (-0.882 volts vs Q. F . Ael!l•)• On incre sing tbe 

sodi f luori.de concent ration to o.4 Iii the halt·wav·e potential 

r emained almost unchanged at -0.349 ~ S volts vs , <.; , F . _ .E. 

(-o.887 volts VS . F. A.E. ). The value of tan <l wae o.o32. 

In a mediuru ot· o .• s :u: sodiwn tormat.e ... 0 •. 2 · potase tum 

chloride, however, there 1s very conei deJ:"able complex f -orm­

ati on . The half-wave po tential was ..0.489 ~ 3 volts vs 

s •. c. · _A. E. (-1.027 vo l t.e vs Q. F . A. E.) whi ch on 1ncr aeing 

t.he concentration ot potassium chloride to 0.4 M shifted by 

0 .033 volts to a valu·e of a0.522 * 3 volts vs e.c.F.A.E. 
( •1.060 volts vs Q.F. A-.E.J. The value of tan a was 0.032. 

1n order to gain some idea ot the nature of the complex 

pr esent, the above resu.lts were substi tutea in ( (3) • o:.~ect.ion 



- 73 -

4\.) • . In this case, althoUgh the liquid. junc.·t.ton po tent!al 

is not .known, it has been shown in Section C that the 

add1 tion ot potaesiwn, chloride. to one oompartm.en.t ot the 

cell g ives rise to an> inappreciable diftusion potent.lal.• 

fhe shift ilE ·of •0,033 volts was c&\lsed. by an increase 

in the complexing reagent concentration from o.a M to o.4 M. 

On making this substi tut1on, tJle co-ord-ination nwnbv of the 

metQJ.. ion in the complex was 3.7 which euggeeted the complex 

speo.ies to be mainly [CdC'4 r • All the intermediate eom• 

plexes [CdCl)"'', CdCl:it [CdCle r., (C4Clt ]8and [CdCle, f- will 

almost certainly also be pre~Je.nt and tbus the above .. result 

ay be to some extent. f ortuitous .• On the o tb.er. hand, t.be 
I 
I 

data for . aqueous solut.:lon (62-69) suggest that, the te.tra:"" 

halo ena.ted biv·alent form gl"eatly p.redominat.ee at the con­

centrations ot chloride ion employed 1n these measurement.•• · 

In an indifferent e.leetro.lyte ot 0.8 M aodium for. ate, -

0,2 M sodium b:romide the half-wave pote:nti.aJ.. was -o.585 
·~, 4 volts vs s.c.F.A.E. (-1.123 volts vs .F .. A,E,) which was 

displaced by ().036 vol.ts to a value of . ...0.621 * 4 volte va 

s .• c .• F"A*E• (""'1,159 volts vs Q.F.A~E~) on increasing ·the 

·con.centration of sodium br0.111ide to o.~ 11. 'l'Jle value of tab 

«, was o.o32- On substitutio.p of these data in EquatJ.on (3) 

the co-ordination nw.nber, p, was found to be 4-.1 which 

suggests the complex to be [CdBr• f • As fo.r the chloro 

complex.ea inter ediate epeei.es euch as (CdBr t', Cc!Br'a 
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[C<!Brar are also formad (66•68). Het•e, however; on increase 

irJ. the a tomic number of the halogen eause.s an increa"'e in 'the 

s t ability of the compl exes of h igher eo-ordination nwnber 

i ncr ea sing the probabilJ. ty of the tetra•brominat.ed. divEilen:t 

ion be the predominant complex. 

In view of the slight decomoositioa of bromides in 

:fortnic acid, it was thought,. possible that t.his would ini tia te 

the measurement of reliable halt-wave potentials in this 

medium. The aolu tion , employing as supporting electrolyte 

9.•5 · sodium formate - 0.4 M aodiwn bromide waa left stand­

ing :tn an atmosphere of nitrogen, for 60 minutes, after 

which time the halt-wave potential was re-dete.rmined. The 

value was found to be -o.623 volta vs s.c.r •• E., a variation 

w·ell within the limits of accuracy of the measurements. 

Further, tJle waves 1n this medium were well developed giving 

no indication of the ~1 decomposit.ion. The aolutione 

were; however, very sl.i8htly brown 1n colour. 

Due to the appreciable deoom sit,ion 'suffered by iodides 

in formic acid, this medium was uit,e unsuitable for polaro­

graphic determinations.. From the appearance of tl\e po~ar­

gr am it seems like!¥ that the wave for cadmium had been 

shifted beyond the deeomposi tion potential of the hydrogen 

ions and was total..ly .obscured. In view of tile existing 

decomposit-ion , however, this could not be regarded as certain. 
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The half•wave potential of cadmium 1n a 0,5 po1;.as ium 

sulphate was -ow356 t 3v·olts vs s.c. i , A • .E. (-Ot894 volts vs 

The value of tan ex was 0.031 •. 

ith a eupporting electrolyte of o.e Y sodium formate -· 

Otl M sodium tartrate the halt-wave potential was -o.347 

:t 4 volts vs s.c •. F. A •• c-o.885 volts V8 Q.F.A,E., ). The 

vat ue O"f tan « was 0~031. 

Finally use was made of a. mixture ot 0.5 sod1Uill. 

f ormate and 0.1 Jl oxalic acid as llnd1fferent elect.rolyte; 

the value ot the half-wave. potential be~ -0.350 t 3 volts 

vs s,o.F.A.E. {-0,888 volts va Q •. F.A.E.). The valtl$s ot 

tan a was 0.032. 
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SUMMARY• 

Supporting ~lectrolyte 

Half-wave 
pote.ntial 

1/8 V$ 
s.c.r . .A.E. Q.,.F.A,B. 

o.{) sod. for ate •0.337 -0 .• 875 
o.,6 sod. .formate + 

2% (v/v) water •0 •. 342 -o.eao 
a.o sod. formate -0,356 -o.894 
0.5 sod. formate .,. 

0. 2 ~ - sod. fluoride ...o.344 -o.asa 
.s sod. formate ... 
o.,4 sod . fluoride -o.349 -o.887 

0.5 1 sod. formate ... 
o.a pot. chloride ...(),.489 ... 1.oa1 

0 . 6 so · • f o.rmate ... 
0 A . ~ Til pot • chloride ..0. 522 -.1.060 

o.s soc!. formate • 
0.2 M SQd. bromide .-0.585 -1.123 

0 .• 5 ·od. formate + 
0 ,4 sod • . bro 1de -o. 621 ·1.159 

().5 pot. sulphate -0. 356 ....0.894 
o,a 1l sod. formate ... 
o.~ sod. teJ"trate -0.347 -o.8&5 

o.s - sod. f ormate + 
o.1 oxalic ao1d -o.aso -0. 888 

•o.ooa 0.030 

*Q ·OOO o.oa.i ... . 
't(),003 0.030 

>to.ooa o.,ooa 
t:Oc003 0.032 

to.oos 0-.032 

to.003 0.032 

'*0&.004 o.oaa 
to.-004 0. 03.2 
-.to .• 003 0.031 

:o.o04, 0 . 031 

:to.ooo 0.032 
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( VIl) Ui])I'QJI. 

In aqueous solution, indium presen~ aa the aquo-indio 

ion, is irreversiblY reduced to pJ-OdUc• an extended wave (70). 

The polarogram of indium rln a formate-formic acid medium., 

however• showed that provided the Jndiwn concentration wae 

kept low a reversible three-electron ~eduction was op rative. 

'rhe waves obtained trom all the aupporttng electrolytes were 

well defined. No polarographic .overcurrents were encountered, 

the.ir absence being due to the close proximity ot th · half­

wave and electrocapillary maximum potentials. 

Indic chloride was found tQ be re&a.Uy soluble 1n formic 

acid aOO. was employed throughout the investigation. It ha4 

been made by dissolving B.D.H. grade metallic indium .tn aqua 

regia and evaporating the solution to dryneaa. The 

evaporation was repeated thl'ee times w1 tJl. the add1 tion ot 

more hydrochloric acid each time, eo as to remove all ni·trio 

acid· The solid was purified by sublimation and dried at. 

120C for 5 houre. 

T.Jnlike the other inorganic catiQne investigated in t.his 

research,with the eKception of tin, 1nd.twn tmdergo.es complex 

formation 1n a torma\e edium. In consequence of this, 

indium was examined .more cloeely, i,n an endeavou:r to eluci­

date the structure of the c.omplex .ion, and, 1n passing, was 

found to behave in an \UlU&ual manner., The odd behaviour 

£ · .. ~ . ... 



• 

/, 
I 

·71-

ot 1nd1ua :lll tormate .tnediwa wu clo ee]¥ parallelled by 

that of tbe aame element 1a a aulphate medium whee \he 

etfecta wve larger and even taOre obvioue." It. is t.hua 

proposed to describe t.he examination ot ·tndium ue1q 

po\aaa1wn aulphate ae the 'auppOrt.i.Qa electro].rt,e and \hell 

t4 compare the behaviour when uaing eo<U.wa toraat.e~ 

It was obeerved tha\, ri\b the concentration ot 

potassium sulphate main\aille4 constant at 0~6 •• illol'eue 

1n the indio ion concentration cauaed a allght ahitt ot 

the half•waYe potenUal to .DlOre negative value•~ the 

value ot· tan a aleo increased ehow1ng that the re4uc t1on 

was becoming l.eas reverai.ble • It, howeve,r; the indi.c ~D 

concentration wae kept conatant aad \be ooneentrat.1oa ot 

po taaeiwa aul.pha t.e increaaed, the value ot tan a t.e.ndecil to 

decrease and return. to the theore\ical value of o .• oao,... 
The plot ot tan a against t.be ratio ot l.nd1c to· tulphate 

ion coneentrat,iona, [:tn l/[ao6 lt wu tou.nd to be lineal' 

tor both. eeta ot reaulu."'- BxtraPOl.ation of t.heae C\U'Vea 

to 1ero 1nd1ua concenva\ion gave values ot tan. a ot 

o .. oao and o .• 021 •. 
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~E 19. 

one. ot Half-wave 
Indium potential tan Cl 
X 10~ II (volts) 

0 .344 ..0.8'11 0.023 
o.es2 -o.875 0.026 
o.9S6 -o.S?8 o.o29 
1.230 -o.aaa o.oaa 

-

one. of potassium sulphate • o.ao K. 

hese result ar~ plo·tted in 2 Plate s. 

Cone. ot Half ... wave 
potassium potential tan (I 

aulp.b.ate (volts) 

o.s K -o.saa o •. osa 
1.0 a& .-pQ.905 0.027 
1.5 g· -0.9.22 0.026 
2 .• 0 M -0.942 0.·024 

[n>. Vcso. J 
X 10«-

6.9 
13.2 
19.1 
24.6 

-

[InJ;rso.J 
X 106 

24.,6 
12.3· 
9.22 
6.15 

Cone .. of indium • ltr23 x 10 ... • gm. ions/litre. 

• hese results are plotted 1n l Plate 8.· 

-· 

h results in Table 20 .show th.e half• wave poten t1al 

to shift appreciably to more negative values. on .increasing 

the potass ium sulphate concentration.· -Although this shift. 

is ind.ieat ·ive of complex formation , a la.ck of knowledge of 

the liquid Junction potential introduces a measure of 

uncertain.ty • 
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V it.h the potassium sulphate concent.l'ation aintained 

at o.s , the diffusion currents id produced by known con• 

cen'b'ations of indilllll; C1 wer · measured. The plot ot id 

against C wa linear bu.t on extrapolatJ.on did not pass 

through. t.h.e origin, as expec\ed. From the. data tabulated 

belo ' it as possi~le to calculate t.he ffusion coeff icient 

for i ndium under these conditions. 

Concentration of Diffusion Current 
Indium 

X 101 gm. 
ions~itre 

(micro amps) 

--
' 

0 . 602 3. 19 
1. 076 7 . 48 
1 . 377 10 . 36 
1. 654 12.56 
1 . 910 . 14.96 
2 . 151 l7el.3 ,, 

2 . 374 . ' 19.30 I 

2 . 580 . ~1~00 

.. he concentration of potassium sulphate was o.s 

he eapUlary detaUs were a 

h = 41.71 ems. Dl a , 4 . 313 mgs . /sec •. 

~ = 2 . 68 sees . m•"t .if• • 3 . 10(3) mgs. *"sees. ~ 
From Plate 9 idfc • 9•15 microamps/mgm. i.ons/ 11tr 

and by using the Ilkovic equation ( (1) - Section ) the 

dif fusion current of indium in this vironm nt was 

0 . 25 x lo- • ems. • / sec. he above results are plotted in 
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Plat e 9. 

ith the potassium sulphat e concentration maintl.d.ned at 

0 .75 M, however, the plot of id against C was shown clear·ly 

to be composed. of two separate stra nt lines. ssuming 

each curve to be due to an ionic species, the slopes of the 

lines were used t.o furnish. values of the corresponding 

diffusion coeff.icieate. 

Concentration of Diffusion Current 
Indium 

X 1o• gm. ions/ (micro amps) 
litre 

0,.191 1.22 
0.374 ' 2t52 
0·.550 · a.eo 
o~111 ' 4.93 
o-.878 6.12 
le03 ?.,90 
1·,32 10.22 
1.60 12,99 

-· 

These r esults are plotted in Plate 10. 

The concentration of potassiwn sulphate was o. 75 • 

lso h = 42.68 ems. m ~ 4.415 mgs./sec . 
at u: · at -u \ = 2 .55 . sees. m71t'• = 3.14(6) .mge. 18 sec s . 711

• 

For curve x 14;0 = 6.90 microampsjmgm. ions/litre and thus 

the d iffusion coeffieie."lt as 0,15 x 10•& ems. 8 /sec. 

1 . = 2.·2 
liCOOH 

For curve y idle = 9.ll microamp s/mgm •. ions/lit.re and thus 
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the 1ftus1on coef·ticient, was 0.25 x 1o·• ems'~ a /aec. 

~COOK • 2 •9 • 

This immediatel.y suggested that the indium was present 

in t d1ft'er ·ent species and that this cation, formed two 

eulphato complexes depending on the relatin values of ' the 

indium and sulphate ion concentrations. The increase 1n taD 

ex on inc.reasing tbe value ot (In ]/[so. ] could read!l.7 bt 

e.xplaiJled if 1 t was supposed that the one aulphato-ind1c 

complex was reversibly reduced and the other irreversibly 

reduced. 

A final test· of the existence of \wo such complexes 

would be furnished. by easuring the half-wave potential.s at 

various concentrations of potassium sulpha.te. Two inter-
. 

secting s traight lines woUl.d be expected, the sl.opea ot which 

would. indicate the stl'uctures of each of the complexes. 

Cone . of pot. sulphate 
log C Halt-wave potentials 

c. . (volta) 
' 

0.25 )( ..0.602 -o.867 
0,50 )I -0.301 -o .• 8'74 
0.75 )I -0.125 ..0.-881 
1 •. o 11 0 ' -o.897· 
1.5 II +0.176 -o.920 
2.0 )I 1'0.301 ..0.938 

he t-esul. ts quoted above are plotted 1n Plate 11. 
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e can be seen from the plot, this was found to be the 

case. The structures of each complex cannot be known rith 

oer'taint,y due t.o a laek of knowledge of the liquid .junction 

potential at the sintered glas boundary. The slope of the 

one line is, however, al.most exactly t ice that of the other, 

sho 1ng the number of sulphate ligands in the one complex 

to be twice that 1n the otber. It would tJlus appear very 

likely that. at low indium concentrations a complex [tnt 0•) a]­

wltieh :l.s reversibl.y reduced is tormed 'but on inoJ'easing the 

cation content, the indium is in tJle form of the complex 

[In. ( S06 ) ]•, the reduction of which tends to be so ewhat, 

irreversible. 

The restricted l ength of the first. line 1n Plate 9 as 

compared with that in Plat 10 is due to the smaller pro­

portion of [In <so.>a ]-. This arises from the smaller value 

of o.s , (in Plate 9) for the .sulphate ion concentra tion, 

a conaequ~tlv higher value for 1'Jle [In]/[so.] ratio and. 

therefore a predominance of the (In (SO•} f complex. For 

this r eason, with the .sulphate ion concentrat.ion of 0.75 M, 

more of the higher complex [:tn<so.>a )-· 1& present. am its 
' 

correspondirig line more 1n evidence. Both sets :ot results . . 

g ive t.he v~ue of the diffusion co ffieient of the [In(SO_.)]"" 

c o plex as ~·25 x 10-e cms.•;seo. A third deter ina't;ion .at 

a ulphat concentration of 0.5 M gave a value ot 

0.-26 X JD•I cms.8 /seee 
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The determinat.ions quoted in Table 23 wer e done at ae 

low an indium concentration as poss ible so that the r eductions 

wer e completely r eversi ble.- Thus no e.rror was incurred 

because of a negative shift in the half-wave potentials due 

to the r eduction being irrever .sible• 

T.he addition of ~ (v/v) of water was found to have an 

inappreciable ef:feet on the above results •. 

hereas t.he behaviour of indium in :tormat,e med1w.u has 

been shown. to be very s imi l ar t.o that described above, it is 

likely tha.t the one formato complex is not reduQed as 

irrever sibly as its sulphato counterpart. The increase in 

t an a· on. increasing the indium concentration wa.s not as 

marked as in sulphate medium. A plot of the d iffusion current 

agains t indium concentration showed t o separate curves 

(Pl a te 12). 

It was possible, by us ing th.e He..l"l.deraen equ_at1on ( (4) -

Section ) to calculate the liquid .junction potential set up 

when the f ormate ion ooncen tration was increased. Thus by 

pl ot ting the corrected. values ot E1~ asainst log c, as before, 
++ 

ind.ium was sho rn to form two complexes [In (OOCH) ] and. 
... 

(In(OOCH)aJ , the reduetion of the for er being somewhat 

1rrev ;rsiblet the reductJ.on of the latter being compl etely 

revers i ble. 

The s tructures ot these complex ions were determined by 
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examination of Plate 11 and substitution in the equation 

( \3 ) -.. Section A) • F:rGm these considerations the value.$ of 

p ere 0.84 and l.ss, l · ing to the a est.ed complex 

stru ture&• 

-- --

Conce~¥iation Diffusion Curr-ent. 
of In · x 10• 

(mieroamps) g.m. ions/litre 

0.22 1.71 
0.36 2 .81 
o.69 6.44 
0;99 e.aa 
1.27 12.42 

.. 
._ 

· lso h = 42-.28 ems. m • 4 .372 mga-/eeo, 
m

iL,*· 1h. ) ./111, iL t = 2-sa sees- 18 v v = 3.12(1 mge.r~eeoa , n~ . 

For eurve ~ id; c • 7.-90 microamps/mgnl• ions/11 tre giv~ 

.a value of the diffusion coefficient- of 0,19 x 10 ... 1 ·cms.a/see . 

l :acoOH = 2 .5 

For eurv 14/c == l.~.98 micro~np.a/~· ions/litre giving 

a vaJ.ue o - the diffusion ·coefficient of 0 .44 .x 10·1· c a. a / sec . 

XHCOOH • 3 •8 •· 
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Cone. Observ. Liq.uid Corrected . 
I of . sod. Half-wave Junction Halt-wave 

formate log c Potential Potential Potential 
c (volts) (volts) (volts) 

0~25 M -0.602 ...0.869 0 -o.s69 
o.so J.t -o.301 -0.884 0.010 -0.874 
0.75 14 -0.125 -0.894 0.016 -0.878 
1011 0 -o.901. o.oso -o.881 .. 
1.5 • 0.176 -o.9l4 0.027 -0.887 
2.0 l( 0.301. -o.922 0.030 -o.$92 

Indium in aqueous solution tends to be irreversibly 

r edue when feebly complexed, ·e.g. indic aquo ion, but 

reversibly red·uced when strongly oomplexed as in the chloro­

in io ion* Thus it ay be: expected tbat the mono-ligated 

co plexes, [In(OOCH) ]..,... and [ln(SOa) ]'", ~ich, aa enown by 

their potentials., are weaker than tb.eir disubsti tuted 

counterparts , ehould be reduced leas r e.vers1bly" 

It was noticed by Kolt.hotfe L!ngane (71) that •large 

concentrations of sulphate ion greatly suppress the diffusion 

current• of 1ndiwn. Unfortunately no figures are available 

in suppQrt of this observation. Similar behaviour was 

.notic;:ed t.n formic acid on increas.ing the sulphate concen• 

tration from o.s ._ to 2.0 M., As the solubility of potassium 

sulphate in formic acid is not much in excess of 2,0 u, 
however, the solution at this concentration had a high, 

viscosity. The reduct.ion ·Of the wave height in formic acid 
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as attributed to this cause• . 'l'o ensure that it wa not ue 

1n the ain to t.he formation of the co plex. aulphato ion 

~hich would have a lower diffusion coef 1c1ent. and consequent­

ly give a lower wave hei t, the depression of the wave was 

examined in t.he preseno.e of potassium chloride. The ave 

he ht wa measured in a 0.5 M potassium chloride - o.s M 

potassium sulphate solution and compared with tha.t in a 

0,5 potassium ch.lor1de ... 2.0 M potassium sulphate solution. 

In the presence of the chloride ion it is most ·likely t..hat 

all the i nd.ium is in the form of tbe stronger c;:hloro-ind ic 

co plex and add! tion of sulphate ions will result in no 

formation of a sul;ph.ato·oindic complex. Thus any reduction 1n 

the ave height on adding the potassium sulphate would be due 

to increase in the viscosity of the solution. 

WLE 2§. 

'. 

oncen t.ration Height of . ave Ratio of 
ot Indiwn In o •. s M pot. In 2.0 M pot. ave 
X 1.08 moles sulphate sulphate Heights 

(microamps) (mioroampe) 
" 

o.?s 6.08 2.25 2e70 
1.23 9.61 3.74 2.57 
2.26 16.07 6,14 2.62 

In o.s M pot. In o.s fl pot. 
cltioride + chloride + 
0.5 M pot. · 2.0 M pot.. 
eulphate 
(microampa) 

su1phat.e 
(microamps) 

9.93 4.21 2.36 
12.09 4.99 2.42 
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The value.s quoted 1n Table 26 show t.hat approximately 

1~. ot the reduction 1n wave-height can 'be ascribed to t.he 

f ormation ot a eulphato complex itb. about 90J probabq dte 

to in.crease 1n the viscosity of the solut.ion. 

rther Lingane (70) noticed that in a 1 M aqueoua 

po tasai . . chloride ·SOlution t.he dit.fusion current was well 

defined tor a.bout 0.3 volts beyond the half•wave potential 

but then decreased markecU.y, reached a minil!lwn and finally 

rose to its 1n1tial value. en methyl red was added tQ th4 

solution,, the Olinimwn tirs't decreased, but, with larger 

amounts of the eye, it. developed into a maximum. This 

peculiar behaviour has not been explained. 

The polarogram tor indium in 1 potass1WD chloride 1n 

formic acid showed no such depres.sion. The discharge o£ the 

hydrogen ion in formic &014 ia., howevel.'; only 0.36 volta 

o:re nega.tive than the hal.t-wave pot.enttial f)f indium aJXl the 

non-appearance .of the, depression is most propably due to 

obstruction by the hydrogen wave. 

The investigatio;n made b)T L1ngane in aqueous so'lution 

was repeated and his re'11ulta eubst,an:t.iated. Instead of 

adding ethyl red, however, formic acid was added ln 1noreaa-

1ng quanti ties t to the aqueous solution.. Precisely tle 

same behaviour was observed.· The minimum 1n 1iJ1e curve 

decreased Wltil at a torlllic acid concentration of 3 , no 

indentation was visible in t.be curve-. At a formic acid 
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content of 5 M, a small but distinct .hump was observed. the 

ave due to the d isoharge of· hydrogen ion , although in clo ee 

proximity d i d not restrict the abov·e obsePVatione. 

Examination of the polarographic charac ristics of 

indium in other eupporting electrolytes showed no unusual 

behaviour . ln these media the indium a strongly complexed 

and rev rsibly reduced.. The etfec t of water on. the half-wave 

potentials was found to be small, an addition ot 2% (v/v) of 

wate r causing a negative shift of about o.oos volts. 

s in aqueous solution, indium was found t.o f orm f'luoro, 

ohl.oro and bro o complexes; the stability of which decreased 

i n the ·order bromo chloro fluoro. 

In a. medium ot· 0.2 ' sodium tluor,ide and 0.5 M sodium 

format e the half-wave potent.lal was found to be -0.364. 

~ 3 volt vs s .c.A.F•E• (-<>.902 volts vs Q.F.A •• ) • The 

value of tan a was o.o28,•· It, without varying the quantity 

of sodium formate the sodium fluoride concentration was 

increased to 0.4 M, th~ characteristic potentiQJ. wae 

-0.879 t- 3 volts. ve S.C.F •• E . (-0.91.7 VO·lt.s vs Q.F,A. E.) 

This shift. was due to the .t'or.mation ot the ·complex ions 
++ . + . [InF) and InFa (72). 

Using 0.5 M pousei um chloride as background electro­

l y te, the half- ave pot.en:t1a1 was -o.467 t 3 volts vs 

s. • . 11 . E . (-1.005 vol.ts ve .r. .E.). The value of tan a 
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was o.oaa. Increasing the potassium clllor·ide concentration 

to 1.0 M caused the half-wave potential to shift to 

·0•494 't 3 volts vs s .. c . F . .E. (-1.·032 volts vs .F.A,.E., ). 

The marked change in the half•wave potentials of indiwn in 

chloride medium is due to the formation of the complex ions 

(InCl.., T and [InOla t (73.) • 

It will be shown (see Summar,y) that for cations 

unaffe.cted by eo.mplex formation , e.g. B1++-t, an++, Pb++, 

there exists an almost constant difference between the hal:f• 

wav poten tials in aqueous and anhydrous formic acid solutions. 

The half-wave potential of indium in formate medium, cannot 

be us to substantiate this eonstant di ffe.rence, in view 

of the fact that it is complexed in this medium and hydr ted 

1n water , thus leading to the formation of two quite differ­

ent ionic species. furthermore, it has been sho?Jn· that the 

one re uction. proceeds rev rsibly, \he other 11-reversibl.y 

and on this account alone the half-wave potentials must 

differ markedJ.3. In a 1 •. 0 :tl potassium chloriCie mediwn, 

however , both reductions are reversible and the ionic 

species are very likely to be the same in both solvents. 

Under the e conditions the difference in the half•wave 

potentials 1n ·each solvent showed good agreement with the 
+++ ++ ...... value foun6 for Bt , Sn and Pb ., 



If the background. ·electrolyte consieta ot 0.2 M 

&Odium bromide and o.s sodium format-e tb.e half•wave 

potential wa found to be -o.464 % 3 volts vs s.c.F~A .• E. 

(•1.002 volts vs .F.A.E, )• The value of tan <t i .s o.023• 

When the concentration of sodium formate was aintained 

oonstan:t. and that of sodium bromide increaaed to 0.4 Mt 

the .half•wave potential changed. to a value of -0.485 
"' t 3 volts vs s.c.F,A.E., (.1,.023 volta vs Q.F.A.E.) • The 

co l ex ion probably for: whieb is reaponsible t or th.i& 

behaviour .is [:tn.Bra ]" .. (74). 

Xhe bUt-wave po\ential of indium 1n a o.as M. oxal:tc 

acid ""' 0.5 ll sodium f ·ormate medium was found to be ....0.416 

! 3 volts vs ,s .c. I~' . A.E.. (.0 .• 984 volts va · .F.A,E .) 1 tile 

valu.e of tan ex was 0.020. In a th60 !I oxalic acid - o •. s II 

sodium format-e medium this poten'Ual shifted to a value 

of ..o •. 425 t: volt.s vs s .c.,r.A.E., (•0·,963 volts va .F •. A.E • .> .• 
.he oxalato•indie i .on r esponsible tor this behaviour is 

:+ veJJy likely [ln(Ca04 ) ] ·(75)., 
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Supporting vs vs Lira1ts 
s.c.r.A.IS. .F.A. • tan (I 

leetrolyte, (volts) ' volts) (volt 

o.s ·~ potassium ohlo·l'.Jile -o.4f!fl - ·Lt005 !o.ooa 0.003 
l ·· O pot.ass iwn chlo:ride -o.494 -1.032 !0. 003 o-OB3 
0 . 2 M sod , bromi de + 

0 . 023 I o.e sod. formate -o.464 ·1·002 + •·" .... 0,003 
0 . 4 M sod. broP:tide + 

o.s sod. formate -0.485 -1.023 !0~003 0.023 
0. 2 $Odt fluoride + 

o.s M sod., to:rinate (1!100~364 -o.902 '*' . . o.oas -0.003 
0•4 sod. fluoride • o.a sod. formate -o. 379 .-0,917 :to,ooa o.025 
o.as M oxalic acid + 

o.oosf o.s sod. formate ... {) .416 -o.954 zo.ooa 
o.so M ·oxalic acid: • 

0 . 5 sod. format e -o.425 ....0.963 :o.ooa o~oas 
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(VIII) .Nim<BL• 

he polarographic reduction of nickel was found to 

proceed irrev r ibly and, as 1n aqueous solu;tion, the slope 

of . the wave ss abnormally small, extending over 0.2 volts. 

The av ·as not particularly ell fo ed, especially when 

empl oy ing small quantitie.s of nickel and .large voltage 

scans, necessary fo.r the precise stimation. of. the half- wave 

pot ntial. The accuracy of measureme.n.t of this quantity 

wa thus limited. It was Cor thi·s reason th.at the measu:r·e• 

ment. of the diffusion current constant for niokelous ions 

in a 0-.5 sodiwn formate medium, al.tbough attempted, waa 

abandon ed. 

Polarographic overeurrents were not encountered during 

tJ.le :lnvestigation of this element. This was to be expected, 

in view of the hal.t-wave potential of nickel being almost 

co-incident with t.hat of the electro-capillary maxim'ID. 

he half- wave potential o.t nickel was foWld to be greatly 

influenced by tbe addition of small quantities of water.. The 

add ition of a (v/v) of water shifts this cbaracteristic 

poten tial. by about. o.o2 volts, ~ (v/v) of water causing a 

shift of o.o5 volts-. This is abou~ ten times ae much as wae 

noticed tor most other elements examined and is explained by 

the · eat ease of formation of the hexaquonickel ion. 'The 

divalent nickel ion, uncomplexed 1n anhydrous formic acid, 
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immediately combines with the water to give an ion reduced 

irrev r aibly at a .more negative potentialf the shift 1n the 

.negativ~ direction 1e due to complex formation with the water 

olecules.; It was also noticed that, on tbe addition o.t the 

water , the height of the wave was l'educed• M a ition ot water, 

wbi ch has a lower viscosity than for.adc acid ahould, it any­

thing, i ncrease the wave height. ~is. decreaee is explained 

by the appr eciable increase in. the size of t.ne nickel ion on 

hydrat.ion, a .reduction. in .i ts diffusion coefficient and a 

corresponding decrease .iQ. \he diffusion current. 

!Uekeloue chloride hexahydrat-e, ae supplied by erck Co., 

was found most sui table and was dehydrated by heating in. an 

oven at 1ao•c fer 5 houre. It was ato:red 1n a well. stoppered 

weighing boitle in a desiccator over anhydrous calciwn chloride. 

'!'he half-wave potential 1n a 0.5 sod ium formate mediwa 

wae f ound te be -o.sl t 1 vol.te vs s,c .• F. A. E. (-1.15 volta va 

. F.-A.B.),. The val.ue of tan C! was 0.068 as opposed to the 

t.heore tical value of 0.030, showing tJle reduction to 'be 

irrever sibl.e. The above values were found t.o be exact.ly the 

same in a 0.5 pot.aaeiwn sulphate mecU.Wil. 

As in aq;ueous solution, it was shown that: the addition 

of large conc en~rations o£ ohl.oride to a n ickel salt solution, 

shifted th.e reduction potential markedly to a more positive 

value. In t.he pr esence of a high concentration of chloride, 

the wav also had a more normal a:lope. 'l'hese ett ecta .ap ear 
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to be due to the formation of complexes between the chloride 

and n1ckelous ions which are r educed JllOl'$ re.v-ersib1.y t han the · 

u.nco plexed nickel ton. 

The halt-wave potential 1n a 1.,0 potassium chloride 

meO.iwn was •0.344 ~ 3 volts vs s .c.F.A, • (-0 •. 882 volts vs. 

~F,A,E.) the value of tan« being 0.041. The wave ext.ended 

over 0.12 volts., On increasing the chloride concentration to 

2.0 the half~wave potential changed to ...0.352 * 3 volts va 

s .c.F,A.E. (-0.890 volts v• Q,F .A.E.) 1 the value of tan cz 

also underwent little change g iving a value of o.04o. The 

effect of added quantities of water were shown t.o be con­

siderably lese 2% (v/v) of water causing a shift of 0.021 

vo~t,s in a negative direction. This was to be expect.ed as 

the nickel ion,now oomplexed w1 t.h chloride ions, gave much 

less opportunity of formation of the he·xaquo•complex and 

consequently less shift. ot the half-wave potential to 

ne a.tive values. 

In .aqueous solution the thiocyanate QOJnplex of n ickel ie 

also r uced more reversibl¥ snd at more . sitive potentials. 

An at.tempt was made to observe t.b.is phenornenon by using o.s M 

potassium t.hiocy ate - o.as II sodium formate as supporting 

elee trolyte·. No wav was found·, however, due · robably to 

the h igh insolubilit of the brown nickelous thiocyanate in 

formic acid, rendering this mediwn unsuitabl.e. 
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Despite the fact that the half-wave potential of zinc in 

non-e.omplexing media is onl;y o.l4 volta more positive than the 

deco position potential of the hydrogen ions , 1 t was found to 

produce well-developed and ea ei,ly measurable polarographic 

waves. ith all the supporting electrolytes used, sine was 

found to undergo a r eversible two-electron reduction with 

values of tan a elose t.o th.e theo.ret.ical. value. of o.oao. 
Examination of zinc 1n complex forming supporting electrolytes 

was mostly not possible as any ahift of the wave to more 

negative potentials caused it to be obscured by that due to 

the dischar ge of hydrogen ions. eaeurementa were attempt ed, 

however , using chloriCl.e and oxalate supporting electrol;ytest 

in both of which zinc under goea appr eciable complex formation. 

The halt-wave potentials of zinc have been shown to be 

close to the potential of the eleet.ro-cap.illax'y maximWJh 

Actually the p oten t.ials ot zinc are about. as much to the 

negative side of this maximum as those of cadmium are to th• 

positive side. I\ is tor thi.s reason that, like ca<lmiWJt, no 

polarographic overcurrents were observed even at low sup­

porting electrolyte concentx-atione. 

ot the zinc salts t.ried, the chloride, due to it.s 

appreciable solubility 1.n formic acid, was found to be most 

suitable. Zinc chloride, as aupplied by ~lerck and Co., waa. 
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heated. for 5 hours at 120•c, the anbyd.rous salt so fo ed 

being stored in a stopper weighing bot:tle ancl dried in a 

desiccator over phosphorus pentoxide• 

The .ad · tion of water was found to eltert, 11 ttle ttfluence 

en the half-wave po·t.ential of zinc .. For the t wo measurements 

made dth a o.s M sodium. formate supporting electrolyt-e, this 

potential was found tQ shift to more negative values by o •. oo6 

and o.oos volts r·espectivel.y on the addition ot ~· (v/v) ot· 
distilled water. 

· he diffusion coefficient of zinc 1n a 0~5 sodium 

formate edium was inve tigated bf measurement of the slope 

of t.he linear plot of the zinc salt coneent.ra'tion against the 

resulting diffusion current•· The diffusion coefficient, was 

found to be 0.36 x w-e <m1Eh 8/see. The value of this 

coeff icient . . in aqueous solution at infblite dilution as 

c.alculat from conductance x easurements (61) as 0 •. 12 x 

10""6 ems 8 /•a:c , . -· . 
I 

Concentration of Zino f 
x 10• gm. ions/litre I 

1.64 
a-2a 
4.09 

:Diffusion Current 
icl'OanlP 8·) 

ll.9 
23~? 
29 •. 1 . 
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t • 2.45 sees. 

idJ 
'C = 7 ,1(3) microampa/mp. ioll/lit-re. 

IHCOOB • 2.3. 

The half-wave potential, .in a o.s sodium formate mediUlll 

w s foWld to be -0.706. f 3 volU vs s.c •• tE• (-1.244 volts 

vs . F.A.E.) and, on iner asing the sodium formate cone en• 

tration to 2 .0 M, it .s.hifted to -o.733 * 3 volts vs s .c.F.A.E. 

( 1.271 volts vs ' . F •. A • .• ). The.se re sults were close<l,y 

parallel ed using a o.s M ammonium for ate mediUJil in which t.he 

half-wave potential was -0.,108 % 3 volts vs .c. • . E •. 

( .... 1.246 volta ve Q.F,A.i.,) .shif to -o.735 ~ 3 volts v• 

•. c . F. • • (-1.273 volts vs .F,A.,E.) for a simil$1' increase 

in th·e supporting electrol.y'te cone en tration . The value of 

tan cz in botb media was 0~33., 

On replacement ot soC11 formate by potaesium sulphate 

as indi fferent electrolyte no change was noted in the half­

wave potential sho ing that as in aqueous solution, zinc does 

not tend to complex in sulphate medium. fhe .measured 

poten tials. were -o. 706 * 3 vol't.s vs s • .c . F•A•E•· (•l·-244 * 3 

volts v.s ~F•·A.E.) in o.s M potassiUJD sulphate which sh.ifted 

to -o •. 729 z 4 volts vs s •. c~F.ihE. (-1.~67 volts vs Q. F •• E.) 

on increasing the potassium SUlphate con centration to 2.0 K. 

The value of tan a was 0.034. 

As in aqueous solution, use of • · fluorid• medium does 

not induce any complex formation wi t.b zinc ions. supporting 



PLATE 13 



-99-
I 

electrolyte of 0.1 M sodium fluoride and 0.5 · sodium formate 

gave a value of ·-0.707 z 3 volts vs s.c •. F •• E. ( .. 1.245 volts 

vs _. F . A.E.) for the characteristic potential.. On increasing 

the f luoride concentration to 0.2 P.l,' the value changed to 

-<>.710 * 3 volts vs s~c.F.A.E. (-1 •. 248 volts vs Q.F.A.E.,). 

The value of tan a . was o.oaa • 

.In a o.s M potassium chloride mediwn, ho\Yever·, no \Yave 

was ob t ained for zinc ions before the discharge of hydrogen. 

Use of a 0.25 M po.t.assium chloride solution also failed to 

produce a wave which was final~ obtained using a 0.1 K 

potassium chloride • o.s M sodium fonnate supporting electro­

lyte~ In this medium th'e halt-wave potential was ... o.sss 
~ 4 volts vs s,c.F •. A.E, (-1.364 volts vs .F.A.E.). The 

f irst t\vo media had ., of course, failed to produce waves 

because, due to comple:x.ing, the electroreduotion had occurred 

at a potential more negative than that o.f the discharge of 

hydrogen, eonee uently obscuring the waves. At the prevailing 

chlor ide ion concentration it is probable that the complex 

species present is [ZnCl f with & small proportion of 

un issociated ZnC13 {76-78). The val.ue for t,an a was 0.034 •. 

An interest example ·O.f the ef.fect on the polarographic 

wave of the addition of a complex .formin indifferent elect.ro• 

lyt.e arose witJl. zinc on the addition of small quantities of 

oxalic acid. The first wave A, (Plate 13), shows zinc 1n a. 

o.s sodium. formate supporting electrolyte, curve B on the 
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ad ition ·of 0.01 M oxalic ac·id, curve a with an oxal:ic ion 

concentra tion ot 0.02 .M and curve l) ·wi 'Ul a to~al. oxalic 

acid conten'lt ot 0,04 M.. In eurve :a the ·ave is almost 

obscured 'by that of tb.e hydrogen. ·d isohfU'ge, shU ted to more 
' • .... ~ 1 • \ 

positive potentials by the ad.di t i on of oxalic acid . The 

he .. ht of the wave for zin.e is redueed tor two reasons ·: 

f irs tly, the zinc oxalate comple~ ion being appreci-ably 

larger than tbe uncomplexed zinc ion has a lo· :r diffusion 

coeffic ient resulting 1n a smaller d1tfusion current. In 

addition, as zinc oxalate has a low eolubility in fordo 

aci.d, some precipitation pro'bably occurred decreasing the 

~concentrat,ion of zinc in solution and further lo ~r'lng the 

diffusion current. The balf··wave potential can be aeen to 

have shifted to more negative poten.tials as a r e u.l t of 

t hie com.ple"' formation. l n curve C with an increased oxali c 

aeid con centration, the effect is seen to be more pro­

nounced while in curve D t.he wave tor zincf shifted to 

st-.111 greater negative potentials, is total.cy obscured by 

the hydrogen discharge wave. It is generally agreed that. 

the oxalato-zinc complex is (ZD. (Ca·O.,)a j (79•8l.) with tJ\e 

addition al probab111ty .of (Zn,(Ca06 )a ]•·, above an oxalate 

ion concentration ot 0.15 K. 
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Half- wave pote.nti •s 
upporting Elec~ol~ Limits tan a 

s.c. • .E • 

o.s aod~ f or te ... o.?oa -1. 244 •o.ooa o.osa 
o.s sod. formate + ... 2% <v/v) water -o. 7U - 1. 249 to.ooa 0.033 
s.o • formate -0.733 -1. 271 to.ooa 0. 033 
0 . 5 amm. formate - 0.708 -1. 246 ±o.ooa 0.033 
2. 0 M amm. formate -o. 735 - 1.2'73 ±o.ooa o .• oas 
o •. s sod, formate + 

o.1 pot. chloride -o . 826 -1. 364 %0. 004 0. 034 
0. 5 pot. · u~phate ...0 . 706 -1.244 ±0. 003 0 . 034 
2 .0 pot. sulphate -o.729 .:.1 . 267 ~0 .004 0 .• 034 
o.1 sod. fluoride + 

0 . 5 sod. formate ...0. 707 -1.245 to.ooa 0 . 032. 
0 . 2 od . t'luorid ... 

o .. s od. formate - 0 . 710 ... L~248 to.ooa 0.033 
o.o1 oxalic 

acid. 
0 , 5 od . 0,02 oxalic 
f ormate acid -o.? -1. 2 6) -

0 .04 oxalic 
ac i d 
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. THE ELEC 0\(APTIJ:jffiX CURVE OF W009URX I N AWMJBQUS FORhqC 

~m •. 

No information on the electrocapUla:ry curve of mercury 

in anhy ous f orndc acid has yet been published. In view 

of its relationship to the fact that the polarographic over­

current occurs with som.e ele . ents and does not occur with 

others, the easure ent of t.his curve was un ertaken at six 

different concentrations of sodiwn formate. 

The curves -were obtained by plotting the drop time. of 

ercury (t) instead of the .surtace tension y agains t the 

poten.tial applied to the dropping electrode. As the value 

ot (t) 1s directly proportional to the surface tension , the 

resulting plot 1e almost identical to t.he eleetrocapUlary 

curve. The same arrangement . was used as 1n the polarographic 

determination of current-voltage curves. 

The curves wer measured a t sodium formate concentra tions 

of 0.05 M, 0.1 :u, 0.25 a, 2.0 :u, 4.0 il and 5.5 M. The resul.te 

a:re recorded 1n Table 28 and t.he curve at 2.0 · · eod1um formate, 

taken as r epresentative of the six, is plotted 1n Plate 14~ 

The curve is seen to be aligh.t.ly flattened neu the aximWil 

value of the surface tension. ibis phenomenon has been 

observed in aqueous olution and is attributed t.o the 

adsorp t ion of neut.ral capillary-active molecules at the 



ELECTROCAPILLARY CURVE OF 
tv£RCURV IN A 20M SODIUM 
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0. 05 II 

Potential Drop 
volts Time 

sees 

-0. 016 2 . 00 
-o.ua 2 . 14 
-o . 210 2 . 24 
-0. 308 2 . 31 
- 0 . 406 2 . 38 
- 0 . 504 2 .45 
-0. 602 ' 2 . 49 
- 0 . 698 2 . 53 
-o. 797 2 . 55 
-o. 895 2 . 57 
- 0. 993 2. 58 
- 1.093 2 .. 58 
-1.191 2 . 58 
-1. 290 2 .57 
-1..389 2 . 55 

:~:~m.m as 

Concentration o£ Sodium Forraate 

o. J. M 0. 25 M 2 .0 M 

Pot. Drop Pot. Drop Pot. Drop 
vol.t.s Time volts Time volu Time 

sees sees. s ees •. 

-o. Ol.6 2 . 00 -().018 2. 00 -o .Ol9 2 . 00 
-o.w. 2 . 13 -O. l.l.2 2. 13 - O. l.l3 2. 12 
-o . 208 2. 23 -o . 2l.l 2 . 23 - 0 . 211 2 . 24 
-o. 304 ·2 . 33 - 0 . 307 2. 33 -o.aoa 2 . 33 
-o. 402 2 . 41 -o. 403 2 . 4,1 -o. 405 2 .41 
-o.501 2 .47 - 0 . 506 2 .47 ..() . 504 2-.47 
-o .603 2'. 52 -o . 602 2 . 53 -0 . 605 2 . 53 
-o . 696 2 . 55 - O. Ei99 2. 57 -o. 699 2. 57 
-o. 796 2. 68 -o .• 797 2 . 59 -o. 798 2 . 59 
-o . 896 2 . 60 -o. 893 2 . 61 -o. 898 2 . 60 
-o . 993 2 . 61 -o. 991 2. 62 -0. 993 2 . 61-
.. ]. . 090 2 . 61 - 1 . 092· 2-.62 - 1 . 091 2 . 61 
- 1 .186 2 . 61 -.1..188 2 . 62 -1.189 2 . 61 
-1. 286 2 . 60 -1 •. 291 2. '60 - 1.288 2 ./59' 
- 1 . 383 2. 58 -1.. 386 2 . 58 - 1. 387 2 .-57 

vs Q. F. iA..E. 

4 . 0 M 5. 5 K 

P·ot. , Drop Pot. Drop 
volt.s Time volts Time I 

secS-4 sees. I 

I 

-o. Ol7 2 . 00 ...0.017 2 . 00 
I -o.-ll4 2 . 13 -o. ll4 2 . 08 

-o. 2l0 2 . 23 -o .• 2ll 2 . 19 
-o.~ 2. 31 -o. 309 2. 27 
- 0 . 406 2 . 38 -o. 406 2 . 34 I 

-o.s04 2 . 43 ..0. 504 2. 39 I 
-o.-603 2. 47 -o.603 2.44 
-<>.699 2 •. 50 -o. 698 2 . 4 7 

I -o.796 2 •. 52 -o .. 796 2..49 
-o . 896 2. 53 -o. 896 2 . 50 
-o . 993 2 . 53 -o .• 993 2 . 50 
-Loss · 2. 53 -1. 093 2 . 50 
- 1. 192 2 . 52 -1.190 2. 49 
-1.291 2 . 50 -~ •. 291 2. 48 
-1. 387 2. 46 -1 .387 2. 46 

I 
~----



me.rcury-solution in tertace • 

roin several observations made in this research, mono­

meric formic acid molecules are believed to be capillary 

active and r esponsible for the flattening of the electro­

ca illary curves. Formic acid molecules have a dipole 

moment of 1.98 D (82), the ...011 group being the positive 

pole. s the r emainder of tnis homologous sex-ie,e of carb x .... 

ylic acid s are cap illary active (83) and adsorb at inter­

faces by attachment ot the .OR group, formic acid is bel.ieved 

to ac·t similarJ..y. 

It was shown 1n Section D-VII, during the inves tigation 
. ' 

of the polarographic curve of indic ions in a 1 M aqueous 

potassium chloride mediu.m, that the addition of formic acid 

had. pr ecisely the same effect, although to a lesser extent, 

s d i :d ethyl red , a substance known to be very capillary 

ac tive. Furt.h.er it has been found that fornric acid is 

capable of suppressing polaro raphic overcurrents obtained 

in aqueous solution. 

lthough anhydrous formic acid exists largely ae 

d eric olecules these are in equilibri ri th some mono-

eric molecules which in :tu.rn ionize t.o give formate ions. 

It, ay thus be ar ued that the capillary-activity attri­

butable te formic ac,i4 may rwise trom the pre.eence of 

formate ions on dimeric formic acid molecules. The latter 
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TABLE 29• 

one .• of bodium Formate 

lee trocapillary 
ilhwn Po t,enti a1 

(volts vs Q.F .•• E.) 

o.os :M 
0 .. 10 M 
0.20 Jl 
a.o M 
4.0 M 
5 . 5 u 

asured Corrected 

-1..12 
-1.10 
-1.09 
-1.04 
•0.96 
·0~94 

In view -of the uneertainty in the calculat1ona of liquid 

junction potential and t.he difficulty ot est ating the actual 

electrooapilla:ry · aximum trom th.e curves, these values must be 

regarded only as approximations. They do, ho ver, show that 

the . aximum is shifted in a positive direction. 

Anhydrous formic acid exists very largely as ditneric 

oleculea .. though t.here is t present no u p rimental. 

proof, it is suggested that the addition of fo~eign salta to 

anhydrous formic acid tends to lessen the strength of the 

hydrogen bonds in the dimeric molecule. 

/0 __ ... H-0~ 

H- <f"""" / -H 
0--H---0 

and ~ ive ris to more monomeric olecules, It appears very 

probe.bl.e 'that this disintegra.t1on of dimerie molecul.es will 

be dir etly proportional to the ionic trength which varies 
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d irectly as the salt concentration. Thus it 1s postulated 

that the !ncreas9 1n the concentr ~ tion of the monomer is a 

linear function o the added $alt concen.trat:Lon . This 

conclusion is to be utilised later in w1 interpre tation of 

ao e of the results involving overcur:rent.s. 

w UQTR09API IJ.ABY WIVE Ui xaw RBESErr<tE oJr w;mcmo­
mnycDLi IQNS. 

The suppre.esion of the maxima on the current•volt~e 

curvea of bismuth , antimony, lead and tin was initially 

t hought to 'be due to a shift of the electrocapilJary curve 

under the influence cf i naraased quanti ties ot eodium formate., 

hen, howev r , it was shown that sodium formate had very 
. 

l ittle effect on the position of this c\ll've it was decided, 

neverth less , to measure the e:Lectrocapillary curve 1n the 

preoe...~ce of ' a known concentration of these ions . The data 

f or the curves at different concentrations of antimony ions 

are quot ed. .in Tabl• 30 and plotted on Plate l.Se 

It aan. be seen that the curves rise norm~ .as the 

applied voltage is increased but at approximately the vtU.ue 

of the half-wave potential. of antimony -o.54 volts va 

. F. A •• , the surface tension does not. continue to increase 

but remain constant .• After the plateau i s past, the 

curve regains .1ts normal. appearance although the potential 

of the maximum has been shifted to more negativ values.· 

·y 



ELECTROCAPILLARY CURVE IN THE 

PRESENCE OF ANTIMONY . 
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It has been <Shown that, t.~e increase of \he applied 

potential over the length of the plateau is the same as the 

voltage (lR} Clrop tn the solution. It is thus impossible 

f or the pote tial of the dropping electrode to vary and. it 

re ains constant from the beginning ot t.he discharge until 

the great.ea.t value of the overourrent is reached at which 

stage thera is a considerable drop 1n (I) trom the maximal 

value t,o the n.o.rmal diffUsion cuPrent. The applied potential 

is no in exce$s ot th.e voltage drop and the potential of the 

dropping electrode can increase normally. The potential ot 

\he elect:rocapillary maximum i s shifted in a negative 

direct.ion by the amount of the new volt.&ge drop i.e. 

(diffusion current x cell resistance). Xn order, however, 

that a measurable arrest in the electrocapUl.ary curve be 

ob tained, the concentration ot the ele~tro-reducible ion had 

to be relatively high. At such concentrations of the electro­

reducible ion, it will be shown that the value of the over­

current ia not. greatly :ln excess of 't.he diffusion current 

and t-hus the shift of the elec trocapil.lary ma.ximwn is not 

much less than t.he original voltage drop which caused t.he 

plateau on the elec~eapillary curve. ~the~, the change 

in the voltage drop tor these curves beil'lg relati'Vely amal.l; 

t,he electrocapill.ary curve does not increase exceptionally 

steeply, after the plate.au, ae it would have done had the 

ratio of the overcurrent to dif'f~uston current been of the 

or ex of 4 say, as opposed to about 1.6. 



•0.,016 1 . 90 
-o.ll4 2.06 
-0.210 2. 21 
..-0,306 2. 31 
-o., 403 2 . 40 
-0.499 2 .47 
-0,545 2.49 
-0.565 2 .49 
·-0.584 2 . 49 
-0.606 2 .49 
-o.a 1 2 . 49 
-0.641 2.49 
- 0 .650 2 . 5 . 
...0. 693 2 ,63 
·0-.791 2 . 68 
- 0 . 891 2 . 61 
... o.ego 2.s2 
1.089 2. 63 
1 .• 189 2 . 63 
1.287 2.,62 
1.387 2.60 

[S'b+++ ) =· 0 . 49 X 
1o-2 · 

( ~a CH J = 0.2 M 
I = s· .66 ua 

= J.498 ohtns 
I R = o.oao volts 

l at au on curv = o.oo volt,s 

- - 09 ... 

l . L§ . 8Q. 

CURVE 8 

Potential Drop 
vs Time 

. • F.A.E. sees. 

-0,013 2. 00 
-0.107 2,17 
- 0. 205 2 . 31 
.0.302 2.44 
·- 0. 399 2,53 
-0.498 2 .• 60 
·0.549 2.62 
-o,569 2.62 
-0.597 2 . 62 
-0.628 2,62 
-0.649 2.62 
-0.670 2,62 
-0,. 894 2 . 63 
-0.794 2.68 
...0.893 2. 72 
-0.991 2. 74 
... 1.000 ~.76 
-1,190 2.76 
.. 1.289 .2. 76 
-1.388 2 . ?4 
- 1 .483 2 . ?2 

[ 'b+++] = 1.23 X 
. 10 - 2 

(NaOOCH ) • 0.2 M 
I = 81.52 ua 
R = 1412 ohms 
IR = O,ll5 volts 
Plat4laU on curve 

= 0.12 volts 

c 
Potential Drop 

vs Time 
. F • ,E. sees. 

-0,019 1.71 
-o.ua 1.93 
... Q.2ll 2 .06 
-o.ao8 2.19 
•0.405 2 . 28 
-0.504 2 .37 
-0,564 2 .41 
- 0. 605 2 . 4 1 
.. 0,699 2 .41 
-0.?98 2 . 41 
•0.895 2 . 41 
~0.993 2.41 
-1.041 2.42 
~1.091 2. 44 
-1.189 2. 62 
-1.288 2.58 
-1.389 a.ea 
~1.486 2.65 
-1.585 2. 65 

-1. 684 2.63 

[Sb+++) = 2 .03 X 
10-2 11 

(N aOOCH] :;: 0. 05 
I = 10a.a ua 
R =r 4592 ohms 
I R = 0. 476 volts 
Plateau on curve 

= 0.48 volta 

Thi . same eff ect has be n notioed bef ore . Fleyrovsky 

an illinger (84) describe the electrocapillary curve for 

t ou sulphate hile He.r&symenko, Heyrovsky and 

cakiv .icy (85) ex ined the curve for an acid ercuric 
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nitrate solution. 'l'.h y d i d not quanti t.a.tively compare the 

tn aaured values of the voltage drop in the solution w1 th the 

le · th of the plateau on the electrocapUlary curve. They do, 

h.o ver, explain the plateau as being due to a state ot 

non-polarisation of the electrode and its maintenance of a 

cons tant poten tial due to the IR drop in the a.olutioih In 

both pape:rs, ho ever, they maintain that o.nce th . plateau ie . . 

pas~ed, the el ctrooapUlary ctli'Ve follows · the ori~al 

parabolaf this is not in agre nent with the r sults ·obta ined 

in this tnvestigati.on in which it has been sho rn that if ANY 

aura:·ent fl.ows the whole curve must be displaced 1n a · negative 

ireotion. 

Bachman and Astle (86) describing a similar plat.eau 

found on tb.e electrocapillary curve 1n the · electroly~ 

onium ao tate-copper · aceute-acetio acid, maintain that. 

•in this reg ion there is no change in t.h.e degree of polar­

isation and hence no change 1a th surface potential of the 

el ectrode. This is a result of the .tact that the electrons 

flGwing into the drop from the external source are being 

neutralised. by the reduction process•. In the light of 

the expl anation j ust given t his conclusio.fl ust be regarded 

a.s i nval.id . 

One elect.rocapUlary curve for each ot the other three 

eleet.roreducibl.e ions 'has been measured and p~otted in Pla.te 

16; t.he r el evant data being tabulated 1n Table 31, 'l'he 
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BISMUTH 

Potential. . . Dr.op 
VS Time 

• F.A.E. sees. 

-o-oa 1.96 
-o.uo 2.12 
-0.,206 2.24 
.. o.304 2.32 
-0.350 2.36 
-0.405 2.39 
-0.4Sl 2.,39 
-o.soo 2.39 
-o.sso 2 .• 39 
-o.sss 2.42 
-0.595 2.45 
-o.696 2.,50 
-0.795 2.53 
-0.893 2,55 
-0.991 2.56 
-1.090 2.66 
-1.188 2.56 
-1 •. 287 a.se 
-1.386 2.56 
-1.486 2.52 
·-J...586 2.47 

(Bt""'++] • 2,7 X 
10-·~· ions/1. 

[NaOOCH] • 0.2 II 
I • 107.7 ua 
R = 1420 obme 
IR • o.l63 volts 
urve pla.teau 
= o.l3 volts 

- ll2-

Potential, Drop 
va Time 

Q.F,A.E • sees. 

-o,Ol3 a.lS 
-o •. 110 a.l9 
-o.206 2.30 
-0.304 2.34 
-0.405 2.34 
-o.soo 2.34 
-0.696 2.39 
-o.696 24t46 
...(),795 a.s2 
-0.828 2.54 
-0,846 2.64 
•0.893 2.54 
-o.990 2.54 
-1.044 .2.54 
-1.090 2.56 
-1.188 2.69 
-1 •. 287 s.ss 
-1 •. 385 2.89 
-1.486 2.66 
-1.684 2·62 
-1.682 2.46 

(an++~ • 4,2 x 
10- grn. ions/1. 

[lfaOOCH J a 0.02 II 
I • 131.1 ua 
R • 1.620 ohols 
lR • 0.212 volta 
Curve plateau. 

• 0.22 volte 

Potential Drop 
•• 1'ime 

Q.F. .E,. aecs. 

..o.o13 2 •. 09 
·0·110 2.16 
.0,205 2.26 
-0.303 2.S6 
-o.406 2.42 
-o,501 2,48 
.. 0.697 2,53 
.o •. 69e 2.66 
-o,748 2.68 
-o.175 /2.59 
-o.796 2.69 
-0.893 2.69 
-0.961 2.69 
-0.991 2.60 
-1.090 a.61 
~1·188 2.61 
-1.286 2,61 
-1.385 2.60 
-1.484 2.68 
-1.684 2.66 

[Pb+>t·J o 7 •. 7 X 
·. 10- sm• f,ons/1. 
[NaOOOHJ = 0.2 if 
f • 111 •. 8 ua 
R a 1630 ohms 
IR • 0,182 volta 
Curve plateau = 0.19 volta 

wave , the eecond 1 to that on the wave for tbe ca thodio 

r eduction of stannous ions. From the electrooapUlary 

curve it was to be expected tJlat no current flowed between 

tJle applied potentials of -o.s and -o.a volts va Q.F.A.B, 

and this was found to be the case. lt would appear l+kel.7 



that, if the plateau on the electrocapillary curve 1n the 

presence of lead can only be measured · i tJ1 reduce accuracy 

because of the close proximity of the electroeapillary 

maximum, this should be even more so in the case of tin, 

hieb has a more negative half·wave potential.. That this 

does not occur is; however, explained by the gr ater value 

of the di ffusion current, for tin than for lellld. his has 

ao eff ect on the plateau l ength but shifts tho electro ... 

capillary aximuro f or tin to more negative value than for 

lead. 
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Ot the nine inorganic oa\1on• •tu41•4 pOlaropaphioally 

tn mbydroae tor.mie acid OD17 tour, t.tn, lell41 anti.mon7 aD4 

blamutb we,re fouad to produce polU*Ograpnie overetD'rent.•• 

Bven in theee cases \he appearance ot an ovenUl'rent 'Waa 

seldom observed. and t.beir auppl'eaetoa, tor wah:\ ot a 'better 

reason, was attributed to eome Qllknowa iolpur1\y in tbe toMb 

acid uaed. A nWDber ot aamplee ot aoid •• \ried purit1e4 !D. 

various wqa,,, 'by red1aUllat1oa, b7 fractional recrfatallia• 

at.ion ol' a co.mb!nat.ion ot botll uaetboclla~~~ The irregular 

appearance o.f th.e overcurrat.a, how.ver, pwsisted.. It, ,.. 

then discovered th«t. the appeuance ot an ovucurren:if 4epeade4 

on tae relative concent.rat1ons of 8\lppor·\S..Qg electroly1i.e aD4 

electi'O-.reduci'ble ion. lt tb.e concen\raUOA o.t the l.at.t.er waa 

raautalned constant; it waa t:o\UlCI \ha\ on tncreasq tbe 

supporting electrol,y\e ooncea\ratloa ~J'OJil .aepo, the he.igh\c 

of the overcvreat a\ t1Pet iaol'eaaeca, tbo decreaae4 and waa 

tbally auppreaaed completelT at, relatlvel¥ low oo.n.centration• 

of tJle aupporting el.ectro~; !lle higher the ooncentratloa 

ot the elect.ro-re4uc1'ble ion• the hish•r tb.e cono.entrat.iOA of 

in.d!tterent. electrol.Tte requiPed 'to euppreas ita overcu.r)ltu.~. 

In examining this etf'ect. qQ;Utitat1veJ.7 it •• 4ectde4 

t.o measure the ratio (') ot tJae overcuJ'I'eat. t,o tha\ of the 

dittus1on clU'ren.t. ·!hie hacl \be marked a4vanus• over N.mpl• 



•••auremen\ ot the overcurrent lA beiag reU.Uvely iade,pend­

eat, of the Ume ot droppiD.g ot mercury ·trom the cap1llU7• 

Both the ovenurrent and the 41ttua1on O\ll!'reau clepen4 oa 

\bis drop ~, \heir ,vatio, llowevert beit3g auoh leas eUeot..a. 

The meaauremeta were made by IIOWlt,.f.q a scale aec~el¥ 

1n front of the polarograph aa4 not.!ng \he detUotiona 

vieual]J. A known amou\ ot the elect.roredu.oible ion waa 

dissolved in p~e toraic acid aDd weighed quaot1tiea ot 804twa 
formate qre ac!d.clf at each concentraUon of ir:ldU:tereAt. 

electroJ.¥\e the poa1Uona on \be aeale of the ltght apot, 

correaponding to the sen, overcurrent. aDd dittuaion curren:t. 

was noted. With the exception ot the aeaaurement• on 

atannoue tin aoluUona, the reaulta were found to be well 

reproducible, Further, the addition ot • (v/Y) ot water \0 

the aolutiona b., a coapletely negligible ettect OA the 

reeul.ta. The ourvea obtained are ehown ill Platea 1? ·- 10 

and \he dat.a tabulated 1n Tablea 32 - 46. The ~a~aa\U'ementa 

quoted 1n theae table• were dOAe wi\b aoluUoaa, 1n the 

anodic compartment, t.hat were 0~ • with reapeat to ao41ua 

form.at,e, Al.though dltfuatoa .of aalta acroaa ·~ a1Atere4 

glass diac has been ahown to be •all, l t. wu \ho\Jgbt 'be a\ 

to m1nim1ae tbia poaaibili\V bJ decreasing the 1041u toraaa\4t 

concent.rat1on at tbe anode. AU aeaauremenu were made ritll 

tJle llgh t epo\ in1 tiall,r at. ·tbe· seJ"' mark OA the aoale • 

The meaeul"8Dl8Jlt.a. wwe not aU done .at, one abua\ aet.t1Dg, ~ 

sensitivity being varie<t t,o auit. each 4etleo\ion-, •• 
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dittererlc$ in tbe raUo p was toWld at different shunt settinge. 

It will be not.ed that with the exception of tm, the 

cUI'ves are parabolic until at some atage on the downward 

branch, tb.e plot changes to a straight line, thia lineal' 

variation being maintained to the point ot e.xtiactJ.on ot the 

ove:reurrent. . ., Further, as the eoncentt-atio.n of \be elec\ro-· 

:reaw:ibl.e ion 1e increased \he maxialal ra\io inCS"eases.,, 

1 tself passes through a nlinim and at ve~y large ooncen·• 

tra.t1ons almost disappears. 'ihe ooncentr.a\i.on of 8041Wil 

formate corresponding to the me:ximal overcurrent ls directly 

porportional to the electro-re ucible ion .Qo.ncent.ration. 

on.siderat.ion of the curves for antimony 1n Plate 19 give 

the values quoted :ln Table 42J from which the p~portionali\y 

is abvioua• In the case of lead ·the linear portion of the 

curve i s seen to ex:t.st for about ~ ot the span ot the whole 

eurve; fo.r antimony ~ and fott bismuth about 'n. (aee· .Plate 22) • 

Finally the values of the ratio (~) for . b!emutll are gre•t,er 

than for antimony, than for lead,. with tin showing t.he 

allest valuee ot the four cations. 

r eV'iously r ·eported obaex-vations, regarding the dependence 

of the overeurt-ent on auppol'\lng elect-r-olyte eoneen\ra\1oDt 

were done 1n the case of t.be overcurrent.s exls \ing on the 

waves fo~ the eleetro•redaction of t.b.e non .... elect.rol.ytee., 

oxygen iUl ercuric oyan1de and for ut"anyl salt solut.ions 

.as de scribed below. 
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l'ABLE 32. 

P~otte in Plate 17 
""" "" 

Reading. 
one trat~on atio 

olar Peak Pl ateau 
(scale divs) (scale divs) 

0,026 18.4 12. (9) 1.5(0) 
Ot038 17.5 10.(7) 1. 6(4 ~ o.oso 16.2 9 •. 3) 1.7(4 
o.oGas 14.4 8,1 1.78 
0.0875 10.1 5.5 1.84 
o •. ll25 u.? 6.0 1.95 
0 .. 1375 12.2 6.0 2·03 
o •. l625 9.7 4.8 2 .06 . 
o.l87S 7.8 4.2 1.86 
0.2125 6.4 3 . 5 1.84 
o.a375 4.0 s.o 1.68 
o.2e2s 4.2 2.6 1.62 
0 .• 3125 7.5 6.3 1 •. 42 
0.3625 ' 5.? 5.1 1.12 
0.4125 4.4 3,9 1.10 
0,4626 4 •. 2 4.0 1.05 
0.6125 s.g 3.8 1.02 
0.5625 3.6 3.6 1.00 

h gs.lvano eter sen sitivity a s eha ed f or the la t 

s ix r ading ]. 

~ 

I 
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[ ++ J = l-.25 x 10-8 gm. ion$/litre 

Plotted in B Plate 17 

. ' .. 

eadings 
oncentrat ion 

Peak Plateau 
atio ~ 

( olar·) 
(scale dive) (scale diva) 

. ' 

o.oso as .o 22 ' 1 . 5 
0. 076 30. 7 18 . 1. 7 

' 0 . 100 24. 6 14 ' 1.7 
· O. l25 20. 3 u .a · 1.so 
0 . 150 17. 0 9 . 9 ' 1 . 72 
o.l?S 14. 8 a.s ' 1.78 
0 . 200 l.a . 2 7. 5 ' 1 . 75 
0. 2 s 10 . 4 6.? · 1 . 55 -
0.275 8 . 5 5. 9 ' 1. 40 
o .~s 7.1 5 .4 . 1. 35 
o.a?s 6.1 5. 1 · 1 · 19 •• .o. as s.s 4 . 8 · 1 . 17 
0 .475 5 . 1. • • a · 1.11 
0 .,500 s.o 4. 5 · 1 . 10 

.0.560 4 . 6 4 · 3 ' 1. 01 
0 . 60 4 . 4 4 · 2 · 1. 04 
Oe650 4. 1 4 .1 ·a.oo 

-
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%A8Lii M• 
(Pb+•] • 0.13 x 101 gm. iene/lltre 

Plotted 1n A Plate 18 

Concentration 
Readinga 

Ratio ~ (molar) Peak Plateau 
aoale dive. a cue dlvs. 

o •. ow 18.1 7,6 2-.36 
o.o2o 18 •. 6 ?.6 2.48 
0.028 15.3 ?.1 2.01 
0.,038 8.5 1.4 1.16 
o.oao 7.4· 7.4 1.-00 

'• 

fAW.K H· 
(Pb+-t] • o.a4 X 10""1 SID• . ions/litre. 

' ' Plotted 1n B Plate 18 

' 
Relld:iJlga 

Concentration < 

Plateau 
RatiQ 

(molar) Pe-.Jt 
ecale div.s. 8cale diva. 

; 

., 

' 
0.026 31.4 14.4 2,18 
0.038 34.a· 14.0 2.44 
o.oso 38.9 13.8 s.eo 

0.063 30.1 13.7 2.20 
0.075 24.6 13.7 1.80 
0.083 20.,3 13.? 1,48 
O.l.OO 1S.,4 13.6 1,18 
0.113 13,.6 13.6 1.00 

' 

~ 
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'!'ABLE §§ 

Plo·tted 1n C Plate 18 

Readings 
Concentration Ratio ~ 

( olar ) Peak Pla.teau 
scale divs . scale diva. 

0~025 24. 8 12.4 2 . 00 
0 .• 050 27.9 12.1 2 . 31 
0 . 075 30. 2 11. 6 2 . 60 
o_loo 29. 2 11.,5 2 . 54 
0 . 125 23. 2 U .4 2. 03 
0.150 18. 5 u .s 1.64 
0. 175 13.0 u .s 1. 14 
0. 200 11. 2 u .s 1. 00 
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Plotted in D Plate 18 

e.adinge 
oncentration atio p 

' olar ) Peak Plateau 
scale diva. scale diva. 

0 . 025 13.1 9 . 5 ' 1 . 38 
o.oso 15.7 9 . 4 1.67 
0. 075 17.3 9. 1 1 .90 
0.100 19.2 9.1 ' 2.11 
0 . 125 20 . 2 9.1 ., 2. '22 
0. 150 20 .7 9 . 0 .. 2. 30 
0.175 20 . 9 9 . 0 2 . 32 
0. 200 20. 8 9 .0 2. 31 
0 . 225 20 .3 8 . 9 2. 28 
0. 250 19 . 2 a. a 2. 18 
0. 275 17. 6 a. a 2. 00 
0. 300 16.0 8 . 8 1. 82 
0 . 325 14.7 a. a 1.67 
0 . 375 12.0 8.7 1.32 
0. 425 9.2 a.? 1. 06 
0 . 450 8.7 8 .7 1. 00 
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TAJ3LE 3§. 

(Sb •++) = 0. 25 x 10-a gm. ions/litre . 

lotted in Plat 19 

Readings 
Concentr tion R t io .~ 

(molar ) Peak 1 teau 
seal iva .• e le diva . 

0 .005 12 . 6 3 .4 3 . 68 
0 . 010 13 . 0 3 .4 3 . 82 
0 . 015 10. 6 3 . 3 3. 23 
0. 020 8. 3 3. 3 2 . 51 
0 .,025 6.4 3.2 .2 . 00 
0. 030 4 . 4 3 . 1 1. 42 
0 , 035 3 . 0 3~0 1. 00 

-· 

[Sb+,....,.) = 0.49 x .lo-• gm. ions/litre 

Plotted in Pl t 19 

eadinge 
Conoentr tion a.t.io il 

(molar ) Peak Plateau 
cal.e divs. scale dive . 

0 . 010 24. 3 5 . 8 4 . 19 
0. 015 25 . 2 5 .7 4 .42 
0 . 020 25.7 5 . ? 4 .51 
o.oas 26.1 5.7 4 . 40 
o.oao 22 . 5 5 . 7 3 .93 
0 . 035 20. 1 5 . 6 3 . 59 
0 . 045 .14 . 6 5 . 4 2 . 70 
o.oss 10 . 0 5 .4 1. 85 
0 . 065 5.4 5 .4 1 . 00 
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TABLE 4Q. 

(Sb+++) = 1 . 23 x lQ- gp\ • ions/ litre 

Plotted in C Plate l9 

' Readings I Rat io ~ oneentrat i on 
( olar ) Peak Plateau 

scale diva. scale divs . 

o.ol3 19 . 6 €5 .9 2 . 84 
0 . 025 23 . 2 6 . 8 3.4l. 
o.oos 25 . 0 6 . 5 3 . 85 
0.-050 25. 8 6 .5 3. 97 
o.o63 24 . 0 6. 4 3.75 
0. 075 20. 3 6 •. 2 3.2? 
o.oas 19.0 6 . 2 3 ., 06 
O. l.OO 15. 7 6, 0 2. 1 
0. 125 11. 6 s.a 2. 00 
0 . 150 7.2 5.7 1. 26 
0 . 163 5. 6 5. 6 1.00 

lf\U 41. 

( b+++] = 1.96 x 1o•a gm. ions/litre 

Plotted in Pl t l9 

eading& 
Concentr tion 

Peak Pl 
atio p 

(molar) teau 
scale div s •. scal e divs . 

0 . 025 21.0 10. 0 2 .10 
o.oso 24. 2 9 .6 2 . 52 
0 . 063 24 .2 9.6 2. 55 
0. 075 24.1 9.5 2. 54 
o.oas 22. 4 9.2 2 . 43 
o •. lOo 20.2 9 .2 2 . 20· 
o .•. l25 16.3 9 .2 1.77 
0 . 150 15.2 9 . 2 1. 65 
o. 00 12.4 9 .2 1.35 
0 . 213 .11. 9 9 .2 1.29 
0. 250 9.7 9 .2 1 .• 05 
0. 263 9.2 9 . 2 1.00 

·-



urves 

fA. 
B 
c 
D 
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one en tra tion 
ot 

.t imony 
x lOS gm. ions/ 

li 

0 .25 
0.49 
1. 23 
1. 96 

WI..E .43 . 

· onoen r a t i on 
of 

od . for ate 
x 10 (mol .) 

0. 010 
o •. o2o 
o.oso 
o.o.as 

[Bi ++•) = 0 . 32 x 10·3 gm. ions/litre 

Plotted in 

Readings 
Concentration 

(molar) Peak Plateau 
seal : dive . ecale divs. 

0 . 010 u.s 4 . 0 
0 . 020 9 . 3 2 . 9 
o.oso e.o 2 . 8 
·0. 040 3 .5 2.7 
o.oso 2. 6 2.6 

. atio 

0. 25 
() .• 25 
0 . 25 
0 •. 29 

lat 20 

· atio 

2 . 9S 
3. 20 
2. 14 
1. 30 
1.00 

~ 
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,[ "'~1· +++] = - a I o 0 e7 X 10 . g • i ons litre 

Plotted in B Plate 20 

eadinga 
Concentration tio f3 

( olar) ,Peak Plateau 
sc~e diva . scale div • 

0 . 013 97. 8 6. 9 4 . 03 
0 . 025 30. 2 .6 . 8 4 . 44 
0 . 038 31 •. 5 6 •. 6 4.7? 
o.oso 27. 3 6.4 4 . 27 
0. 063 21. 1 6. 2 3 •. 40 
0. 075 

' 
17.3 6.1 2 . 84 

o.oaa 14 . 6 6.1 2. 38 
0 . 100 12. 4 5 . 9 2 . 10 
0 •. 11.3 10. 9 5. 9 1. 86 
0 • . 125 9 . 4 5. 9 1.60 
0 . 138 s.7 6.9 1.47 
0. ~63 7. 0 6. 8 1 . 20 
0 . 17$ ~ .3 5. 8 1. 09 
0 . 188 6. 8 s.s 1.00 
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[B;t+-t+ J = 1· s ,o•• 1 ; 1 · ... • x .,.. gm. ons . i tre 

Plo't ted 1n C Plate 20 

Readings 

(molar) Peak Plateau 
Concentration 

1 

o.ol3 
o.o2s 
o.oss 
o.ooo 
0. 063 
0.,075 
0.088 
0.100 
0.113 
0 . 125 
0 .138 
o •. l50 
0 . 163 
O.l7S 
o •. l.Ba 
o.ooo 
0. 225 
0. 250 
o.soo 
0. 350 
0.400 

sc le diva . saale dive. 

20. 9 
.26.S 
30.2 
31 7 -• 
33.7 
34. 0 
34.1 
32 . 9 
28.2 
26.0 
24 . 4 
18. 9 
18. 2 
1?.3 
16. 8 
16.1 
14 .7 
13. 3 
10. 3 
7.6 
5. 4 

6.6 
6 •. 5 
6.4 
6.2. 
6. 2 
6. 2 
6.2 
6. 2 
a.a 
6.1 
6. 1. 
6.0 
6.0 
6.0 
6. 0 
6. 0 
S.9 
5. 9 
s.? 
s.s 
5.4 

atio 

3.17 
4 . 08 
4 . 72 
5.ll 
5.44 
5.49 
s.so 
6. 30 
s.oo 
4 . 60 
4 . 00' 
3. 30 
3.03 
2. 8? 
2 .• 80 
~ . 68 
2 .49 
2.25· 
1.80 
1.39 
1.00 
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Varaeova (87) stu ied th.e behaviour ot t.he o¥ercurrent 

of ozygen. He sho ed tha t on increasins the supporting 

electrolyte c'oncentratioii this overcurrent increased, passed 

throU,gb a maxima valuEl and then decreased. o men t1on was 

ade 1n thi.a paper, ho ver·, of the ·CO .plete suppression of 

the ov ro ur:rent by the .addition of salt ·s and it must be 

as sum that the inves t a.tion was not ex tended that f • 
Varasova noticed too that the concentration of the el c t ro­

lyte sol tion, at which the overcurrent reached its · Ul11 

value, vas directly px:•oportional to t h concentration of 

oxygen. 

o quote his expl a tion • • • • ' e ay 1mag1ne tll t oxygen 

lee l. s are as oe1 t with ions of the electrolyte, 

b~co e thus polar and are then more quickly at~ac.tea to 

the int erface where, no doubt, electa-i c f orces are d i ... pl~ed· 

t the maximal. axim all oJcygen mole·aules are suppos ed to 

be satur ted with ions; any excess aCL 1tion ot electro­

lytes above this causes an increase o.f the adsorption 

velocity of the electrolyte above that of oxygenf con­

aequen·tly the electrolyte will penetrate more into the inter­

face, than oxygen, accumulate there and drive out oxygen 

from the interface, i.e. le.ssen t.he adsorption current. 

The greater the concentration of oxygen. the JDOre 1ona 

are necessary to r ·ender all the molecul.ea adeorptiv•, i.e. 

to reach the maximal maximum and the more ions Will be 
• 

neeessary to supprees the maxtmu.•. 



- 128-

Part of this explanation is probably of value. It. is 

not believed, however, that increase of the ions of the 

electrolyt e increase the adsorption velocity of the 

i norganic cations, as postulated for oxygen, Varasova is 

probably correct in the idea, however, that the ions of' 

the supporting electrolyte block out those of the electro­

reducible species, as 1rlll be discussed later. 

Rasch '83) examined the influence of f 'atty acids o.n 

tlle overcurrent of the oxygen wave and estimated their, 

r elative absorbability by determining their suppress.tve 

effect.s ,on this overeurrent... He correctly exp~ains, t.his 

suppression 1by preferential adsorption of the added 

substance which pushes out the reducible matter from the 

mercury- solution interfac e•. He concludes that the ani ons 

o'f the acid are inactive and that. the ,suppression of the 

overcurrent is due entirely to undis soc iated molecules. 

Rasch maintains, however , that •tor the development or 

suppreesion of the maxi mum , the undissociated molecules 

of formic acid are quite indifferent•. In the light of 

sever l. observations, however, this latter conclusion 

cannot be accepted. 

Dillinger (88) W'l.dert.ook a study Gf the overcurrent 

occurring in the electrelysis of mercuri·c cyanide solut ions .. 

The outcome was found to be s.imil.ar to that observed for 

o.xygen. He, too, does not mention the complete s.uppr.ession 
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ot the overcur·rent by the addition of supporting electro­

lyte bu.t is also ·Of t.he opinion •that a maximum of the 

current, observable with t.he dropping mercury cathode 

arrangement, requires a ·ce·rtain eon.centration of indifferent 

electrolytes to .reach the highest. dimensiQn•. 

Her.asymenko '89) no t.iced the same effect when examin­

ing tbe overcurrent.s on ·the curves of uranyl salt solutions. 

After pass ing t.hrougb t heir greatest values, these over­

currents wore completely suppressed at concentrations of 

0 .• 5 M. Tbis concent.rat.ion is exceptionally l.ow for the 

suppr,ession of overcurrents .in aqueous solution by s& t. 

concentration alone. Herasymenko admits that this •case is 

complicated by the presence of products of reduction of' 

uranyl salts 1 .e.. of the pentavalent. W'anium, which acetllllu­

lates in the interfacial. layer. Owing to t.m presence of 

this' probably strongly adsorbed zuatt.er the specific adso,rp-· 

tive influ,ences of <Other ions present. in. solution are 

gr·eatly inhibited • •. 

That. large concentrations o:f .supporting electrolyte 

are required bet'ore the o.vercurrents are euppressed is 

r ·ecognised by Heyrovsky ·and Simunek (90) who maintain that 

•the maxima of the cur.rent ar,e suppres~ed by surface active 

matter,, ae'tive anions or great conc.ent·rat,ions o£ elect..ro.lyt.es•. 

In order to. expl.ain. t-he curv•s obtained f'or overe:urrents 

in :formic acid, at various sodium :formate concentrations, it-
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is neces.sary to consider f i rst a simUar curve in aqueous 

solution., in the absence of any capillary-active substance·. 

Ae ceordin;g to the author.s quoted the overc.urrent or like.wi$e 

the current ratio f3 should inc·rease on increasing t.b.e 

supportin electrolyte concentration pass through a 

maximum and fall away gradually as sho - in Plate 21 (the 

complete curve, i.e. both full and do~ted lines).. lm 

at tempt can be made to explain. this curve on the grounds 

ef either of the existing .theori.es used to account for the 

occurrence of the 'polarographic overcurrent . The explanation 

on the Heyrovsk,y-Ilkovic adsor p tion theory has been quoted. 

above in the extract fro the paper by Varasova (87}. 

more plausible e p lanation is based on the. • streaming 

theory• of Antweiler and von trackelberg. · t all potentials 

more po.si tive than the electrocapillary maximum, the mercury 

drop is p.os i tively c.harged. The curvature of the ercury 

surface a t the bottom o the drop is much les than a t the 

mouth of the capillary and consequently the charge density 

vrill be appreciably more a t the top than at the bottom. 

To quote f rom Kol t.hoff and Lingane ' s -(91) treatise on the 

subject 'the top of the c1rop behaves as if it has a more. 

positive po tential than th,e bottom although it is more 

exact to say that the solution i.e. the adsorption layer 

is more negative at the top of the drop than at other parts 

of the surface. If the drop behaves as if 1 t has a more 

positive potential at the top than at the bottom, the 
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surface tension at the top is smal.ler than at the bottom 

when dealing with positive ra.axima~ The i nterface therefore 

is pulled from top to bottom ~*\rhich is in the direction of 

streaming observed by Ant• eiler. Near the isoe,lectric point 

the. el ectrocapillary curve is very flat and a sl.ight differ­

ence in potential between th.e top and the bot'b>m does not 

c ause any movement of the strea,ming layers·•. 

According to this view, the mechanism 1n f ormf.c acid 

would be tha t the f ormate ions are attracted t o the positive­

ly charged drop and adsorbing with diff·erent intensity a t the 

top and the bottom, produce streaming of the electrolyte 

rotmd the drop. This fl.ow O·f li id sweeps to the interface 

many el ectro-reducible ions giving rise to a current mach in 

exces of the normal diffusion current. Increase of the 

sodium f ormate concentration, rapidly increases the rate of 

streaming; this .rate must itself reach a maximum as the 

viscosity of the solutien increases but this fact will be 

considered later. As .the concentration o£ the supporting 

el ec trolyte increases, the cations of the indifferent salt, 

.sodium in this ease, tend more and more to. block out the 

e~ectre>-.reducible ions at the mercury-sol.uUon interface. 

Although the s treaming may still be increasing, the sodium 

ions swept. te the interface with the elec'bi'o-reducible 

species, begin to exert a pronounced eftect and the value 

of the .overcurrent begins to decrease. It is t'er this 

reason that the concentration of the supporting electrolyte 
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.at the maximum value of ratio ~· is d irectly proportional to 

the concentration of the electro-reducible ion. 

Ions reduced at potentials appr eciably more post t.ive 

than the electroeapil.lary maxi.'!lllm are found to give rise to 

great.er overcurrents, the value decreas ing f rom element to 

element. as the isoelectric point i s approa.ched.. At this 

potential. , overcurrents are non-existant . Th:L:s phenomenon 

is readily explained by considering the change of slope of 

the electrocapillary' curve in moving :from po-.ai tive va lues 

to ar the isoelectric point. For an e·qual difference in 

potential , the d ifference in surface· tension is greatest 

at • ore posi t.ive values and decreases as the curve approaches 

its aximum.. s the curve i s flat at this point.. th e .surface 

tension d i fference is zero and no st.rea in,g can occur. It. 

i s thus explained why the element s bis uth, antimonyt lead 

and tin have .overcurrents, the value of which decrease in 

the same order .as do their half-wave potentials in approach­

ing the elect r ocapillary maximum. The curves of t.he above 

el ements a s they would appear in aqueous solution are depicted 

in l ate 21 (the compl e te curve i.e. both fUll and dotted 

lines). 

It. has been postulated in Section E that monomeric 

f ormic acid molecules are cap illary active , their concen­

tra tion increasing linearly with i ncrease o.f supporting 

electrolyte concentration. It woul.d thus be necessary to 

superimpose on the curves in Plate 21, a linear function, 
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the effeet of · hich would be to .suppress the overeurrent~ 

If an arbitary choice of some lin.ear f unction hich would 

suppres-s the overcurrent is made, and plotted on t.he same 

graph (Plate 21) and the resultant of the t wQ curves drawn, 

the· curves ·Obtained U"e identical in form to those plot-ted 

in PJ..a tes 17 - 20. 

lt i ,s thus bel ieved 'that tbe· adsorption. o,:f monomeric 

for111Jc acid molecules a.t the mercury-solution interface 

mere sea as the supporting l..ec1tPolyte con~entrat.ion is 

buUt up . he's ono eric. ol.ecules, gr eatl.y assist the 

sodi um. ion in block.ing out the el.ect.ro-redue ible species , 

the t wo ~ffects operating together .•. · 

The influence of· the monom.eric formic aeid moleeule.s 

is thus a matter ·O£ degree :eather than kind,. Both t,b,e 

.cations of the .supporting el ectrolyte and the f ormic ac14 

molecules suppress maxima by blocking out the electro­

reducible ionsf t.he. absorbab.111ty of t.h fol'mic acid is, 

ho~~v\u• , uch great.er •. 

Considerat i on. O·f Plat.e 21 will: explain wby the linear 

portion of t.he curve 1s so much more pronouneed in bismuth 

than f or antimony and in turn1 gJ"eater than. f er lead. The 

curv-e f .o r b.ismut.h, for example, rising .higher than t.ha.t for 

lead meets the straight line at a h1gJ1er sodi.wn formate 

concentration than does the l.e,ad eurve. As the bismuth 

curve extends further ov.er to the right of the graph, there 
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there is more of the linear portion than for the curve .of 

.lead. 

Consideration of Plate 23, a series of curves at various 

concentra.tions ·of antimony shows why the height of the 

maximum. overeurrent for the elements increases a t f irst,. 

i .tself passes through a maximum and then begins to decrease 

being almost non-existent at very high concentrations .of 

·electro-reducible ion. 'l'he concentration of indifferent 

el ectrolyte at t.he maximu..rn overeurrent incr·eases on increas­

i ng the concentration of the electro-reducible ion. The 

aximum overeurrent -consequen tly moves more to ¥ards the 

depreciating straight line giving r ise to resultant curves 

with lesser values f or the maxir.a overcurrent.. To this 

must be added the fact t .b.at the rat of streaming must 

itself pass through a maximUlll, 'beginning to decrease as the 

viscosity of the solution in.creases. [The viscosity of a 

0 .• 5 sodium f <:>rmate-formic acid so~ution is 22.1 milli­

poise (i) as compared with a value of 10.9 millipoise \92) 

for a 0 .. 5 aqueous sodium fo-rmat e solutJ.on] • 

Thus in Plate 23, the maximal overcurrent value increas-es 

because of a greater rate of streaming due to iner ase in the 

sodium f -ormate concentration (curve B is higher than curve ) • 

At curve B, however, the rate of .streaming has reach·ed its 

maxi.t11um value and on further increase of the supporting 

electro.lyte concentration to curve C a .slight decrease in 

the. streaming rate and consequen t.ly a decrease 1n the maxim9.1 
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ovex•ourrent, is observed due to the greater v:tacosit.y of 

the solution. oomb1na\1on of t,he two etfecta leade 

fir.at, to ~ tncrease• then to a decrease and then to a 

complete supprees~on ot the overourrent at very high values 

of the eleotro-reO.ue.ible ioA• 

The reasoa for the et.riot proportiOllal.ity ot tie 

electro.:..reCliuo1ble lon eoneentra\ion and the euppcrting 

electrol.yt,e concent.ratio:n at. the rnax1mum overcur·rent aa 

shown. in able 42 i .s to be expec~ed. ne more elect.ro­

redlle·iole tolls present, the mote inc:t.itterent electrolyt-e 

will be J'eqw;ired before the bloekiag out ot the electro• 

reducible epeeiee causes a deereaee 1n the OV'ercurrent, or 

raUo '• 

lt only X>er.'lainS' a\ 'this stage to explain the behaviour 

of t.b . overC.Hlrr.ent.s ·in the case of stannous ions.- 'The 

plot of . the ollltrent ratio p .against the supportlllg electro• 

lyte concent~ation is seen to be poor~ defined and was 

not ~epreducible. 

This is due to tbe tact t.hat t:U1 ts the only element 

Gf u.,e :ftov under eone:tdwa\ion \nat unaergoee complex 

ferm.at.:l.on in fol'mic ao14.-. The eak torma\o s~annoua 

oomples ,is believed t.o be [SnU>OCH)6 ]• (See section D-IV) • . 

Tne diffusion coeff1e1.ent ot the complex ton,. because 

of its air.e, must. be lower \han that of an uncomplexe4 
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stannous ion, leading to a lot .er · iffus~ioa our~ent. 'l'bus 

a ,s every ddit10n of sodium for.mate causes more canple!IC 

fQr ation it is to be expected \bat t.ne diffusion curreAt 

would deerea.se at eaob addition. the reelilts Q.U$ted 1n 

'abl :a 32 and 33 show tllis to be the caee. this decreasing 

Vahle of the diffusion eurren.t decreases the accuracy aD!l 

x-eproduciblli\;1 ot t.he ourrent ra\io ~ leading to poorq 

detineo curves. One thing is; however, immedia\elir ev1den\ 

t~om these cur-vest f#he max:l.lu. are not shal'ply suppressed 

aa for the. other elementa but gradu.ally decrease over a 

relativelY large concentration range. 

It is bGlieved that the complex at tJle interfa.ee being 

much larger than the uneo~plexed 1ons of ant.tmoDT, bismuth 

and. lead are able too bold the formic aci<i Ill)leculee at a 

IP*Etat.er distance from t,be interface. The elec\r08let.r1o 

potential falling ott exponential.l¥ aa it, doee, wl th distance 

ti•om 't.h~ inter:f."acial double l.ayeJ', exerts maeh lees etf$0t 

on t.he fortai¢ ao14 molecu~e• which are held some distance 

away. It is t}hus more dif.tieul\ f .or the formic acid to 

a4eorb &.00 t.be complete block~ out ot the stannoue 1one 

require a a ld.ghtl' coneentt-ation ot AlOnomer 1e tol'n.l1c acicll. 

The curv~a ob t.atned. a sing potaesiwa ealpbat.e ae the 

suppOrting electrolyte ahowed muon the BMe form as those 

in a eodium format.e m.ed1W11. The height of tlle maximum 

overcu.r:Fent. was close to the correspondS. .ng vatue for sodium 
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tormat.e, This m~Udmal value oc~urrea .• howev r ; at sl.igiltl.J 

lewer ¢onoent.rat1oas of pot,E,seiu:m sulphate t.han eodiwn 

foftl&t,e,. This 1 s to be f!xpect.ed as the s\llphate tQn, being 

divalent can give rise to a grea\er streaming rate than can 

so4iurn ,formate, tor equal concentrations. The maximum 

$'t.re.ming s-at.e is thus reache at low.-· concentrattone ot 

added aal.t9 giving r1se to an eal .. lier maxilaum. This is 

turn should g1ve rise to a c::m-ve, the linear portion ot· 

whioh ab.oula. represent a greater traction of t.he wllole 

curve than was found 1n the preeence of sodium formate. 

be lineaxa portJ.on of t.b.e curve for ant.imony 1n the preaenc:e 

ot potassium sulphate· waa about,% as, oppoeed to % tor 

aodiu.tn format:tlh 

there was~ l;lftfortnnatel.y t no wrq ot t,estin.g t.be all 

important assumption that i ncrease of t.ne supporting eleet.ro­

l3te cone~n tr· tion led to a ~ eakening of the h(ldrogen bond 

i n dinleric f'ormic acid, wi t.h tl'l rod:llet.ion o f mnomerlc 

molecul~u:~ . 'rhe only method avat lable was tne examinaUoa 

of the :1nfra .. red adsorption spectrum of tormto acid. A 

peak in. th-e plot of the molal abeorption coefficient 

against th wave number in the region of 7000 ome • -~ would 

be fo1/lrld due to the preeence of the hydrogen bonds. It 

the above sqppoai tion was \rue, a lowering or this peak 

would be found on the 8l!id1 tien of e~ ct.rolytea, due to a 

deorease in the amoWlt of hydrQgen bonding. 
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A 1ntra-r ·. apectro et r w s not av 1 ble in 

this D$pa%'tl ent, the as · iet.ance of th Council for 

Soient.tf:1c ana lnduets-ial Research. 1n Pretoria, wae eough\., 

th y being the only peopl 1n a position to assis~. They 

m.a1nt.a1ned., however, that the formic acid solutions would 

ooncei vably daml\ge the windows of their cell.a and \hey 

were thu not prepared to make tAe req\dred e.asu.remen.ta. 

%t ••a tbue fel\ t.hat t.ne inves\igation had beea earr1e4 

as f~W a$ wae pOesit.le.l 
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To conolude tJle tnvee\1gation of \he pol.aro.graphic 

charact ristios Gf an.b.y'd:rous .formt<:; ac1 solllt1one t tt waa 

decided to make a stu(Jt of a tew organi<: conapounda.. Thia 

wae not intended to be a detlailed survey but only \o gain a 

general impr·esston ti'om the few oom.po~ds investigated of 

the poeoibilit:tee of organic pol.aro . aphy 1n formic .acia. 

The halt-wave otential ot each compoun4 inv st.1gate4 

was • ea.sured using a supporting electrolyte eoncentr.a.t.ion ot 

o.s sod:t :formate. The val.\14 o.f t.an cs was measured for 

each redu·etJ.on. 

From the outset it appeved likely that. the number of 

compounds, hioh woul.d p~toduce polarogl'aphic waves tFom a 

tormie aoid dium YIOuld be limited. This conclusion lra8 

reache(l becauae t he investigation of t.he inorganic ca\ioae 

showed that. E!leetro•rednei'ble a,_c1es· witb halt-wave potential& 

in water more negat .ive t..han -o.7 volt-s ve s.c • . •· would be 

reduced in :torm1o ac id at a potent:Lal too negative to be 

obse.rved. This was found t,o t. the eas and showed f'o·rmie 

aeid ~o be a solvent., unsui-table ftu• the examination of 

·organic c01tlpoundth The measurements carried o\lt on organic 

eozn otmds were; howeve)", useful in $Ubst.ant1ating an 

observati&n ma<ie during the 1nvesti.gati,on of the 1n~gan1c 

cations. lt wa found that the po~entials ln formic ao:l4 



and w-ater sho · a constM\ d1f't r nee and the investigation 

of the organic c.ompound e proVided further proof of \his 

r elati on.-ship. lt as \bought at ftret t'Jlat the pQtent-i.ale 

ot organic ·co pounds. would not. be ot · uch value in e tabl1sh• 

i. this e·on · t.ant difference :Oeoau e their half• ave 

poterrt.i ls in aqueous edia are dependent on the pH of the 

solutions. Thi le vee some doubt a to the actual value 'o 

be taken fO'f' t.he half•wave potentaial f.n aqueous oedium. Ift 

ho · ·ever , the poten ti l in the solution of lo est pR as 

s eeted t the co ·parison wit.b. the potentials 1n formic acid 

proved of 1n · r e t. This compar18$n will be g!.ven f urther 

con ~a\ion in the final. section head • i eussio11•·.-

On · coJn und, typical of the group, as seleet.eo f rom 

each series of (l)rsan1c substances. aphthalene was 

1nvestig~t:ed pol.arograp.ll1oally aa being typic l of the 

aro atie polynuclear hydr.ocarbons 'but, as ex ect ., wae 

reduo.ed at too negat.ive a potential t.o give a waVEh This 

as f ound to be the c ase with compounds such as oxalic ae14 

ar!lo t.he simple polybasic aaide, a>.'lti benzoic acid amongst 

t.be aro . a tic aci<ls.. Of the aliphatic aldehydes, acetaldeh-yde 

f a iled to give a ·~ave although cinnamaldehyde, be t.be 

aro at.ie aldehyde w1 t.h t,be most positive h$lf-wave potentia1, 

gave a el :t'$r ed ave just before the discharge poten tial 

of ~drogen ions . Acetone $ :f' the aliphatic ketone.e and 

bensophenone o th.e aromatic ketonee failed to give aves 

being r edueed at pot.en t1$le too negative. 
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~he o~ganie ni\ro compounds were toun4 to be ~Uitable 

for :Lnv.est ation 1n formic acid, \he f 'il'st. t,o. be uarnined 

being nitrobe.nee.ne. 

l.ittt»taiial• 

·'he half .... wave potential o.f nitrobenzene 1n wa~ 

has been sbo m to tle · reat,ly intluenoeO. by the pll ef the. 

solution. Th~ polarogram 1n acid solution was de u. ot 

two .aves involvin& 4 arui 2 eleetrQ.ns, the half .. wave 

potential s of which in a solution O·t pH 1 were -0.22 volts 

and -0.,.678 volts ve s.c.:m. 'l'he I'eduotions involved are 

fro nitrobenaene to phanyl.htyd~~lamtne, the second wave 

'bei due to further reduction to aniline. 'lh.e value ot 

·tan « was o.o?e a\ pH of 2.5 and o,oaa at pH ot s.a (93)~ 

itrobenzene as su-pplied by Ua,y and B.alter LW. was 

used. The polaro am in tormic acid showed a cleal'ly 

de i ned wave , t.he half-wave potenUal of which waa •Oe;06 

volts V'& s .c,F.A.E .. (-0,60 volt.s va .r.A.E.)f the valu• 

of tan a. wae o..on. At a potent.ial. of abo·ut; -0.30 volta 

vs s.c.F ... E •. \he polarogram ceased to be horison.tal and 

began t.o increase gra<lually until t.he discharge potentiu 

of t.ne hydrogen ion was :rea.ehe<l. i'be &olut,ion wae degas ed 

wit.A nitrogf!n tor 2 hours to det.ermae wnether ~his woul4 

in.flu.ence the ~a.dual increase of t.he d.Ufusion current 

'but no change was ~obseFved. Thus only ·one meas1:ll"able wave 

was obsewe.d. t~ nitrobenzeneJI 



lt as decided to seleet n itl"O.l!ltt.bane a s typical 

of the· po arogr h i(: ally l'everaible :aliphatic nt tro•ooQ'lpounde• 

These compounds stlot ed two waves in aqueou. solutions ot pH 

greater than 4.1. In acid medium, h:owe'\i'er, only one wave 

was ob'\a1ned, the half-wQv~ potential. ot which d i d not vary 

grea\ly with pH. file halt•wave poten tial of nitromethane at 

a pH of l~i waa -olk?S vo~t.s vs s.c.E., The reduc.t.ion wu 

irreversible invo.l·ved four electron·s and p-roduced hydl'oJ«Yl­

amine (94). 

For th . iove£.Jt:i,gat i on. in formic acid ni tro ethan· as 

suppl i ed by ~as an Kodak Co. was u ed. , One ave waa found 

whicn extended ovel" as much as o.5 volts: and sho ed the 

reduct i on to 'be iPreversi ble. The value of tran d was 0.137. 

The hl!ll.t'.-wave pot ential was •0.63 vol ts va s •. c.F.A.E. (•1.17 

volts vs Q•:F• ,E.) in a o.e 1l aodiu.rn f ormate ediwn~ 

lU,H'9l94QIU• 

Jn""Nit.ro'tAlluene was chosen tram the .nitroal.kyl• 

benzenes wh rt.ch have been investigat polarographically. 

In aqueous solution this substance h s been shown t.o g ive 

Fise to t wo aves, the balt-wave potent.i als ot which at 

pH 1 are ·•0.22. and •0. .• 71 volts vs s .• ~_.E . U~6). 

m ... · itrotoluene as auppl1ed by Eastman Kodak Co. waa 

•xamined in f ormic acid and toWld to· give rise to oaly one 

wave ., the llelt•wave poten"tial .of wb1Ch was -o.04 vo1ts ve 
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s.c • .• A .. ~ ·(•0,58 volts V'& Q.w •• E. l• This wave was weU 

d.ef ined, the value of tan ·rr being 0.06B. No second w v . rae 

encountered.. 

Of t e ni tnfbenzo to ao 1ds1 t.he above 

compound as r epres.enta\ive of t-tl. gToup. Th r uction o1 

this co.mpoood 1n water give rise to t . waves ; t.h · alt'- ·waVe 

po t enti 1 of whleh ar-e ...o.u and ·0~645 volt · vs • • c .. E.. (93l-,. 

~ 1trobenaol1c acid Q supplied by J udex Chemicals s 

used . Only one wave was found 1n f ormic aeid , tAe half... _ ve 

potential of · hieh was .o .. 05 volts va ~.c. · •' • __ . C-0.49 volts 

v& n. F • . • E.). 'l'he value of tan a was o.t:MSa.. M-ter the eom• 

ple'tion of this ave t)le polarogr·am · as found tQ graduallf 

elope up ani being some ~hat. irregular, until. the diso.hat'ge 

potential of hydrogen was r :eached. Continued degassing 

f ailed to. alter the shape of the polarogram •. 

The above eompound t ypified the behaviour 

of 'tilie nitro substit.ut$d aromatt.o al.dehyd.ee, l'h1s co pound 

gave rise to t ro waves in a dilute alcoho·l aol.ut1ont t.be 

hal.f ... ave potentials Ci>f nich were •0,21 and l,O.l '¥olt.s vs 

s,c.E. (96). The fir. t. QVe represents t.he reduction o.f the 

nitro group \o the hydroqlsnine, the econd .:ve r epr ·estmUng 

a comb ination of the r ed"ction of the pbeQ1~ oxyl mine to 

th aJnine anO. the r eduction of the l debyde grQUp apparently 



... 144-

to the carbino-l since a total o~ 4 electrons ia involved tn 

eQch caae. 

m-Nitrobenaaldeb.yde as sUpplied. bJ the Merck Co• was 

used i n .formic acid aa4 was found to gi"e one wave, ·tbe halt• 

potent.ial of which was ..o,oi volts ve s •• F.,.A._E. \.Q.56 vol.t.l 

v.$ , .F •. .A.,E.). !he value of tan o was o .•. oa.. The pOtential 

of the second wave 1n .aqueo\ls sol\ltion wae too negative w 
·e:xpeet ~is wave to bee.o e evident in fo.rm.ie aotd, 

This compound waa seleot.ed from the po~aro• 

graphically reducible nit:t-ophenol.s, Its :redu:ct1on in 

aqueous solution gives r ·1s.e to one wave; t,h$ halt- wave 

potential of wb1.ch 1a -o.*26 volt.s vs s.c.E. (91) in an ~ 

ethanol $O.lutiOJh The reduct-ion is bel.ieved to proceed to 

t.b.e amine bpt even then t.b.ere appears to be some phase 

1nte~cliat,e bet;ween the ~eeluotion t.o the. hydro:xylamine and 

t1l1.at \o the azn1ne. 

m•B.i\rophenol as supplied bf Boptine and 1111_. LW. 

was used and found to produce a tairl¥ well shaped wave • ~ 

balt•wave potential. of which was -o.oo volt.s vs &.e.F.A.i.­
<-o.so volt.• ve Q.F. A.E.J. 'rbe value' &f taa « wae o.os1. 

Thie compound hae an half-wave potent,ial of •0404 

volt.s vs s.c,E .• in aqueou• aolu.Uon. As anticipated., thll 
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potential was too po.sitive for Ob$ervation b'om formic acid 

so.lut.ion · and no measurable wave waa ob'baine4. 

h.is e QOl.POund also has a halt•wave 

potential. which ia too po&1t.1ve to g ive a wel~ shaped wave 

i.n tannic ac 1d. An appJJo:x1rtlat1on ot this po tent.ial wae ade 

and it is believed ~ be •o.al vol't.s vs .c .• li .A. •• , a1 tllo\lgh 

no cert ainty can be a:ttach · to this value. 

No da\8. are available tor the half•wave pot tial 

of this compound 1n aqueous solution a.t, lo . values .of the pH •. 

he wave in formic acid vtaa poor·ly developed 1 the half•wave 

p() :tial being +0.-05 volt.s vs s.c.,F •• E. <-<>.49 volts vs 

·•F•A•E•)• 

Iodoform shows tnl'•e d1et,inot. waves in aqueous 

soluUon., the half-wave potentials ef Wbieh are -o •. 49t. -~.09 

and -l.SO volts vs s.c •. E. Only the f .:tr·st of these waves 

could poss1b~ be found when u 1ng a fQr. ie aoid ed1um, 

the potential.& of t.he other beiog too negative~ 

Iodoform as supplied by · ay and Baker was use4, the 

half .... wave potential being -o.aa volta vs s.c.:r • . • • (-o .• . aa 
volts vs :\ ; F. A.E.J. Tne va.tu of \an <1 was o.os3. 
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SiiDU~41· 

Tlle halt-wave pot,ential of thi.e compound :1n 

aqueous solution wae •0./lS vol\a va s .• e.a., it was 

examined in form1o ael_d as an example of tlle aromatic 

aldehydes.-

Cinnamaldehyde , a$ supplied b7 ritisb. Drug llous·es, 

·aa used .. .A wel l de.t!ned wave was obtained; t.he halt-wave 

po tent.ial of hi-ch was M!0()•5S vo 1 ts vs S .c .F. • • . ( •l.-11 

volt.s vs .F.A~ .... ). The value ot tan « was o.,oe6. 
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DII£USSIOJ. 

In eonclusioa, 1 t wo11ld be ot ad van tag• to make a t:tn.al. 

aasestl! ent o anhydr.ous. formic acid as a . edi 'W1l f ·or polaro• 

gr hio inveat.ise.tion.. It .i · intended first ,, o ver• to 

d on$trate that the series of half ... wave potentials meas~ed. 

1n aq . eo us solution., di ffer little from 'lbose measured 1n. 

anh drous formic acid •. 

In ordeti w make this comparison t.b.e halt•wave pot, · t1al.e 

have been tabulated 1n Tables 46, 4?. 'l!he inorganic eationa 

are co pared f irs t. 1n Table 46t the potent.ials in wat,ex-

are quot,ed . th reference to the saturated oalo el electrode, 

the suppor'ins electrolyte being 1 Jl nitric acid. The halt• 

wave potential of indium in bQth solvents waa obtained with 

.a 1 M potassium ehloride supporting e1ectroJ.1te.. 'the 

pot.ent.ials in :for.mio acid are quoted with reference to the 

saturated oaJ..o~ el-in•torndo aeld. el.eet,rodef :trOJn each of 

·theae potential.s the arbit.ary value of o.l7 volt.s has been 

eubtraetred. 1n Table ;t? tlle balt-wave pote.nt.1als of ~he 

organic com_poun.de are compared in the same manner. As the 

half• vave potentials of organic compounda in aqueous 

aolut..ion are eo ependent en the pH o the aolut,ion, it wae 

.nece aery ·to select t--he potential most suitable .t or com­

parison with anh : rou formic acid i.e. e~ tbe lo es~ pH 

value.. Further 1 t will " seen t.bat some ·of 'the halt-wave 



p. enti . e were meaaur · in aqueous soluUon to m icb. SU!All 

quan i ties o£ et.ha.nol er e added. heae potentials were 

use in the absence of meaaur en.ts 1n pure ater, and were 

fow · to agr· e well with those· in formic ·. 1d. 

Cation 

-<>.04 
-0,17 
-0.39 
-0.45 
-0.46 
-o.es 
-0.51 
-o.aa 
-0.78 

. ·UK 
ve 
s.c.E. 
volts 

... o.oa 
-o.l? 
-0.41 
... o.44 
.. G.41 
-0.60 
-0.69 
-1 .• 0 

-4..1 

tial 

Ditferenae . 

volts 

-.0.,01 
o .. oo 

•O.Ol 
.-0-.01 
+0.01 
.. o.06 
... o.oa 
•0.1 
•0.3 
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Halt- wave :Potential 

Dif f er• 
ence 

. i 
pK ot 
aqueoue 
mediwn 

volts volts 

r ob&nzene -o .• aa -0. 22 -o._ol 1· 0 
N'i trornethane .. o.so - 0. 75 .o.os 1.8 .. itrowluene -0. 21 -0. 92 +O. Ol 1.0 
p•. itrobenzo1c .0. 12 .. 0., 11 -.0~ 01 1. 0 ... (]OJ 

e1d ethanol) 
i trob zalde)trde ' - 0. 19 - 0. 21 •o. o:a 1. 0 ... 

(Dilute 
ethanol) 

m- it.rophenol •0.23 -0. 26 +0. 02 2 . 0 + ( Si 
thanol) 

lo oform - 0 . 45· - 0 . 49 ...0 . 04 In depend-
r 

. nt of 
i nn aldehyde ...0. '74 -0,78 +0 .• 04 l .S 

be o.rgan1e eo·mpoundS sho good agreement. 'rith the 

exception of c admiumt zinc and n i ckel the agreement of the 

potenti&J.s of the inorganic cat ions !e even mor.e s tr iki.ng. 

h t. thes.e three element s have po tent.1al s in formic acid 

bieb are more positive than tb.ose in w t er i . r .ea<lily 

expl ained on the 'basie of hyor · on of the ions 1n aq1.1 oue 

olution and a lack of solvolysis in f ormic acid. The 

effect can be seen to be· eat.eat f .or n ickel and leas~ for 

ca iwn whicb 1• the same order as the atfin i ty f or co.m-

pH 

bination ld. tb wat.er to form hydra t ee. be close agre.ement 

of the se:rie of potentials 1n t,he two sol vents is thus 

e ta .liahe(t. 
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In keepin w1 t.h the observations n2ade f oJ- ot.her aoa• 

aq\leous media, the diffusion current constsn~s ot the i:ona :ln 

formic ao.td are lower than the eorreepond.ing values 1n aqueoue 

solution. This 1s to be expected in ·vi ew ot 'Ule highel' 

viscosity of formic acid• 

The disadvantages of anhydrous formic aci.d as solvent for 

pol · og.r phic 1nveet1 ation ar·e due largel;f to its acidic 

nature. Tne uee of supporting electl'olytes· such as eyan14ee, 

hydroxides or ammonia is therefore excludedt due, to 1 te 

redueing propert.iee, tormi.c acid solutions ot iodides and 

n1.tratee ve alae unsuit.abl.e. Further, the range of· Uleasu.reble 

potentials is reat.rietee to · val•s between '+0 .. 2 an4 •0.8 vclte 

vs .• c.F.-A • .E• It i .s tJUs taet which .snows formic acid to 

be of. rest.rie ted use .in the polarographic studJ' of organie 

compounds• 

i\nhyd.Jt,ous formic acld does, however, dlo · some very 

u ful. adv&ntages. Besidea being a solvent with small 

solvating power \he a4d1.tion of as much as 2ll (v/v) of water, 

i.t,s main impurity, has been sho'ffn to exert little effect.. 

Dissolved OJcygen the presence ot whi.eb is so· undesir&bl$, ie 

more readily removed than from aqueo\U\ solution by bUbbling 

n i t-rogen ~eugh the sol'Clent.f t,en minutes degassing 18 

usually sufficient,. \'he sclw)'111ty o.f 1 norganie salts 1• 

relatively h1gh for an organic solventf it was noticed 

throughout, that salta wb.i<!h are readily soluble in aqueous 



solution e. • potassium chl or i de, showed appreotable 

solubilitr in for.aU.e acid., while salta .. sparingly .eo.luole 

in water e•S·• lead sul.p.hatet t.ball1ous iJbloride etrc. 1 

sbawed a oorreapooditlglf low solubility in formic ao.id• 

F1nalJ.y \he neceaei ty of havlng to auppreee polarographic 

overeurrent.a aa in aq\teoue lu\1on, was abaent. 
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Before beginning the actual polarographic investigation 

ot· anhydrous. formic acid solut-ions, it was necessary to 

d.ev-elop a r .eference electrode in that solvent. to which the 

measured halt-wave potentials could be referred. It waa 

e,ssential tbG· the electrod·e be .aon-polariaable., reversible 

and reproducible, that 1 t be cap·able of rapid preparation 

and, 1:f' possible, insensitive to small amounts of water. 

Tbe quinll.yd.rone-1n-tormic acid el·ectrode was found to satisfy 

all these requirements admirabq,. bea.ides which it bad a 

very small salt effect anci"'did>ao~ depreciat;e over a period 

·ot several hours. It. was thus .well suited to the role of 

polaro~.aphi.c anode. As. this electrode had only been used 

1n this capacity once previously, 1n aqueous eolution where 

it was found to undergo po.lariaat.ion and be uneatistactoey, 

1 t is hoped that 1 ta uee:fulnee.s wUl be ext.ended to other 

non-aqueous solvents. 

In ord.er to conform with pol.arographic practice in 

aqueous soluUon 1 t was decided to prepare .a :tormie acid 

anal.ogue of t.he saturated calomel elect.rode ao:1 measure ita 

potential with respect t.o t.be quinbydrone-ia-fOJ'mie acid 

electrode. This potential as tound to be .0.&384 z 0.0006 

volta va Q.F .A. E., t.be mean o.t \en det.erminat.1on·e.. The 

hal.t•wave pot.entia1s were t.hus measured against, the quin-

• 
' 



hydrone alec trode and quoted a:S against. the eal.o el elec trod•·• 

The measurable range 'ot potentials using the quin­

bydron.e- 1n:-formie acid electn>de was +0.2 to ·...0.8 vo.lts. 

vs s •. c .. F. A. E. Nine inorganic cations w.ere f:ound to have 

their halt• ave potentials within this .range and these 

po tentials were measured in about.. seven different supporting 

elec'b'oJvrtes. Formic acid was . .f'ound to be a good solvent 

f ·or many e-alts , t.he solubili\y relat.1onships being simi1ar 

to tho e in aqueous solution. The incidence O·f complex 
. 

f ormation in f ormic ae 1d was so shown to be very similar 

to that in · at.er . 

For all the inorganic and o.rganic electro-reducible 

species investigated , a constant differenc·e o-t -o.l? vol.ts 

flas i"our-:1 bet ween 't'Jle potentials 1n formic aeid against the 

saturated eal.omel-1n-form1e acid electrode and t.hose in 

.aqueous soluti on against the saturated cal.omel electrode. 

The eletnents , cadmium, zinc and nickel, however,. showed 

exe.ept.ionaJ. 'behavioUJ" in having more posi t1ve~ half-wave 

potentials 1n formic acid t.han in aqueous so~ution. It. haa 

been s hown. t.hat formic acid must be regarded as a solvent 

wi tll lo·\ so.~va·t1ng power and i t. 1.s postulated that these 

el.ementa show this anomalous, 'be-haviour because of appreciable 

hydrat ion in water but. lack o£' aolvol,ytic efiects in formic: 

acid . It, is :for t.his reason t.oo that. indium · as found to 

b.e reve.rsib~y reduced 1n formic acid and irrew rsibly reduced 

1n aqueous solution. The half-wave potential o£ thallium 
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e,xhibi ted the, most unusual characteristic of shifting 

appr eciably to more positive potentials on increase of the 

supporting electrolyte concentration. 

It was found that the appearance of polarographic over­

current in anhydrous formic acid were most irregular; in 

most eases being altogether abaent. After sho · eon-

elusively that this phenomenon was not attributable to the 

presence ot impurities in t.he solvent., it was d iscovered to 

be dependent. on the concentration ·Of supporting electrolyte, 

all con cent.I a tions of which r.ter·e sufficient to suppress 

t he overeur r en t completely. As this feature is qu.i t .e unique 

it as further .investigated by plo·tting the ratio of the 

overeurrent to diffusion current .against supporting electro­

lyte for t.h.e elements bismuth, antimony, lead and tin, the 

only elements whose curves exhib ited overcurrents. The plots 

were found to be initially parabolic, changing to a linear 

relationship until fin.al suppression of the overcurrent. 

The curves were explained as beillg the composit.e effect ot 

the normal curve in aqueous solution and a reducing linear 

effect which. was found to be due to eapillary-aet.ivi ty of 

monomeric :.t'ormi.c acid molecules. It 1.s postulated that under 

t.he influence of increased ionic strength, t.he hydrogen 

bonding of the d imeric molecule is reduced giving rise to 

increased cone en trations of the monomer which is responsible 

for the suppression of t.he overeurrent .. 
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The the~ry · as supported by examination of the eleetro-

capUlary curves o£ mercury in f ·ormic acid. Further 

investigation of these curves in the presence ·of the electro­

r educible ions s howed regular· p.lat..eaus and electroeapillary 

maxima shifts aU of which were explained. 

The research was completed by a polarographic examination 

of some ·organic compounds in anhydrous. formic ac1d,.to 

ascert a in the possibilities of fur ther \vork in this field-. 

It .as found , ho ver, that du-e to the acidity of t.he 

solvent, and consequently the early appearance of the wave 

due to tile di ,sc.hal"ge of hydrogen ions, few organic compounds 

could be e.x ined. Formic acid is thus unsuitable :from 

this aspect,, but exhibits some most favourable character­

i s tic s as a medium f .or polarogttaphic investigation. 




