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INTRODUCTION




Although anhydrous formic acid exhibits all the properties

required by & adlvent. for ideal polarographic .charaé'ter‘.istic’ag
no study b:t‘ the dropping mercury electrode in this medium
hag hitherto beeﬁ' deseribed. Formic acid besides having a
high dielectric constant (56.1 at 25°C (.i)) and consider~
able ionizing pmperues, algo exhibits a strong solvent
actlon upon many organic compounds.. Furmermore, it has
been shown by Pleskov (2) to be a solvent with small com~
plexing power, a feature which enhances its value for the
examination c_f ions which ’_ax*e‘ noermally hydrated in agueous
solution. The above author also showed that the standard
electrode potentiels in formic acid, of the elements he

- studied, differed little from the values found in egqueocus
solution. Exceptional b-eijtavz‘f;eur wag shown by zinc and
cadmium ihe potentials of which were displaced to more
poaiﬁi@e values. This shift was attributed to hydration
of ions in agqueous selution as opposed to the absence of

solvation in formic acid.

The remaining electrochemical investigations in anhydr-
ous fomic acid have been confined to conductance measure-
meats, the measurement of transport numbers and paient.io-

metric titrations.

The conductance measurements wefe made almost entirely
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by Schlesinger and his co-workers. The conductivities of
ammonfum (3) alkali (4) and alkaline earth (5) formates as
well as hydrogen chloride {(6) solutions in anhydrous faﬁmic
}acid were megsured together with the behaviour of mixtures
of two salts containing a common ion (7). More recently
Lange (8) has measured the conductance of potassium chloride
in this solvent. Schlesinger and Bunting (9) obtained values
for the transference numbers of the formates of sodium

potassium and calcium in formic acid.

The muﬁtomé of these experiments ‘was that anhydrous
formic acid should be considered to be a highly acidic
solventy hydrogen chloride was, for example, found to be
incompletély ionised, while salts such as the alkali and
‘alkaline earth formates, which are bases in anhyﬁrous formie
Vacid, were highly ionized. - | |

4 number of workers (10-15) have employed anhydrous
formic ecid as the medinm for potentiometric titratlons and
conclude that “farmlc acid i more like watar, then is such
a solvent as acetic acid, in thab sclutiong of salts give
cryoscopic and conductivity values which eorrespond to |
extensive dissociation. With respect to acidity and basicity,
however, formic acid differs greatly from water, and sclutions
 in it are even more deserving of the term superacid than those
acetie acid sciutions in which the pioneer work on the
potentionetric investigation af'strangly acid solvents was

donet.
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) In view of the interestmg prepert:.es sh@vm by anhydrous
formic aecid, it was decided to investigate the electrochemical
properties of this solvent, paying particulay attention to
its suitability for the reduction of eieetmmducible ions
at & drappin,g mercury cathode.



SECTION 4.

GENERA L




| GENIRAL.

It is desirable before discussing the polarographic
investigation of anhydrous formic acid solutions, to give
a resume of the eqhatiens uged for tihe ealeulationvof

appropriate quantities.

The fundamental equation on which all quantitativé
- polarographic calculations are based is that due to
Ilkovie {16, 17) o |

id = 607 n n”écm’ét,% suossossna (1)

where Id is the aversge carrent'in micrbamperesvduring the
1life of a.drop, n ia»the_nﬁmbar of Faradays of electrieity
required per m6le~of the eieatfbﬁe reaction, D is the
diffusion coefficient of the reducible substance in the
unite cme.®/sec., C is its esnceﬁtration‘1n_millimoles/
litre, m is the rate of flow of mercury from the dropping
electrode‘capillarydeﬁpressad in the unitsfmgs;/sec. ahﬁ

t is the drop time in geconds.
The diffusion current constant, the value of which

has been measured for each inorganic cation in anhydrous

foraic acid is

I = E?s%;. = 807 n 9% PR YT ‘52)

Cm

This quantity should be independent of the character=-
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istics of the capillary tube ueed for the drepéing elééimoﬁe-
and thus characteristic of each fonic species. Because it
neglects the curvature of the electrode surface, however,
the Ilkovic eguation ig not strictly‘valid and, in consequ-~
ence, the diffusion current *cqnstan§? does show a small
variation from one eapillary tube to the next. In this
investigation hawevér,;oni& é@proximate‘valuea_were.requirea,_
infafder»to compare with those in équeous salutiQn. - For |

this purpose Eqn. 2 was quite adequate.

in order ﬁeieffer some information on the size of the
ion mnﬁer‘invmstigaﬁion:the diffusion coefficient of each
haa‘been‘ca;éﬁlatéd from Eqn. 2. These regulté,.altheugh
" obtained from careful measureménts; must be regarded as no

- more than appr@ximaﬁians.»

Wost of the inorganic cations investigated were found
to undergo compieﬁ fermation,in*the presence of various
supparting eleeﬁquytea. The structure of some of these
complex‘isns'was»achieveﬁ by measurement of the half-wave
potential at two different concentrations of thevéamplex
ion. | C

-...;%- = -p x 020891 | ..».1.'._._'.;;., | 3)
_ lqg c . S a | f
- The sbove formla gives an approximate value of p, the
.eaworﬁinaticnvnnmherof the metal ion. The concentration '

of the complexing supporting electrolyte'is denoted by ¢
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while n has the sgtne value as in Egn. 1.

 The stfuc m:"e of only a few -éemplex ions could be
attempted because of a lack of knowledge of the liquid-
Jjunction potential between anode and cathode compartments,
~and consequently an uncertainty in the actual vali;lé of the |
chenge in the half-wave pﬂo’tential;.: . On the occasions when
val.-ués of the ionic coﬁ&uc t,énee in formic acid of the ions
considered, were available, the liguid junction potent.:.al

was caleulated using the Hendcersen Equation )18)

- o B:L: Dn st _ : _ .
Eé, -- ) - F gr:"g?{/ﬁ F Y Y LTI IETY (4)
where D = {(TCi fl) cat.ions - (201'61) anions

g = (ZCiZi 'zi) ‘cations + (‘Z.CiZi £1) anians
‘ whex*e »6 is the ion’ic conductance at infinite dilution of

the ion considered, Z its valence and C its concentration.

Em;:loyihg this eguation it was calculated that the
half-wave ,potent.ia'ls of the iéns- should shift by 20 milli-
volte to more negative potentials on increasing the concen-
tration of sodium formate, used as supporting electrolyte,
from O+5 M to 2.0 M. The observed shifts were found to

be close to this value. .

In order tw determine whether a given element was
reversibly or irfeversibly reduéed, a plot was made from’
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the diffusion current and i the value of the current at an
applied patential of B. The theoretical values of the:'
-slope of this plot for reversible one~-, two=- and three
electron reductions are 0.020, 0.030 and 0.089.  This
slope hag been lebelled ‘tan o' for brevity, a value heing
quoted for each reductien.

It has been decided in this dissertation to discard
the usual practice of referring to peaks on the diffusion
current as *polarographic maxima® and hence forth to name
-them *polarographic overcurrents®. The reason for this |
“ chénge is two~fold. Firstly, as the height of these over-
currents wi11 be ghown to vary, pasaing‘tﬁraagh maximan
values, the confusion of referring to maximal maxima is
| avoided. Secondly, the term islbelieved to be a better _
description of the phénomenan than the non-committal term

of 'mm;imm' .

'Twﬁ'astual,polaregramﬁ have been ineludeé, one>fer|

| lead and the other for thalliume The polarogram for lead
is se typical of those,measareﬁ,for all the elements that

it is included as & géneral photograph. The picture for
thalliumfia included to show the way in which all the waves
measured were spread out asamuch as was practically possible,
by’deeréésing the voltage scan, to increase the accuracy in

méasnring the half-wave potential.
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Several of the supporting electrolytes such as
jpotasaiam sulphate, sodium citrate, etc. had added tc them
certain smounts of sodium formate. In the cases of bismuth
antimonygiead and tin; this was done mainly to ensure com=
plete suppression of the overcurrent (See Section E).
Vith other elements the addition of sodium formate was
found to greatly improve the shape of the wave. This
addition lowered the'resisténce»of the polarographic cell
appreciably, thﬁs_fendering'the voltage drop corresction |
of much less consgequence and ensuring that the mgvement of
‘the dons to the mercﬁry—solﬁtian intérfaeé was completely

- @iffusion controlled.

.In arder to obtain a value of the diffusion current
constant, the diffusion,éurnanﬁs at known electro~-reducible
ion concentrations have been measured for each of the
elements.  £1umw@m the.figures are quoted in each case,
the curve has only been plotted in the cage oOf bismutﬁ'ana
indium. %ﬁth»thé'exceptibn of incium, whichAshdws anusuéi_
behaviour, &ll the curves were similer to that for bismuth
differing onliy in Slopé; It was thus felt that nothing
would be aclieved by including curves for all the ele&ents
and in these eases'oniy the results are»iﬁcluﬁe&p»

It was decided to precede the polarographic investi~

‘gation of each inorganic cation with an examination of the

effect of an added quantity of digtilled water on the half-
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vave potential. The addition of 2% {v/v) of water was
thus made in the case of each element.

Vhenever complex formation has Deen shown o vceur in
formic acid solutions, an attempt has been maﬁe to give the
structuz*e of the complex ion by s:zuot.mg the cerrespen&ing

e@mplex speeiea famaa in aqamﬁ solution. -

Ifh& range af masurame pamtzm in formic acid
:;(.ing the quﬁmg@ren@-innfomm acid electrode was ﬁeW&m
+D.2 volts m »Q.& valw v5 BeCuFehuBe Petentials more
pogit.ive than *{}.2 vnl%;s wera excluded due to the presence
of anodic waves, while at potentisls more negative than
0.8 volts, the wave due to the discharge of hydrogen
interferes.. -



SECTION B

EXPERIMENTAL




Appapatug: . o |
' The in*swme‘nt- used for this investigation was a
Heyrovsky po lﬁmgmph Hodel V301, the polaropgrams being vp'z‘wtn-z
grapnieally recorded.  The galvenometer used (V.G. Pye and Co.
Ltd. Cambriége, Emgland) had the following eharaeuerist.ics -
Period 9.8 secs, Resistance 1880 ohms, critieal damping
resmstmee 24,000 ohms, the reﬂecw;‘ being a ylane mirror |
wi.t.h a front lens focus of 100 cms.

The _re'ﬁistame of the p@lgmgraphic cfa,ll wae measured 'im‘ing
an A.C. Nivoc ¥heatstone Bridge as sﬁgpiie& by George and Baker
Lw;,' London, fat 115 volts ana -5?3 eycles/sec. The null point of
| the bridge was ﬁetemine& ussizxg a mag:ic-aye valve br:.dge ba,lance
detector, -

- The thermostatic bath which was used had a vcaﬁaeity of 90
litres and was heated by a re-étm cb_i_l, resistance 165 ohms,
the tempex'amre being maintainéti by a spiral toluene - merévry
ahérm-regulawr-. : "I'hé liquid was stirred by a propeliér-‘ijpe
stirrer of diameter iz ema. Bet‘. at an angle to the vertieal. &
temperature of 25,00 = 0. 01°¢C was readily maintained.

-

The mereury used hhroughaut was purified bz,r almowing it te
run through a tube one metre long conﬁainiﬂ,g 5% nitric acia,
o filtering and then dmti.lling txvice, in an. at;neaphere of dry

nitrogen, »’!m&er reduced pressure. All contact between the
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marcury used and the wires of the apparatus were made by

platinm«gfléss seals to prevent any amalgmtion.

The potentials reccrded were measured ueing a Cambriége
alide Vire Potentiometer and a reeent.ly standardised ’é?estan
Cell, the EuLF, of which was 1,01835 volts at 25°C.,  The
difference of pﬂ.m‘tial spplied to the _palamgraphm cell was
supplied by a DFG ﬁenstfant Voltage ‘,E:i;i&e 2 vc-lt accumulator
which was found to maintair

a constant voltage to 0.2 millivolts.

The head of mercury, (h), that is "théheigh*t. of the mercury
colum between ﬂae; level in the fesewoir and the tip of the |
aropping eleatrode was meﬁw‘ed with a ‘_cathetmeter.. In order
w facilitate the aajue'tménﬁ and aam'ate measurenent of hy

| mse wag made of the armngemem described by Ixingme and
Laitenen 1(19) shown in Piate 1. |

‘The polarographic cell need in this research is exhibited
oveéleaf in photegrépﬁs 1~ 4. Photographs 1 and 2 show the
- cathode and anode -camﬁﬂsrtmeﬁfhs respectively, eeparaﬁteﬁ s and in
35 the cell is shown complete. The feur’th view taken fyrom -
sbove, is included to clarify the positions of the nitrogen
inlet and elutlet tubes with respect to one'_ m’omerﬂ.v., |

Tubes Ay B and € aré Joined by a ¥-joint to -ﬂa_e nitrogen
source, while the ontlet tubes D and B are connected by a
second ¥Y~joint to a drying tube of caleium chloride, open to
‘the air. Capillary tubes of 1 mm. bore at B and C ensure a
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steady strean of nitrogen in sach compartment. 4 tw-way tep
links A and B such that, vhen the removal of the dissolved
gases in the cathodic electrolyte is complete, the stresm of
nitrogen is maintained through tube A, over the surface of the
11quid, thus eliminating any poseible ingress of oxygen through
tube D (2). The compartments are joined by a B12 ground-glass
Joint &, maintained completely watertight by application of Dew
Corning High Vacuum Silicone grease which is insoluble in formie
acid. 7The cathodic and anodic electrolytes are upmud by a
sintered glass dlec F, the pore sise of which was & -~ 10 microns;
this was found to be most satisfactory, in that, while maine
taining a sharp solution interfece, the electrical resistance

of the cell was not greatly increased.

4

The nitrogen used was first bubbled through alkaline
pyrogellol to remove any oxygen present and then thoroughly
dried by passing over phosphorus pentoxide. In guantitative
deterninations, the dried n:ltregja was initially saturated with
formie agid by bubbling the gas through a tube of the anhydrous
‘solvent, thus ensuwring thet there was no increase in the con~ '
centration of the solution caused by loss of the solvent éue o

vaporisation.

In order to messure the absclute value of the diffusion
current, a knowledge of which is of fundsmental interest, it
was necessary to cal ibrate the polarograsms. The polarogrephie
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circult was modified by Mclnéion of a double~pole double~-throw
switch such that the cell could be replaced bx a standard
10,000 ohm resistance. By application of a suitable voltage,
the light spot from the galvanometer was made to deflect

about one quarter of the way across the drum of the polarograph.
The shutter was then opened for two seconds, thus recording

its position on the photograph by a black dot: the fall of
potential measured across the standard resistance enabled the
current flowing to be readily calculated by Chms Law. The
voltage was then increased sc that the light spot was deflected
half way across the drum and the above prosedure repested.
Finally a third measurement was made with the spot three
quarters of the distance across the drum.

The outcone of these measurements was that the polaregran
was labelled with three dots at which the current was accurately
known and by comparison with which, the diffusion current
could readily be computed.

The usual method for this operation was employed, viz. an
unbroken thread of electrolytically purified mercury was intro-
duced into the capillary tube and its length was measured with
a travelling microscope. The density of memﬁry at the
temperature of the experiment was known from tables and thus
the tube radius was readily computed. The result.n_ obtained
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are tabulated below:

IABLE J.
Length Temp. Density | Wt. of Radius
of thread| t°C of mercury | mereury of tube
No. at t°C
(ems) (*C) (gas/ce) (gms.) (mm. )
1 11.065 18.1 13,561 0.00778 0.0406(4;
2 10.228 18.5 13.550 0.00726 | 0.0408(4
3 10.809 18.4 13.580 0.00780 | 0.0411(7)
4 | 10.440 | 18.1 13.551 0.00742 | 0.0408(6)

Mean radius = 0.0409 mm,
Variation of above results 1%
Length of ecapillary tube = 12.495 cms.

The uniformity of bore of the capillary tube was tested
by introducing a thread of mercury about 2 cms. leng and
measuring 1its length in various parts of the tube. Allowing
for slight temperature vaﬂat.im, this length remained
constant, showing the tube to be suitable for use as a
dropping electrode.

(2)
" After use the capillary tube was washed with distilled
water, then sbsolute alcohol and was finally immersed in a
pool of mercury. It was occasionally found necessary to
clean the capillary, which was achieved by first drawing aqua
regia, then water and finally acetone through the tube with a
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vacuum pusp. One clesned, the tube was not allowed to remain
immersed in solution without continually discharging mercury.

(3)

The times of mercury diaeharge were recorded using a
Cyma Stop-watch which had been standardised over 120.0 secs.
against a standard chronometer (Spindler and Hoyer, Gottingen).
A consistant error of +0.2 secs (<0.2%) was found, which
- could be ignored cohsidering: that ealy ;'.% ve
In these determinations the time of dropping of a' recorded

or ¢  was required.

nuaber of drops was always as close to 120 secs as possible,
the time for one drop thus being known with accuracy.

In order to avoid continual measurement of the rate of
flow of mercury from the capillary (m), it was decided to

compare a series of measured and calculated values of this
rate and, if the agreement justified it, to obtain the value
of (m), in future,.by calculation.

The equation used to compute the rate of flow of mercury
(21 wass

%4
= w hdg - 431 - esaece (5)
ST s, |: : )
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where r is the radius of the capillary tube used
is the length of the capillary tube used
d 1is the density of mercury
is the viscosity of mercwry
h 1s the height of the mercury column between the
level of mercury in the reservoir and the tip
- of the dropping electrode.
T 1s the interfaéial tension at the mercury-formic
acid solution interface.
t 1is the drop time and therefore at, the drop weight.

The second term in (5) represents a correction for the
back pressure, due to the interfacial tension at the surface
of the growing drops which opposes the applied pressure. Due
to the relatively low value of this correction hiu, it woulad
be sufficiently accurate to assume O = 400 @ynes/cm. for use
in calculating (m), (). It was, nevertheless, decided, for
completeness, to mea;ure (O) with accuracy.

The mmemmté were carried out on pure formic acid and
a 0,54 ammonium formate-formie acid solution. Besides the
primary objective of accumnulating more evidence for the com-
parison of the observed and calculated values of (m), the
annonium formate solution was chosen to observe the effect on
(C) of the addition of an hygroscopic salt to the pure solvent.
The ammonium formate used, B.D.H. grade, was further puslided
by recrystallisation from absolute alcohol and was stored in a
desiccator over concentrated sulphuriec acid in vacuo. The

-
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melting point of this preduet was 117,0°C, in good agreement
with the value of 117,3 % 0,2°C found by Kendall and aAdler (3.

ol

The eguation used to derive (T ) was

at = ALET esees (6)
This arises from the fact that when a mercury drop forms
at the capillery it is influenced by a gravitational force
(mtg) and a restraining force (2 r). The drop continues to
grow until (mtg) becomea equal to (2 r), at which poiat it
falls, Thus the drop weight (mt) should be directly pro-
portional to (0') and further for a given capillary, in a
given anpport;;.ng elegtrolytes, the drop weight should be
constant and Iindependent of the rate of flow of mercury.

A difficulty is that the mercury surface absorbs very
readily any water which the foralc acid may take up,' and this
may poesibly change the interfseial tension a@pret;iably. The
effect on the surface tension of small additions of water 0
anhydrous formic acid have, however, been shown o be
particularly small for this solvent (2. As the duration of
each measurement occupied a maximum ;.:Lfm of 40 minutes, it was
decided to note the amount of water absorbed by the formie
acid (by lowering of its freezing point) under the same
conditions over this period. Thues about 15 ml of pure
anhydrous formic acid at 25°C were placed in the vessel depicted
in Plate 1 which stood in a thermostatie bath at



25.00 T 0,01°C. The capillary was then introduced and the
height of the mercury reservoir, adjusted to give a drop time
of spproximately 2.5 secs.

This drop time was determined on seven occasions during
the chosen interval of 40 minutes, but no messurable variation
in this value was found. Assuming, with justification, that
(m) remained invarisnt over this period, the drop time would
ize directly proportional to the interfacial tension. In view
of the above, the variation of (U ) must be at most less than
O.5%. The freeszing point of t.hia formic acid was then found
10 be 8.34°C whiech represents an absorption of moisture to a
content of 0.04% (9.

The measurements were now accomplished by plaeing 15 ml
of ammonium formate-foramic acid solution (or pure formic acid
in the second determination) in the vessel as before, in the
thermostat. The ecapillary was then introduced and allowed to
discharge into limb A at which stage the mercury head (h) was
measured with a cathetometer, and the drop time dmmincd until
agresment was obtained. The capillary was then mved' into
limb B and allowed to discharge for a known time, after which it
was removed from the vessel. The shape of this container
facilitates the retention of the mercury in B during the washing
out, with distilled water, of the formic acid solution and
mercury in A. The mercury in B was then dried and weighed.

The results obtained are quoted in the following tables.

"3



Variation 4in mt is approx. Q&%

Wits of Puration | Hts of | Drop Tine o@em Wt (Interfacial | Calec, Obgars
mereury of aereury t . Tension | velue value (U1ff,|(at)¥
dissharge | discharge | coluan . i &

(gms) {(secs) (ome) (secs) (ongms) |(Oymes/ea) [ugs/sec) |[(ngs/sec)| % ?m-ﬁ
042003 1920,0 48,2656 1.92(0) P.29(1) 354 .4 4,883 4,839 +0.,8 | 2,102
$5.3447 12803.,9 43,735 224(0) 9.32(2) 355,868 44388 4,386 +*0.,8 | 2,108
4.5438 1182.,0 38,768 2e4424(4) : 8 .WPAWW 366.4 3,879 3.844 0 | 3,104
4,8639 1377.5 3064630 2.,62(8) 9.28(0 384.0 3.546 3.831 0,3 {8,101
4,5838 1637.0 30260 311(9) | 9.30Q1) 354.8 24908 2982 [+0.,6 | 2,103
4.,8872 1796.,0 27.620 344(6) | 9.,32(8) 388.7 2,732 24706 +1,0 |8.108

Mesan wvalues: G = 388,0 T 0.3 aynes/en.
¥s Q %
(me) a 2,103 (mgs)



¥e, of Duration |Ht. of | Drop Drop Wt. {Interfacial | Cale. Obse | 1%
Hereury of mercury| time (mt) Tension | value | value |Diff,|(mt)
discharge ainchm;gt column t m m ﬁ
(gms) | (secs (ems) | (mecs) (mgs) (dynes/em) |ngs/sec |(mgs/ssc)| % | (mgs
£.9864 1218,9 49,040 11.86(1) 9.632 367 4 4,940 4.911 +0.6 | 2.128
5.1760 1184.,5 46,810 3-07(5; 9.881 64,3 44647 4.603 +1,0 | 2,182
5.4848 1192.1 45,526 |2,11(1 9.607 386.4 4,876 4,861 +0.,6 | 83.1286
403@0 1075'6 43-@5 3023(9) 9.634 367.4 4.3% 40&3 ' ’005 2,128
4.2166 1013,.7 41,705 (2.89 (Og 9.626 363.3 4,181 4,160 0,8 | 2.120
4,36849 1210.8 36,8560 12.66(0 9.596 366,0 J.648 3.621 +0,7 | 2.128
4,1021 1441,9 29.080 ]3,38(2) 9.536 363.7 2,873 2,848 +1,0 |2.121
3.96562 1494.0 27.188 |3.62Q(1) 9.810 366,86 2.678 8.654 *0.8 | 2.126
Mean veluess G = 3656 X 0.5 aynes/em.

(mt) ¥

Variation in mt 1is epproximately 1%.

= 2,125 Wl)%
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The durations of mercury discharge in these reAsults were
measured with a stop-watch and checked against a standard
chronometer. A range of values of ¢ from 2 to 4 secs. was

chosen as these represent the 4rop times to be used in the
polarographic determinations.

In calculating (m) by equation A the folloving.numerieal
values were used:
= 0.0409 mm.
12.495 cms.
= 979.6(6) cms/sec.
= 13.53(4) gms/sec.
’rl/ = 0.0152(1) poise.

R ~%
]

The drop weight is thus shown to be constant to 1%. The
difference in calculating and measuring (m) 1s thus seen to be
legs than 1l.2% which Juat.if:lod;ealculat.ion as opposed to
measurements of this quantity in future work.

Thus values of the interfacial tension between‘ mercury and
0.5M ammonium formate-formic acid solution was 355.0 T 0.3
dynes/em. and between mercury and pure snhydrous formic acid,
365.6 t 0.5 dynes/cm.

(1) PURIF 5
Even at room temperature formic acid slowly
decomposes to water and carbon dioxide (10 in addition to which
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4t is hygroscoplc; water is thus by far, the major impurity.
Due to a difference in boiling point of only 0,7°C between these
two liguids, purification by distillation alone is impossibls.
It is therefore necessary to dry the formic acid before
distillation, Of the usual dessicants phosphorus pentoxide,
acid sodium sulphate and sodium all react with formic acid
while magneeium perchlorate trihydrate absorbs it copiously (2;
boric snhydride and copper sulphate anhydrous &7 are, however,
suitable. o

The starting material was 98 - 100% BDH formic acid which
was dried over anhydrous copper sulphate for 2 days with con-
tinuous agitation. It was then fractionally distilled at 25°C
under a pressure of 26 mm. of mercury in an atmosphere of dry
nitrogen. The rraetionat.mg‘ column used was of 50 cms. length
packed with glass rings (diam. 0.7 cme.) and was water cooled to
15°C3 the condenser unit was eoo.led by ecirculating water at 4°C.
The first fraction, of about 10% of the oi'iginal volume, was
discarded with sbout 15% remaining undistilled. The formic aeld
80 obtained usually froze at about 8.2°C, pure formie scid
freezing at 8.40°C; it was, therefore, further purified by
fractionally freezing once. The pure formic acid was stored in
sealed glass stoppered 125 ml bottles at ~10°C, Thus stored,

no deterioration was observed over one month.

The quality of formic acid may be assessed by examination

under five criteria of purity:



(a)

(v)

(e)

(a)

-(o)
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an upper consolute tamperature with benzene at 73.2°C
and 48% formic acid (25).

a boiling point of 100,70°C (28) (although there is
a possibility of very slight decomposition during
boiling (26).

a freezing point of 8.,40° (1).

& value of the gpecific conductivity not in excess of
7.6 » 10~* mhol/lq. Cite

a refractive index of n;e 1.3714 (28).

48 the freezing point has been shown to be very

senaitive to the adsorption of small amounts of water (88),
measuremnent of this quantity was selected as being both
highly satisfactory and convenient:. The influence of water
on the freezing point of formic acid is given below (25).

JABLE 4.
Depression of
% Vater Fn.fénz point
0 o
0.083 0.07
0.099 0+16
0.244 0.305
0,502 . 0.70
0.984 1.36
2.04 2.687




From these results it follows that the effect of water on
the freezing point of the acid, is additive.

The freezing points were measured using about 4 ml. of the
acid in s stoppered Dewar t.ube, the temperature being measured
by a standard thermometer -10°C to +50°C graduated in tenths of
a degree inserted through 't.he uwpp;r. Only samples of acid
melting above B+36°C (corresponding to a maximum water content
of 0.03%) were used. ‘

The refractive index was found to be insufficiently sensi-
tive to tracee of water in the acidj although, at first, it was
measured frequently, this physical property waes discarded as a
eriterion of purity. The measurements were made using an Abbe
refractoneter with water at 20.0°C circulating in the ocuter
metal jacket. All the samples of acid measured gave a value of
1.3714. ‘

The best value of the conductivity of anhydrous formic acid
is claimed by Pleskov (2) as 5.8 - 6.0 x 10~* mhos/cm. while
Schlesinger and Calvert using the acid for conductivity measure-
ments obtained a value of 6.356 x 10™® mhos/8q. cm. (3).

In measuring the conductivity of the formic acid used in
this research, use was made of the cell shown in Plate 2 .
The constant of this cell was determined by measuring the
resistance of a 0.01 ¥ potassium chloride solution at known
temperatures. The potassium chloride used was recrystallised



PLATE 2
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three tines from water, three times from 'eoaduetivity. ;nt.er'
and dried by heating at 450°C for 48 hours; it was cooled and
stored in a desiccator over caleciun Ehlarido. The values of

the specific conductivity of this potassium chloride solutiom
at these respective temperstures is accurately knownj the vﬂm}
used here were teken from the results of Jones snd Prendergast
(30_). The temperature t.:f the liguid in the cell was measured
by the immersion of a thermistor which had been sealed into the
B10 stbpper (replaced in Plate 2 by an ordinery stopper). The |
cell wae then immersed in a thermostatically controlled oil bath
at 25,00 £ 0,01°C the whole being contained in an air thermostat
maintained at 24.2 2 0,1°C. (This temperature was found to de
most suitable for the maintenance of a temperature of 25.00°C

in the oil bath).

The cell was then washed out and dried in an oven at 120°C
for 1 hour, cooled in a desiccator and filled with formic acid,
the resistance of which was then measured. The best value of
the specific conductivity obtained was 6.734 x 10™° mhoa/eq. cm.
Ag the formiec acid was not belng used for conductivity purposes
and could thus afford to have a slightly higher conductance, an
upper limit of 7.5 x 10”° mhos/sq. cm. was izposed on the acid
used, provided it conformed to the limita imposed by the
freesing point determinations.

The results of the sbove measureaments are quoted below.



IABIE 8.
For 0.01 M potassium chloride solution.
Thermistor| Temperature |Sp. cond. of | Resistance Cell
reading Lfrom ECl at +°C of cesll constant
ohms thermistor |[mhos/8qe cm. ohms
£°C - x 10-e
2528 24.82 1406.56 286,7(7) |0.4018(7)
2517 24.94 1409.81 284.6(2) | 0.4012(6)
2512 24.99 1411.18 284.56(4) | 0.4015(4)
2611 25,00 1411.45 284.4(2) |0.4014(6)
Mean value of the cell constant = 0.4015(6).
For anhydrous formic acid.
Thermistor Temperature Registance Spe cond. of
reading | from thermistor | of cell HCOOH at t°C
ohns < L% ohms mhos/sqe cm. x 107°
2534 24.75 5998,0 6.694(8)
2633 24,76 6297.9 6.698(0)
2526 24.84 5986.6 8.709(0)
2618 24,93 5973.1 6.722(7)
2511 25.00 5963.4 6.733(8)

Bach batch of anhydrous formic acid prepared was shown to

be polarographically pure by ebserving the polarogrem obtained
using a 0.5 M sodium formate indifferent electrolyte, without

_ any electro-reducible ion present, and noting the sbsence of

any spurious waves.

¥hen the high est galvanometer sensi-

tivities practical were used, the residual current was always
found to be very small, showing the absence of electro-
reducible impurities.




From the depreasion of the freezing point the amount of
moisture taken up by the anhydrous acid during a polarographie
run could be determined. It was decided, honver,-tn certify
the validity of the results obtained by the above method, dy
titration of the formic acid with Karl Fischer reagent.

A volume of 20 ml. of anhydroue formic acid mp = 8.,40°C
was found to regquire no Karl Fischer resgent at all for
titration showing it to be uncontaminated with water. A
volune of 55 ml. of this acid was now subjected to the same
i;reatment as that undergone in a polarographic determim tion.
This involved both exposure to the air while making up solutions
and the passing of dried nitrogen through the cell to remove
dissolved oxygen. The melting point of the acid was measured
end 50 ml. were used for titration with the Karl Fischer
reagent. The results tabulated below show close agreement
between the value of the water abscrbed as messured by titration
and that obtained by measurement of ike freezing point.

The spparatus used for the Karl Fiacher titrations is
shown in Plate 3.



PLATE 3
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° ___TA LE ﬁ . .
Sag‘xple Frg:zmg % Water Content
Oe point of B
° y Freezing By Karl
hodm, Point Fischer
l 8°34 0005 x
2 8.32 0.06 0.07
3 8.34 0.05 0.06

X Result was discarded.
Maximum water content of acid =

0.07%.

Four samples of anhydrous formic acid, freezing point
8.,40%C, were exposed to the atmosphere for known lengths of
time, after whiech their melting pointe were determined. Each
was contained in a tube of 2.0 cms. internal diameter, giving
a surface of exposure of the acid of 3.1 sq. ecms. The acid
surface lay at a depth of 12 cms. in the tube. The relative
humidity was 69% and the temperature 20.8°C at the time of
the experiment.

The results recorded are tabulated below.

TABLE 7.
Time of Freezing Pt. Water ’
exposure | of sample content %
(w/w)
8. 8.40 0
30 mins. 8.37 0.02
60 mins, 8.34 0.04
90 mins. 8,30 0,07
4,5 hrs. 8.15 0.22




-%-

The above experiments demonstrate clesrly that although
anhydrous formic acid is hygroscoplc it can be exposed to
the atmosphere for short periods without deteriorating in
purity due to the sbsorption of moisture. The quantity of
water absorbed during the time taken for, and under the
conditions prevailing in, a polarographic run, had been
shown (0 be very small. Further it has been demonstrated
that the addition of quantities of water, of the order of
30 times the amounts absorbed by the acid, bave only a small
a_tfect polarographically. Thus, although it had had brief
contact with atmospheric moisture during the making up of
the solutions, in view of the above observations, it was
felt Jjustifiable to describe the formic acid used in this
research as anhydrousg.

The following reagents were dried iy heating in an
oven at 130°C for § hours and c¢ooled over anhydrous calqium
chlorides~ potassium chloride as supplied by Merck Co.j
sodium tertrate and sodium formate by British Drug Houses
and sodium bromide by May and Baker Ltd. British Drug
Houses Analar grade sodium citrate was dried at 180%C fér
3 hours and May and Baker oxalic ecid at 90°C for 2 hours,
all being eooled over snhydrous calcium chloride. British
Drug Houses ammonium formate was recrystallised from
absolute alcohol and then desiccated over concentrated
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sulphuric acid in vacuwo. British Drug Houses potassium
sulphate, iderch sodium fluoride and Analar sodium acetate
were dried in a desiccator over snhydrous calcium
chloride for 5 days.



SECTION C.

THE QUINHYDRONE~-~IN-~-FORHIC

ACID ELECTORDE.




In view of the necessity of employing as anode in the
polarographic cell, an electrode of constant pokential to
which the measured half-wave potentials of the electro-
reducible species could be compared, it was decided to
examine the properties of the gquinhydrone electrode with
this end in view.

On consideration of the minute currents involved in
polarogrsphic electrolyses (e.g. 20 microasps) it is to be
expected that a quinhydrone electrode would remain unpolarised
and of constant potential during the passage of such currents;
could it be shown that this 1s actually the case, the
electrode would be admirably suited for use as snode in a
pelarographie circuit.

4 quinhydérone electrode has only once previcusly been
reported as a polarographic anode (31). This was in
aqueous solution, and was found to undergo pelarisation,
‘which was somewhat reduced by bubbling nitrogen through
the solution. Because of it the electrode was discarded
as unsatisfactory. Vhether this rejection was justifiable
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on the limited nature of the investigation was left undecided,
effort being concentrated on examination of the electrode in
formic acid. Thus the saturated calomel electrode, itself
the reference standard for half-wave potentials in agueous
solution, is unchallenged in its superiority in agueous

media.
|

In anhydrous formic acid, however, where slow adsorption
of molsture is operative, an electrode 1s required which is
capable of rapid preparation, one which will attain a re-
producible potential instantaneously and, further maintain
this value for a period of at least half an hour. It is
also desirable that the electrode should not be significantly
affected by traces of moisture and small concentxrations of ,
aalis; further it must be such that liquid junction
potentials are minimised without the mat.itutior; of gel~
salt bridges.

In eech of these considerations the quinhydrone-in-formie
acid electrode was found to exhibit marked superiority over the
formic acid analogue of the saturated calomel electrode. The
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only adverse possibility was that formic acid exhidbiting
reducing properties as it does, may have partially reduced the
quinone to hydroquinone, thereby altering the potential and so
vitiating its use as reproducible electrode. Had this
reduction been operative, the potential of the quinhyirone
electrode would have depended markedly on the concentration of
Quinhydrone present - an effect which was not observed on any
occasion. The quinhydrone electrode has been used in foraie
acid on two occasions in potentiometrie studies of acid-b@
titrations (0,11; it 1s quoted in (1O that in the sodium formate
solutions used, there was no eviden;é of any reaction between
the formic acid and the quinhydrone.

These authors () maintain, howsver, that platinum
electrodes are unsatisfactory, often showing differences in the
same solution of several millivolts and submit that gold
electrodes be used in preference. The platinum electrodes
enployed in this research and described below were found to be
entirely satisfactory; in a wide range of solutions of the
most divergent concentrations of gquinhydrone and salts chosen
as supporting electrolytes the maximum difference of potential
observed between any two electrodes was 0.0002 volts. VWith
electrodes cleaned overnight in chromic acid, the difference
was often undetectable. |

It remained at this stage to examine the performance of
the guinhydrone electrode quantitatively under the conditions
existing in polarographic electrolysis.



Twe platinum electrodes were prepared as described (2).
The platinum used was in the form of bright unused foil and
measured 10 mm. X 15 mm.} it was sealed into soft glass tubing
and carefully annealed. The perfection of the seals was tested
by suspending the electrodes in distilled water, which was then
heated to boiling point and finally allowed to cool to room
temperature. Careful examination of the seals under a magnify-
ing glass showed no Iimperfections. This care was necessitated
due to imperfeections in the metal-glass seals being one of the
reagons for non-reproducible potentials. The electrodes were
cleaned by immersion in cold chromic acid cleaning mixture
(prepared from chemically pure constituents) which was heated
to 125°C and allowed to cool ovemigﬁt. After rinsing well with
distilled water and absolute alcohol, the electrodes were
placed in a stream of dry air for 20 minutes; when not in use
they were stored in a desiccator over 'anhydrous caleium chloride.

The electrode has been shown in agueous solution, to be
independent of the quality of quinhydrone used (32-35). This
conclusion was verified in formic acid by comparison of the
electrode potentials developed using B.D.H. Analar resgent and
quinhydrone that was further purified by recrystallising twice
from distilled water and then dried for several days over
caleium chloride. 'The potential dit;‘erence of two such

electrodes was on no occasion more than 0.0001 voltej it was



therefore decided to use B.D.H. Analar quinhydrone, without
further purificatiom, throughout this research.

In view of the necessity of maintaining the resistance of
the polarographic cell at as low a value as possible and further
to minimise the liquid Jjunction potential between the anode and
cathode compartments, a concentration of 0.25 M sodium formate
was maintained in the quinhydrone compartment. It is desirable,
in the choice of this added substance, to select a salt, the
anion of which would not, in any way, interfere with the electro-
reducible ions under investigation at the dropping mercury
electrode, should a small amount of this salt diffuse across the
sintered glass boundary. In sclutions of lead and alkaline
earth salts, the presence of the sulphate ion would cause
precipitatien, while in chloride medium, lead, cadmium, and
zinc form monovalent chloride complexes. Although these effects
would, in all probability, be negligible, the choice of a formate
is free of any complication: sodium formate was preferred to the
ammonium salt because the latter is very hydroscopiec. Although
it has been shown that the potential of the quinhydrone-in-
formic acid electrode is independent of the concentration of
quinhydrene and small quantities of added salts, it was decided
to always maintain a concentration of 0,26 sodium formate and
0.05 M quinhydrone in the anode compartment.



The possibility of a small amount of diffusion of the .
supporting electrolyte across the sintered glass disc, into the
anode compartment, cannot be ignored and it was therefore

necessary to investigate the effect of added salt concentrations
on the quinhydrone electrode. This effect has been shown (0

in aqueous sclutlon to be ex'tremely small for the salt con~
centrations under consideration in this work. In view of the
small amount of diffusion across the boundary that would occur,
in formic acid the effect would supposedly have to be congiderable
to exert any influence on the electrode potential. It was
decided to use salt concentrations far in excess of those likely
to ocecur, in order to verify this supposition.

A cell of two identical quinhydrone-in-formic acid
electrodes containing 0.25 M sodium formate and 0,05 M quin-
hydrone, was prepared, the solutions being separated as usual
by a No. 4 sintered glass disc. Nitrogen was bubbled through
both compartments and the potential difference of the
electrodes, measured. The concentration of sodium formate at
one electrede was then increased to 0.35 Mj; on solution of the
added solid, the potential difference between the electrodes
was again measured. The concentration was then increased o
0.45 M and finally to 0.55 M as against the original molarity
of 0.25 M in the other electrode. The above procedure was
repested using potaseium chloride in place of the sodium formate -
as the salt added to one electrode. In calculating the
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diffusion potentials, the ioniec conducteances at infinite
dilution of the sodium end formate ions in anhydrous formie
acid were taken as 14.6 and 51.5 mhos/sq. em. (9)e«  The
equivalent conductance at infinite dilution of potassium chloride
is 35.8 mhos/sq. cm. ( 8) the lonic conductance of the
potassiun ion at infinite dilution is 17.5 mhos/sqe cma. (9 )
from which the corresponding value for the chloride ion is
computed as 18,3 mhos/sq. cm. A8 shown in the table below,
the potential differences were adequately accounted for as
liquid junctiom potentials, showing the salt effect to be
negligible. On the several occasions on which these measure~
ments were recorded, the results proved satisfactorily repro-
ducible. Further the potential differences, once established,
decreased very slowly with time, showing the diffusion across
the sintered glass boundary to be small.

" All ealculated values of the diffusion potentials were
obtained using Henderson's Approximate Equation ((4)- Sect. 4).

TABIE 8.

Potential Diff. of Electrodes
Sodium formate [ Potassiunm chloride

Difference of salt
concentration bet.me_n

MiseIEhien obs.| Ccale. obs. | Cale.
0 0.0 000 l 0-1 010

0.1 M 4.4 | 4.8 0.4 0.2

0.2 M 7.8 | 8.4 0.8 0.3

0.3 M 10.6 | 11.3 0.5 0.5
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The above measurements were repeated using the three other
salts likely to be employed as supporting electrolytes. It is
unfortunately not possible to compare these data with calculated
values of the liquid junetion potentials, due to lack of
information regarding the ionic conductance of the ions concerned

The values measured for these salts have, however, been recorded

below.
TABLE 9 .

Diff. of salt Potential Difference of Electrodes

conc. between H

electrodes Pot. ;“;}Phat.e Sod, mt‘a:trat«e bodimnmc'ftrate

0 0.1 Q.1 0.2

Oil l 3.6 8.2 11‘0
e 8.6 13.5 17.6
0.3 M 9.8 18.1 23,0

The potential of the quinhydrone electrode has been ghown,
in aqueous solution, to be considerably influenced by the
presence of proteins (37). Altrough gelatin has been uged,
where necessary, for the suppression of polarographie overcurrents
throughout this research, it is necessarily used in this
capacity in very small concentrations. Two electrodes were
compared, however, as just deseribed, one of which contained
0.01% gelatin, a quantity greatly in excess of the smount that
could diffuse into the anode compartment. No potential
difference was recorded between the electrodes. :



In order to test the non-polarisability of the eleémae,
a prime consideration in its role as polarographic anode, &
cell was formed of two identical electrodes of composition as
quoted above and again geparated by a sintered glass disec.
With nitrogen bubbling through each compartment the difference
of potejnt.ial was found to be 0.0001 volts. A current of 40
microsmperes was then passed through the cell for 1 hour, after
which no measurable difference was noticed_, the value remaining
0.0001 voilts. The above operation was then repeated without
passing nitrogen through either compartment and the potential
difference main measur'eq. The value had risen from 0.0001 v
to 0.0015 volts but m@iately dropped ‘to 0.0001 v on agitating
the solutions with nitrogen. This experiment was repedted on
five occasions and the above results reproduced. Furthe:f the
relationship between current flowing and voltage applied to the
cell, was fouqd to be a straight line function over a range
of O to 1.4 volts both with and without the passage of nitrogen
through the solution.

1t was concluded that the electrode was reversible,
reproducible and mpolariaable whether or not nitrogen was
employed to agitate the solution. During all polarographie
measurements throughout this research, however, a stream of
nitrogen was kept flowing through the anode compartment.



In order to conform with the standard practice of quoting
‘polarographic half-wave potentials against the saturated
calomel electrode, it was decided to prepare the foramic aecid
- analogue of this elegtrode and measure its potential with

respect to the quinhydrone electrode as prepared above. The
aa;uratad calomel~in-formic acid electrode was prepared
similarly to the aqu;cus counterpart.Analar grade potassium

. chloride was used, after further purification by recrystallising
once from distilled water and drying at 180°C for & hourss

the mercury employed was of the same purity as that used for
the dropping mercury electrode. The calomel paste was prepared
by rubbing together in a mortsr, Analar grade calomel and
mereury with some formic acid previously saturated with
potassium chloride and calomel. The paste was then washed
with a quantity of this solutien, the mixture being allowed
each time to stand until the calomel had settled and the
solution then decanted off.

with the electirode thus prepared its potential was
measured againat the guinhydrone-in~formic acid electrode
at 25.00 * 0.01°C the surface of separation between the
electrodes being, as before, a No. 4 sintered glass disc. The
result of the ten determinations made are tabulated below:



STl -
IBLE 10.

No., of determination Measured potential Mean value

0.5382
0.5384
X 0-5376

’ 0.5386
0.5380
0.5387 0.5384
0.5384
0.5379 2 0.0008
x 0.5374
0.5389 volts

Squmm#mmp

x Value ignored in the mean.

The value of the potentiel of the Quinhydrene-~in-Formic
Acid Electrode (QFAE) against the Saturated Calomel-in-Formie
Acid Electrode kscyas) is taken as +0.5384 % 0.0005 volts
at 25.00 ¥ 0.01°C.

Ag found previously, the effect of bubbling nitrogen cover
the quinhydrone electrode was immeasurably small.

i

Ag the effect of small quantities of water on the
potential of the quinhydrone electrode may be important, it was
studied by the addition of 0.,5% (v/v) of distilled water to
the anodic electrolyte, all othef variables remaining unchanged
as in the preceding determinations. The potential of the
quinhydrone~calomel cell was found to drop by about 0.4 mve.

The dependence of the potential of the guinhydrone electrode
on such quantities of water is thus shown to be insignificﬁnt..

The polarographic investigation of anhydrous formic acid



solutions has been 8o greatly facilitated by the institution
of the quinhydrone-in-formic acid electrode that should similar
quinhydrone electrodes be found to be suitable in other non-
aqueous solvents, their utility would be very considerable.



SECTION D.

INORGANIC POLAROGRAPHY S
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(I) BISHUTH.

As in aqueous solution the waves for the reduction of
trivalent bismuth lons to the metallic state, gave rise to
well developed waves. With each of the supporting electro~
lytes used the value of tan a« was close to the theoretical
value of 0.020 for a reversible three electron reduction.

As the half-wave potentials of bismuth, in the variety
of media studied, are all appreciably more positive than the
potential of the electro capillary maximum, the appearance
of overcurrents was expected. Thege were observed at low
‘nalt concentrationg but were suppressed by increasing the
concentration of the supporting electrolyte. The discussion
of this phenomenon is included in Section F.

Basic bismuth carbonate was found to be moderately
8cluble in formic acid and was used in this investigation.
HMay and Baker grade Bi305003 was dr:_{ed over anhydrous
calcium chloride for several days and used without further
purification.

The presence of small quantities of water was found to
exert very little influence on the half-wave potentials.
The addition of 2% (v/v) of water shifted the half-wave
potential of bismuth in a 0.5 H sodium formate medium by
0.003 volts, to more negative values, showing the effect
over this range to be small.
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The value of the diffusion coefficient of bismuth ions
in a 0.5 M sodium formate medium was determined by the
measurement of the diffusion current at varloue concentrations
of the bismuth salt. Calenlation by means of the Ilkovie
equation ((1) Section A) established this value as 0.23 x
10~* cms.?/sec. Use of Lingane's (38) measured value of
the diffusion current constant of bismuth in 1 ¥ nitric ecid,
in which this element is uncomplexed, led to a diffusion
coefficient of 0.65 x 10™° cme-a/m. for the biasmuth ion in

aqueous solution.

JABLE 1].
Concentration of Bismuth Diffusion Current
x 10* gm. ifone/litre (microsmps)
2.536 2.22
3.804 3.26
5.072 4.42
6.340 5.56

These resulta are plotted in Plate 4.
h = 43.26 cms. t = 2.40 gecs.

m = 4.474 mgs./sec. m%t% = 3.142 mgs.%sees. "%

id/ C = 8.70 microamps/mgm. lon/litre.
Diffusion current constants:
IHCOOH = 2.8 TH0 = 4.64

L]

The half wave potential of bismuth when using a 0.5 M
sodium formate supporting electrolyte was +0.136 % 3 volts
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VB S.CoFusdeBe (=0.402 volts va QeFedsE.). On inereasing
the formate concentration the value was found to be =0.14
T 3 volts v 8.CeFedoE. (-0.424 volts v8 QuF.A.E.) The
shift of 22 millivolts i; almost exactly that expected on
consideration of the increase in the liquid junction
potential arising from the increment in the sodium formate
concentration. The value of tan ¢ for both media was 0.02'1.

The half wave potential when using & supporting electro-
lyte of 0.2 M sodium fluoride and 0.5 M sodium formate was
+0.132 T 3 volts vs 8.C.FeldeE. (~0.406 volts V8 Q.F.A.E.)
which on increasing the scdium fluoride conecentration to
Oe4 M while maintaining that of the sodium formate constant,
changed to +0.117 ¥ 3 volts vs S.C.F.A.B. (~0.421 volts vs
QeFsAEs)e. The value of tan a was 0.022. In agueous
solution it has been shown (39) that the complex ion
[BiF4]™ is formed but is unstable. As shown above, there
is little evidence of complex formation in formic acid.

Yhen using O.5 M potassium chloride and Q.6 M sodium
formate as the carrier electrolyte, the half wave potential
18 -0.016 % 5 volts v8 S.C.FeheE. (~0.55¢ volte ve Q.F.A.E.)
and this increases to -0.050 T § volts ve S.C.F;&.E. (~0.588
volts vs G.F.A.E.) when the Wsition of the electrolyte is
changed to 1.0 H potassium chloride and 0.5 M sodium formate.
The value of tan &« was 0.024. The chlore~-bismuth complex
ions formed are probably [BiCl, ]. and [BiCl, ]‘ (40). The
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sodium formate was added in thie instance to suppress the
overcurrent, as the concentrations of potassium chloride
used were not quite sufficient. The sodium formate was
successful in achieving this suppression. The wave was
found, however, to be slightly irregular at the beginning
of the diffusion current platesu and this was overcome by
the addition of 0.05% gelatin. The initial part of the
curve, before the onset of the wave for the reduction of
bismuth was much restricted in length and in consequence

the limits of accuracy of the measurements of the potentials
are larger then usual. This restriction is caused ﬁy &
shift of the anodic wave of mercury o more negative values
due to the formation of insoluble mercurous chloride with
the chloride ions present. .

¥

The determination of bismuth in a bromide medium was
found to be impossible because the modié wave for mercury,
in a bromide medium, completely obscured the lower portion
of the biamuth WaVey thus excluding any possibility of

measurement.

Complex formation was obgerved when using a supporting
electrolyte of 0.25 M oxalic acid and 0.5 M sodiun formate,
the half-wave potential in thie medium being
+0.067 £ 3 volts vs 5.C.FehsBe (~0.471 volts v QuF.A.E.)
This potentiasl changed to +0.059 T 3 volte ve S.C.F.A.B.
(=0.479 volts vs QuF.A.E.) on increasing the oxalic acid
;:oncentrauon to 0.6 M, the soaimn formate content remaining
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unaltered. The oxalato-complex ion formed is probably
[Bﬂc.o.).] (41). The value of tan a was 0.018.

A weak sulphato-—bimth complex is probably formed in
formic acid. The half wave potentlal in a 0.5 M potassium
sulphate - 0.5 M sodium formate is #0.113 2 3 volts ve
S+CoFehsBs (=0.425 vo0lts vs Q.F.A.B.) which on changing
the eonautt;tion of the supporting electrolyte to 1.0 M
potassium sulphate - 0.5 M sodium formate, shifts to a

value of +0.102

Z 3 volts vs 8.C.F.A.E. (=0.436 volts ve

QeFuheEs)e The complex ion formed is probably [Bi(SO04)s ]
(41). The value of tan a was 0.024.
SUMMARY
ve v8 Idmits
Supporting Electrolyte | 8.CeF A E.|Q.F.A.B, tan a
{(volts) [ {volts) | (voltg
Qe85 M sodium formate +0.136 -0.402 | *0.003 [0.021
0.5 M sodium formate + .

2% water +0.133 -0.406 |*0.003 [0.021
2.0 ¥ sodium formate +0.144 -0.424 |%0,008 |0.021
0.2 ¥ sod. fluoride

0.6 M sod. formate +0.132 =~0.4068 |%0.008 |0.022
O¢4d M sod. fluoride +
0.5 M sod. formate 0.117 =0.421 {%0.008 |0.022
.| 0«8 ¥ pot. chloride *
0.6 M god. formate -0.018 ~0.554 |20.008 ro.024
1.0 ¥ pot. chloride *
0.6 M sod. formate =0 .050 -0.588 | *0.006 [0.024
0«8 M sod. formate - 904113 ~0.426 | 20,008 |0.024
1.0 M pot. sulphate *
0.5 ¥ sod. foraate +0.102 ~0.436 |*0,003 |0.024

0.285 M oxalic acid +

0.5 ¥ sod. formgdte +0.067 -0.471 | 20.003 |0.018
0,80 M oxalic ac
0.5 M sod. formate +0.059 -0.479 | %0,003 E.om
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(II)  ANTIMONX.

The polarographic reduction of tirivalent antimony in
formic aci;i was found to produce well developed waves with
several supporting electrolytes. Some media, however,
_showed limited suitsbility, the reduction being either
irreversible or profucing an immeasurable wave. In most
of the media, the reductions involved three electrons and
were reverasible. Very pronounced overcurrents were observed
with this element. This was to ba expected in view of a
disparity of 0.5 volts between the electrocapillary maximum
and the half-wave potentials. These overcurrents were, how-
ever, totally suppressible by increzse of t.hs supporting
clsctroiytc eoncént.rauon. ‘

b

Tartar emetic was found to be highly soluble in formie
acid and thus eminently suitable. The [%HgO] water
erystellisation was removed by heating the salt, as supplied
by May and Baker l4d., in an oven at 130°C for § hours after
which it was cooled in a desiccator over anhydrous calcinm
chlorids. A

' The presence of small quantities of water was found to
exert very little influence on the half-wave potentials.
The addition of 28 (v/¥) of water shifted the half-wave
potential of sm.imﬁy in a 0.5 M sodium formate medium by
0.003 veolts, to more negative potentialse. '
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The value of the diffusion coefficient of antimony
ions in a 0.5 M godium formate medium was determined by
the measurement of the diffusion current at various con=
centrations of the antimony salt, Calculation by means of
the Ilkovic equation ((1) Section A) suggested this value
to be 0.46 x 10™® cms.®/sec. Use of Lingane's (38)
measured value of the diffusion current constant\of antimony
in 1 M HNOg in which this element is uncomplexed led to a
diffusion coefficient value of 0.78 x 10 ° cms. /sec. in

equeous solution.

I4BLE 12.
Concentration of Antimony | Diffusion Current
x 10% (gm. ions/litre) (mieroamperes)
1.022 ' 12.23
1.471 18.08
1.885 22,78
h = 41,16 cms. m = 4.254 mgs./sec.
. 3 32 -1
t = 2.65 secs. mAtV‘ = 3,087 mgs. "secs. L

id/C = 12,0 microamps/mgm. ion/litre.

Iacoor = 3.89 THa0 = 5.10.

The half-wave potential of antimony in a 0.5 M sodium
formate solution was

0.000 T 3 volts v8 S.C.F.AE. (=0.538 volts vs Q.F.A.E.)
which changed to a value of
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- =0+023 % 3 volts V6 B.CuFodeBe (=0.561 volts Ve QoFeAd.E.)
when the sodium formate concentration was increased to 2.0 i,
cl;ewing an absence of complex formation in this medium. The
value of tan o was 0.022.

The characteristic potentisl of antimony in a 0.5 M
potasaium sulphate medium was +0.004 £ 3 volts ve S.C.F.A.E,
 (~0.534 volts v8 Q.F.A.B.) showing no eomplex formation.

The value of tan a was 0.023.

The polarogram of antimony in a 0.2 M godium fluoride
0.6 M sodium formate medium was found to be most unsatisfactory.
The wave was extended, poorly developed and generally
immeasﬁrable. As thig behaviour was observed on two occasions
no further attempts were made to investigate sntimony in the
presence of fluoride lons, No comparable measurements of this
elenent in agueous fluoride media have been made.

The wave in a medium of 0.5 M potassium chloride - 0.8 M
sodium formate was well formed the half wave potential being
~0.073 % 4 volts v8 S.CeFeheEs (~0.611 volts vs Q.F.A.E.)«
This value changed to ~0.093 £ 4 volts v8 S.C.F.A.E. (-0.631
volis vs Q.F.A.B.) on increasing the supporting electrolyte
concentration to 1.0 M potassium chloride « 0.5 M sodium
formate. This is Gue t0 complex formation probebly with
the formation of the ion [SBC1l, T (42). The value of tan a
was 0.083.

A4

The polarogram obtained when using a supporting electro-



- lyte of 0«2 M scdium bromide ~ 0.6 ¥ sodium formate was gquite
immeasurable. Because of a large anodic wave due to the
presence of the bromide iloms the lower portion of the wave

was completely obscured.

The half wave potential when using 0.26 M oxalic acid
~ 0«6 N sodium formate as background electrolyte was
~0.069 % 4 volts V8 5.C.FedeEe (=0.607 volts vs GeF.A.E.)
which on increasing the supporting electrolyte concentration
to 0.5 M oxalic acid -~ 0.6 H sodium formete, changed to
~0+.081 * 4 volts v S.CoFsheBe (=0.618 volts V8 QeFedeBa)e
' The complex ion formed is probably [Sb(0X)sFF (43). The
electroreduction of this complex however, was not reversible,
the value of ten a being 0.033. It is supposed that the
disintegration of the complex at the dropping electrode
is a slow procesa leading to irreversible conditions,



-Half-wave potentials

tan «

Supporting Electrolyte Ve Limits
S.C.F- A.E. vs QJ’M‘

0.8 M sodium formate 0000 -0 638 30.003 0.022
Ceb M sod. formate +

2% water 0003 - =0e541 0.003 |0.022
2,0 M sod. formate =0.028 ~0.561 0.008 |0.022
0.5 ¥ pot. sulphate *

066 H sod. formate *0.004 "00534 %0003 0.023
0.8 M pot. chloride + |

0.5 M sed. formate |~0.,073 =0.611 10.004 |[0.023
1.0 ¥ wt. Chlaridﬁ + 1 A

0.5 M god. formate |=0,093 -0.631 10,004 |0.023
0.25 M oxalic acid +

0.6 M pod. formate |=0.069 ~0.807 20,004 |0.033
O+5 M oxalic acid ¢

Oeb M sod. formate =0 .619 20,004 0,033

=0.081
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(III) LEAD.

The polarographic characteristice of lead in formic
acid were found to be most famvourable, very well developed -
waves being formed from a variety of supporting electrolytes.
The polarogram shown aebove, using 0.285 N sodium formate as
méirfemt. electrolyte 1s typieal of lead, ahowmg. also the
pronounced overcurrent observed with this element (Plate 5).
In all the supporting electrolytes studied the slopes of the
waves corresponded closely to a reversible two-electron’
reduet.ioa, the values of tan a being in good agreemont. with
the theoretical value of 0.030.

The addition of 2% (v/¥) of water to the cathode
electrolyte was found t.a~ahi.ft the half-wave potential of
lead to more negative values. In the three determinations
made, this shift was found to be 0.003, 0.003 and 0.004 wolts
reapect.iﬂly, which shows the effect of added quantities of
water, over this range to be amall.

Neone of the lead salts tried was found to be mere than
sparingly soluble in formic seid, the most suitable being
lead acetate. The lead acetate trihyirate used as supplied
by lMay and Baker, was heated in an oven at 100°C for 3 hoursj
the anhydrous salt so formed was cooled and stored in a
desiccator over anhydrous caleium chloride.
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The half-wave potential of lead In a 0.5 M sodium formate
mediun was found to be =0.224 % 3 volts ve S.C.FeA.Es
(=0.762 volts v8 Q.F.A.E.)e The value of tan a was 0.032.
611 inereasing the concentration of sodium formate to 2.0 M
the half wave potential was found to shift to -0.242 T 3
volts VB SsCoFedeBs (~0,780 volts V8 QeFeheEe). This
change in reduction ;oteatial is réadi]y accounted for as
a liquid Jjunction potential showing the lead to undergo no

eomplex formation.

The diffusion coefficient of lead in formic acid was
estinated by measurements of the diffusion current produced
by known concentrations of the lead salt. C‘glcnlat.ion by
means of the Ilkovic equation ({1) - Section A) established
this value as 0.25 x 10™® cms.®/sec. The corresponding
value a8 calculated by Lingane (38) from measurements of
the diffusion current constant of lead in an agueous non-
complexing medium (1 M nitric acid) was 0.91 x 10™* cms.®/sec.

ZAELE 13-

Concentration of Lead Diffusion Current
x 10® gm. ions/litre {microamperes)

-
- 0.332 2.02
0.498 3.03
0.664 3.87
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h = 42.25 cms. m = 4.368 mgs./sec.

t = 2.57 secs. m%t.% = J.127 mgs.%seqa:&

id
/c = 5.98 microamperes/mgm. ion/litre
Ipcoog = 1.2 13'0 = 3.67

it was noticed duwring these measurements that lead
acetate was very insoluble in formiec aclid but that the
solubllity was markedly increased by the addition of sodium
formate. A simllar observation was made by Davidson and
Holm (44) who reported on the increased solubility of cuprie
forma‘;.e in formic acid on the addition of ammonium formate.

Anmonium and potassium formates must be regarded as
bases in formic acid. The above authors explain this
enhanced solubility of cupric formate in the presence of
ammonium and potassium formates by drawing an analogy with
the appreciable solvent action of strong bases on cuprie
hydroxide in aqueous solution. The increased solubility
of lead formate in the presence of sodium formate 1s thus
not unexpected.

This enhanced golubility im the presence of sodium
formate, although noticed first for lead acetate, was found
to extend to the salts of all the other ions studied.

¥hen a supporiing electrolyte consisting of 0.26 M
sodium citrate = 0.5 M sodium formate was used, the half
wave potential of lead was found to be -0.238 % 3 volts vs
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SCoFsAE.
(~0.776 volts v8 QeF.A.E.). The value of tan ¢ was 0.032.

The tendency of lead ions to form complexes in an
aqueous acetate medium has been shown to be small (45),
what complex formation there is, leading predominantly
to [PbAc,]” (46,47) and in smaller measure to [Phagl" (48).
The half-wave potential with an indifferent electrolyte
of 0.25 M sodium acetate - 0.5 i sodium formate was found
to be =0.232 * 3 volts vs S.C.FedeE. (~0.770 volts va
QeFehoE.) clearly showing the abaence‘of complex formation
in formic acid. The value of tan a was 0.033. ;

Examination of the half wave potential of lead with a
supporting electrolyte of 0.25 N sodium tartrate - 0.5 ¥
sodium formate gave a value of =0.230 2 4 volte vs S.C.F.A.E.
{=0.768 volts v Q.F.A.E.) showing little tendency to com-
ialex formation. This tendency is also small in agqueous
solution where the complex foi-meﬂ containg one tartrate
ion per lead fon (49-82). The value of tan a was 0.029.

In an indifferent electrolyte of 0.26 K oxalic acid
and 0.6 ¥ sodium formate, the half~-wave potentlal was found
to be -0.2738 T 4 volts ve S.C.F.A.E. (~0.811 volts vs
QuFsdeBs) which, when the oxalic acid concentration was
increased to 2.0 M, was found to shift to -

«0+310 2 4 volts vs 3.CoFeA.Be (=0.848 volts v8 Q.Fed«E.).
This is distinet evidence of complex formation the oxalato-



complex of lead being generally accepted as [Pb{Cg0.)s 1"
(61-65). The value of tan a was 0.032. :

All attempte to obtain a measurable polarographie
wave for lead in chloride medium falled due probably to a
very low #olubility of lead chloride in formic acid. The
three indifferent electrolytes in which the measurement
was attempted were 0.5 M potassium chloride, 0.25 M sodium
formate ~ 0.5 M potassium chloride and finally 0.5 M
ammonium chloride. Apart from a slight indentation in the
polarogram at an applied potential of =~0.24 volts vs
84CsFuA.E. using the highest galvanometer sensitivities
reasonably possibley; no measurable wave was obtained from
ary of these medla. ‘

£

In a medium of 0.5 M potassium sulphate not even -
" the suggestion of a wave was noticed aimost certainly
due agein to & very low solubility of the lead sulphate
in formic acid. Both the chloride and sulphate media are
thus quite unsuitable for the determination of lead in

formic acid.
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SUMMARY .

Half-wave Potentials

Supporting Electrolyte ve vs ILimits |tan a
s.c.FlAQEl ‘QQF .AoEa
0.5 M sod. formate «0.224 =0.762 | $0,003|0.032
08 M s0d. formate + £%

{v/v) water «0.227 «0.765 | £0,003]0,032
2.0 M eo0d. formate «Q.242 «0.780 30.%3 0.032
0.8 H sod. formate +

O.26 M sod. citrate =0 «238 =0,776 | *0,008|0.032
0.6 M sod. formate +

0.256 M sod. acetate «0.232 0,770 | ¥0.008!0.033
0.6 M sed. formate *

0.25 M sod. tartrate «0.230 0,768 | %0.003/0.029
0.8 M sod. formate +

0.25 M oxalic acid «0.272 -0.811 | *0,004)0.,0328
08 M sod. formate +
2.0 M oxalic acid «0.310 «0.,848 | 20.004| 0,032
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(IV) IIN.

The reduction of stannous tin to the metal produced
excellently defined waves in formic acid frommat of the
supporting electrolytes used. The reductions were found
in all cases, to be reversible and to involve two electrons,
giving values of tan o close to the theoretical value of
0.030. Polarographic overcurrents were observed with this
elenent, as is to be expected when considering the disparity
between the half-wave potentials and the potentiel of the
electrocapillary maximum. The overcurrents were suppressed
by use of the optimum concentration of supporting elsctro-,

lyte.

The effect of water on the characteristic potentisals
of tin was shown to be ineppreciable. The addition of 2%
(v/¥) of water caused these potentials to shift by 0,008
;lolts to more negative potentials.

Stannous chloride, which is mod‘watoly soluble in
formic ascid, was found to be suitable. The anhydrcus selt,
as supplied by British Drug Houses, was dried by heating in
an oven at 130°C for & hours and then allowed to cool over
anhydrous calcium chloride.

By determination of the diffusion current at various
concentrations of gtannous chloride, a value of the diffusion



- 80 -

coefficient of the stannous ion in a 0.5 M sodium formate
mcdium was obtained. Calculation by means of the Ilkovie
equation ((1) Section A) established this value as 0,21 x
10~8 cms.i/uc. The cerresponding value in aqueous solution
as calculated from Lingane's (88) polarogrsphic measurements
on tin solutions in 1 M nit.rflc; acid was l.1 x 10~? cms.*/sec.
The much larger value in aqueous solution is attributed to
the existence in formic acid of a formsto atanncus complex
ilon as opposed to the prenetice of a much amaller uncomplexed

species in agqueous solution.

ZABLE J4.
C trati f Tin Diffusion Gwl"nt )
Jonegen on o
gme ions/litre x 10° (microamperes ]
0.510 2.7
0.941 5.38
1.2238 6.86
h = 43.43 cmae. t = 2,47 secs.
m = 4.492 mgs./sec. n%ty' = 3.165 nga.%noca. %

%, ¢ = B.82 microamps/mgm. ions/litre
Diffusion current constant IH@OH = 1,8

Iﬂ.o = 4,02

The half-waio potenu;l of stannous tin in a 0.8 M
godium formate medium was -0.281 T 3 volts ve 8.C.F.A.E,
(=0.819 volts ve QeFeAske) which on inereasing the sodium
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formate concentration to 2.0 M changed by -0.026 volts to a
value 0f <0.307 £ 3 volts v S.CoFeAsBe (=0.845 volts va
QeFedeEs)s This change of the half-wave potential is
slightly in excess of that attributable to liquid junetion
potential. It is belleved to arise from the formation of
weak formato-stannous complex [Sn{(OOCH),]™ as in aqueous
sclution (56). The value of tan a was 0.034.

No evidence of complex formation was found when using
a 0.6 M potassium sulphate supporting electrolyte, .t.ha character-

istic potential being =0.282 ¥ 3 volte ve S.CoFsABe (=0.820
volte v8 QeFeAeE,)s The value of tan a was 0.,034.

The sppreciable displacement of the half-wave potential
when using oxalic acid as the background electrolyte indicated
the formation of a eomplex. This may be of the form
[8ng (C304)e ]** ae in aqueous solution (67). The half-wave
potential in a 0.256 M oxalic acid - O.fé M sodium formate
medium was ~0.346 £ 3 volts v S«CoFeAeBs (=0.884 volts vs
QeFeAeE,), and with a supporting electrolyte of 0.5 M oxalie
acid = 0.5 M sodium formate was =0.350 T 3 volts vs 8,C.F.A.E.
(=0.897 volts v8 Q.FsA.E.)e The value of tan a for both

reductions was 0.033.

Stennous ions have been shown to underge complex formation
in a fluoride medium giving rise to the ion [SaF,]" (58). It
is probably the formation of this complex which causes an
appreciable shift of péuntial in a fluoride-formic acid
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medium. The half-wave potentiasl when using a carrier |
electrolyte of 0,2 M sodium fluoride ~ 0.5 M sodium formate
was -0,333 2 3 volts ve S.CoFsheBe (=0.871 volts vs QuF.A.E.)
In a medium of O.4 M sodium fluoride - 0.8 M sodium fornate
this potential was -0.355 T volts vs S5.CoFeA.E. (~0.803 volts
Ve QuFed.Ee)e  The value of tan & was 0,033 in each case.

The pelarographic examinatioﬁ of tin in chloride and
bromide media proved moet disappointing. Without the addition
of gelatin the waves were poorly defined. The eddition of
0.01% of gelatin improved the wave when using a chloride
supporting elesctrolyte but that in a bromide medium was 80
irreguler as to warrant no further investigation. an
oatimaiion of the half-wave potentials was, however, attempted.
When using an indifferent electrolyte of 0.5 M potassium
chloride = 1.0 M sodium formate this potential was -0.38 2
1 volts V8 B.CoF.AB. (~0.92 volts V8 QuFeAsE.).  With an
electrolyte composition of 1.0 M potassiun chloride ~ 1,0 M
sodiun formate the half-wave poicnual was
«0s40 T 1 vOlts V8 S.CoFuAeBs (=0.94 vOlts Ve QeFedsE.)e
The shift of potential may be &ue to the complex species
[SnC1]*, €nCls and [8nCls }* formed in aqueous sclution (58),
No attempt was made to measure tan a. ‘

A half-wave potential of «0.30 * 0,015 volts va B.CeFsAcE.
(=0.93 volts v8 QeF.A.E.) was found when the indifferent
electrolyte was 0.2 M sodium bromide - 0,8 M sodium formate.
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The bromo-gtannous complex ion probably formed is [9nBry]”
as in aqueous solution (58). The Aifficulty in measuring
the half-wave potential was added to dy the close proximity
of the anodic wave of the bromide lons. This limited the
length of the base of the wave making accurate measurenent
imposaible.

SUNMMARY -
Half-wave
Supporting Electrolyte potentials Limits (tan a
vs vs
8.CoFed B “e FoﬂaE-L
0.5 ¥ sodium formate ~0.281 |-0.819 | %0,0028]|0.034
0.8 ¥ godium formate *

2% water -0,28¢ |-0.822 | *0,002|0.034
2,0 M sodium formate 0,307 |+0.845 | %*0.003[0.034
0.5 M potassium sulphate 0,282 |[=0.820 | *0,003]0.034
026 M oxalic acid +

0.5 M sod, formate -0,346 |-0.8%4 | $0.003(0.083
0.6 M oxalic acid + ~

0.5 M 80d. formate 0,359 |=0.807 | ¥0.003/0.033
0.2 ¥ sods fluoride *+ ~

0.5 ¥ sod. formate 0,333 |[~0.871 | 20.008|0.033
O«4 M god., fluoride *

0.5 M sod. formate 0,366 |-0.808 | 20.003]|0.033
0.6 M pot. chloride ¢

140 M sode formate =0.38 -0.92 | 20.01 -
1.0 ¥ pote chloride +

1.0 ¥ sod. formate «0.40 -0 o 94 20,01 -
0.2 M 80ds bromide +

0.5 M sod. formate «0.39 «0,93 20,018] =
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(V) = IHALLIUM.

The most suitable thallium salt for the investigation of
the behaviour of thallous ions was found to be the carbonate
which was moderately soluble in formic acid. Thélloua carbonate
a8 supplied by British ﬁrug Houses was allowed to stand over
anhydmué calcium chloride for &5 days after which it was used
without further purification.

The half-wave potential of thallium in a 0.6 M sodium
formate supporting electrolyte was found to be =0.386 * 3 volts
ve BiCoFesdsEs (~0.92¢ volts v QeFeAsEs)e The reduction was,
howsver, t’ound‘to proceed gomewhat :l;rrweruibly, the vdlue of
tan o being 0.073. The addition of 2% (v/v) of water was found
to shift:the potential by about 0,008 volts to more positive
values; a shift in the positive direction was in complete
contrast to all other cations examined in forfxic acid. On
increasing the sodium formate concentration to 2.0 M, the half-
wave potential was ~0.312 % 3 volts v S.CoF.AiEs (=0.850 volts
Ve QuFeheBs), a distinct shift towards more poaiti;re vel ues.
The value of ten a was found to be 0-.062.

in view of the unique behaviour of thallium it was decided
to measure the half-wave potential and value of tan a at even
higher sodium formate conceantrations. The results aré tabulated
in Teble 15, and plotted inIPlate 7. The plot was initially
curved after which a linear relationship developed. The
increase of the 11qﬁid Junetion potential between the anode



~and cathode compartments has, in this mvcetigat.ian, always
cauged the half-wave potential to change to more negative

values.
TABLE 15.
Conce of sod. Half-wave Potential vs

formate _ S«CuFeAE,

. (volts)
Qb M - =0 +.382
1.0 ¥ =0 .366
1.8 M _ =0 .354
2.0 M =0.,343
2.5 K . «0,333
3.0 M . ~0,326
3.5 M -0.318
4.0 M . =0,308
4,56 M =0, 300
5.0 M =0 .294

It was decidod to completely eliminate this Jjunectien
potential, however, by meking the sodiuam formate concen-
trations in the anode and cathode eGual. In view of the
investigation of t.hé salt effect of th§ quinhydrom;-m-
formic acid electrode described in Section C, the increase
of sodium formate in the anode aompart;nent should be little
effect on the electrode potential. The result of Iincreasing
the sodiun formate concentrations in the two compartments on
the half-wave potential of thallium is plotted in Table 16
and shown inIl Plate 7. As anticipated this shows the value
of the half-wave potential in Graph I to be a combination
of a positive shift and a change, due to junetion potential,
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to more negative values. With the latter effect eliminated
the positive shift was even more marked. The potential at
which the reduction first becomes reversib: is about
«0e20 VOlt8 VB S.CoFoAeEs (=0.83 volte v8 QeFeA.E,).

ZABLE 16.
Conc. of sod. Half-wave potential
form. vE S.CoF.AE, tan a
(volte)
O M «0.374 0.073
1.0 M «0.350 0.068
1.8 M =0,330 0.068
2.0 X «0.,312 0.062
2.5 ll ‘0.295 00059
S0 M =0,284 0.059
3.5 H ‘0.27‘ 00060
4.0 X =0,260 0.069
4,5 M -0.248 0.058
5,0 M «0,236 0.089
5.5 M .00224 00060

It was also at this potential that the plot ended the curved
portion and began the linear relationship. It was thus taken
as the half-wave potential of thallium. '

It has been found, although not examined in such detail,
that increase of concentration of other electrolytes also
caused a shift in the half-wave potential. The values, as
found at the usual concentrations of these supporting electro~
lytes are quoted.:

The half-wave potential in a 0.2 M sodium fluoride -
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0o M godium formate medium was «0.382 * 3 volte v S,CuFA.E,
(=0.920 volts vs Q.FsAEe) the value of tan & being 0.060.

No waves were obtained in the presence of chloride or
bromide supporting electrolytes, dus to the high insolubility
of these salts in formic sscid.

In & medium of 0.85 M oxalic acid and 0.5 M sodium
formate the wave although not well defined, was measurable
glving a value of the half-wave potential of -0.411 % 5 volts
Ve S.CeFedeBs (~0.949 volts v8 Q.FeABs)e In a medium of
0«5 M potasaium sulphate the wave was also not well defined,
the value of the half wave potential being taken as
«04408 2 5 volts vo BeCoFeAsBs (0,046 volts ve QeFsdeEs)e
Due to the slightly irregular shape of these curves, no
measurement of tan & could be made. The reduction sppeared,
nevertheless, to ba irreversible.

The wave in a medium of 0,25 M sodium acetate - 0,85 M
sodium formate was well developed the half~wave potential
being =0.374 2 3 volts vs 8.CcFeAsBs (=0.912 volts V8 QuFsAdE.)e
The value of tan a was 0.068. ‘

The polarogram for thallium using a supporting electreo-
lyte of 0,6 M sodium formate is shown in Plate 6,

No explsnation of the anomalous behaviour of thallium
has been found. The diffusion coefficient of thallium in
aqueous solution is abnormally high being attributed to the
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coapletely unhydrated state of the thallous fon (69),  The
diffusion coefficient {n formic seid, although ssaller then
in water, is not as greatly reduced as the other ion by
chmnge of mediua froa water %o formie ecids Not mush
importance is attached, however, to this observation. The
ancmalous behaviour is believed to be due to some eireunstanse
operative in formic acid bBut entirely absent in aqueous
solution. That the thallous ion migrates at a rete somee
what in excess of that expected 1is a matter of degree
rather then kind. The solution to the problea is not to be
found in the high solubility of thallium in mercury ae this
fagtor i{s the same in both solvents.

The change in the half-wave potential to more éoiiuﬂ
vaiues ie not explained on the grounds of inoreased lonig
strength of the medium, IThe halfewnve potential for the
thallium in aguecus solution has been shown to shift to more
negative potentials on increase of the ionis strength gw).

The phencmencn can not be due to complex formation of -
any kind as this would result {n a negative shift of t-hi
halfewave potentiale A shift to more positive wvalues 1g
sxpected 4f the redustion is becoming =ore reversible but
once reversibility is attained the potential would be exe
pected t0 remain constant and then gradually to move back
towards more negative values under the influsnce of the
liquia Jmm potential. This was not the case.
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The only possible difference between formic acid and
water that could have an influence was that the former
solvent is a powerful reducing agent while the other is not
and furthermore that formic acid molecules are capillary
active. It is aifficult, however, to see how either effect
can cause the observed anomalies. Under the circumstances,
therefore, it is not possible to suggest an oxplanation of

the phencmenon.

The value of the diffusion coefficient of thallous ions
in a 0.8 M godium formate medium was determined by the
measur ement of the diffusion current at various concentrations
of thallous salt. Calculgtion by means of the Ilkovie
equation ((1) - Section A) established this value as 0.96 x
10-# omn.')ue. The value derived by Lingsne (61) from

conductance meagurements was 1,08 x 10* cms.*/sec.

JABLE 17.
Concéntration of Thallium | Diffusion Current
x 10 gue fons/litre (microamps)
1.60 | 9,11
2.32 13.34
2.96 . 17.00
h = 41.52 cms. t = 2,89 8‘036

m = 4,293 mt/"ﬂa M'AQ% = 3,006 mg‘.“”ﬁlt"%
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(VI) CADMIUM.

The very favourable polarographic characteristics of
cadmium in formic acid enabled the determination of this
elment. to be made in a variety of supporting electrolytes.
The waves were well defined, showing a reversible two electron
reduction of the bivelent ions to metallic cadmium, With
all the supporting electrolytes studied, the value of ten a
was always in close agreement with the theoretical value of
04030,

In view of the relatively amall differences between the
half~-wave potont.ials of cadmium and the potential of the
ol,octm-capﬂlary maximum it was not thought likely that
polarographic overcurrents would be encountered in the
investigation of this element. No such overcurrents were
obgerved even at such low supporting electrolyte concen-
trations as 0.1 M (Section F).

Of the cadmium salts tried, the chleride was found to
be moat suitable. Cadmium chloride as supplied by May and
Baker Ltd., was heated in an oven for § hours at 130°C
after which the anhydrous salt was cooled and stored in a

desiccator over anhydrous caleium chloride.

The effect of added small quantities of water on the
half-wave potential of cadmium in a sodium formate medium
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was shown to be smalls The shift to more negative potentials
caused by the addition of 2% (v/v) of Aistilled water was

0.006 volte, on both occasions that the measuremeht was made.

The value of the diffusion coefficlent of cadmium lons
in a 0.6 M sodium formate medium was determined by the
measurement of the diffusion current at various concen-
trations of cadmium chloride. Calculation by means of the
Ilkovie equation ((1) = Section A) gave this value as
032 x 10™® cms.®/secs The corresponding value in agueous
solution as derived from the measurenents of Lingane (38)

was 0,64 x 10™° cma.'/m;

JARLE 18.
=

Concentration of Cadmium Diffusion Current
x 10® gm, iong/litre (microamps)

1'" | 7Qe

1.78 12.4

3.8! 16.1

h = 42.45 cms. t = 2.51 secs.

n = 4,301 mgs./sec. n%t% = 3,126 mga.%seca:“%

%/ C = 6.80 microsmps/mgm. lon/litre.
Diffusion current constantsi~

Incoog = 2.2 xn'o = 8,06

In a 0.5 M sodium formate medium, the half-wave potential
of the cadmium wave was shown to be =0.337 * 3 volts va
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8¢CoFeAeEB, (=0.878 volts v Q.FsAsB.)e The value of tan a
was 04030, The half-wave potential was found on ineressing
| the formate ion concentration to 2.0 M, to change to
«04366 £ 3 volts vs B.CoPelAeBe (=0,894 voltes vs QeFeAeBs).

Unlike zinec, cadmium is reduced at a potential sppre-
ciably more positive than that for the discharge of hydrogen
lons and 1s thus considerably more suitable for the study of
the complexes formed by both these elements, with the halogens.
4As is to be expected, from observations in aqueous solution,
no complex was formed by cedmium with fluoride ions with an
indifferent electrolyte of 0.8 M sodium formate - 0.2 M
sodium fluoride, the half-wave potential was ~0.344 % 3 volts
V8 SeCePedeB, (<0.,882 volts ve QsFeAdBe)e On inoreasing the
godium fluoride concentration to O.,4 M the half-wave potential
remained almost unchanged at =0.349 2 3 volts ve S.CeFeAlB.
(=0+887 volts ve QeFsAeBs)s The value of tan a was 0.032.

In a medium of 0.5 M sodium formate - 0.2 M potassium
chloride, hov;vor, there is very congiderable complex form-
ation. The half-wave potential was =0.489 * 3 volts vs
SaCoeFedeBes («1,027 volts vs QuF.A.E,) which on inereasing
the concentration of potassium chloride to 0.4 M shifted by
0.033 volts to a value of r-o.m T 3 volts ve 8.C.F.AE,
(+1,060 volts vs Q.FeAsEs)e The value of tan a was 0.032.

In order to gain some idea of the nature of the complex
present, the above results were substituted in ((3) - Section
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A)e. In this case, although the 1iquid junction potential
is not knowm, it has been showmn in Section C that the
addition of potassium chloride to one compartment of the
cell gives rise to an inappreciabdle diffusion potential, .

- The shift AE of «0,033 volts was caused by an increase
in the complexing reagent concentraticn from 0.2 M to 0.4 M.
On making this substitution, the co-ordinstion number of the
metal ion in the complex was 3.7 which suggested the complex
species to be mainly [C4Cly J*» All the intermediate com-
plexes [C&C1]*, CaCle, [CaCly]™, [CaCly)®and [cacie]*” wil
almost certainly also be present and thus the above result
may be to some extent fortuitous. On the other hand, the
data for aqueous solution (62-69) suggéat that the teira-
halogenated bivalent form greatly predominates at the con-
centrations of chloride ion employed in these measurements.

In an indifferent electrolyte of 0.5 M sodiun formate =
0«2 M godium bromide the half-wave potential was «0.588
2 4 volts ve S.CoF.AcEs (~1,123 volts ve QuF.A.E.) which was
displaced by 0.086 volts to a value of ~0,621 * 4 volts vs
8.CoFuhB, (=1,159 volts ve QuFadesB,) on increasing the
concentrati:;n of sodium bromide to O.4 M. The value of tan
a was 0,082. On substitution of these data in Equation (3)
the co-ordinaticn number, p, was found to be 4.1 which :
suggests the complex to be [CaBr, ]'l e« As for the chloro
complexes intermediate species such as [CaBy ]’, Cahyry
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[CaBrs I are also formed (66-68).  Here, howsver, an increase
in the atomic number of thc hnlom c¢auses an increace in tho
stability of the complexes of highcr co~ordination number
increacing the probability of the tetra-brominated divalent
ion being the predominant complex.

In view of the slight decomposition of bromides in
formic acid, it was thought possible that this would initiate
the measurement of relliable half-wave potentials in this
medium. The solution, employing as supporting electrolyte
Qeb K podium formate - O«4 M sodium bromide was left stand-
ing in an atmosphere of nitrogen, for €0 minutes, after
which time the half-wave potential was re-~determined. The
value was found to be ~0+823 volts ve S.CeFedoEs, a variation
well within the limits of accuracy of the measurements.
Further, the waves in this medium were well developed giving
no indication of the anall decomposition. The solutions
were, however, very slightly brown in colour.

Due to the sppreciable decomposition suffered by ilodides
in formic acid, this medium was quite unsuitable for polaro-
graphic determinations. From the appearance of the polar-
gram it seems likely that the wave for cadmium had been
ghifted beyond the decomposition potentisl of the hydrogen
ions and was totally obacured. In view of the existing
decompositien, hoymr, this could not be regarded as certain.,
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The half-wave potential of cadmium in & 0.5 N potassium
sulphate was =0.356 T3volts ve 5.,CeFeA B, (=0,894 volts vs
QeFadaBe)e The value of tan a was 0.031,

With & supporting electrolyte of 0.5 M eodium formate -
Oe«l M sodium tarirate the half-wave potentigl was -0.347
% 4 volts ve S.CuFsAeBy (~0,885 volts vs Q.FedeBs)e The

value of tan ¢ was 0.031;

Finally use was made of a mixture of 0.5 M gsodium
formate and 0.1 M oxalic acid as indifferent electrolyte,
the value of the half-wave potential being -0.380 T 3 volts
ve 8,CeFeAcEe (=0,888 volts vs QuFedeEs)e The valuss of

tan a was 0.032.
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SUMMARY
Half~-wave
Supporting Electrolyts potential Limits [ tan a
v vs
B.G.P.A.E. QQ'.A.E.
0«5 M sod. formate «0+837 «0.,878 | %0,003 | 0,030
Oeb M sod. formate + ;

2% (v/v) water ~0,342 0,880 | *0,003 | 0,031
200 M sod., formate =0.358 «0,894 *0.003 0.080
0.6 M sod, formate ¢

0.2 M sodes fluoride 0344 =0+ 882 30.003 0,032
O¢6 M s0d, formate *

O«4 ¥ s0d. fluoride -0 349 «0,887 tOcOOﬁ 0,082
0«86 M pod. formate *

0¢2 M pot. chloride «() o489 «1.087 20,003 | 0,032
0.6 ¥ s0d. formate *

0«4 M pot. chloride «0,522 «1,060 20,003 | 0,082
0.6 ¥ s0d. formate ¢

0.2 M god. bromids «0,588 -1,123 20,004 | 0,083
0.8 M s0d. formate *

0«4 M sod. bromide -0.621 -1.150 £0,004 | 0,032
0«5 ¥ pot. sulphate «0.,356 «0.804 | 20,003 | 0,031
0«8 N sod. formate ¢

Oel ¥ sod. tartrate «0,347 «0+888 20,004 | 0,031
O« ¥ pods formate ¢

0.1 M oxalic acid «0+380 -0.888 20,003 | 0,082
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(VII) ZNDIUM.

In aquecue solution, indium present as the squo-indig
ion, is irreversibly reduced to produce an extended wave (70).
The polarogram of indium in a formate-formie acid medium,
however, showed that provided the indium concentration was
kept low a reversible thres-electron reduction was opsrative.
The waves obtained from all the supporting electrolytes were
well defined. No polarographie overcurrents were encountered,
their absence being due to the close proximity of the half-
wave and electrocapillary maximum potentials.

Indic chleoride was found to be readily soluble in formie
acid and was employed throughout the investigation. It had
been made by dissolving B.D.H. grade metallie indium in agqua
regia and evaperating the solution to dryness. The
evaporation was repeated three times with the addition of
more hydrochloric acid each time, 80 as t0 remove all nitrie
acid« The solid was purified by sublimation and dried at
120°C for 5 hours.

Unlike the other inorganie catione investigated in this
research,with the exception of tin, indium undergoes complex
formation in a formate medium. In consequence of this,
indium was examined more c¢losely, in an endeavour to eluci-
date the structure of the complex ion, and, in passing, was
found to behave in an unusual manner. The odd behaviour

9 Seee
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of indium in formate medium was closely parallelled by
that of the same element in a sulphate medium where the
effects were larger and evén more obvious. It is thus
proposed to describe the examination of indium using
potassium sulphate as the supporting electrolyte and then
to compare the behaviour when using sodiua formate.

It was observed that, with the concentration of
potassium sulphate maintained constant at 0.5 M, increase
in the indic ion concentration caused a slight shift of
the half-wave potential to more negative values. The
value of tan ¢ also increased showing that the reduction
was becoming less reversible. If, however, the indic ion
concentration was kept constant and the concentration of
potassium sulphate increased, the value of tan a tended o
decrease and return to the theoretical value of 0,080,
The plot of tan ¢ against the ratio of indic to sulphate
ion concentraticns, [I%)/[80,], was found to be linear
for both gsets of results, Extrapolation of these curves
to sero indium concentration gave values of tan a of

0+020 and 0,021.
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IABLE 19.
Conce of Half~-wave (In]
Ind%gm potential tan a /(804 ]
x 10* u (volts) x 10e
04344 ~0.871 0.023 6.9
0,662 -0.8785 0.026 13.2
0.9566 -0,878 0,029 19.1
10230 “00882 0.032 84.6
Conc. of potassium sulphate = 0,50 M.
These results are plotted in 2 Plate 8.
JABLE 20.
Cone. of Half-wave [In] /
potassium potential tan @ [80, ]
sulphate (volts) x 10*
Osb M -0 882 0.033 24.6
1.0 M «0,908 0.027 2.3
1.6 M -0.922 0,026 9.22
2-0 M -0.948 0.024 6.15

Concs of indium = 1,23 x 10™® gm. ions/litre.
Thess results are plotted in 1 Plate 8.

The results in Table 20 show the half-wave potential
to shift sppreciably to more negative values on increasing
the potassium sulphate concentration. A4lthough this shift
is indicative of complex formatien, a lack of knowledge of
the liquid junction potential introduces a measure of
uncertaintye.
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with the potassium sulphate concentration maintained
at 0.5 M, the diffusion currents id produced by known con~
centrations of indium, C, were measured. The plot of id
against C was linear but on extrapolation did not pass
through the origin, as expected. " From the data tabulated
below it was possible to calculate the diffusion coefficient
for indium under these conditions.

ZABLE 81
Concmauon of Diffusion Current
x 10° gnm (microamps)

ions/litre ) -

0.602 3419

1.078 748

1.377 10.36

1,654 12,556

10910 v u.95 ¢

2.151 . 1713 —

2,374 . . 1930

2.580 . 21,00

The concentration of potassium sulphate was Q.8 M.
The c¢apillary details were:

h = 41.71 cms. m = 4,313 mge./see.

t = 2,58 secs. m%t% = 3,10(8) mgn.%mo. %
From Plate 9 14/, = 9,15 microamps/mga. ;.ona/lim
and by using the Ilkovie equation (Q) - Section A) the
diffusion current of indium in this environment was
0.25 x 10”° cms.®/sec. The above results are plotted in
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Plate 9.

: With the potaseiun sulphate concentration maintained at
0.76 M, however, the plot of 14 agas.nst' C was shown clearly
to be composed of two separate straight lines. Assuming
each curve to be dﬁe to an :loni;: species, the slopes of the
lines were used to furnish values of the corresponding
diffusion coefficients. |

IABLE 228.
Conecentration of Diffusion Current
Indium .
x 10* gm. ions/ (mieroamps)
litre
0,191 1,82
0.374 . » 2488
0,850 - 3490
0.717 - 4493
0,878 6.12
1‘.03 ) : 7.90
1.32 10.22
1.60 12,99

These results are plotted in Plate 10.
The concentration of potassium sulphate was 0.75 i,
Also h = 42;68 cms‘. mn = :%.415 -g;./l.cc
t = 2:55_aecs.. m%t" = 3,14(8) mg;.a"secs.-%.
For curve X id/, = 6.90 microamps/mgm. ifons/1itre and thus
the diffusion coefficient was 0.15 x 10™% cms. * /sec.

xnmza.a

Fc.:»r curve Y id/c = 9,11 microamps/mgm. ions/litre and thus
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the diffusion coefficient was 0.25 x 10™° cms.s/uc-

Tocoom = B0

This immediately suggested that the indium was present
in two different species and that this cation formed two
sulphato complexes depending on the relative values of the
indium and sulphate ion concentrations. The increase in ten
a on increasing the value of [IPJ/[SQ‘ ] eould readily be
explained if it was supposed that the one sulphato-indie
complex was reversibly reduced and the other irreversibly
reduced.

A final test of the existance of two such complexes
would be furnished by measuring the half-wave potentials at
various concentrations of potaseium sulphate. Two inter-
secting atraiéht lines would be expected, the slopes of which
would indicate the structures of each of the eomplexes.

JABLE 23.
Conc. of pot. sulphate Half-wave potentials
’ pg oo log € - {velts)
0.285 M -0.808 -0.857
0.560 M -0,301 -0.874
0.76 M -0+188 -0.887
1.0 M 0 ‘ «0.897
1.6 M +0,176 «0,920
2.0 ¥ +0,301 ~0.938

The results quoted above are plotted in Plate 1l.
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As can be seen from the plot, this was found to be the
case. The structures of each complex cannot be known with
‘gertainty due to a lack of knowledge of the liquid junction
potential at the sintered glase W. The slope of the
one line is, however, almost exactly twice that of the other,
showing the number of sulphate ligands in the one complex
to be twice that in the other, It wuld thus appear very
l1ikely that at low indium concentrations a complex [In(S04)57]"
which 18 reversibly reduced is formed but on increasing the
cation content, the indium ie in the form of the complex
[In(80,) J*, the reduction of which tends to be somewhat

irreversible.

The restricted llmgth of the first line in Plate 9 as
compared with that in Flate 10 is due to the .amallor pro-
portion of [In(804)3] e This arises from the smaller value
of 0.6 N, (i.n Plate 9) for the sulphate ion conconmuon,
a eonnqucnt.ly higher value for the [Il]/ (80, ] ratio and
therefore a predominance of the [In(S0,)I" complex. For
this reason, with the sulphate ion conscentration of 0.75 M,
more of the higher complex [In(S04)s]” is pxﬁunt and its
corresponding line more in ov'i&cneo. Both sets of results
give the value of the diffusion coefficient of the [In(804) 1*
complex as 0.25 x 10™% ams.®/secs A third determination at
& sulphate c;oncentrauon of 6.5 M gave a value of

0.26 x 10™®* cms.?/sece.
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The determinations guoted 4in Table 23 were done at ag
low an indium concentration as possible so that the reductions
were completely reversible. Thus no error was incurred
because of a negative shift in the half-wave potentials due
to the reduction being irrevergible.

The addition of 2% (v/v) of water was found to have an
inapprecisble effect on the above results.

Whereas the Sehaviour of indium in formate medium has
been shown to be very similar to that described above, it 1s
likely that the one formato complex is not reduced as
irreversibly as its sulphato counterpart. The increase in
tan a on increasing the indium concentration was not as
marked as in sulphate medium. A plet of the diffusion current
against indium concentration showed two separate curves
(Plate 12).

It was possidble, by using the Hendersen equation ({4) -
Section A) to calculate the liquid junation potential set up
when the formate ion concentration was increaseds Thus by
plotting the corrected vealues of B;‘ sgainst log c, as before,
indium was shown to form two complexes [In(OOCH)]

[In (OOCH);] s the reduction of the former bcing somewhat
uremrniblo, the reduction of the latter deing completely

reversible.

The structures of these complex lons were determined by



PLATE 12

@

|
1

|
l

DIFFUSION CURRENT (MICROAMPS).

l

o wund)

o5 ¥e) 15
CONCENTRATION OF INDIUM x I0?
(GM IONS | LITRE).




-85 -

i
examination of Plate 11 and substitution in the equation
((8) ~ Section A)e From these considerations the values of
P werec 0«84 and 1,86, leading to the suggested complex:
structures. :

ZIABLE 24.
Concegaation Diffusion Current
iont/iitre (microamps)
0.22 1.71
0,36 2.81
0,69 - 6.44
0,99 9.82
1.27 12.42
Alse h = 42,28 cms, n = 4,372 mge./sec,

t = 2.63 secs. /8 = 3,12(1) mge.Msess. A,
For curve P 1“/c = 7.90 miocroamps/mgm. ions/litre giving
a value of the diffusion coefficient of 0415 x 10™% cms.®/sec.
Igcoor = 2+6
For curve @ 4/, = 11.98 microsmps/mgm. ions/litre giving
a value of the diffusion coefficient of 0.44 x 10™° ems.‘/uc.

Yacoomw = 38



- 86 =

JABLE 28,

Cong. Observ, Liquia Corrected

of sod. Half-wave | Junction Half-wave

formate | log C | Potential | Potential | Potential
c " (volts) (volts) (volts)
0«25 M | «0.,602| «0.869 0 0,869
Q¢80 M | «0.301] ~0.884 0.010 -0, 874
0,76 M | -0.125| ~0.804 0,016 -0,878
1,0 M 0 =-0.901 0.020 -0,881
1.5 N 0.176| -0.214 0.027 -0, 887
360 ll 00301 "00922 00030 “00892

Indium in adueoun solution tends to be irreversibly
reduced when feebly complexed, e.g. indic aquo ion, but
reversibly reduced when strongly complexed as in the chloro=-
indic ion. Thus it may be expected that the mono-ligated
complexes, [In(00CH)]** and [In(80,)]", which, as shown by
their potentials, are weaker than their disubatituted
counterparts, should be reduced less reversibly.

It was noticed by Kolthoffe Lingsne (71) that “large
concentrations of sulphate ion greatly suppress the diffusion
Unfortunately no figures are avallable
in support of this observatien. Similar behaviour was
noticed in formic acid on increasing the sulphate concen-
tration from 0.8 M to 2.0 M. 4s the solubility of potassium
sulphate in formic acid is not much in excess of 2,0 N,

current® of indium.

however, the solution at this concentration had a high

viscositys The reduction of the wave height in formic acid
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was attributed to this cause: . To ensure that it was not due
in the main to the formation of the complex sulphato ion
which would have a lower diffusion coefficient and consequente

1y give a lower wave height, the depression of the wave was

exanined in the presence of potassium chloride.

The wave

height was measured in a 0.6 M potassium chloride ~ 0.6 M
potassium sulphate solution and compared with that in a

0«6 ¥ potassium chloride - 2.0 M potassium sulphate solution.

in the presence of the chloride ion it is most likely that
all the i ndium is in the form of the stronger chloro-indie
complex and addition of sulphate ions will result in izo

formation of a sulphato-indic complex.
the wave height on adding the potassium sulphate would be due

to increase in the viscosity of the solution.

Thus any reduction in

ZABLE 26.
[_Concentrauon Height of Vave gatio of
of Indium 0 H . ave
x 10% moles Eﬂlgﬁtf pot. m“ pot Heights
(microamps) (microamps)
075 6408 2.25 2,70
1.23 9.61 3.74 2.87
2.26 16.07 6.14 2.62
In 0.5 M pot. | In 0.8 X pot.
chloride * chloride
0.8 M pote’ 2.0 M pot.
sulphate sulphate
{microamps) (mieroamps)
2,93 4.21 2.36
12.09 4.99 2.42
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The values quoted in Table 26 show that approximately
10% of the reduction in wave-height can be agcribed to the
formation of a sulphato complex with about 90% probably due
to increase in the viscosity of’ the esolution.

- Further Lingane (70) noticed that in a 1 M aqueous
potaseium chloride solution the diffusion current was well
defined for about 0.3 volts beyond the half-wave potential
but then decreased markedly, reached a minimum and finally
rose to its initial faluc. When mt.hyi red was added to the
solution, the minimum first decreased, but, with larger
amounts of the dye, it developed into a maximum. This
peculisr behaviour has not been explained.

The polarogram for indium in 1 M potassium chloride in
formic acid showed no such depression. The discharge of the
hydrogen ion in formic acid is, however, only 0.36 volts
more negative than the half-wave potential of indium and the
non-appearance of the depression is most probably due w0
obstruction by the hydrogen wave.

The investigation made by Lingane in agueous solution
was repeated and his results substantiated. Instead of
adding methyl red, however, formic acid was added in increas-
ing quantities, to the agueous solution. Precisely the
sane behaviour was observedy The minimum in the curve
decreased until at a formie acid concentration of 3 M, no
indentation was visible in the curve. At a formiec acid
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content of 85 M, a amall but dietinet hump was observed. The
wave due to the discharge of hydrogen lons, although in close
proximity d4id not restrict the above observations.

Examination of the polsrographic characteristics of
indium in other supporting electrolytes showed no unusual
behaviour. In these madia. the indium was strongly complexed
and reversibly reduced. The effect of water on the half-wave
potentials was found to be small, an sddition of 2% (v/v) of
water caneing a negative shift of about 0,008 volts.

As in aqueous ulutim,'indium was found to form fluero,
chloro and bromo complexes, the stability of which decreased
in the order bromo chloro fluoro.

In & medium of O.2 M sodium fluoride and 0.8 M sodium
formate the half-wave potential was found to be -0.364
2 3 volte vs S.C.AFEq (<0.902 volts v QuFeAeBe)s  The
value Vof tan ¢ was 0.025; If, without varying the quentity
of sodfum formate the sodium fluoride concentration was
incereased to Q.4 M, the ehanete:"huo potential was
«0.379 2 3 volts ve S.CoFsd.Bs (=0.917 volts vs QuFiAsE,)
This shift was due to the ferma;t.ion of the complex ions
(InF I** and InF,* (72).

Using 0.5 M potassium chloride as background electro-
lyte, the half-wave potential was =0.467 % 3 volts ve
BeCoFohsBe (=1.005 volts ve QuFeAcEe)e The value of tan «
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was 0.023. Increasing the potassium chloride concentration
to 140 M caused the half~wave potential to shift to

«0e494 * 3 volts vs S.CeFsdsEs (~1.082 volts vs Q.F.AE,),
The marked change in the half-wave potentials of indium in
chloride medium is due to the formation of the complex ions
[InCly J* and [InClyJ* (73)

It will be shown (see Summary) that for cations
unaffected by complex formation, e.g« BL™" ', an®, m*’,
there exists an almost constant difference between the half-
wave potentials in aqueous and anhydrous formic acid solutions.
The half-wave potential of indium in formate medium, cannot
be used to substantiate this eonsgtant difference, in view
of the fact that it is complexed in thig medium and hydrated
in water, thus leading to the formation of two quite differ-
ent ionic species. Furthermore, it has been shown that the
one reduction progeeds reversibly, the other IiIrreversibly
and on this account alone the half-wave potentials must
differ markedly. In a 1.0 N potassium chloride medium,
however, both reductions are reversible and the ilonie
species are very likely to be the same in both solvents.
Under these conditions tﬁo difference in the half-wave
potant.iais in each solvent showed good agreement with the
value found for Bi*"", sn'" and Pv'".
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' If the background electrolyte consists of 0.3 M
sodium bromide and 0.6 M sodium formate the half-wave
potential was found to be =0.464 T 3 volts vs S.C.F.A.E,
(=1,002 volts ve QeF.AuBe)e The value of tan a 1is 0,023,
{Vhen the concentration of sodium formate was maintained
congtant and that of aoﬁ:t.u;x bromide increased to O.4 M,
the half-wave potential changed to a value of -0.488
% 3 volts ve 8.CoFeAeBs (1,023 volts Ve QeFeA.E.)s The
complex ion probably rom which is Mspcnaible for this
behaviour is [InBrg]* (74).

The half-wave potential of indium in a 0,28 N oxalie
acid = 0.5 M sodium formate medium was found to be =0.,418
2 3 volts vs 8.CuFeAeBs (=0.954 volts va UFoABo)j the
value of tan a was 0,028, In a 0.50 M oxalic acid - 0,56 M
sodium formate modium this potential shifted to a value
of ~0.425 % volts v $¢CeFshA.Bs (=0,963 voltes ve QeFedoBe)s
The oxalato-indic ioa responsible for this behaviour is
very likely [In(Cs0,) " (78)0



Supporting vE ve Limits
SeCeFeABEs ermﬂ tan «

Electrolyte (volts) volts) (volts)
0«8 M potassium chlorigzk =0 1467 -1.006 |%0.003 0,023
1.0 ¥ potassium chlori =0 494 -1,038 20.008 0,023
0«2 M sod. Dromide +

0.8 M sod. formate =0 464 -1.002 20,008 [0.023
O«d ¥ 204. Dromide +

05 M s0d. formate «0,485 «1,023 .".'0.003 0.023
0+2 M sod. fluoride + ; :

0«86 M so0d. formate =0.364 () D02 20,003 |0.025
O¢d H s0d. fluoride ¢

048 M gsod. formate «0.379 «0,917 :0.003 0.,025
0«28 M oxalic acid *

0«5 M sod. formate «0+418 0964 20,003 (0,025
0+.80 M oxalic acid *

0«5 ¥ s0ds formate =) o425 -0.963 20.003 0,026
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(VIII) NICKEL.

The polarographic reduction of nickel was found to
proceed irreversibly and, as in: aqueous solution, the slope
of .the wave was abnormally small, extending over 0.2 volts.
The wave was not particularly well formed, npoeiauy when
employing small quantities of nickel and largo volugo
scans, necessary for the precise utimat.ion of the half-uve
potential. The accuracy of measurement of this quanuty
was thus limited. It was for this reasocn that the,measure-
ment of the diffusion current constant for nickelous ions
in a 0.5 M sodium formate medium, although attenpt;d, was
abandcned. |

Polarographic overcurrents were not encountered during
the investigation of this element. This waLa to be expected,
in view of the half-wave potential of nickel being almost
 co-incident with that of the slectro-capillary maximum.

The half-wave potential of nickel was found to be greatly
influenced by the addition of small quantities of water. The
addition of 1% (v/v) of water shifts this characteristie
potential by abc;ut 0.02 volts, 2% (v/v) of water causing a
shift of 0.05 voltss This is about ten times a®s much as was
noticed for most other elements examined and is explained by
the great ease of formation of the hexaquonickel ion. The
divalent nickel ion, uncomplexed in anhydrous formic acid,



-'94.

immediately combines with the water to give an ion reduced
irreversibly at a more negative potential; the shift in the
negative direction is due to complex formation with the water
molecules. It was also noticed that, on the addition of the
water, the height of the wave was reduced. Addition of water,
which has a lower vigcosity than formic acid should, if any-
thing, increase the wave height. This decrease is explained
by the appreciable increase in the size of the nickel ion on
hydration, a reduction in its diffusion coefficient end a
corresponding decrease in the diffusion current.

Nickelous chloride hexahydrate, as supplied by Merck Co.,
was found most suitable and was dehydrated by heating in an
ovén at 130°C for § hours. It was stored in a well stoppered
weighing bottle in a desiccator over anhydrous calecium chloride.

The half-wave potential in a 0,85 M sodinum formate medium
was found to be «0+,61 2 1 volts vs 5,CoF.AsEs (=115 volts vs
QeFeAsBs)e  The value of tan & was 0,068 as opposed to the
theoretical value of 0.030, showing the reduction to be
irreversible, The above values were found to be exastly the
same in a 0.8 M potassium sulphate medium.

As in aqueous solution, it was shown that the addition
of large concentrations of ehloride to a nickel salt solution,
ghifted the reduction potential markedly to a more positive
veluee In the presence of a high concentration of chlorids,
the wave also had a more normal slope. These effects appesr
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to be due to the formation of complexes between the chloride
and nickelous ions which are reduced more reversibly than the

uncomplexed nickel ion.

The half-wave potential in a 1.0 M potassium chloride
medium was ~0.344 T 3 volts va B8.CuFsA.By (~0.882 volts vs
QeFesABs) the value of tan ¢ being 0.04l. ‘The wave extended
over 0.,12 volts. On increasing the chloride concentration to
240 ¥ the half-wave potential changed to =0.352 T 3 velts vs
SeCoFeAsBe (=0.890 volts vs QuF.AcE.)j the value of tan &
also underwent little change giving a value of 0,040. The
effect of added quantitiss of water were shown to be con-
siderably less 2% (v/¥) of water causing & shift of 0,021
volts in a negat.iv; direction. This was to be expected as
the nickel iony,now complexed with chloride ions, gave much
less opportunity of formation of the hexaquo~complex and
consequently less shift of the half-wave potential to

negative values.

In agueous solution the thiocyanate complex of nickel is
alsc reduced more reversibly and at morepositive potentials.
An attempt was made to observe this phenomenon by using 0.6 M
potassium thiocysnate - 0.26 M sodium formate as supporting
electrolyte. No wave was found, however, due probably to
the high insolubility of the brown nickelous thiocyanate in
formic acid, rendering this medium unsuitable.
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(IX) ZING.

Despite the fact that the half-wave potential of zinc in
non-c¢omplexing media is only 0.14 volts more positive than the
decomposition potential of the hydrogen ions, it was found to
ﬁroduco well-developed and easily measurable polarographic
waves. ¥With all the supporting electrolytes used, sinc was
found to underge a reversible two-electron reduction with
values of tan a close to the theoretical value of 0.030.
Examination of zinc in complex formihg supporting electrolytes
was mostly not possible as any shift of the wave to more
negative potentials caused it to be obscured by that due to
the discharge of hydrogen ions. Measurements were attempted,
however, using chloride and oxalate supporting slectrolytes,
in both of which szine undergves appreciabls complex formation.

The half-wave potentials of zinc have been shown to be
close to the potential of the electro-capillery maximum.
Actually the potgnuala of zinc are about as much to the
negative side of this maximum as those of cadmium are to the
positive side. It is for this reason that, like cadmium, no
polarographiec overcurrents were observed even at low sup-
porting electrolyte concentrations.

Of the zinc salts tried, the chloride, due to its
appreciable solubility in formic acid, was found to be most
suitable. 2Zinc schloride, as supplied by Merck and Co., was
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heated for 5 hours at 120°C, the anhydrous salt so formed
being stored in a stoppered weighing bottle and dried in a
desiccator over phosphorus pentoxide,

The addition of water was found to exert little hfluence
on the halfe-wave potential of zine. For the two measurements
made with a 0.5 M sodium formate supporting electrolyte, this
potential was found to shift to more negative values by 0,006
and 0.0056 volts respectively on the addition of 2% (v/v) of
distilled water.

The diffusion coefficient of zinc in a 0.5 M sodium .
formate medium was investigated by measurement of the slope
of the linear plot of the zinc salt concentration against the
resulting diffusion currents, The diffusion coefficient was
found to be 0,36 x 10°® cms.®/se¢. The value of this
coefficient in aqueous solution at infinite dilution as
calculated from conductance measurements (6l) was 0.72 x

10~9 cms.'/“e-

ZABLE 27
Concentration of Zinc Diffusion Cu.;-mt
x 10% gm. ions/litre (microamps
1.64 11l.9
3,28 23.7
4,09 29.1

h = 48.62 cmse. B = 4,397 mge./ses.
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L = 2.45 secs. mPt® = 3,117 mgs. Bsecs. ¥

M/ C = 7.,1(3) microamps/mgm. ion/litre.

Tiooog = 2e3¢

The halfewave potential m & 0«8 M sodium formate medium
was found to be -0.706 # 3 volts vs S.C.FeAsE. (1,244 volts
ve Q.FadAEy) ;nd, on increasing the sodium formate concen-
tration to 2.0 M, 1t shifted to «0.733 * 3 volts ve S.CuFedcBy
( 1,271 volts vs QeFsAsEe)s These results were closely
paralleled using a 0.8 M ammonium formate medium in which the
half-wave potential was =0,708 £ 3 volts ve S.CiFP.A.Ee
(=1.246 volts vs Q.F.,A.Be) shifting to ~0,735 T 3 voiu vs
BeCoFoheEe (~14273 VOLts VB QoFeheBs) for a similar increase
in the ;upporting electrolyte concentration. The value of
tan ¢ in both media was 0.033.

On replacement of sodium formate by potu‘sinm sulphate
as indifferent electrolyte no change was noted in the half-
wave potential showing that as in aqueous solution, zinec does
not tend to complex in sulphate medium. The measured
potentials were -0.,706 * 3 volts ve 8.0.FehiBs (=1.844 * 3
volts ve QeFedsBe) 1n 0.8 M potassium sulphate which shifted
to «04720 % 4 volts ve 5.CeFedaBs (<1.267 volts ve QuFsAeEe)
on increasing the potassium sulphate concentration to 2.0 M.
The value of tan ¢ was 0.034.

As in aqueous solution, use of a fluoride medium does
not induce any complex formation with sinec ions. A supporting
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electrolyte of 0.1 M aodipn fluoride and 0.8 M sodium formate
gave a value of =0,707 % 3 volts vs B.CuFsA.B, (~1,2456 volts
vs QeFsAsEs) for the characteristic potential. On increasing
the fluoride concentration to 0.2 M, the value changed to
0,710 % 3 VOlts V8 SiCoFsAdEe (=1.248 VOlts V8 QuFsAeEs)e
The value of tan a was 0.032. ~

In a 0.6 M potassium chloride medium, honvor,‘ no wave
was obtained for zine ionas before the discharge of hydrogen. ‘
Use of a 0.25 M potassium chloride solution also failed to
produce a wave which was finally obtained using a O.1 M
potassium chloride - 0.5 M aodium formate Buppoi't{ing electro=-
lyte. In this medium the half-wave potential was =0.826
2 4 volts v B.CoFeAuBs (~1.864 volte va QuFuA.B.).  The
firet two media had, of course, failed to produce waves
because, due to complexing, the electroreduction had occurred
at a potential more negative than that of the discharge of
hydrogen, econsequently obascuring the waves. At the prevailing
chloride ion concentration it is probable that the complex
species present i [zacl]" with a small proportion of
undissociated ZnCly (76~78). The value for tan c was 0.034.

An interesting oxainplc of the effect on the polax"ographid
wave of the addition of a complex forming indifferent electro=-
lyte arose with sinc on the sddition of small quantities of
oxalic acid. The first wave A, (Plate 13), shows zinc in a
0.5 M sodium formate supporting ﬁoctrolyte, curve B on the
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sddition ef 0,01 K oxalic acid, curve C with an oxalic ion
concentration of 0,02 M and curve D with a total oxalis
acid content of 0,04 M. In curve B the wave is almost
obscured by that of the hyﬂrqgen discharge, shifted t.o more
poniti.ve potentiale by the addiuon of oxalie acid. 'i‘hc
height of the wave for zinc is reduced for two reasonsi
firstly, the zinc oxalato complex ion being apprectably
larger than the uncom_plunod zine ion has a lower diffusion
coefficient resulting in a emaller 4iffusion current. In
addition, as sine oxalate has a low solubility in formie
acid, some pregipitation probably occurred decreasing the
concentration of sinc in solution and further lowering the
diffusion current. The half-wave potential can be seen to
have shifted to more negative potentials as. a result of
this complex formation. In curve C with an increased oxalie
acid concentration, the effect is seen to be more pro-
nounced while in curve D the wave for szine, shifted to
still greater negative potentials, is totally cbascured by
the hydrogen discharge wave. It is generally agreed that
the oxalato-sinc complex is [Zn(Cy04)s J* (79-81) with the
additional probability of [Zn(Cs04)sI*”, above an oxalate
ion concentration of 0.16 M.
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BUMIARY

Half-wave potentials

Supperting Electrolyte va Limits tan «
BeCoFehoBe | 8.CuFohE,
0«8 M sod, formate =0+ 706 =1.244 0,003 |0.033
0e¢86 M sods formate + )

*+ 2% (v/v) water 04711 -1.249 £0.003 0,033
2+0 M sods formate «() o733 =1.271 %0,003 [0.033
0¢85 ¥ amm, formate =0,708 ~1.2486 0,003 {0,033
2.0 ¥ anm. formate -0+ 735 -1,873 :0.003 0.033
045 ¥ sod., formate *

0.1 M pote chloride (), 826 =1l.364 20,004 10,034
0.8 M pot. suvlphate «0,706 ~1.244 30.,0030.034
2.0 ¥ pot. sulphate 04728 =1.267 20,004 10,034
Oel M sode. fluoride *

0«8 M sod. formate «04707 «1,248 10,003 {0,032
0.2 M 804, fluoride *

0+8 M sods formate «04710 =1.248 10,008 {0,033

0401 oxaliec
acid
0.8 s0ds 0,02 oxalie
formate acid «Oa7 -1.2(6) - -
0+04 oxalic
aclad




SECTION &E.

ELECTROCAPILLARY CURVES.
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No information on the electrocapillary curve of mercury
in anhydrous formic acid has yet been published., In view
of its relationship to the fact that the pelarographic overe
current occurs with some elements and does not occur with
others, the measurement of this curve wae undertaken at six

different concentrations of sodium formate.

The curves were obtained by plotting the drop time of
mercury (t) instead of the surface tension T against the
pot.onuai applied to the dropping electrode. As the value
of (t) is directly proportional to the surface tension, the
ron:llung plot is almost identical to the slectrocapillary
curve. The game arrangement was used as in the polarographie
determination of current-voltage curves.

The curves were measured at sodium formate concentrations
0f 0,06 M, O¢l M, 0.25 M, 2.0 M, 4.0 M and 5.5 M. The results
are recorded in Table 28 and the curve at 2.0 M sodium formate,
taken as representative of the @ix, is plotted in Plate l4.

The curve 1s seen to be slightly flattened near the maximum
value of the surface tension. This phenomenon has been
obeerved in aqueous solution and is attributed to the
adgorption of neutral capillary-sctive molecules at the
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JARLE 28

e Qo’.‘.‘t
Concentration of Sodium Formate i
0.086 ¥ Cel M 0.25 M 2.0 ¥ 4.0 M 5.6 M

Potential |Drop| Pot« |Drop| Pot. { Drop | Pot. |Drop | Pot. |Drop| Pot. | Drop
volts Time| volts |Time| volts | Time | volts [Time | volts |Time | volts | Time
83081 sSecsd S€C8e 8eCBe SGCSJ aecsa.

-0.016 2400 [=0+,016 | 2,00 [~0.018 | 2,00 | ~0.019 | 2,00 |=0,017 | 2.00]=0,017 | 2.00
=0.113 2.]14]=0,111 | 2.13)=0.112 | 2,13 |=-0.113 |2.12 |=0.114 |2,13[|=0.114 { 2.08
-0.210 2424 |=0.208 | 223 [~0.211 | 2.23 | ~0.21]1 | 2.24 |-0.210 | 2,23 |=~0.211 | 2,19
-0.,308 231 |=0:304 | 233 |[=0.307 | 2433 | =0308 | 2:.33 [-0.300 | 2,31 |~0.309 | 2.27
=0.406 238 [=0.402 | 2441 [=0.403 | 2041 | =0,405 {241 [-0.,406 | 2,38 |=0,406 | 2.34
"‘0.504 2.45 -00501 2.47 "0.506 2047 -0.504 247 -0.504 2043 '00504 20&
=0,602 |249 |~0,603 | 252 |=0,602 | 24863 | «0.605 | 2,83 |-N.803 | 2.47 |~0.603 | 2.44
-0,698 253 [<0.696 | 2485 |=0.609 | 2457 | ~0.699 | 2.57 [0.699 | 2,50 |-0.698 | 2.47
«0.797 256 |=0.798 [ 2.68 |[=0.797 | 2.50 | =0.798 | 2:869 [-0.796 |2.52 |~0.796 | 2.49
-0.898 257 |=0.896 | 2,60 [=0.893 | 2,61 | 0,898 [2.60 |~0.896 | 2.53 |=0.896 | 2.50
-0,993 258 [~0.993 | 2,61 |~0.991 | 2,62 | =0.993 |2.61 |~0.993 | 2,53 |-0.893 | 2.50
-1.&3 2&58 -1.090 2.61 =-l.092 2062 "10091 2061 -1.%3 2053 "'1.093 2050
"10191 2.58 "10186 2061 -1-188 2062 -1-1& 2061 -lo 192 2-52 ""10190 2.49
"10290 2.57 “10286 2.60 -1.291 2'60 -1.288 2.& -1.291 2050 "1.291 2Q48
-1,320 255 [=1.383 | 258 |~1.386 | 2.58 | =1.387 | 2,857 |~1.387 | 2.46 [~1.387 | 2.46
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mercury-sclution interface.

From segveral observations made in this reioarch, mono-
meric formic acid molecules are believed to be caplllary
active and responsible for the flattening of the electro-
capiilﬁzy curves; Fbrhic acid molecules have a dipole
moment of 1.88 D (82), the -0H group being the pesitive
pole. As the remainder of this homologous series of carbox-
ylic acids are capillary active (83) and adsorb at inter-
faces by attachment of the -OH g;'oup, formic acid is beligpved
to act similarly. '

It was shown in Section D-VII, dhring the inveestigation
of ihe polaiograﬁhic;cuéve of inddc ions in a 1 M aqueous
potassium chloride medium, that the addition of formic acid
had precisely the same effect, although to a lesser extent,
ags did methyl red, a substance known to be very eapillary
actives Further it has been found that formic acid is
capable of suppressing polarogrephic overcurrents obtained

in aqueous solution.

Although annydroua.fpnmic acid exists largely as
dimeric molecules these are in equilibrium with some mono-
meric molecules which in turn ionize to give formate iona.
It may thus be argued that the capillary-sctivity attri-
butable to formic acid may arise from the presence of
formate ions on dimeric formic acid moleculess The latter
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JABLE 29
Electrocapillary
Conces of Sodium Formate . %3’:1;3 V.P‘éfg’fﬁﬁ'} )
Measured Corrected
0,10 ¥ ~1.00 3220
0‘25 b { =1l.,00 -1.09
8.0 M ‘1.07 -1004
4,0 M -0,99 =0,95
| 5.8 M | 0,99 =0.84

In view of the uneertainty in the calculations of liquid
Junetion potential and the difficulty of estimating the actual
electrocapillary meximum from the curves, these values must be
regarded only as approximations. They do, however, show that
the maximum is shifted in a positive direction.

Anhydrous formic acid exists very largely as dimeric
molecules. Although there is at present no experimental
proof, it is suggested that the addition of foreign salts to
snhydrous formic acid tends to lessen the strength of the
hydrogen bonds in the dimeric molecule.

and give rise to more monomeric molecules, It appears very:
 probable that this disintegration of dimeric molecules will
be directly proportional to the ionic strength which varies
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directly as the salt concentration. Thus it ias postulated
that the increase in the concentration of the monomer is a

linear function of the added galt concentration. This
conclusion is to be utiliged later in an interpretation of

some of the results involving ovarcurrents.

The suppression of the maxims on the current-voltage
curves of bismuth, antimony, lesd and tin was initially
thought to be due to a shift of the electrocapillary curve
under the influence ¢f increased qQquantities of sodium formate.
When, however, it was shown that sodium formate had very
little effect on the position of this curve it was decided,
nevertheless, to measure the electrocapillary curve in the
preseace of a known concentration of these ions. The data
for the curves at different concentrations of antimony lons
. are queted in Table 30 and plotted on Plate 15.

It can be seen that the curves rigse normally as the
applied voltage is increased but at approximately the velue
of the half-wave potential of antimony =0.54 volts vs
QeFeAsBs, the surface tension does not continue to increase
but remains constant. After the plateau is past, the
curve regains its normal appearance although the potential
of the maximum has been shifted to more negative values.

- T
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It has been shown that the increase of the applied
potential over the length of the plateau 1s the same as the
voltage (1R) drop in the solution, It is thus impossible
for the ;»muu. of the Aropping electrode to vary and it
remains constant from the beginning of the discherge until
the greatest value of the overcurrent is reached at which
stage there 1s a consilerable drop in (I) from the maximal
value to the normal diffusion current. The applied potential
is now in excess of the voltage drop and the potential of the
dropping electrode can increase normally. The potential of
the electrocapillary maximum is shifted in a negative
direction by the amount of the new voltage drop i.e.
(diffusion current x cell resistance). In order, howsver, .
that a measurable arrest in the alocmcapillary curve be
obtained, the concentration of the elegtro-redugcible ion had
t0 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 in excess of the diffusion current
and thus the shift of the eleetrocapillary maximum is not
much less than the original voltage drop which caused the
platesu on the electrocapillary curve. Further, the change
in the voltage drop for these curves being relatively small,
the electrocapillary curve does not moro‘aso exceptionally
steeply, after the platesu, as it would have done had the
ratio of the overcurrent to diffusion current been of the

order of 4 say, as opposed to about l.8.
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JABLE 320Q.
CURVE & CURVE B CURVE C
Potential | Drop Potential | Drop Potential | Drop
v8 Time vs Time vs Time
QeFoAsE, | Becss QeFeAsE. | Becs. QeFedsBs | secs.
-0,0186 1,90 -0,013 2,00 «-0,019 1.77
-0.114 2.08 «0.107 2417 -0.113 1.93
=0.,210 2.21 «0.208 2.31 -0.,811 2.08
«0,308 2.31 «0,302 2,44 0,308 2.19
«0 403 2+.40 =0,399 2,88 =0.408 2.28
-0, 499 2.47 -0.498 2.60 «0.,804 2.37
=0,546 2.49 «0,549 2.62 -0, 564 2.41
-0,5686 2.49 0,569 2,68 «0,6086 2.41
=0.584 2.49 -0,897 262 «0,699 2.41
‘00606 2.49 -00628 2.62 ‘0.%8 2041
"Oa 631 20@ ‘09 649 2'63 -0.&5 2 .41
~0.641 249 «0.,870 2.62 -0,993 2.41
=0, 850 2.80 -0, 804 2,63 «1.041 2.42
«0+683 8.63 «0.794 2.68 -1,081 2.44
0L 2.568 0,893 2.72 -1,189 £.52
«0.891 2461 «0.991 274 -1,288 2.68
"0.990 2:62 '1.000 2076 -10389 2 063
1.089 2.63 «1,190 2,786 «1.486 2.85
1,180 2.63 «l.289 2.76 -l.585 2656
1.287 2462 -1,388 B.74 ,
1,387 260 «1,488 272 «1.684 2.63

[sh***] = 0.4 x [(Bp***] = 1,23 x [80"'] = 2,08 x

107 M 10°° M 10~ M

aQ0CH ] = 0,2 M [HaOOCH] = 0.2 M a00CH] = 0,08 M
= 53,66 ua I = 8l.852 ua = 103+6 ua
R = 1498 ohms R = 1412 ohms R = 4892 ohms

IR = 0,080 volts IR = 0,118 volts IR = 0,476 volte
Plateau on curve Flatesu on curve Plateam on curve
= 0,09 volte = 0,12 volts = 0.48 volts
This same effect has been noticed before. Heyrovaky
and Dillinger (84) describe the electrocapillary curve for
thallous sulphate while Herusymenke, Heyrovsky and
Tancakivsky (88) examined the curve for an acid mercuric
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nitrate solution.s They did' not quantitatively compare the
measured values of the voltage drop in the solution with the
length of the plateau on the electrocapillary curves. They do,
however, explain the plateau as being due to a state of
non-polarisatioh of the electrode and its maintenance of a
constant potential due to the IR drop in the solution, In
both papers, hmvar; they maintain that once the plateau is
puéed, the glectrocupi}lary curve ‘followav the original
parabolag u_zis is not in agreement with the results obtained
in pxia invegtigation in which it has been shown that if ANY
current flows the wholeycurve must be displaced in a negative
direction.

- Bachman and Astle (86) describing a similar plateau
found on the eleotroeap;llary curve in the electrolyte
annonium acetate-copper acetate-acetic acid, maintain that
®in this region there is no change in the degree of polar-
isation and hence no change in the surface potential of the
electrode. 7This is a result of the fact that the electrons
flowing into the drop from the external source are being
neutralised by the reduction process®. In the light of
the explanation just given this conclusion must be regarded
as invalid.

One electrocapillary curve for each of the other three
electroreducible ions has been measured and plotted in Plate
16, the relevant data being tabulated in Table 31+ The
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JABLE 31.
BISMUTH TIN LEAD
Potential | Drop Potential ! Drop Potential | Drop
\{:] Time vs Time va Time

Q.?.A..B. secs. Q.Fq AB, 11 Q.'.‘.BQ 2208,
«0,012 1,96 «0,013 2.15 -0,013 2.09
«0:110 2.12 =0.110 2.19 =0.110 2,16
«0,206 2.24 «0.206 2,30 «0,208 2.26
«0.304 2.32 «0,304 2.34 =0,303 2.36
«0,380 2036 «0.408 2.34 =0 408 2.42
=0 +408 2,39 0,500 2:34 «0,501 2.48
-04561 2,39 «0,596 2.39 =0,597 2.63
=04500 2.39 0,896 2.46 -0,696 2.56
°0053° 2 039 "'0 L] 795 2052 -0. 748 2 058
«0,556 242 «0,828 2.54 =0, 776 2.59
=0 598 245 -0, 846 2.84 «0.798 2.59
"00596 2050 -00893 2-& “'0. &3 2059
»0e 796 2.83 =0,920 2.54 «0,961 2.69
-0,893 2.68 =1.044 2.54 =0.991 2.60
=0,991 2.56 =1,080 2.66 =1.090 2,61
"1.@0 3.56 "Jum 2-& 1-10188 2-61
"10188 2.56 -10 287 2059 "lo 286 2.61
=1.387 2,56 »1.385 2.69 «1,385 2,60
'1.385 2055 "1.485 2066 -1043& 2-58
«1.486 2.88 - «1,684 2.52 -1,584 2.66
-1.585 2447 -1,882 246

(B4***)1=2,7x [en""] = 4.2 x [Po**] = 7.7 x

10%gn. ionse/l. 10 « ions/l. 10” « ion
[NaOOCH] = 0,8 M [NaOOCH] = 0,02 M  [NaOOCH] = 0.2

I = 107.7 ua I = 131,11 ua = 111.8 ua
R = 1420 ohms R = 1620 ohms R = 1630 ohms
IR = 0,153 wits IR = 0.212 volts IR = 0,182 wvolts
Curve plateau Curve platean Curve plateau

= Q. volts = 0,22 volts = O, volts

wi.va, the second, to that on the wave for the cathodiec
reduction of stannous ions. From the electrocapillary
curve it was t0 bDe expscted that no current flowed between
the applied potentials of ~0.5 and ~0.8 volts V3 QeFeAcB,
and this was found to be the case. It would sppesr likely
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that if the plateau on the electrocapillary curve in the
presence of lead can only be measured with reduced accuracy
because of the close proximity of the electrocapillary
maximum, this should be even more #0 in the case of t.:ln,
\mich has a more negat.iva half-wave pot.ential. That thil
does not occur is, however, explained by the greater value
efjthe diff\.mion curr'er;t, for tin than for lud. Thi:s has
no effect on the plateau length but shifts the electro-
capillary mm for éin to more negative iva.lues tl}an for

4

lead.



SECTION K.

A

POLAROGRAPHIC OVERCURRENTS,.




Of the nine inorganic cations studied polarographically
in anhydrous formic acid enly four, tin, lead, antimony and
bismuth were found t¢ produce polarogrephic overcurrents.

Even in these cases the appi;aranea of en overcurrent was
seldom observed and their suppression, for want of a bdetter
reason, was attributed to some unknown ilapurity in the formis
acid used., A number of sauples 51‘ acid was tried purified in
various ways, by redistillatien, by fractional recrystallisz-
ation or a combination of both methods. The irregular
appearance of the overcurrents, however, persisted. It was
then discovered that the appearance 0f an overcurrent depended
on the relative concentrations of supporting electrolyte and
electro~-reducible ion. If the concentration of the latter was
maintained constant, it was found that on increasing the
supporting electrolyte concentration from sero, the height

of the overcurrent at first increased, then decreased and was
finally suppressed completely at relatively low concentrations -
of the supporting electrolyte. The higher the concentration
of the electro-reducible ien, the higher the concentration of
indifferent electrolyte required to suppress its overcurrent.

In examining this effect quantitatively it was decided
to measure the ratio (pP) of the evercurrent to that of the
diffusion current. This had the marked sdvantage over simple
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geasurenent of the overcurreant in being relatively independ-
ent, of the time of dropping of mercury from the eapillary.
Both the overcurrent and the diffusion currents depend on

this drop time, their ratio, however, being much less effected. :

The measurements were made by mounting a soale securely
in front of the polarograph and noting the deflesctions
visually. 4 known amount of the electroreducible ion was
dissolved in pure formic acid and weighed quantities of sedium
formate were addedj at each concentration of indifferent
electrolyte the positions on the scale of the light spot
corresponding to the sero, overcurrent and diffusion current
was noted. With the exception of the measurements on
stannous tin solutions, the resultes were found to be well
reproducible, Further, the addition of 8% (v/v) of water to
the solutions had a completely negligible éteet on the
results. The curves obtained are shown in Platee 17 -~ 20
and the data tabulated in Tables 32 - 48, The measurements
quoted in these tables were done with solutions, in the
anodic gompartment, that were 04l M with respect to sodiua
formate. Although diffusion of salts across the sintered
glass disc has been shown to be small, it was thought best
to minimise this possibility by decreasing the sodium formate
concentration at the anode. 4ll measurements were made with
the light spot initially at the serc mark on the scale.

The measurements were not all done at one shunt setting, the
nnsitiviiy being varied to suit each deflections, No
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difference in the ratio P was found at different shunt settings.

It will be noted that with the exception of tin, the
curves are parabolic until at some stage on the downward
branch, the plot changes to a straight line, this linear
variation being maintained to the peint of extinction of the
overcurrent. Further, as the concentration of the electro-
reducible ion is increased the maximal ratio inereases,
itself pagses through a minimum and at very large @nom-
trations almost disappeara. The concentration of sodium
formate corresponding to the maximal overcurrent ig directly
porportional to the electro-reducible ion goncentration.
Consideration of the curves for antimony in Plate 19 give
the values quoted in Table 42 from which the proportionaliny
is abvious.  In tbe case of lead the linear portion of the
curve 1s seen to exist for about % of the span of the whole
curvey for antimeny 3. and for biesmuth about % (see Plate 22),
Finally the values of the ratio (f) for bismuth are greater
than for antimony, than for l«d, with tin showing the

smallest values of the four cations,

Previously reported observations,regarding the dependence
of the overcurrent on supporting electrolyte concentration,
were done in the case of the overcurrents existing on the
waves for the olecm-reductim of the nom~electrolytes,
oxygen and mercuric cyanide and for uranyl salt solutiens
as described below.
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TABLE _33.

[sn*™] = 8,45 x 10 gn. lona/litre

Plotted in A FPlate 17

Readings
Concentration Ratio P
molar Peak Platean
(scale dive) | (scale divs)

0,028 8.4 12.(3) 1,5(0)
0,038 176 10.(7; 1.6(4
0.,0850 16.2 9.(3 1.7(4
0.,0625 4.4 8.1 1.78
0.0876 10,1 8.6 1.84
0.1126 11.7 6.0 1.96
00,1376 12.2 6.0 2.03
0.1828 9.7 4.8 2.086 .
0.1875 7.8 4.2 1.86
0.2125 6.4 3.8 1.84
0.2375 4.0 3.0 1.68
0.2625 4.2 2.8 1.62
0.3125 7.5 8.3 1.42
0,3626 8.7 5.1 1,12
0.4128 4.4 349 1.10
0.4625 4,2 4,0 1.08
0.6125 3.9 3.8 1.02
0.5625 3.6 3.6 1,00

(The galvanometer sensitivity was changed for the last
8ix readingsl.
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JAGLE _33.

[en™] = 1.25 x 10"® gm. fons/litre

Plotted in B Plate 17

Read ings
Concentration . Ratio P
{(moler) Peak Platean
(scale dive) | (scale divs)
0.080 38.0 22 ‘1.8
0,078 30.7 18 ‘17
- 04100 24,5 n " Le7
0.126 20.3 11l.3 ‘' 1.80
0.150 17.0 9.9 "1.78
04176 14.8 8.3 “1.78
- 0.200 18.2 7.8 ‘178
04226 10.4 647 *1.88
.0.276 8.8 5.9 ' 1040
0+326 7.1 6.4 " 1238
. 0s375 6,1 8.1 119
Ded28 8.6 4.8 "1e37
0475 8.1 4.8 ‘1.1
0.800 8.0 4.5 1210
. 0+860 4.6 4.3 - 107
- 046800 4.4 4.2 " LeO4
0.8850 4.1 4.1 ‘200
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JABLE _34.
[(Pp**] = 0.13 x 10™® gu. ions/litre

v

Plotted in A Plate 18

Read ings
Concentration Ratio P

{(molar) ' Peak Platean

, scale divs, scale diva,.

0.013 18.1 7.6 2.36
0020 18.6 7.8 2,48
0.035 15.3 ?‘5 20“
0.038 8.8 7.4 1.15
0,080 7.4 7.4 1.00

JAILE 38.

[Pb"] B D.24 x 10"' - mﬂlm.

A

Plotted in B Plate 18

L3

centration . tio
nolay) Poak Platesn X

.( scale divs. seale divs,

0.028 3l.4 14 .4 2,18
0.038 34.8 4.0 2.44
0.050 35.9 1308 2’60
0,063 30.1 13.7 2,20
0.075 24.6 13.7 1.80
0,083 20.3 13.7 l.48
0+100 15.4 13.6 1.18
0.113 13.6 13.6 1.00
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IABLE 36
(Pp*™] = 0.89 x 10™® gm. ions/litre

Plotted in C Plate 18

Readings
Concentration Ratio B

(molar) Peak Platesu

. scale divs. scale divs.
0.026 24.8 12.4 2.00
0,060 27.9 i12.1 2.31
0.078 30.8 11l.6 2.80
0,100 29.2 11.8 . 2.54
0,125 23.2 1l.4 2.03
0,150 18.86 11,3 1.64
0175 13,0 11,3 l.14
C.200 il.2 il.2 1.00
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JARLE 37.
(Fo**] = 0.87 x 10™* gn. lons/1litre

Plotted in D Plate 18

. = Readings e
oneantration
scale divs. scale divs.

0,025 13.1 9.8 1.38
0.050 15.7 D4 1.67
C.0756 17.3 Pl 1.90
0,100 19.2 9.1 2.11
0.1286 20.2 9.1 2.22
0.150 : 20.7 8.0 - 2.30
0.178 20.9 9.0 - 2.32
0.200 20.8 2.0 231
0.226 203 8.9 228
0,250 19.2 8.8 2.18
0,278 17.6 8.8 2.00
0,300 16.0 8.8 1.82
0.325 4.7 8.8 1.67
0,376 12,0 8.7 1,32
0.425 9.2 8.7 1.06
0.4580 8.7 8.7 1.00
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ZABLE 33.
[Ebmj = 0,25 x 107 ga. ions/litre.

Plotted in A Plate 19

Readings
Concentration R

(molar) Peak Plateau e b
. scale diva. seals divs,

0,008 12.8 344 3.68
0.010 13.0 3.4 3.82
0.015 10.86 3.3 3.23
0.020 813 3.3 8051
0.025 G4 3.2 2,00
0.030 4.4 3.1 1,42
0.0356 3.0 3.0 1.00

TABLE 39.

[5b¥"*] = 0.49 x 10™® gn. fons/litre

Plotted in B Plate 19

' Readings

Concentration Ratio B

{molar) Peak Platean
scale divs. scale divs.

0,010 24.3 5.8 4.19
0.015 26.2 8.7 4.42
0.020 25,7 5.7 4.81
0.028 26.1 8.7 4,40
0,030 22.8 8.7 3.93
0.038 20.1 8.6 3.50
0.0458 14.6 8.4 2.70
0,055 10.0 5.4 1.85
0.065 8.4 5.4 1.00
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TABLE 40,

8™ = 1.23x30™° gn. fons/litre
" Plotted in C Plate 18
Readigga
b o=+ Peak Plateau "

. scale divs. scale divs.

0,013 19.6 6.9 2.84
0,025 2342 6.8 3.41
0.038 26,0 6.5 3.86
0,080 25,8 6.5 3.97
0,063 24,0 6.4 3.76
0,075 20.3 6e2 3.27
0,088 19,0 6.2 3,06
0100 15,7 6.0 2,81
0,125 11.8 5.8 2.00
0150 7.2 8.7 1.26
0.163 5.6 8.8 1.00

TABLE 41.

[sp™*] = 1,86 x 10°? gm. iens/litre
Plotted in D Plate 19

Readings »
. ™ Peak Plateau ks

i scale divs. scale divs,.

0.026 21.0 10.0 2.10
0,080 24..2 9.6 2.58
0.063 24.2 9.6 2.66
0.078 24.1 9.5 2.64
0,088 22.4 9.2 2.43
0.]00 20.2 f 9.2 2.20
0.125 16.3 9.2 1.77
0.150 15.2 9.2 1.68
0200 12.4 9.2 1.36
0.213 11.9 9.2 1.29
0,250 9.7 9.8 1.08
0,263 P2 9.2 1.00
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JABLE __42.
Concentration Concentration
¢ of of
urves Antimony Sod. formate | Ratio
x 108 gm, ions/ | x 10 (molar)
litre
A 0.25 0,010 0.285
B . 0+49 0.020 0.28
c . 1.23 00850 0.26
D . 1.96 0,068 0.29
JABLE _43.

[(B8™*] = 0.32 x 10* gn. ions/1itre

Plotted in A Flate 20

‘ Readings
Concentration Ratio B
(molar) Peak Platesu
scale divs. scale dive.
0.010 11.8 4,0 2.98
0.020 9.3 2.9 3.20
0.030 6.0 2.8 2.14
0,040 3.6 2.7 1.30
0.080 2.6 2.6 1.00
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JABIE __44.

e

(84771 = 0.7 x 10™° gn. fons/litre

" Plotted in B Plate 20

‘ Readings
Congentration : Ratio B
(molar) Peak Platean ‘
scale divs. scale divs.

0.013 27.8 6.9 4.08
0.025 30.2 6.8 4,44
0,038 31,5 6.6 4,77
0,050 273 Ged 4,37
0,083 2l.1 8.2 3.40
0.075 . 17.3 6.1 2.84
0,088 14.6 6.1 2.38
OQ 100 m04 5.9 2. 10
0.113 10.9 5.9 1.85
06126 9.4 5.9 1.60
0,138 8.7 8.9 1.47
0,163 7.0 6.8 1.20
0.178 T 5.8 1.09
0.188 5.8 5.8 1.00




- 126 -

JABLE 48.

[Bim] = 1,8 x 10™° gus. ions/litre
Plotted in C Plate 20

Readings !
Concentration Ratio P

(molax) Peals Plateau

. scale divs. secele dive.

0,013 20,9 6.6 3.17
0025 26,6 6.5 4,08
0,038 30.2 G4 4,72
0.080 3.7 6.2 8,11
0,063 33.7 6.2 5.44
0,078 34.0 G2 5,49
0,088 3.1 6.2 8,80
0,200 32,9 6.2 530
0113 28.2 6.2 5,00
0.126 26,0 6.1 4,60
0.138 24 .4 L P § 4,00
0. 180 18.9 6.0 3.30
0,163 18,2 6.0 3.03
0.178 17.3 6,0 2.87
0,188 16.8 €,0 2.80
0200 16.1 6.0 2.68
0.228 14.7 5.9 2,49
0.2680 13,3 5.9 225
0.800 10.3 5.7 1,80
0.350 7.6 5.8 1.39
0.400 5Q4 504 ltm
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- Verasova (87) stuiied the behaviour of the overcurrent
of oxygen. Hc‘ahowtd that on inereasing the supporting
electrolyte concentration this overcurrent increased, passed
through a maxima value and then decreased. No mention was
made in this paper, however, of the complete suppression of
the overcurrent by the addition of salts and it must be
agsuned that the investigation was not extended that far.
Varasova noticed too that the concentration of the electro-
lyte solution, at which the overcurrent reached its maximum
value, was directly proportional to the eoneenmtio;n of

oOxXygens

To quote his explanation ... *Wo may imagine that oxygen
molecules are associated with lons of the electrolyte,
become thus polar and are then more Quickly attracted to
the interface where, no doubt, electric forces sre displayed.
At the maximal maximum all oxygen molecules are mppéud. to
be saturated with ions; any excess addition of eloctlre-
lytes ubove this causes an increase of the adsorption
veloocity of the electrolyte above that of oxygen; con-
sequently the electrolyte will penetrate mcre into the inter-
face than oxygen, accumulate thére and drive out oxygen
from the interface, i.e« lessen the adsorption current.

The greater the concentration of exyéen the more ions
are necesssry to render all the molecules adsorptive, i.e.
to reach the maximal maximum and the more ions will be
necessary to suppress the maximum®,
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Part of this explanation is probably of value. It is
not believed, however, that increase of the ions of the
electrolyte increase the adsorption velocity of the
inorganic cations, as postulated for oxygen, Varasova is
probably correct in the idea, however, t.hﬁt the lons of
the supporting electrolyte block out those of the elsctiro-
reducible species, as will be discussed later.

Rasch (83) examined the influence of fatty acids on
the overcurrent of the oxygen wave and estimated their
relative absorbability by determining their suppressive
effects on this overcurrent. He correctly explains this
suppression ¥by preferential adsorption of the added
substance which paéhes out the r;sducible matter from the
mercury-solution interface®. He concludes that the aniéna
of the acid are inactive and that the suppression of the
overcurrent is due entirely to undissociated molecules.
Rasch maintains, however, that ®for the development or
suppression of the meximum, the undissociated molecules
of formic acid are quite indifferent®. In the light of
several observations, however, this latter conclusion

casnnot be accepted.

Dillinger (88) undertook a study of the overcurrent
.eccurring in the electrelysie of mercuric cyanide solutions.
The outcome was found to be similer to that observed for
oxygen. He, too, does not mention the complete suppression
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of the overcurrent by the addition of.aupparting electro-
lyte but is also of the opinion *that a maximum of the
current, observable with the dropping mercury cathode
arrangement, requires a certain concentration of indifferent
electrolytes to reach the highest dimension®.

Herasymenko (89) noticed the same effect when examin-
ing the overcurrents on the curves of uranyl salt solutions.
After passing through their greatest values, these over-
currents were completely suppressed at concentrations of
0.5 M. This concentration is exceptionally low for the
suppression of overcurrents in agueous solution by sslt
concentration alone. Herasymnko admite that this "case is
complicated by the presence of products of reduction of
uranyl salts i.e. of the pentavalent uranium, which accumu-
lates in the interfacial layer. Owing to the presence of
this probably strongly adsorbed matter the specific adsorp-
tive influences of other ions present in solution are
greatly inhibited®.

That large concentrations of supporting electrolyte
are required before the overcurrents are suppressed is
recognised by Heyroveky and Simunek (90) who maintain that
*the maxima of the current are suppressed by surface active

matter, active anions or great concentrations of electrolytes®.

In order to explain the curves obtalined for overcurrents

in formic acid, at various sodium formate concentrations, it
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is necessary to consider first a similar curve in aqueous
solution, in the absence of any éapmary-active subs tance.
According to the authors éaotad the overcurrent or likewise
the current ratio p should increase on increasing the
supporting electrolyte concentration pass through a
maximum and fall away gradually as shown in Plate 21 (the
complete curve, i.e. both full and dotted lines). 4An
attamﬁt can be made to explain this cur&e on the grounds

of either of the existing theories used to account for the
occurrence of the polarographic overcurrent. The explanation
oﬁ the Heyrovsky-Ilkovic adsorption theory has been guoted
above in the extract from the paper by Varasova (87).

A more plausible explanation is based on the "streaming
theory® of Antweiler and von Strackelberg. At all potentials
more positive than the electrocapillary maximum, the mercury
drop is poaitively charged. The curvature of the mercury
surface at the bottom of the drop is much less than at the
mouth of the capillary snd consequently the charge density
will be appreciadly more at the top than at the bottom.

To quote from Kolthoff and Lingane's (81) treatise on the
subject *the top of the drop behaves as if it has a more
positive potential than the bottom although it is more
exact to say that the solution 1.e. the adsorption layer

is more negative at the top of the drop than at other paris
of the surface. If the drop behaves as if it has a more

positive potential at the top than at the bottom, the
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surface tension at the top is smaller than at the bottom
when dealing with positive maxima. The interface therefore
is pulled from top to bottom which is in the direction of
streaming observed by Antweiler. Near the iscelectric point
the electrocapillary curve 1s very flat and a slight differ~
ence in potential between the top and the bottom does not
cause any movement of the streaming layers®.

According to thia view, the mechanism in formic acid
would be that the formate ione are attracted to the positive~
ly charged drop and adsorbing with different intensity at the
top and the bottom, produce streaming of the electrolyte
round the Aroep. This flow of liquid sweeps to the interface
many electro-reducible ions giving rise to a current much in
excess of the normal diffusion current. Increase of the
sodium formate concentration, rapidly increases the rate of
streaning; this rate must itself reach a maximum as the
viscogity of the solution increases but this fact will be
considered later. As the concentration of the supporting
electrolyte increases, the cations of the indifferent salt,
sodium in this case, tend more and more to block out the
electro-reducible ions at the mercury-solution interface.
Although the streaming may still be increasing, the sodium
ions swept to the interface with the electro~-reducible
species, begin to exert a pronounced effect and the value
- of the overcurrent begins to decrease. It is for this
reason that the concentration of the sgpporting electrolyte
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at the maximum value of ratio B 1ls directly preportional to
the concentration of the electro-reducidle ion.

Ions reduced at potentials appreciably more positive
than the electrocapillary maximum are found to give rise to
greater overcurrents, the value decreasing from element to
element as the isoelectric point is approached. At this
potential, overcurrents are non-existant. This phenomenon
is readily explained by considering the change of slope of
the electrocapillary curve in moving from positive values
towards the isoelectric point. For an equal difference in
potential, the difference in surface tension is greatest
at more posj.tijve values and decreases as the curve approaches
its maximum. Ap the curve 1is flat at this point the surface
tension difference is zero and no streaming can occur. It
is thus explained why the elements bismuth, antimony, lead
and tin have overcurrents, the vaiue of which decrease in
the same qrder as do their half-wave potentials in approach-
ing the electrocapillary maximum. The curves of the above
elements as they would appear in aqueous solution are depicted
in Plate 21 (the complete curve i.e. both full and dotted
lines). |

It has been postulated in Section E that monomeric
formic acid molecules are capillary active, their concen-
tration increasing linearly with increase of supporting
electrolyte concentration. I{ would thus be necessary to
superimpose on the curves in Plate 21, a linear function,
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the effect of which would be to suppress the overcurrent.
If an arbitsry choice of some linear funetion which would
suppress the overcurren; is made, and plotted on the same
graph (Plate 21) and the resultant of the two curves drawn,
the curves obtained are identical in form to those plotted
in Plates 17 - 20.

It is thus believed that the adsorptien of mcnomeriec
formic acid molecules at the mercury-selution interface
increases as the supporting electrolyte concentration is
built up. These monomeric molecules greatly assist the
sodium ions in blocking out the electro-reducible species,
the two effects operating together.

The ﬁlmce of the monomeric formie acid molecules
is thus a matter of degree rather than kind, Both the
cations of the supporting electroclyte and the fommiec acid
molecules suppress maxima by bloeking out the electro-
reducible ions; the absorbabllity of the formic acid 1is,

however, much greater.

Consideration of Plate 21 will explain why the linear
portien of the curve is eo much more pronounced in blsmuth
than for antimony and in turn, greater than far lead. The
curve for bismuth, for example, riq:lng higher than that for
lead meets the straight line at a higher sodium formate
concentration than does the lead curve. 4s the bismuth
curve extends further sver 1 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
concentrations of antimony shows why the height of the
maximun overcurrent for the elements increases at first,
itself passes through a maximum and then begins to decrease
being almost non-existent at very high eoncentrations of |
electro-reducible ion. The concentration of indifferent
electrolyte at the maximum overcurrent increases on 1ncreaa:-
ing the concentration ¢of the electro-reducible ion. The
maximum overcurrent consequently moves more towards the
depreciating straight line giving rise to resultant curves
with lesser values for the maximum overcurrent. To this
must be added the fact that the rate of streaming must
itself pass through a maximum, beginning to decrease as the
viscosity of the solution Increases. [The viscosity of a
O¢5 M sodium formate-formic acid solution is 22.1 milli-
polse (6) as compared with & value of 10.8 millipoise £92')
for a 5.5 M aqueous sodium fomt.e solution] . ‘

Thus in Plate 23, the maximal overcurrent value increases
becauge of a greater rate of stréming due to increase in the
sodium formate concentration (eurve B 18 higher than curve 4).
At curve B, however, the rate of streaming has reached ita
maximum value and on further increase of the supporting
electrolyte concentration to curve C a alight decrease in
the streaming rate and consequently a decrease in the maximal
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overcurrent, is observed due %0 the greater viscosity of
the solution. 4 combination of the two effects leads
first to an increase, then to a decresase and then to a
complete suppression of the overcurrent at very high values
of the eleotro-redusible ion.

The reagon for the strict propertionality of tle
electro-reducible fon concentration and the supporting
elestrolyte concentration at the maximum overcurrent as
shown in Table 42 1s to be expested. The more electro-
reducible ions present, the more mu_ferent. elactrolyte
will be required before the blocking out of the electro-
reducible species causes a decrease in the overcurrent or

ratio 8&

It only remalins at this stage to explain the behaviour
of the oversurrents in the case of etannous ione. The
p.lot of the current ratio § against the supporting electro-
lyte concentration is seen to be poorly defined and was
not reprodusibles

This is due to the fact that tin is the only element
of the four under conslderation that undergoes complex
formation in formie acid. The ieak formato stannous
complex {e¢ believed to be [snsooan.]' fsce Seetion D-IV).

The diffusion coefficient of the complex ion, because
of its size, must be lower than that of an uncomplexed
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stannous ion, leading to a lower diffusion current. Thus
as every addition of sodium formate causes more complex
formation it is to be expected that the diffusion current
would decrease st each addition. The results quoted in
Tables 32 and 33 show this to be the case. This decreasing
valus of the diffusion current decreases the accuracy anmd
reprodueibility of the current ratio § leading to poorly
defined curvea.‘ One thing is, however, immedistely evident
from these curves; the maxima are not sharply suppressed
as for the other elements but gradually decrease over a

relatively large concentration range.

It is believed that the complex at the interface being
much larger than the uncomplexed ions of antimony, bisauth
and lead are able to hold the formic acid molecules at a
greater distance from the interface. The electrometrie
potential falling off exponentially as it does, ‘ﬂt.h distance
from the interfacial double layer, exerts much less effect
on the formic acid molecules which are held some distance
away. It is thus more difficult for the formiec acid to
adporb and the complete blocking out of the stannous ions
requires a higher concentration of monomerie formic acid.

The curves obtained using potassium sulphate as the
supporting electrolyte showed much the same form a8 thoss
in a sodium formete medium. The height of the maximum

overcurrent was close to the corresponding value for sodium
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formate., This maximal value occurred, however, at slightly
lower concentrations of potassium sulphate than sodium
formate. This 1s to be expected as the sulphate ion, being
divelent can give rise to a grester streaning rate than can
sodium formate, for equal concentrations. The maximum
streaning rate is thus reached at lower concentrations of
added sals, giving rise to an earlier maximum, This is
turn should give rise to & curve, the linear pertion of
which should represent a greater fraction of the whole
curve than was found in the presence of sodium formate.

The linear portion of the curve for antimony in the presence
of potessium sulphate was about % as opposed to }4 for
sodiun formate.

There was, unfortunately, no way of teating the all
important assumption that increasse of the supporting electro-
lyte concentration led to a weakening of the hydrogen bond
in dimeric formic aeid, with the produstion of monomeriec
molecules. The only method avallable was the examination
of the infra-red adsorption spectrum of formic acid. A
peak in the plot of the molal abgorption coefficient
against the wave number in the region of 7000 cms.* would
be found due to the presence of the hydrogen bonda. % 4
the above suppoeition was true, a lowering of thie peak
would be found on the addition of elsctrolytes, due to a
decrease in the amount of hydrogen bonding.
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As an infra-red spectrometer was not available in
this Departaent, the assistance of the Council for
Selentific and Industrial Research in Preteria, was sought,
they being the only people in a position to assist. They
maintained, however, that the formic acid solutions would
eonceivably damage the windows of their cells and they
were thua not prepered to make the regquired measurements.
It was thue felt that the investigation had been carried
as far as was possibles
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To conclude the investigation of the polarographis
charaqteristice of anhydrous formic scid solutions , it was
decided to meke a study of a few organic compounds. This
was not intended to be a detailed survey but only to gain a
general impression from the few compounds investigated of
the possibilities of orgenic polerography in formic acid,

The half-wave potantial of oieh compound investigated
was measured using a supporting electrolyte concentration of
0.6 i sodium formate. The value of tan ¢ was measured for
each reduction.

From the outset it appeared likely that the number of
compounds, which would produce polarographic waves from a
formic acid medlum would be limited. This conclusion was
reached because the investigation of the inorganic cations
showed that electro-reducible species with half-wave potentiales
in water more negative than -0.7 volts ve B8.C.E. would be
reduced in formic agid at a potential too negative to be
observed., This was found to be the case and showed formie
acid to be a solvent, unsuitable for the examination of
organic cempounds. The measurements carried out on organie
6ompoundn were, however, useful in substentiating an
observation made during the investigation of the inarganic
eations. It was found that the potentials in formic aecid
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and water showed a constant difference and the investigation
of the orgenic compounds provided further proof of this
relationship. It was thought at firast that the potentials
of organic compounds would not be of much value in establishe-
ing this constant difference because their half-wave
potentials in squeous media are dependent on the pH of the
solutions. This leaves some doubt as to the actual value to
be taken for the half-wave potential in squeous medium. ir,
however, the potential in the solution of lowest pE was
selected, the comparison with the potentials in formic acid
proved of interest. This comparison will be given further
consideration in the final section head 'Discussionts

One compound, typical of the group, was selected from
each series of organie mbétanees. Naphthalene was
investigated polarographically as being typical of the
arcomatic polynuclear hydrocarbons Bu*., as expected, was
reduced at too negative a potential to give a wave. This
wae found to be the case with compounds such as oxalic acid
among the simple polybuie. acidl, and bensoic acid amongst
the aromatiec acids. Of the aliphatic aldehydes, acetaldehyde
failed to give a wave although cinnamaldehyde, being the
arcnatiec aldehyde with the moet pesitive half-wave potential,
gave a well formed wave just before the discharge potential
of hydrogen ions. Acetone of the aliphatic ketones and
bensophenone of the aromatic ketones failed to give wavea

being reduced at potentials too negative.



- JA) =

The organic nitro compounds were found to de suitable
for investigation in formic scid, the first to be examined
being nitrobenzene.

ditrobenzens.

The half-wave potential of nitrobenszene in water
has been shown to be greatly influenced by the pH of the
solution. The polarogram in scid solution was made up of
two waves involving 4 and 2 electrons, the half-wave
potentials of which in a soluticn of pH 1 were «D.22 volts
and =0.878 volta ve 8,CuEs The reduetions involved are
from nitrobensene to phenylhydroxylamine, the second wave
being due to further reduction to aniline. The vaiue of
tan @ was 0,075 at pH of 2.5 and 0,088 at pH of 9.2 (98).

Nitrobensene as supplied by May and Baker Ltd. was
used. The polarogram in formic acid showed a clearly
defined wave, the half-wave potential of which was «0.,08
volte V8 S5.CeFedeBs (=0.60 vOlts v8 QuFsdeks); the value
of tan o was 0.,071. .M, a potential of about ~0.30 volts
va S5.CeFedBs the poelarogram ceased to be horizontal and
began te inerease grsadually until the discharge potential
of the hydrogen ion was reached. The solution was degassed
with nitrogen for £ hours to determine whether this would
influence the gradual increase of the diffusion current
but no change was observed. Thus only one measurable wave

was observed for nitrobenzene.
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disromethang.

It wag decided to seleot nitromethans as typical
of the polarographigally reversible aliphatic nitro-compounds.
These compounds showed two waves in aqueous solutions of pH
greater than 4.6« In acid medium, however, only one wave
was obtained, the half-wave potential of which did not vary
greatly with pH. The half-wave potential of nitromethane at
a pH of 1.8 was «0.,76 volts vs S5.CsE, The reduction vma‘
irreversible involved four electrong and produced hydroxyl-
anine (94). |

For the investigation in formic acid nitromethane as
sapplied by Eastman Kodak Co. was used. One wave was found
which extended over as much as 0.5 volts and showed the
reduction to be irreversible. The value of tan ¢ was 0.137.
The half~wave potential was ~0.63 volts vs S,CeFsAsB, («1.17
volts v8 QuFedsBs) in a 0.8 M sodiun formate medium. .

Aiscokoluene .

m-Nitrotoluene was chosan from the nitroalkyl-
bensenes which have been investigated polarographically.
In aqueous solution this substance has been shown to give
rigse to two waves, the half-wave potentials of which at
pH 1 are =0.,82 and «0.71 volts vs 8,C.E, SBG).

m-Nitrotoluene as supplied by Eastman Kodak Co« was
exanined in formie acid and found to give rise to only one
wave, the helf-wave potential of which was -0.04 volts vs
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B8eCoFeloeBy (0,88 volte vs QuFedeBs)e This wave was well
defined, the value of tan a being 0,088, No second wave was

encountered,

Of the nitrodenzoic acids, the above
eompound was representative of the groups. The reduction of
this compound in water gives rise to two waves, the half-wave
potentials of which gre «0.11 and «0.845 volts va 8.C.E. (93).

p~Hitrobensoic acid as supplied by Judex Chemicals was
ussd. Only one wave was found in formic acid, the half-wave
potential of which was =005 volts ve 8.CoF.ABe («0.,49 volts
v8 QeFedeEe)e The value of tan a was 0,082, Att.;r the com~
pletion of this wave the polarogram was found to grasdually
slope upwards being somewhat irregular, until the discharge |
potential of hydrogen was reached, Continued digaséigxg
failed to alter the shape of the polarogram. |

The above compound typified the behaviour
of the nitro substituted aromatic aldehydes. This compaﬁnd
gave rise to two waves in a dilute slccohel solution, the
half-wave potentials of which were ~0,21 and 1.01 volte vs
54CaBs (98)s The first wave represents the reduction of the
nitre g;'oup to the hydroxylamine, the second wave representing
a comdbination of the reduction of the phenylhydroxylamine W0
the anine snd the reduction of the aldehyde group apparently
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to the carbinol since a total of 4 electrons is involved in

each case.

m-Nitrobensaldehyde as supplied by the Merck Co. was
used in formic __nqs.d’ and was found %0 give one wave, the half«
potential of which was =002 volts v B«CuF.deBe (~0.86 volts
V8 yeF'sAsEs)e The value of tan ¢ was 0.029, ‘me‘pot.mthl
of the second wave Vin aqueous solution was too negative to
expect this wave to become evident in formic asecid.

s=Nitrophenal.

This compound was selected from the polaree
graphically reducible nitrophenols. Its reduction in
aqueous solution gives rise to one wave, the half-wave
potential of which 1s ~0.88 voltas vs 8,C.E, (98) in an 8%
ethanol solution. The reduction is bolieved‘to progeed to
the amine but even then there appears to be some phase
internediate between the reduction to the hydrexylsmine and
that to the amine,

a-Nitrophenol as supplied by Hopkins and ¥illiams Ltd.
was used and found to produce a fairly well shaped wave, th'
half-wave potential of which was =~0.08 volts ve B.CiFiABe
(«0«60 volts v8 QuFedeEs)e The value of tan « was 0,081,
Azohenzone .
This compound has an half-wave potential of «0.,04
volts v8 5.CeE. in aqueous solution. 4As anticipated, this
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potential was too positive for observation from formic acid

solutions and no measurable wave was obtained.

g=fiireso f-Naphthol.

‘ This compound also has & half-wave
potential which is too positive to give a well shaped wave
in formic acid. An approximation of this potential was made
and it is believed to be *0.2]1 volts ve S.C.F.AsB., d though
no certainty can be attached to this value.

No data are available for the half-wave potential
of this compound in agueous solution at low values of the pH.
The wave in formic acid was poorly developed, the half-wave
potential being +0,05 volts vs 8.CeFeAsBs (~0.49 volts vs
QeleheBe)e ‘

dodofory.

Iodoform shows three distinot waves in agueous
solution, the half-wave potentials of which are =0.49, «1.09
and «1.80 volts ve 8.C4Ee¢ Only the first of these waves
could poesibly be found when using a formic acid medium,
the potentials of the others being too negative.

Jodoform as supplied dy May and Baker was used, the
half-wave potential being ~0.28 volte ve S.CoFeAsEs (-0,82
volts v8 QuFedeBs)e The value of tan ¢ was 0,083,
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The half-wave potential of this compound in

aqueous golution was «0.78 volts vs 5.,C.Bey 1t was

examined in formic acid as an exsmple of the aromatie
aldehydes,

Cinnamaldehyde, as supplied by British Drug Houses,
was useds A well defined wave was obtained, the half-wave
potential of which was ~0.88 volts ve 8.C.F,A.B. (1411
volts V8 QeFsAsBe)e The value of tan « was 0,086,



PISCUSEBEION.

e




- 147 -

RISCUSSION.

In conclusion, it would be of adventage to make a final
assessnent 0f anhydrous formie acid as a medium for polaro~
graphic investigation. It is intended first, however, to
denonstrate that the series of half~wave potentisls measured
in aqueous solution, differ little from those measured in
anhydrous formic acid.

In order to make this comparison the half-wave potentials
have been tabulated in Tables 46, 47. The inorganic cations
are compared first in Table 465 the potentials in water
are quoted with reference to the saturated calomel electrode,
the supporting electrolyte being 1 M nitric ecid. The half-
wave potential of indium in both solvents was obtained with
A 1 M potassium chloride supporting electrolyte., The
potentials in foraie acid are quoted with reference to the
saturated calomel-in-formig acid electrode; from each of
these potentials the arbitary value of 0.17 volts has been
subtracted. In Table 47 the half-wave potentials of the
organic compounds are compared in the same manner. As the
half-wave potentials of organic compounds in aqueous
solution are oo dependent on the pH of the sclution, ':lt was
necessary to seleect the potentisl most suitsble for com~
parison with anhydrous formic acid 1.e. at the lowest pH
values Further it will be seen that some of the half-wave
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potentials were measured in aqueous solution to which small
quantities of ethanol were added. These potentials were
waed in the absence of measurements in pure vwater, and were
found to agree well with those in formic acid.

IABLE 4€.
Half-wave Potential

Cation . Yater Difference

ve Celgholiag ve

icd OQ 1?) soCch

volts volts voltas

Bisauth 0,04 =0,03 «0,01
Antimony ~Q,17 «0.17 0,00
Lead «0,39 wQedl +0, 01
-T4n 0,48 =044 «0.01
Thalliwm «0,46 =0.47 +0,01
Indium -0, 86 <080 -0,08
cmm "'0. 51 ‘0.69 *00 08
zm .'OU 88 ] "1‘0 WQI
Nickel «0.78 «led *0,3
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IABIE 47,

Kalf«aie Potential

HM Xater | Differ-
vs ence
Compound ve 8.C4E, pH of
' S.CeFeiioBiy aqueous
~0e17) medium
volts | volts | volts
Nitrobenazene =0.83 «0.22 =0«01 1.6
Nitromethane =0 ¢80 ] «0,08 1.8
m-Nitrotoluene «0.21 «0.828 | *0,01 1.0
p-Nitrcbensoic -0.18 «0:11 | «0,01 1.0 + (0%
Acid ethanol)
m-Nitrobensaldelyde | «0.19 [ ~0.81 | +0.02 1.0 »
' ' (Dilute
ethanol)
I-Niu'ophenol «0e23 «0,36 *0.02 8.0 + (8%
ethanol)
Iodoform «0,48 «0.49 | +0.04 ~Independ-
' ent of pH
Cinnamaldehyds =074 «0,78 +0.04 1.8
The organic compounds show good agreement. With the

exception of cadmium, zinc and nickel the agreement of the
poteht.taln of the inorganic cations is even more striking.
That these three elements have potentials in formic acid

which sre more positive than those in water is readily
explained on the basis of hydration of the ions in aqueous

solution and a lack of solwolysis in formie acid.

The

effect can be seen to be greatest for nickel and least for

cedmium which 48 the same order as the affinity for com-

bination with water to form hydrates. The close agrsement

of the series of potentials in the two solvents is thus

satablished.
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In keeping with the observations made for other none
aquecus medie, the diffusion current constants of the ions in
formic acid are lower then the corresponding values in agqueous
solution. 7This 13 t0 be expected in view of the higher
viscoaity of formic acid. 4

The disadvantages of anhydrous formic acid as solvent for
polarographic investigation are due largely to its acidie
nature. The use of supporting elaétrolytu such as cya;nim,
hydroxides or ammonia is therefore oxeludeé; due to ite
reducing properties, formic acid solutions of iodidéa and
nitrates are alsc unsuitable. Further, the range of measurable
potentials is restricted to values detween +0.2 and ~0.8 volts
ve B.CoFedslls It 18 this feet which shows formic acid to
be of restricted use in the polarographic astudy of organiec
compounds. |

Anhydrous formic acid does, however, diow some very
useful sdventages. Besides being a solvent with small |
solvating power the addition of ae much as 2% (v/v) of water,
its main impurity, has been shown to exert little effect.
Dissolved oxygen the presence of which is so undesirable, is
more readily removed than from aqueous seolution hw bubbling
nitrogen through the solvent; ten minutes degassing is
usually sufficient. The soludility of inorgsnic salts 1s
relatively high for an organic solvent; it was notliced
throughout, that salts which are readily soludle in agueous
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solution e.g. potassium chloride, ahowed appreciebls
solubility in formic acid, while salts asparingly soluble
in water e«g+ lead sulphate, thallious chloride etc.,
showed a correspondingly low solubility in formic scid.

Finally the necessity of having to suppreas polarographie
overcurrents as in aqueous @ lution, was absent.
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Before beginning the actual polarographie investigation
of anhydrous formic acid solutions, it was necessary to
develop a reference electrode in that solvent to0 which the
measured half-wave potentials could be referred. It was
essential that the electrode be non~polarisable, reversible
and reproducible, that it be capable of rapid preparation
and, if possible, insensitive to small amounts of waler.

The quinhydrone-in~formic acid electrode was found to satisfy
all these requirements admirably, besides which it had a
very small salt effect and dia mt depreciate over a period
of several hours. It was thus well suited to the role of
polarographic ancde. As this electrode had only been used

in this capacity once previously, in aqueous solution where
it was found to underge polarigation and be unsatisfactory,
it is hoped that its usefulness will be extended to other

non=-agqueous solvents.

In order to conform with pelarographic practice in
aqueous solution it was decided to prepare a formic acid
analogue of the saturated calomel electrode ani measure its
potential with respect to the guinhydrone-ine-formic acid
electrode. This potential was found to be =0.5384 T 0,0006
volte VB QeFsAsEs, the mean of ten determinations. The
half-wave potentials were thus measured against the quin-



-
hydrone electrode and quoted as against the calomel electrode.

The measurable range of potentials using the quin-
hydrone-in~formic acid electrode was +0.2 to «0.8 volts
V8 SeCoFeisEs Nine inorganic c#t.:lons were found to have
their half-wave potentials within this range and these
potentials were measured in about seven different supporting
electrolytes. Formic acid was found to be a good solvent
for many salts, the solubility relationships being similar
to those in aqueocus solution. The incidence of complex
formation in formic acid was also shown to be very simﬁar
to that in water.

For all the inorganic and organic electro-—reduciblé
species investigated, a constant difference of ~0.17 volts
was fourd between the potentials in formic acid against the
saturated calomel-in-formic acid electrode and those in
aqueous solution against the saturated calomel electrode.

The elements, cadmium, zinc and nickel, however, showed
exceptional behaviour in having more positive half-wave
potentials in formic acid than in aqueous solution. It has
been shown that formic acid must be regarded as a solvent |
with low solvating power and it is postulated that these
elenments show this anomalous behaviour because of appreciahln.
hydration in water but lack of solvolytic effects in formic
acid. It is for this reason too that indiuam was found to 4
be reversibly reduced in formic acid and irreversibly reduced
in aqueous solution. The half-wave potential of thallium
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exhibited the most unusual characteristic of shifting
appreciably to more positive potentials on incrsase of the
supporting electrclyte concentration.

It was found that the appearance of polarcgraphic over-
current in anhydrous formic acid were most irregular; in
most cases belng altogether absent. After showing con-
elusively that this phenomenon was not attributable to the
presence of impurities in the solvent, it was discovered to
be dependent on the concentration of supporting electrolyte,
small concentrations of which were sufficient to suppress
the overcurrent completely. As this feature is quite unique
it was further investigated by plotiing the ratio of the
overcurrent to diffusion current against supporting electro-
lyte for the elements biamuth, antimoeny, lead and tin, the
only elements whose curves exhibited overcurrents. The plots
were found to be initially parabolic, changing te a linear
relationship until final suppression of the overecurrent.

The curves were explained as being the composite effect of
the normal curve in agueous solution and a reducing linear
effect which was found to be due to capillary-activity of
monomeric formic acid molecules. It is postulated that under
the influence of increased ionie strength, the hydrogen
bonding of the dimeric molecule 1s reduced giving rise to
increased concentrations of the monomer which is responsible

for the suppression of the overcurrent.



- -

The theory was supported by examination of the electro-
capillary curves of' mercury in formic acid.  Further
investigation of these curves in the presence of the electro-
redueible ions showed regular plateaus and electrocapillary
maxima shifts all of which were eiplained.

The research was completed by a polarographic examination
of some orgenic compounds in anhydrous formic aeid,to
ascertain the possibilities of further work in this field.

It was found, howaver, that due to the acidity of the
solvent, and consequently the early sppearance of the wave
due to the discharge of hydrogen lons, few organic compounds
could be exanined. Formic acid 1s thus unsuitable from

this aspect, but exhibits some most favourable character-
istics as a medium for polarographic investigation.





