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The association in aqueous sclutions between
divalent transition metal catlons and the anions
of dicarboxylic acids has been studied,

The thesle 1s divided Into four perts,

Part 1 describes studles of assceciation in
copper oxalate sclutions at 25°C.  Fotentiometric
measurements, using a glass electrode system with
a saturated calomel refcrence elecctredo, at an
ionic strength of 0,1 were used to 1dentify the
gpecies present in these solutions. These were
found to be Cuﬁcgoh*, CuC,0, and Cu(cgﬂu)g. and
stability constants at this ionic strength were
derived, Subsequent work at low concentrations
yielded the thermodynamic association constants,
Using a pplarographic technique at ionic strengths
varying from 0,2 to C.6H, a value for the stability
constant of the doubly charged anionic complex was
obtainad and this is compared with the potentiometric
result,

Part II is devoted to a study of 212 electrolytes.
The thermodynamic equilibrium constants for the
assoclation of divalent nickel, cobalt and manganese



ions with oxalate and suecinete anions have been
determined over the temperature range 0° to #5°C
using the ecell,

He, Pt / HoA, KaCH, MCl, / AgCl, Ag,
in which eemef+s were measured to I 0,01mev,
Thermodynanlc properties for each assoclation have
been derived., The first dissoclation constant of
oxalic acld was also measured over this temperature
range using the cell,

H.y Pt / HpOx, IC1 / Agll, Ag,

Results are coumpared with those in the literature,

It was thought that in metal sueeinate sclutions,
due to the high concentrations of HSuce™ present,
there might exist in solution, along with the 212
slectrolyte, a complex of the form MHSuce*s  E.mef,
measurements on mangenese succinate solutions at O,2M
using the glass electrode system of Part I confirmed
thia and stability constants were cbtained,

Part 1II consists of a genersl discussion of the
results, The entropies of the ionw-pairs have been
ealculeted and correlations between MG, AH and AB
vith ionic parsmeters are investigated,

Part 1V deals with a calorimetric study of the



heat of formation of mengenese melonste at 25°C,
The hest of solution of potassium chloride was
also measured, Results are compared vith existing
data,







In electrolyte sclutions, there are ions of
opposite sign and in any ccmprehensive treatment
of thermedynamie properties, it 1: necessary to
take into account the various forces inveolved,
.8+ the long renge (Conlombic) interionic
attrective forces and the shorter interactions
between ions and sclvent nmolecules. iebye and Hickel,
introduced the concept of an "ionice atmosphere" of ions
of one type sround a central ion of opposite charge, and
showed that fcr strong electrolytes, deviations from
ideality could bs interpreted in terme of 8 potentiasl
arising from the arrangement of the surrounding ions,
In don associstion, the lons are caught up in one
another's field. They are close together so thet the
ahergy of their mutusl attraction 1s greater than the
thermal energy which permits their random motion. In
this case the approximations cor. which the Uebyeeiiickel
theory depends are no longer valid and a new entity is
formed in sclution which 1s stable enough to withstand
6ollisions with solvent molecules and which 12 celled an
ionepair,

The ion association reaction may be deseribed by the
equilibrium

R N Y



whire Eﬁ; os etcs, are the hydrated ionic species
present in the sclution. If 2=0b then a symmetrical
incharged icnepair is formed,

ﬂjerrumg developed a theory to account for ion
association by consldcring the formztion of ionepairs in
texma of purely electrostatic and Coulombic forces betvecn
ions.s Ions are regarded as unpclerisable spheres
contelined in a medium of fixed macrosecpic dlelectric
constant. lHonepolar quantum mechanical bonds as well
a8 lonesclvent int ractions are excludeu. He suggested
that ions withipn o caertein minimum distance 'q' of cne
gnother are "assceleted” into ion-pairs, though in
reality o fast woving ion might come within this distance
of another and no palr be formed. If we consider a
golution of a symmetirical electrulyte thon the aWerage
distribution of negrtive (4) ions will be greater in the
vicinity of a positive (3) ilon than in the bulk golution.
The number of 1 ions round a selected j ion is given by
the Boltzmann expression, and the number in a sghell of
thickness dr at a distance r is n,.exp (~zie+3/kr). hxra.dr,
vhere ziey, 1s the potentisl energy of an 1 ifon of valency z
and n; the bulk concentration of 1 lons.s If r is small
then the potential of the central ion will be dominant and
interionic forces can be neglected, so that v, = 258 /¢ r
vherec 1s the dielectric constant) and substitution in the



above expression zives the number cof 1 ions in the

shell tc be 2
"ﬁinje

Yin exp( ) . % ap
1* Eklr ’

If a serdes of such shells is considered, the
punmber oi lons In each shell can be estinnted on s
timé«avwrage besize 1t con be seen thet with
1nc:aasing ry the probability of finding en 1 don in
any unit of volume decreases, but cince the volume of the
shell alse increases, the two opposing effects combine
to give 2 critieal distunce in which thore 45 2 mininum
probability of finding an 1 ion enyvhere in the sphere
surrounding 2 } ion. Yhis distance 'q' is the ionie
aabaratian gt which the mutuzl potential energy of the
ilena 1s equal Yo 2T,

2
N |zin| N

q = 32\ 3057“1“

. 2ek?T
wntér at 25%, Bjerrum showed hou the mass action
eonstant of the equilibrium (1) depends on the
dielectric constent of the solvent as well es on the
temperature and ionic size.

1f the two ilons sre et ¢ distance grester than g
then the Debywiiiickel theory may be applied, The expression
for the activity coefficient 1g given by



i |zlza| fkr

log £ L g 3
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vhere 2 znd B are comstants depending on the
temperature snd dielectric constant of the medivm
and & 1c the distance of closest spprozch of the
lonsse The equation represcnts observed values
with good accursey by chcoéing a suitable value

for & the only factor not dlrectly determinable in
the expression. In the derivation of the equation,
ions are treated as ripid sphores ond the numerstor
and denominator of the richt khand sile represent the
effect of long raunge Ceoulombic forces znd short
renge interactions respectively. In any actual
solution, there will be lonesolvent interactions to
eonsider as well as other forees resulting from the
defornation of the spheriesl model, These are
thought Yo be of & type causing linesr variation

3 L

with log f and Guggenheim” snd Davies' have put

forwvard extended equations of the type

¢
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The Davies equation, used throughout the present
vork 1s

-0.21]-~u-~-(2)

and agreement with experiment for l4) and 24}
electrolytes in water st 25°C up to an iomic strength
of O,1M 42 within 2%.5

The thermodynemic agsociation constant, K,

resulting from equilibrium (1) may be written

_quxla=bl+/ [x'2PM] gtande

K& - » ‘“""““‘3)
gl S22 10T e £,be

where the Lraces erclose activitles, the square
brackets concentrations zand £'s are the corgesponding
activity coefficients, In exreriments at constant
fonte strength, it is convenient to neglect the f's

and the corresponding equilibrium quotient or stability
(or formation) constant is obtained. |



4 number of methods aro avsilable for the
study of ion ssseociation in solution. These
include (a) conductivity, (b) soludbility, (e)
potentionetry, (d) spectrophotometry, (e)

polarosrashye

(a). ﬁaviesé has attributed devietions from
the Cnsager limlting equation ¢tc¢ ion assoclation
and he and his co-workors have noed the conductie
metric method to study ussoclation in 111,242
and 333 nlectrolytess Thesc symmetrical lone
peirs lend thomselves to investigstlon by this
method since, haeving no residusl chargo they do

not contridvute to tihe obsorved conduchivitye.

(b)e HMeacurement of the sclubility of
sparingly scluble salts in the presence of added
alectrolytos was first used by Davies’ to study
asseeistion in ealctum salts of organic aeids, The
method hes been enployed by Bell and Georgaa and Waiy

angd Kancolla39 to study caleium and thallous saltsa,

(c), Heny e.m.f, mothods have been introduced,
Covington and Prnelu have made very accurate



measurenents using the gless electrode and among many
examples of the use of lintned cells may be cited the
work of liair and Bancollas © on transition metal
sulphates and Monk et 81¢12 on matal dicarboxylates.

{(@)e The spectraphotomstric method takes
advantage of the fact that the metal ilon end the ione
palr bave different cxtinetion coefficicnts and although
it is the concontration of complex which is measured it
does have tho disadvantage in that en extra extinction
coefficlent has to be rensureds. Using this method,
however, Monk»~ and bis collaboretors have studled ion-
pair fornation between the uranyl ion end thioeyanste
and chloride anions. In his investigation of the

132 has discussed the errors

copper sulphate system, Frue
involved in this method.
(e)e Tie polerographic half wave potential of e
metal ion is ghifted to e more nepative value when an
asscalaticn vwith an anion takes place. The extent of
the shift may be expreesed in terms of vhe nﬁnbar of
electrons invelved an the number of snions asscelated with
29 The method has buen used by Gelles end
gaaeollaslu in thelr study of the copper melonate system,
Uther workers employing thisg method include ﬁaiteslha vho

studied motal lon ascociation with citrate ioms.

each cation.



These and other mathods of investigation have recently
been reviewed dy Eancollas.lg
Much of the dats on ion assoclation refer to work
done at a single temperature or overaac smell temperature
renge. If, however, a range of &5 or (U degrees is used,
it 18 poasible to caleulate the thermodynamic properties

of the assccistion. 'The heot of formation of the ilone
pair may be derived from the variation in log K with
temperature, intreopy changes mey be obtained, and these
can arise in twe wayse. [Firstly, in the formation of the
ion pair there is & net reduction in thejumber of ions

in solution leading to an entropy decrease, but there

is alro en oppeosing effect in that the neutralisstion of
charge leads to a prester frecdom of sclvent (water)
molecules zround the ionu, piving an entropy increases
Depending on which cof the factors predominstes, an
entropy increase or decrease 1s given. llany temperature
data yielding these priperties are availeble for wesk
acids vhere esscclation has been extensively studied.le’ ’
Also while there are many date for formation constants in
the litsratare,ls the conditions ander which these have
been measured very widely and direet comparison between
gsystems is scmetimes diffiecnit. The published work on
heats and entroples of formstion 1s still scantys

Recently the results of caleorimetric Al measurements 17
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on the reasctions of ethylenedleomine with transition
18 in
order to provide the thermodynzmic properties. Although

netals have been combined with free energy data

calorimetric heats are the most reliable, the isochore
methed does have the advantage in that if Alvaries with
temperature, the change in specific heat, Aﬁp may alsgo
be obtained,

In the present work, Fart 1 deals with the
association between copper ernd oxalste lons in sclutions
of warying ionic strengths at 25°C. This has been
studled using an e.n.fs methou and various equilibria
have beer found depending on the pil of the solution and
the metal and acid concentrations, rolarographie
technigues were also used and the results are in good
agreement,

Part 11 is devoted to o ctudy cf 212 electrolytes,
The oxaletes and succinstes o nickel, cobalt and
manganese have been studied by a precisce cemsfs method
over a tempersture range from ¢° to hs”C. Thermodynamic
properties have becn derived for each asgociation and
the first dissccietion constanit of oxolic aeid has also
been measurod over thlc tomperature range.

In Fert 11 thermodynamic properties are discussed
and correlations between Ali; AS and AG uith ionie

paramoters are investigated,



Part IV consists of the desoription of @
calorinetric stuly of the heat of formation of
mangenese malonate. The heat of sclution of
potagsiun chloride has been used to test the
spparatuz and values obtained are compared with
existing data,

SLAWr gmrseesas

il
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The rezctions in sclution botween transition metal
cations and the anions of weak acids or neutral molecules
have been extemsively studied and the corresponding
18, 19, 41

Irving end

found that these stabllity constants, K, vere

assoclation constants mezsured,
williamskl
in the order
in<Fe<Co<liclurin

along the first transiticn row, and suggested that
the reason for increments in K from metal to metal was
due to some stabllising {actor which Increased in
extent along the serles, indlcating the tendency towards
the formetlon of 2 covalent bond between the metal atom
and the ligand. They also showed that the stability
increment from metal to metal was greatest for nitrogene
type ligands (e.zey ethylenedicmine) and least for
oxygen«type (@.g., sslicylates and oxalates). There
is & large spread in log K values for dicarboxylate
complexes, but the values for the sulphates are very
similar and the latter are thought to be electrostatic
ion-pairs. The association beotween copper and oxalate
ions has not been studied, hovever, and 1t would be
desirable to have this walue in order toc test the
Irving~Williams order.

It 1s well known that if the size of the chelate

ring is increased there is an accomponying decrease in



14
stability., This has been confirmed recantlyzl
in a study which has shown thet the relative
stability of dicarboxylates decreases uniformally as
the ring size increases,

Irving, ReJ.P,williams, Ferrett and A.E.h‘ﬂliamsaa
showed that complexes formed by allphatic diamines,
amine acids and carboxylle aclds were most stable when
the rings had five atomz and Interpreted the decrease
in stability on increasing size in terms of entropy
and heat changes,

The nmgin reason that copprer oxalate sclutions
have nct been studied 1s probably duc to the faet thet
the Cul Gh conplex has a very low solubllity
(1.6x1¢~* at 18°C), It is, however, more goluble in
the presence of excess oxalate eniocn due to the
formation of increasing amounts of the speciles Cu(CQOh)g-.
This wes noted by Britton and Jarrett,gz who studied
the systemz—'soﬁium ovxalate, copper oxalate and weter
snd obtained = value of leeg for the assoclation
constant of the doubly charged anionic complex at 18%,
R1ley*3 prepared the double salt Na,C,0,.GuC,0, 24,0
and, using an e,m.f., method at 20°C found a velue of
31108 for the complex assocliation constants Both these
workers studied solutions at an ioniec stremgth of about
C. 1M, Heites,gu using a polarograrhic method, made
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measurenents at widely differing ionic strengths
and gave a K value for the scluble srecies of axlﬁlo,
considerably higher than these previously reported,

In the present work a technique~was evolved by
which, with careful control of concentrations and
experimental technlque, it we: possible to prepare
solutions contalning equivelent ionic ccneentrations
of copper and oxslate which were stable long enough
for e.n.fes to measured and depending on the pH of
the sclutions various complex species were present,
The data from these experiments were interpreted in
terms of the formation of three specles Cuﬂcao+,

CuCy0, and Cu(caoh)g-. MYeasurements wore made at a
constant lonic strength of C,1M and at low concentrations
end equilibrium quotients end thermodynsnic association
constants for each of these species have heen determined,

In the course of these experiments, values for the
dissoclation constants of oxalic acid et an ionic
strength of 0,1¥ were also obtained, Folarographic
measurencnts were mede at varying ionic strengths from
C.2 te 0.6 in solutions containing a large excess of
oxalate anion. The presence of the soluble doubly
charged complex species was noted and & value for its
stability constant obtained, lower than that of Meites
but in good agrecment with that derived from e.m.f.

neasurenents.
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An excess of copper oxide was
added to = 1N sclution of perchloric zcid in the cold
and the mixture wes then heated and stirred at 80°C
for a period of four teo five hours. The solution,
after cooling, was decented end centrifugation and
filtration removed any traces of ccpper oxides The
solution was enalysed for copper both ioﬁometrioallyu7
and by using an lon-exchange method, A column of
Amberlite I,R.120 resin about 18 cm long and 1 em in
diameter was converted to the hydrogen form by passing
through 1t about 100 ml. of 3 « & I hydrochloric aecid
and washing with ebout five litres of distilled water
until the eluate had a rH similar to that of water.

10 ml. portions of copper solution (0,1N) were then
slowly passed through the columm vhich was again washed
with distilled water until acid free, the elustes being
collected in conleal flasks., Titration of the perchloric
acid obtained in this manner agalnst standard sodium
hydroxide yielded the copper concentration. A check
that all the ecid had been washed free from the columm
was made by further titration of the eluate,

Sodium perchlorates B,D,H, material was recrystallised
from distilled water and solutions vere analysed using

an ion exchange column in & manner similar to that



deseribed for copper perchlorates.

Scdium hydroxidgs Saturated sclutions of sodium
hydroxide were prepared from "AnalaR" sodium hydroxide
pellets which were mechanically shaken in distilled
water for 2% hours. The solution was zllowed to
stand for three to fcur weeks, after which sanmples
vere diluted with carbon dioxide - frec distilled
vater in an atmosphcre of nitrogen. ‘the hydroxide
solution was stored in a flesk with an automatie
burette attachment having socda-lime tubes on all air
outlets, <amples of the sclution vere titrated (a)
by volume against B.D,H, volumetric hjdrochlorie acid
stoek solutions, and (b) against weighed samples of
potassium hydrogen phtholste. Agreement was alwaye
better than C.17,

Oxalic Acid:s This was of "/AnalaR" grade and
solutions were prepared by volume., Titration against
the standard scdium hydroxide solution acted as a check

on the concentration,

- Copper chloridet The hydrated cupric salt was of
"AnalaR" quality end soclutions vwhich were prepared by

volume were estimated both lodometrically for copper
and by !iohr's method for chloride.

17



"Analaii" quality potassium chloride, potassipm
hydrogen phthalate and sodium oxalate were usgd and
the gelatin vwas 'Folzmritan' material.

stock solutiones were kept in stoppered pyrex
stock flasks with ground glass jolpts, All
volumetric apparatus was of grade A quslitye The
flasks were cleaned by standing in chromic acid and,
where possible, steaming for cne hour, When not in
use they were filled with distilled water., ESamples
of the resgents were weighed out from small pyrex
weighing bottles using a Stanton semi-micro balance
and weights which had been calibrated by the method
of Kohlrauseh?6o4 '

18
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E.mefs measuremants were made using the cell
Calomel / Satd,KCl / Solutien / Glasa / HC1 (0.2M), AgCl/Ag.

The design of the cell has been previously doacribeda5
by Dunsmore and Speskman. The zloos olectrode was made
of Corning 01% zlass and had a2 resistance of about
107 ohme., Fsmefes reproducible to within 0,1 nv, were
obtained using duplieate soluticns. The cell was kept
in en oil bath which was meintained at 25 0,1°C even
when not in uze, to prevent fluctunting celomel electrode
potentials,

The calomel eleotrode was of conventional design,
A small quantity (0.5 « 1 ml.) of dcubly dietilled
mercury was placed ot the bottom of vessel H in Pig.l
and this was covered with & loyszr of czlomel paste
prepared by rubbing together In 2 mortar, calomel, meroury
and a few drope of satursted potassium chloride solution,
The whole was then covered with potsssivm chloride
erystals, A tube, hoving o platinor wire sealed 1n 1t,
wag placed in position ss shown by mesns of a rubber
bung, the jcints bein; cozted with parzffin wax to prevent
stray petentials, The vessel was £1lled with saturated
potassiun chloride sclution from reservoir G, The
glass electrode buld conteined a sclution of 0.2M
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hydreehloric acid prepared from vclumetric reagent,
The sllver « silver chloride electrode was wade by
the method of ﬁrcwn77, the platinum-pyrex seal being
perfected by the use of Araldite resin cast in the
bottom of the tubes

ihemefe measurements were wmade using a Tinsley
potentiometer with a Vibron electrometer
(Eeleb, model 33B) ss a null indicator,

The apparatus used in measuring pf values with
the glass electrode is shown in Fig.l., The sclution
wag removed from the cell by means of the syphon
eontrolled by tap Ae When in use, the clectrode
vessel was flushed three or four times with the
sclution to be studied by £illing it through B end
emptying it through A, Saturated potassium chloride
was then admitted to the junction ¢ from the reservoir
via tep Dy After rinsing with several charges of this
liquid, its level was adjusted in the junction vessel
so that it almost touched the tip of the capillary
tube E, The test sclution was then added through B
and due to the airlock in ¢ the solution did not
descend to the foot of capillary tube E., The air wes

released from C using the tap F which controlled an air

bleed such that the sclution flowed slowly down E and
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gently made 2 Junction with the potassium chloride
solution in ¢, It was possible to see the junction
formed and the sclution was left for ten to twenty
minutes during which time constant readings were given,
Due tc the very low solubility of “he copper
oxaiate, sclutlions vere mede up immediately before use,
Any drifts in the e.nefe Teadingse were accounted for
by selt precipitaticn and the sclution in the electrode
vessel was immediztely removed snd discarded. The
glass electrcde was then washed with very dilute
ammonia, water and allowed to stand for some days in
dilute hydrochloric acic befere further uses
B E L CLS

(3). At L - T i : 1= o

Before, during and after each run, the electrode
system was calibrated using hydrochloric acid solutions
of known concentration contalning sufficient sodium
perchlorate to give sn ionic strength of C.1M, The
estiefe values corresponding to these sclutions were
plotted against log [ﬁ*] and using these plots umitown
log [HY) values could be derived from tio observed e.m,f.s
to within I 0,005, A typleal calibration curve s
shown in Fig.2 for which the data are given in Table I,
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5] | E(v),cbs, log (%]
2 x 10:: 41038 ’ «3+699
5 x 10 0.C8CS ~34301
10-3 Co0627 ' +3.000
2 x 1073 ¢, 0443 24699
5 x 103 0,0217 «24301
1072 040033 2,000

The slope of the line is C,05¢ and in all calidrations
gradients fell within the range 0,058 to 0,060,
(b)

ihen the concentrations wore lov, the electrodes
were standardised with hydrochloric acid solutions,
using the activity data of Robinson and btokes,s and
with buffer sclutions of known pfi @ 0©.01M hydrechloric
acid + (,09 potassium chloride, pli = 2.075,27
0.05M potassium hydrogen phthalate, pli = h.005.26

Hixtures containing known amcunts of oxalic acid
and sodium hydroxide were made in 2 2% mle. graduated
flask and diluted using distilled water to about 230 ml,
The eupric perchlorate (or chloride) stock solution was
slowly added from a 10 ml. nipette and the whole made up
to the mark, Sclutions prepared in this way were stable

for 3 to b hours. ©Some solutions where the buffer
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was diluted tc only 150 to 16C ml. before the copper
was introduced showed precipitation after hall an
hour. In experiments at constant ionie étrangth,
the caleulated volume of sodium perchlorate stock

solution waes also eddeds
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The apparatus used has been described by Gelles
and Eancollas.lk The solution was electrolysed in
a cell between 2 dropping nercury eathode and a
saturated calomel electrode, the current corresponding
to the applied potential being recorded on a Tinsley
pen reccrding polarograph, It wes possible to
determine potentials to £ 1 mv, by decreasing the
voltage span of the instrument from 3 to (.3 volts,
The Cell

A diegram of the cell is given in Fig.3. The
bubbler attached to sidesrm & prevented the diffusion’
of oxygen back into the solution after it had been
flushed out with nitrogens The cell was filled with
gsolution through C, into which was then fitted a
dropping moréury capillary which eould be adjusted so
that the mercury drops (drop time 3.3 = 0,3 secs)
fell into the cup D, tidearm B scrved as & nitrogen
inlet, Nitrogen wes obtained from an oxygen free
eylinder and was passed through two vessels containing
vanadium sulphate solution standing ovor amalgemated
ginc to remove any final traces of oxygen, It was
then bubbled through water and passed through the cell
sclution for about fifteen minutes befcre each
experiment., The nitrogen supply was then disconnected

and the celomel electrode salt bridge, consisting of
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saturated scdium chloride solution boiled with 3%
agar, wes introduced in tube B, 0.005% gelatin

was used as 2 maximum suppressor. Cell resistances
amounted to Y000 to 7600 obms and ccrrections for the
iR drop were of the order of 2-3 nv,

A dlsgram of the eireuit is shown in Fig.ske The
batteries in the poclarograrh were replaced by the
rotentiometric adjustment shown which reduced its
voltage span from 3.0 volts to 0.3 volté. More
aceurate potentiel measurements covld thus be made, If
a8 half wave potential greater than «0.3 volts was to be

measured, ancther accumulator (A in Fig.4) wes put into
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the eircuit together with potenticmeters B and C so that

e constant known potential cculd be superimposed on the
gradually increasing potential from the polarocgrarph,
Eiperdnental

Half wave potentials E%s for the copper ion vere
measured in sclutions of cupric nitrate, potassium
nitrate, and sodium perchlorate. Solutions conteining
varying amcunts of cupric nitrate and sodium oxalate
with gelstin as supprescor and sufficlent potassium
nitrate or sodium perchlorate to give varying lonie
strengths from I = 0,2 to C,6Y, were prepared and the
shifts in the half vave potentials noted for each

oxalate concentration.



Interpretation of e.n.f. data at low concentrations
in terus cf only onc complex (Lut,0y) led to values of K
which vere not eonstant, indicating that more than one
complex was rresent., It was therefore decided to use
the data at constant ionic strength to identify the
specles since caleculations vere sinrlified by the fact
that activity coefficients were incorporoted in the
stabllity constants and could be neglecteds It was
found thet the srecies present in solution depended on
the pli and the concentrations of metal and acid, The
three equilibria required for the interyretation of the
data ecorrespcnding toc the formation of the complexes

identified were:-

et . HCH0, ™~ CuHC 0, % emema(l)
s - T
Cu + ColL"" =t Lubnly i 82,

CuC,0y, + cgﬁf' .-g(;u.(caoh);‘:' commeel(6)
Formation constants and thermodynamic assocliation
constants for sach species have been measured.
It was necessary to obtain the values for the
dissoeiztion constants of oxalie acid st an ionic
strength of O,1H
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ki = [@%]. (He0,"] /7 (Ha020,)
and

k, = [B*], (co0,°" 1/ [Cp0,” ]
The first dissoeistion of oxallc acid is rather
extensive and 4t was necessary to limit this by the
eddition of hydrcchloric aecid. “olutions, containing
these ingredients and sufficiont sodium perchlorate to
raige the ionic strength to (.1 were exanined and
neasured e.M.fe8 were used to yield log [H*] values.
At sufficientlj low log [H'] values, the contribution
mede by Euab "] from the second dissociation may be
neglected and the exrression for totsl acid
conecentration becomes

Te = (1,601 + [H050,7] wmeuen(?),
since the soluticn is electrieally neutral, we can write

[*] = [e50,7] + [c17] emeeen(8),

The chloride coneentration is knowun and the
hydrogen ion econcentration is interpolated from Fig.2,
so that [HC;0, "] can be obtained from (&) end using
this in (7), [0.CC,] 1s founds The results of these
experiments are given in Table II,

The second dissocistion constant of oxalie acid
was wmeasured using solutions containing sodium hydroxide,

oxalic acid and sodium perchlorstes Here the log [H*]



on _COngtant

L1%].103 5590201—,] 103
Lo 657 04650
4y 372 1457
4e102 2438
34943 34045
3ol 34501

k)10
bel
be2
Lol
he§
Yol
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Mean i‘!; = ’003 x 10‘.2.

Wt 0X1 el
5¢56 0,430 1,548
be52 - Ue518 1166
JoM  (e661 1,307
2s16 (o820 1,133
CeldS 14056 o698
1,95 0,165 0,216
1,39 6,206 (168

Yean k' = 1.56 x 10
«Mn—-‘m

k. 1o

le4
1,61
1.6
1.58
159
1.49
146

N
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values were high enough to neglect the concentration
of sny undissoclated acid, and in this case,
Ta & [Hcgtﬁh"] ¢ [32%2- ] ) i (9)
and electroneutrality yielded

ba*] « (H*] = [zicgo!;] + 2[6205"]------(10).
Knowing [Nat], [E*] and Ta, [HCEO!:] and Ecgcugj
were obtaineds, The results of these exporiments are
given in Table 1131,

Intcrpretation of the data from copper solutiona
was now undertaken, t‘aleculations were made on the
basis that only equilibrium (&) (i,e. the formation of
Cuﬁaek) wvas operetive. The stability constent (K;)
values showed s ccnsiderable drift suggesting the
presence of oth-r speciess It was then thought that
inclusicn of terms for the Cu(CQCh)i- complex might
eliminate this drifte A graphical method was used and
three sets of points were recognised as being independent.
Investigation showed that each group of points was given

under certain experimental conditions, The complex
0+
2y

was not expected at such low pH's),

species found to be present were Cuczou, CuliC end
2w P
Cu(caoa)z s (CuCH
and it was possible to adjust the concentrations so that
any two of these complexes could be made to predominate,
The ecnditions yielding the different specles were found

to be 13
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(a) Ta much smaller then Tm with low (Ne *] +here the
grecles presont were Oul Gu and baﬁz 1 ¥

(b) Ts smeller then To with high [' "'1, the oouplexes
here being Cuvyly ond Cu(ug !*),, and

(¢) To greater thon Tm with verying [la ], vhere all
three complexes uere present.
For solutions of cepper perchlorate, sodium

hydroxide and oxalic acic giere all throe complex species,

G“ﬁgzﬁh ' Qumzﬁh and uu(vﬂx } are present, a comprehon-
give treatnment at low ccneentratiene would invelve the
folloving.

Total metsl ion eoncentration 4s
“ I R Y en P
and that of the total aecild,
Ta & «‘«‘Lb] o [iv € AN cuc G
[: [QJ[L}]+[ 21’]%
+ [Cutic *] v 2[Culee )7 Joecue(12)
and the electroneutrality e&nﬁition is
a*] + [1%] ¢ 2[ca™*] + [cwicye, *] = [ 60,71 + d[c,_,c ]
+ ﬁ[miugah}‘* 1+ 2 Tn weee (13)
vhere Cuiﬁiﬁb)g 1s assumed to be completely disscclated,
The thermodynanic disesociotion constents of oxalic acid

are

=
]

2¥2%y
= 1) [a0, 2] et v [0, 7]~ (15,

[zi*].ﬁ;age;] .rif [.¢.6] - SIS LY:
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From the equilibriz represented by equations (&), (%)
and (6), the corresponding thermodynamic assoeistion

constants may be writtent-

+ I
ty = [cuico, 1/ [ca® 1. [no0,"lor, . (16)
. . D4y . 2eq ,
I W R (L P R T - (17)
and
= [cu(c.0 )2“] / [ewe.e 1 (e o 2"]._ - (18)
&l o & % 2 L )y

The ienic strength of the solution may be ealculated
from the expression I = }Zcyz,”, where ¢y 1s the
concentration of specles 1 end z itz vslency. The
expression for the lonic strength of a solution containing
all three species 1s found to be

= 3Ta - Tn = 3l ", -"’-[ﬁ%%f]

+ 42T ~[va?] [1*] -2i6.0,] - [0, "I )

Ky [HCQDL:] of,
The method of caléulation is to use an epproximate value
for the ionic strength (e.g., 3Tz « Tm) in order to
calculate activity coefficients by means of the Davies
equation .

_ ., o I
-log £, = A’z

- c.az], - —(2)
3
1 41°
A being the Debye-liickel constant which at 25°C has the

value C,5092 on the molar scale. Using these approximate
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setivity ccefflcients, the concentrations of the lonic
species zre caleulated using equaticns (11) to (18) and

are used to derive a more accurate value cf I from equation
(19), This prowess of approximations is continued until
identical I values ore obtained in guccescive cycles,

The Davies equation has been used in the eveluation
of asscclation constents of 232 electrclytes edgey
dicarbcxylates,37 £8 well os other symmetrical complexes,
Guggenhazm,7% hovever, has recentl; criticed its use for
other thon 1 t 1 electrolytes. ‘i sugrests a coeificicnt
of 2 rather than 0,2 for 2 ¢ 2 electrclytes, which defines
the distance of aprroach of the ions in association as
about 92, There 1s st1ll come uncertainty es to which
equation tc uce in the case of mixed clectreolytes, It
has been found, hovever, that use of the Guggenheim
formula lezds to negotive concentrations cof complex in
transition metal sulphote deta and to a reduction of about
1% to 207 in the K valuo obtained for copror oxalate in
this vork. <tudies on the associstion ofmalenate and
substituted malonate ions with the nickel cation have
shown that at low concentrations the Davies equation
represents the results satisfactorily.

In work ot constant ionic strength, the activity
coefficients may be omitted and the corresponding
stability (or formation) constants are writtem Ki, K;, K; .
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Btebility constant Ky (ugine

Tra103  Ta.ac%  [Fa*hach
1.683 5,75 1.576
1.6063 Ga7h5 24595
1,63 56745 34006
1.683 5754 3.782

Graphical. nlot
103 Te.0* e’ [0
3,663 5.4 94263 2,138
14663 Se7hS 84475 2490t -
1,683 5e 745 74911 3.1451
1,683 5o 75 74176 L o1 5%
1.3%6  5.745 84206 3,119
24356 5745 84206 3,204
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Ko =7 210 ) at I = 01M,

f*) 20" [czof'j 2208
9433 6437 3478
Ge51 646 3448
79k 6450 3,27
74295 6459 .04

Mean Ky = 3.2 x 10°
-IlﬁUﬂnﬁuﬁéJﬁﬁ_gg-
[nc:zel‘;]..:w'5 [c,0,27] R
0,88 - 6.51 42
1,10 - 5.96 0.71
1.26 577 0,97
1,57 5498 145
1,63 824 1,13
0.79 3.89 0456

7.87
6457
5+76
4,93

- [A050,0.207  x,207*

6415
6.72

695

6472
5-51
11,11

38

" -2
[1ic .0, 1105 [He504]) 0107 k3416

3okt
3el
3ok
249

Y4167
L, 70
5458
5¢ Ok
5050
3.76
8497
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+hen Ta was much smaller than Tm and the [Ra ] wes
low, the data were anslysed in terms of the tvo specles
Guﬁcth and bubzeh In the caleulations for the lonic
strength an estimated value of K« of 7 x 10“ was used
and the good constancy in the values of Kl obtained
indicated that the value of K; inserted was probably o
correct cne. The results on sclutiocns seen to contain
these species are given in Table IV,

shen the pli of the solution was increased by adding
more sodium hydroxide, [CQOkQ'] increased, end it wes
expected that the species CuCpy0, end Cu(caoh)g' would
predominate. The calculation procedure now involved
tbe total metal ion concentration,

= [cu?*] 4 [ouc,, ] + [cu(ugﬁu)a ]

tho total aecid,

Ta = [Hy0,0,] + [1c,0,7] + [c,0, =] +[euc 0 ]

+ 2 [cute,0,)37]

the electroneutrality condition,

Me*] & [84] & 2[cu®*] = [1c0,7] + 2[050,27]
+ 2fCutcz0,)27] 42 ™
and the dissoclation constants k, end k2 of oxalie acid,
From these equations, & graphical solution, similar

to that of Gelles and Nancolles,?" was applied lesding to
a ecurve based on the equation

Y = ?1;2 + Ka. 3,
in which
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Tn - Ta +{iz050] *B’i“a‘iu']‘-l-[“gﬂug.]

;[62042.] {2'1‘;3 - Ta +(l‘120261;] +[HC 0, J‘*[“ 0 2.]}

and
Ta -[i,,0,] - 0,0, "]~ (¢ 0,27 ]

[c:‘,},ﬁclf"]2 {2’1‘«: - Ta +[H ¢,0 ]+[x €0

“l+lc 201'2"] }

Date are given in Table V and the good lincarity
of the plots of X sgainst ¥ is shown in ige5. The
]
slope of the line, Ky, hac the value 6.9 x 10“, the

L

value which was used to caleculate “1’ and the intercept
gives & KB value of 1.9 x 16'.

since K; is obtained by extrapolation which 1is
somewhat insccurate, it was neceszery to obtain a
" eonfirmatory volue. when the metal ion concentration
was lesc than that of the total acid, it was expected
that all three complexcs weculd be present and, using the
ecalculation scheme described earlier, concentrations of
the various species present in the solution were evaluzted,
Values of K; = 3.2 % 10° end Ké = 7 x 10" vere introduced
and calculated Kg values are given in Table VI,

The mean K. of 2.3 x 10°

3
with the approximate extrapolated value of 1.5 x 10,

is in reasonable agreement
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Having 1dentified the specles present in the
soluticns, measurements at low ccncentrations were made
in order to determine the thermedynomic asscciation
constants. At an lonic strength of (.1l the K; and K;
velues are compearable in megnitude but on introducing
the activity coefficlent values (fo into Ki and fg into
Ké) there 1s a greater difference between Kl’ K2 and KB'
For this reason, it 1s possible tc choose conditions
where Cu“zdu cenly need be considereds In this case the
treatment of the results is simpler, the equaticns (11),
(12), (13) and (19) respectively reducing to

. 2+ e

™ & [é,u ] o+ [Cub20‘+]

Ta = [1,0,0,] + [80,0,7] + [6,0,°] + [Gucz0, ]
ma*] + [1*] + 2[ce®] = 2 ™ +[icg,"] « 2[020“2"]

and
1= 3[6m -u e s ufie0] + 8[c,02]

+ 5[&026.:]*[!%*] - [ﬁ“‘]]

| Successive approximations for I yielded the ionie
eoneentrationss These resuits are given in Table VII1
and good constancy is seen,



¥easn o)
Ta,103 Tm,103

2.828
2.828
2,828
2,828
2,628
2.828
2,828

Tm,103
4,328
k,328
b,328
k,328
4,328
%328

rete: h Tm<ia g

[i*L10
4,376 2,075 5,886
44376 24399  5.u481
%e378 2,463 5,405
4,376 2,79  5.128
4,376 2.9 2,889
4,378  3.177 41469
4,378 34382 Le3k2

Fean valuss

Ol COXIS L

Ta. 3.03 [I”a“'] . 103

A E

3 he*h103 xdac”

3.0
3.0
3.C
346
2.9
3,0
3.0
340

K, @

[1*] .203
3.829 5,170 2,257
3,829 he722 2.689
3,629 he701 24720
3.829 4211 34152
3.829 4,130 3.234
3.829 34437 34890

2

= 0
Kpelo™
7.0
6.9
740
747
6.6
741
7.0
740

1,103
9463
9,65
9.63
9Pl
9.73
9.80
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x;.1o'“
1.8
2.1
2.1
2.3
2.7
1.8
2.0

2.3

xz.m"é
1,43
158
1.69
1.47
1.51
1,57

Yoan K, = 0
& 1.9" x 1 s
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To obtain values of K, and K3, experiments were
done using conditions similar to those in the constant
ionie strength work where all three complexes were seen
to exist in solution., The data are summarised in
Table VIII,

03 [ﬁa+].1e3 Bz ] 103 1,103 &,,1073 x2.10‘6 K310
2,165 3.807 2.1 7,16 1,50 1,45 1,0
2,165 4,715 1773 7439 1,50  (1,05) 0,9
2,165 5,710 1,048 7,71 1,50 1,49 0,9

4,328 5,941 1,520 10,28 1,52 1.5 R
4,328 6.uh6 1,069 10,32 1.50 1.50 1.3
¥ean values 1.50 1.9 1.1

A summary of all the assccistion and formation

constants is given at the end of this discussion,

In pelarographic measurements, if the reaction
oscurring at a mercury dropping electrode is the reduction
of a complex ion to an amelgam 1,04

MX?* + ne +Hg = N/Hg & pX
vheps ¥/Hg represents the emalgam, then the potential at

the mercury electrcde is g%ven by cg

Ed.e.\ = R - nF { 2[0“2*] of -N(ZO)
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where C: and [?uz*]s represent concentrations of amalgam
and metal ion zt the drop surface, fa and fm are activity
coefficients andfagggis the activity of the mereury at the
surface of the drop. Since Cg is swall, {ay {11l not
vary maeh and mey be regarded as constant, so that the

equation reduces to

E = i = T ¢©
AeBe - 1n 8 . f& - N (21)
o+

1f 4t 1s agssumed that the electrode reaction is governed
by diffusion and that the dirffusion rate is dependent on
the concentrations of metal ions in solution, andat the
drop surface, then i, the current at any point on the vave

is given by
1 = 0y (&ﬁﬂ-@@ﬂs Ve

The meximum (diffusion) currcnt, 14y flows when ECue*]s =0

sothat [k = (laog)
[eu?*] *a
u
The current is also proportional to CJ, l.e.y 1 =k CJ
vhere k, depends on the diffusion of M atoms in the
amalgam, cubstitution for Cf end [ﬁug*]a gives

Ed.-'e.- = L ...& In ((%.))_ -% mTT::TT cwee(22)

end using the voltage E% at 1 = ié/é the expression becomes
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T - LT ’ {:{ﬁ - i
o & i, = 2,303 ~:"’-“; icg w=(23)
QeCs %. n¥ (id - 1)

Polarogrems of solutions of copper perchlorate in 0,1M
potassium nitrate showed a revorsidble two electron wave
potantial E; ® 0,01%v relative to 2 saturated calomel
electrode. In sodium perchlorate, (G.M1), Ez wes 0,017v,
If the dlssceiation ol the complex idom 1; rapid,

equation (2C) mey be described in teras of the assoclation
constant of the complex, ¥ = ag / ag . (ag}P vhere ag and
ag are activities of the ccmplex and metal iong resvectively
on the mercury surface and p is the number of ligands, X,
bound to one metal Jlon in the complex. The equation for
the helf wave potential of the complex, E§, may be derived
in 2 manner similar to that for the simple metal ion
deseribed a'ove and is

| E =i - % n ¥, fesks &&1 171[0201,,2-].1':1: ~=(2)

¥ n Thiokm,

where (b2642‘] is the ccncentration of ligand in the

solution and fy its activity coefficient, Gubtraction .
of Eg in (22) from Eg in (24) gives at 25°C

0,092 .+ log K, - ps0a0992 10g[c30, ] 2 --(25)
&y = n ¢ n

in which Ke is a formaticn congtant,
Half wave potentisls were obtained from the intercept
of the plot of log 1/(id ~ 1) against the applied voltage E
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an¢ 1T the reaction is essentislly reversible, for a
two electron reduction, a stralght line should be
obtained of slope 0,0296 at 25°C, Data for a
reversibility check are given in Table IX

IABLL IX .

Rp i1 curye in o typlesl experdment i = € B o
“B(y) 1(ua)l log 1/(1d -1)

0,21 09 ~04795

0,22 1.7 0,451

0,23 2.8 -l4122

0u2h 440 +0 420l

0.29 %9 +0,486

Ce26 Be? . +0 854

the plot of vhich 1s shown in Fig.6 in which the slope
is 0,030 and the half wave potential «0,23%v, Measurements
were made in sclutions containing s lerge excess of sodium
oxalate and these are sumnmarised in Table X, All the
waves were reversible as is seen from the values of the
slopes,

dith the oxalate ion in lurge excess, the
ecncantrations of free oxalate anion in the solution aend
en the mercury surface may be assumed equal. AEQ is
plotted against log [baoua“] in Fig.7, and 1t 18 seen
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Rated i L2

2 F L3 .5 5 = - <

T, 10 [cgeha"].m 55 tlope OBy
in O.1M KNO,
4499 SelC U245 C.030 Ce259
h.95 4,06 0,240 U,029 0,25
4,95 3,00 0.233 0,030 0,247
4,95 2,00 04225 0,029 0,239
495 1,00 04,206 G,029 6,220
in G4 Nacmu
5490 0,576 0,187 U031 0,204
5490 0,480 0,183 0,031 0,200
5290 0,384 61178 G,030 0,195
590 0,288 0,171 0,030 0,188
5,90 0,192 0,159 0,031 0,176

5,90 . 0,0961 P LS 0,030 0,158
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thet there is gocd linearity, despite the c¢hange in
icnlc strength frow €,3 to G.6. The slope of the line
iz 0,060 corresponding to & p volue of 2., The complex
-spocies predomineting is thus Cutcgﬂh}g". The intercept
given 1s «C,278 and from equation (25) the stability
constant

Ké =E2u(820#)§“] f'EIu:H].[U;;fj—]Q ® 2.5 x 10%
The linesr rel:ticnship implies an insensitivity of K to
changes in lonic strongth ot these high velues ané this
has oftern beser oboerved in polsrograrhic measurements.
It 13 seen that in the range I = Cu3 to 0.6 4, 2, velues,
ealenlated using mean asctivity coelficient data for
divelent wetal chlorlies and hydrochlorie aciﬁ,g change
by only 15 to 20%4. Alsc werking on the corresponding
malonste couplex, Uelles and Dane.llas (loc ¢i%) obtained
a value for K of 2,7 x 167 at I = 1 which is comparable
with Giley's 3¥ potentiomstric value of 3 x 107 at an
ionie strength of about Ge3e

The constants derived in the present work are

sumnarised below

1.5 x 163 1.9 x 106 1,1 x 16% 1,7 x 2010
— o ¥ <1 " | 1 [
3.1 x 108 7,0 x 1% 2,3 x 10% 1,6 x 109

I 50,2046 2,5 x 107
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§
Assuming en £, veluc of (,2 at I = (.1 the K wvalues

reduced to zerc ionic strength, become

Ky = 1.6 x 107, K, =17x106, k. =s23xt,

The azreement with measured values is good,

The log K3 value of 4.3 may be compared with 3,6
obtained by .chafer and Abegg31 et ar ionic strength of
G, The log Ké Ké value cf 9,2 is higher than those
of Riley'gs (£45) and Jritton end Jarrett<® (843) but
their volues were obtained at temperatures lower thaen

I

thet in the present work. leites®' obtained an overall

K of 2,08 x 163° for Cu(ﬂaﬁh g“ from polarographic

measurements but this value was based on only two solutions

of lonic strength (.(9 and C.95 respectively. This is

rather 2 large range of I in uhich to expect constancy of K.
| The log K, value of 6.19 for the forumation of the

CuCsl, complex may be compared with 5.75 and 3.40 for the

\ corre:pcnding zalonate and succinate complexess This
confirms the expected gradusl decrease in stability as the
ring sige incresses from five to seven members. The
Irving~9Wil1liamns order of transition metal oxalate
stabllities using log X veluesl? s

in < Co < KL < Cu
3.91 Le? 5e3 6,19
and the value for copper obtained in this work is seen to

fit in with this,
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ZNIROPUCTIOR

Although much reference is made in the literature
to the formation of 2 ¢ 2 dicarboxylate complexes with
metals, there has been some doubt as to the species
existing in solution. Scholder and Lindstrom32 studied
the conductivities of the sparingly soluble oxalates
of bivalent Mn, Fe, Co, Ni and Cd ions at 18°C and
attributed their results to the existence of the doubly

6 recalculated

charged anion H(Cgou)gﬁ. Money and Davies
their data on the basis of incomplete dissoelation and
showed that it was satisfactorily represented when the
uncharged complex was assumed to be present, They also
gave some dissoclation oconstants for other oxalate and
malonate complexes at 18%C and indicated that the complex
described by Scholder could exist in solution. This

was subsequently confirmed, using a solubility method,
both by Money and Davies3? and by Clayton and Vosburgh® s
The corresponding metal suceinates have been much less
studied, although a spectrophotometric inveatigation has
been made indicating the presence in cobalt succinate
solutions of the 1 : 1 complex35. Cannan and Kibrick,
studied at ar ionic strength of 0,1M the succinate

complexes of Ba, Mg, and Zn and shoved that two complexes

36

MHSuce* and MSuec were present and gave stability constants

for these ion pairs.
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Irving and williamsao’ 1 found that the order of

stability constants of transition metal cations with
neutral ligands or the anions of weak acids followed
the order Mn <Fe <Co <Fi <Cu >%n. It is also well
known thet chelated complexes are more stable than non
chelated (the chelate effect) and that in the chelates
the stability decreases as the ring size increases. In
the present study this effect has been investigated
since the complexes formed have five and seven membered
rings.

One of the reasons for the difficulties encountered
in the interpretation of the oxalate data is the very
low solubility of the neutral Mcaou complexs In the
presence of excess oxalate ion, the apparent solubility
increases and auto-complex formation becomes signifiecant.
In the present work, solutions were prepared in a manner
gimiler to the coppor oxalate study in part I. The
association between the transition metal ions manganese,
eobalt and nickel and the oxalate (Ux) and succinate (Succ)
anions was studied at temperatures from 0° to 45°C using
the cell

Hyy Pt/ MCl,, NeOH, H,A / AgCl, Ag,
where M is the metal and A is Ox or Succ. Thermodynamic
data have been cobtained,. The first dissociation constant

of oxalic acid has also been measured over the temperature
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range -0", to 45°C using the mixed acids cell
xg,vvt / ECl, HO0x / AgCl, Ag.
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"AnalaR" oxallec acid was recrystallised three times

from conductivity water. The sclid was filtered in a
seintered glass crucible end allowed to stand for one
week over anhydrous materigl. In this way it was
converted to the dihydrate, and analysls and titration
against standard sodium hydroxide showed that it was at
least 99,97 pure. Sodium hydroxide was prepared as

indicated in Part I, Stock solutions of transition
| metal chlorides were wade from "AnalaR" resgents with
conductivity water. Gravimetric analysis of chloride
as silver chloride agreed to within 0,027, The succinic
acid used was of "AnalaR" quality and concentrations
were checked against scdium hydroxide using weight
titrations. The conductivity water was prepared by
mixed bed delonisation,®

Canstant bollling hvdrechlorde acld

This was prepared b, the method of Foulk and
Bollingworth,uh and Shewks using the modifications of
Titus and Emith&é who used a starting material of specifie
gravity l.1% rather than that of 1.06 used by other workers,
The material of higher specific gravity equilibrates more
quickly, A.R. concentrated hydrochloric acid was diluted
to specific gravity l.l% with conductivity water in a

pyrex "Quickfit" distilling flask (3 litres capacity.
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surmounted with e splash bulb and connected to a pyrex
Liebig's condenser having a 75 cm. long water jacket

and a 1 cm, inner bore. A fow small pieces of platinum
cleaned with concentrated nitric acid and washed thoroughly
in conductivity water, were added to prevent bumping,

and the body and neck of the flask together with the splash
bulb were completely covered with asbesto:r fibre. Uniform
heating was ensured using & heating montle and the
distillation was continuous at a steady rate of less than
9ml. per minute. The distillate was collected in a

2 litre pyrex stock flask previocusly cleaned with chromic
acid, ethanolic potassium hydroxlde, washed thoroughly

with water and steamed for at least one hour, The
receiver was cooled in an ice bath. The first 25¢ of the
distillate was rejected and the next 1600ml, collected in
the 2 litre flask, This was redistilled, discarding the
firat 257 and the next 800 ml, were collected as constant
boiling hydrochloric acid., The barometric pressure vas
recorded at the beginning and at the end of each
distillation. In other experiments, constant bolling acid
was made from material containing equal volumes

(ca.1250 ml.each) of concentrated A.R. hydroehloriec acid
and conductivity water, The resulting acid was found

to contain much nesrer the theoretical amount of chloride
than that described above. Repeated determinations of
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the chloride as silver chloride over = period of ten
months agreed to within 0,027,

Cylinder hydrogen was freed from oxygen by passage
through a "Deoxo" purifier (Baker Platinum Division,
Fngelhard Industries Ltd., London.) end saturated with
water vapour by pascsing through a series of bubblers
containing distilied water.

A precision Vernier potentiometer (Type F,.10, Croydon
Precision Instrument Co., Croydon, Surrey) having a five
dial decade system in the battery circult was used to
measure e.mMefeSs The overall range of the potentiometer
was 1.9 volts to 1 microvelt in two ranges. A divider
calibrated from 1.,01800 volts to 1,C1900C volts in 50
microvolt steprs was used when standardising with the
Weston Standard cells The potentiometer had an accuracy
of one pert in 100,000 of the 1 volt setting.
Fotentiometer terminals were of copper and these were
tipped with precious metal alloy ensuring a good contact
and minimising any thermoelectric e.m.fe8 generated by the
action of the swvitches, A series sensitivity contrel wvas
used in the standardisation and a galvancmeter key was also
included, The potentiometer coll was of well aged bare
Manganin Telcuman of the same gauge throughout cn the
potential divider, thus reducing the temperature
coefficient to a minimum,
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The potentiometer had four selector terminels for
four testing positicns., Uince four cells each with
four electrodes were being studled simultaneously and
provision had to be made for a standard resistance, a
maltible switeh box was incorporsted in the cireudt
between the cell leads and the potentiometer terminals.
The potentiometer rested on a large metal sheet which
wes ezrthed,

Two Weston Standard cells, (Cambridge Instrument
Co.Ltd,, London) mounted in metal cases were used to
standardise the potentiomcter, They wore kept in a
small oil thermostat maintained, even when not in use,
at 25° * G,29C by means of a Sunvic bimetalliec relay
operating a 25 watt bulbs. The 01l was effieclently
stirred by an electrically driven stirrer., Comparisons
vere made regularly bdbetween the standard cells and at no
time wae thelr difference grenter than 2C wicrovolte,

A sensitive, spot reflecting, moving coll galvanometer
of 25 ohm resistance (Cambridge Instrument Co.ltd., Lendon)
wag mounted on a shelf away from vibrations and used in
coenjunction with a lamp and scale at a distance of one
metre, The galvanometer was gensitive to changes of less
than 5 microvolts in the potentiometer,

Therroctat

This was a large metal tank of about 20 pellons
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capacity, mounted on a "Dexion" stend and efficiently
stirreds The bath contained water, sodium benzoate
and the antifreege, othylene glycol. Ilicat transfer
was reduced by insul:ting the tank with cork slabs of
about 2" thickness. The temperature control was
obtained by means of a mercury tolucne regulator of
large capacity which was fixed near to the heating unit,
The contrcl cperated o selected combination of three
bulbs of 25U, 200 and 100 watts, cocted with red paint,
to reduce the effect on the light sensitive silversilver
chloride electrodess The relay operated by the
regulator was part of an electronic make and break
device designed so that no sparking occurred at the
platinun-mercury interface in the mercury toluene regulator.
The tempersture control was *0,005°C at 25°C, When
vorking at temperatures below thet of the room, a
refrigeration unit, constructed by the Frigidaire Division
of General Motors Ltd., London was incorporateds This
unit was provided with two adjustable valves at the twe
ends of the cooling cells The rate of cooling could be
altered considerably by adjustment of the vapourisation
valve on the liquid side of the coil ancd the constant

pressure valve on the vapour side, Gauge readings
eorrespcending to the various rates of cooling vere
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recorded and used st different temperatures., The
cooling coil was of tinned copper tubing about twenty
feet long which was cclled around the stirrer near the
bottom of the thermostet. Fine control st temperatures
below room temperature was obteined by balancing the
heating and cooling effects using the mercury toluene
regulator. In changing from one temperazture to another
e booster heater was used which reised the tank
temperature by 1°C per minute,

Since very accurate e.m.f. measurements were to be
made (to + 0.0lmv.) accurate temperature control of the
order of 20.005°C was necessarys The thermometers
used were Beckman thermometers which had been calibrated
ageinst platinur resistance thermometers whose accuracy
had been checked against one having an N,P,L,standard~
1sation, The temperatures 15°, 25°, 35°, 45° vere
measured using these thermometers. The 2590 thermometer
was checked against another Beckmann independently
calibrated at 25°C, The 0°C thermometer was standardised
using a triple point cell, (Fig.,8) which consisted of two
concentric pyrex tubes both of which were sealed and
rounded off at the bottom so as to leave a well of about
ten inches in depth in the immer tube. Between these
tubes was triply distilled water. In use, the cell was



64

immersed In a bath of finely divided ice in a Dewar
flask for at least one hour. The ice used was wade
from distilled waters By repid cooling from within,

a8 sheath of ice about 1 cm, thick was produced inside
the cell over the entire length of the thermometer well,
This was achieved by £illing the well with a solution
of acetone which has been well cocled by the addition
of "brikeold®, Vhen this wes repleced by water, after
a few moments, a thin layer of ice adjscont to the wall
of the cell was melteds The sheath of ice was released
from the glass and & very pure waster - ice interface vas
obtsined., The thermometcr wall wae then filled with a
solution of icewcold dlstilled waeter and the coll was
immersed irn a Dewar flask of e¢rushed distilled water

ice for 20 hours to equilibrato.

Bam.{

The cell emp}aye& wag similar to that used by

Noyes and Ellis.hb Two hydrogen presaturators wvere

made Integral with the hydrogoen electrode compartment

as vae done by Harned and Harrisanh9 and modifications

of Ashby, Crook and Datta’’ were slso incorporated. The
cell was fitted with standard (B,29) ground glass sockets
the electrcdes being supported in stendard cones.s In each
eel) there were two silver-gzilver chloride electrodes

and two hydrogen electrodes so that four estimates of the
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cell e.m.fy could be made. Leading from the hydrogen
compartment was a guard tube and any liquid blown into
this by the stream of hydrogen wes immediately removed
by suction, A diagram of the cell, presaturators,
electrodes and fittings is shown in Fig. (9).

These were of the thermasleslectrolytic type
deseribed by Harnedﬁl and used by Harned and Morrinon.h9
A platinum wire, 20mm, in dlemeter and Sem, long
wound in the form of a helix of about 0,3om, dlameter
using a thin glass rod, was sealed into a pyrex glass
tube, the other end of which was fixed to a standard B.29
ground glass cone. The helix was filled with a thick
paste of spectroscopically pure silver oxide (Johnston =
Matthey and Co,, Hatton Garden, London.) in conductivity
water. The electrodes were heated in a muffle furnace
after drying in an oven at 100°C, The furnace temperature
vas gradually increased to about 400°C and mainteined
at that value until the decomposition of the metallie
oxide was complete (this wes seen when the brown oxide
hed changed to a dull metallic lustre). Another coating
of the oxide paste was applied and the eleotrodes heated
as defore. This was continued until none of the
platinum helix waes visible through the silver surface, Twog

coatings usually sufficed. A little Araldite resin was
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then cast in the electrode tubes to ensure a complete
platinunepyrex seal, The electrodes were chloridised

in the absence of light by electrclysis in a normsl
hydrochloric acid solution (prepsred from constant
boiling material) at a current density of 2 amps. per om,2
for twe to three hours, using a platinum helix as cathode,
The electrodes were conditioned by warnming in water at
53“0 for two hours. They were preserved in the dark in
hydrogen sstursted water contairing o little potassium
chloride. Taniguchl and Janzsa Toun¢ that new electrodes
showed z higher potential than those which had been
allowed to age, due to a conecentration polarisction.
Depending on the rorcsity of the silver and the silver
chloride, the eleoctrodes took from a fow hours to one

week to come to constant potentisl, Thoy used electrodes
which were grester than 30 og., in welghte Bateasa
suggested that for good results electrodes should be 150
to 20C mg. In the present work, all the electrodes

were about UH0C mg. in welipght and were allowed to age

between three and four wecks.

Pieces of platinum foil about lem. wide and 2,5cm,
long were welded to platinum wires €,05cm. in diameter
which were sealed into pyrex glass tubes attached to B.29
standard glass sockets. The electrodes were cleaned in
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nitric acid, chromic acid and washed thoroughly,

Some Argldite resin was cast at the bottom of the
pyrex tubes by heating to 100 - 120°C, ensuring
perfect platinumepyrex sezls, The electrodes were
platinised in a solution containing 2,57 chloroplatinie
acld in normal hydrochloric acid fcr about 5 minutes

at & current density of 0.2 amps per cm?, the current
being reversed every 15 seccnds. The platinum black
coating wag not sufficient to obscure the metallie
appearance of the platinum, This surface coating vas
removed in aqua regia every fourth run and the electrodes
replatinised. They were stored in distilled water
gsaturated vith hydrogen,

Harned andg Eblersgn determined the standard
potential (E°) of the silver = silver chloride eleatrode
over & temperature range 0° to 60°C at 5° intervals,

They employed the relationship

E ¢ klogm = E° o 2k log f:
and extrapclated their e.m.f. data to infinite dilution,
Substituting the equation log ¥ = -3T+ B'm
the relationship E 4 2k log m = 2k % = E° = 2kB'm
is given, where E is the observed potential, I the ionic
strength, m the molality and k = 2,303 “I/F, Many
vorkers have subsequently used the values quoted by
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Harned and Ehlere for their ocun electrodes at the
appropriaste temperatures. ,

Reeently, however, Bates, Guggenheim, Harned, Ives,
Jang, Monk, Horinson, itokes and wynne-~Jones  have
indicated that tho mest extenslive and coreful measurements
of @«maless confirm the difficulty of establishing the
£° value of the electrode better than G.2mve and that
the uncertainty 1s probably due to smell differences
in the sclid phases. liowever, the activity coeffieient
of 0,U1m hydrochloric ascid is ancertain to ohly about
0,00C5, corresponding to =sn uncertsinty of 10.63 mv,
They recemmend that each workor standardise his owm
electrodes at C.01lm in expeoriments of the highest
precicions They nlso suggest that the value of the
mean activity coefficient of hydrochloric acid ({s) at
0,01 molslity be conventionally stendardised as 0,904
at 25°C and 0,908 at 0°C and that these values be used
until there 1s convincing evidence that either velue s
wrong by as much as 0,001,

In the present wnrk, the electrodes were standardised
at all the temperntures using U.0im hydrochlorie acid and
the recommended l, values at 0° and 25°C, At other
temperatures, the activity coefficients vere those of
Harned and &ven.fé The E° values ot 0° and 25°C were
checked frequently., The mesn stendard npotentials are
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shown in Table XI which includes the data of Harned
and Ehlers.su As is seen from the table, values
below 20°C deviate from Harned's by as much as 0,3mv.

Agreement above 20°C is very good.

TABLE XI
Standard potential of silver-silver chloride electrodes
Temp. °C 0. 01mic2 present work © Harned & Enlers
0 0,9080 0.23665 0.2363%
5 0,9056 0.23%1% 0.23392
15 0.905% 0,22831 0,22847
20 0.9052 0,22560 0,22551
25 0,9040 0,22239 0.22239
35 0,9025 0.21569 0,21563
4y 0,9008 0,20838 0,20821
57

Purlee and Grunwald”’ used electrodes in which the silver
was present as a mirror deposit before chleridisinge.
They found, however, that different thermal-electrelytic
electrodes and mirror electrodes varied by as much as
.2 mv, The electrodes used in the presert work showed
Internal consistency using different pairs of electrodes
to within 30 microvolts,
Electromotive force measurementse

Stock solutions of oxalic acld and the metal chlorldes
were prepared in stoppered pyrex flasks. Solutions

eontaining oxalic acid, sodium hydroxide and metal chloride
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were prepared in o menner sinmilar to that used in the
copper oxalate experiments, vecuum corrections being
applied to all weights.

sach flask wes fitted with a "Quickfit®" head shown
in Fig.10, Hydropgen wss bubbled through the solution
at a fairly slov rate. The electrcdes were washed
three times witl: sclution in the Veshsped vessel in
Flg.ll.

Lach cell was cleaned with chromic acid, washed
thoroughly and left to dry overnight in an oven at 11000.
It was then connected to the bubbling head through a
standard B.10 joint (Fig.10) and swept out with hydrogen.
After five minutes, the electrodes, rinsed with the
solution being studied, werc placed in peosition in the
cell and hydrogen was again blown through for a few
minutes. The taps were now adjusted sc that the solution
wvas transferred from the stock flask to the cell by
hydrogen pressure, without contact with the atmosphere,
The filled cell was placed in a thermostat at the required
temperature and hydrogen passed into the hydrogen
electrode compartment at a constant rate of 2 = 3 bubbles
per second, This hydrogen was passed through a sories
of distilled water bubblers end then through a short
length of capillsry tubing (teo ensure uniform rate of
bubbling) £o a smwall monitoring bubbler before passihg
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into the cell via the presaturators integral with the
hydrogen electrode compartment immersed in the thermostat,
(Fig.9).

In each mm, four such cells were studied
simultaneously, The e¢ells were allowed to equilibrate
for % to 6 hours (et temperstures about G°C the longer
time was required} after which the e.nef.5. wore
measured using the duplicate sets of electrodes to
obtain four readings, It was considered that
equilibrium was reached when o.m.f., readings remsined
constant for half an hour end different combinetions
of electrodes agreed to within 3C mierovolts,
Barometric prescure and room temperature were recorded,
The temperature of the thermostat was then raised to
the next reguired volue end the cells sgain allowed to
equilibrate. This usually required only half an hour,
It was found convenient to commence at the lowest
temperature, gradually increasing in steps of 10°¢.

In the experiments on suecinates where there was
no danger of precipitation, measurenents were made with
one £41ing from O to 25°C and then another £111ing
of the same solution from 25° to k5pc. The values at
25°C never differed by more then 30 microvolts. 1In
the oxalate experiments where precipitation, if any,
oseurred aftor sbout 24 hours, solutions were studied
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over the complete temperature range with one filling,
After the cells had equilibrated, any serious drift in
osnefe a2t 2 givem temperature was regarded as due to
oxulate precipitating and the run was stoppeds The
slectrodes were removed and zllowed to stand cvernight
in normal hydrochloric acld ond thoroughly washeds A
check wes made on thelr LO values at 25°C before they
were again used. All observed cetefese were corrected
for pressure using the barometric readings in making
allowances for tempersture and latitude. In maeking
the pressure correction, the effect cf bubbler depth
observed by Hills and Iv0359 wae ignored since this
would armcunt tc only 9 microvelts 2t o5°C,
Totentiometric Measurements ot cJgh Jlopie Strength
The first snd cecond dicsoeizilon congtants of
succinic acid are very close tcgether, rendering the
concentration of Hiuce™ high, and it might be expected
therefore that complexes such as MHSuce™ would be
formed as well as the uncharged species, tolutions of
manganese succinote were studied at an ionlc strength
of 0,2 to identify the lone-pairs present in solution,
Measurements, using the reproducible liquid junction
syster of Dunswmore and Upeckman, were made on solutions
containing suceinic acid, sodium hydroxide and

manganese chloride with sufficicnt sodium perchlorate
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to raise the ionic strength te 0.2, Commarcial
screened glass electrodes (E,I,L, Type G.G.33)

and those made from Corning 015 glass were used,
The experimental procedure has been fully deseribed
in part I,

s e A ey FUa e
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Although the second dissociztion constant of
oxalie aedd, ky » 8%, %050, % / 81c,0, ", has been
studled over a wide temperature range,éu'(’l'é2
the corresponding first dissoclatlon constant,
ky = 8.8 FCo0y, " A 2@ t,, hes not been studled

YO Gene and Ingolﬂﬁu and

extensively. arken

Parton™)s 62 have reported values et 25°C but the

enly measurements at vsrious temperaturcs were those

of Parton and Hlcholson over the relatively small

range of 25° to 35°C., idnce mossurements on the

metal oxalate associnticn were to be made over a

W§9C temperatuvre runge, it was necessary to obtain

the eorresponding ky velues. The first dissociation

constent is rather large, and & mixed zclds ¢cll was

used, to 1imit the amount of i(x present in the solutionst
Hy o ¥t /7  bply (m) , K1 (m) AgCl / Ag

if my and m, ere the molelities of oxalic acid and

hydrochloric acid, o' the corrected e.,m.f, of the cell

and EC the standurd potential of the silvor-silver

ehloride eolectrode, then
B s ® =k log BH*, 817
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or
- l0g [33“’] =(B' « E99/% « log m 1@5{5*. Kcl" -={26)
where k & 2,3030T/F anﬁ‘Kia the activity coefficient
of the ion on the mclelity scales
Letivity coefficients were obtained from the

. .
bevies equation”

]
X

- lozlfz = Az (F¥) (1 & 18) =Le2Tey (2)
which hez been found to be satisfectory for similer
37t the other

tomperatures the use of the same egquaticn with the

dicarboxylete systems at 25°C,

correct Uebyesiliickel & walues has been Jlustified by
Nair and Fancollas in thelr studics on the blzulphute
ien, by the absence of any drift ir the dissoecietion
congtents. Jurther evilience in supprert of the equation
has been obtained by Sranngn and ﬂancclla563 in studioes
on the association between niekel and malonate end
substituted malonate ions, &t low concentrations and at
a serics of constent ionic strengths. The values of A
and k (=2,303 ¥¥/;) used in all the calculations sre
given in Table XI1I,

In the mixed acids eell for kl of oxalic acid,
exprossions for the total oxalate



¢ 04833 C.054197

5 G021 0.055189
15 G4 5CGC C.057173
25 05088 C.059158
35 Co517% 0,C61141
Ly Co527c C.063126
my = [i0x] #[Hox"] + [0x2~]- —r)

electroneutrality, [H“‘] S [ziox"] - a[c;@"] w={28)
end ioric strength, I & [H"’] + [w«ﬁ'] emence{29)
were nsed to provide a grephical sclution,

similar to thet of ipeakren®’, in which the equation
of the line was

s My o+ gk,
were X =[]l - [ - m,]
o, <[] 4w |
wa¥ = (] -nl. B2
fem; = ] + m, |
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An initisl spproximate I was used to obtain I values
which were in turn used to calculate [H*] from (26)
and consequently the lonic concentrations of the
various species from equations (27), (28) snd (29).
A wore accurate value of I was now used to give a
new ¥ value and the cycle repested until I velues
differed by less than C,1¥, In a later part of the
work celculations were made using & high speed DIUCE
electronic computers A T.1.F, progranme was used
in which the maximum column length wes 30, The
results are given in Table XIII and plots of X
againgt ¥ are shown in Figs. 12 and 13 where for the
sake of clarity, the Y ordinates have been displaced.
Good linearity 1s seen at ell temperatures. The k3
values obtained ares=
Temp °C 0 15 25 35 L]

109 ,ky 5,70 5.60 5,60 5,18 5,07
The k; value at 25°C compares favourably with the
conductimetric value of Darken,ge 5036 x 10"%, FParton,
Gibbons and Ficholson'>? 2 give values of 5.0 x 102
end 4,57 x 10", Gane and Ingold,®* using a
potentiometric titration method and extrapolating to
zero ionic strength obtained a ki of 5,90 x 10'2.

The ky values used in the ealculations were those

of Pinching and Bates,éo given by Robinson and Stokes,5
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Expt. 103, 10%.m, Expt.  103.m, 10 .m
1 2,39928 2,964(9 7  4.97808 W4,26498
2 2.4027% 3.80068 8 4,27148 %,09008
3 4,0031¢  3.66CE5 9 3.39500  3.,84072
" Le1377% 3. 541M% 10 1,32578  1.,66255
5 e 57969 7466096 11 1.56010 1,94423
6  %.25818 4,70956 12 2,55370 2,31017

TABLE X1I(h)
Besults on oxallc acid
Expt. (B'- E°) 103[HY] 103.1 10%[0x?] 10 10'.x
Temp. = 0°C.
1 0.26935 5.1867 5,213 4,419 1.53 2.6
3 0.24969 7.3508 7.391 3.972 2,68 4,17
6  G.24507  8,5095  8,5%% W.WM 341 5,20
2 0.24062 8.8184% 8,858 3.925 3.61 547

10  0.,29580 2,9485 2,990 M4,142 0459 0,55
11 0.28868 3.4195 3,461 4,187 0.73 1.2
12 026984 %7437 4,781 3.1 132 176



107[0x2"] 10%,¥

ZABLE X11I1(b) contd.
Bxpt. (E'- E°) 105[H*] 103.1
Temp, = 15°C,

1 0.28437  5,155%% 5,197 W.134
2  0.28124 5,8961 5.943 L.606
b 0426271  7.3421 74378 34585
§  C.24396 12,1111 12,160 4,877
9 0.25415 B,7410 8,778  3.651
11 0431202 34214 3,461 3,942
12 0.30459  4,7155  L.750 3,493
| Temp, = 25°C.

1 Ce29430  5.157% 5,196  3,8h2
2 0629102 5,9097 5.963 4,362
3 027297 743331 7,368  3.466
b 0.27192 743375 7371 34329
5  0.25245 12,1490 12,195 4,53
6  0.26780 B,4721 8.511 3,899
¥ 0.2629% B8.7793 8.813 3.416
8 0.26681 8,8099 8,851 L4,068
11 0.3152%  3.4178  3.45W 3,658

1,46

1.82
2,61
5o 58
3.38
Ou74
1,26

145
1,82
2,59
2.57
5e61
3.25
343
346
0.73

84

10%.x

2,49
3,19
bo46
9496
6426
1,08
2.12

2.46
3405
bo31
b49
9.61
5.48
5481
5481
1.13



Expte (5'- E°) 103[E*] 103.1 10%[0x2"] 10%.%

V0 F W

© O o & W

TABLE XI1I(hlcontd.

Temp. = 35°C.
Ce30h24 5,154 5,191
0.30092 5,8026 5,931
Ce28212 7,308 74333
Ge28115 7.3285 7,358
0.26121 12,0%3C 12,093
0,27699  B.4294 B 46k
0427591 B8.7866 8,823
0428266 7,3596 7,392

Temp. = ’*5000
0.31427 5.1403  5.171
0.20140 7,2922 7.320

- 0429047  7.3011 7,328

0426976 12,0700 12,11%
C.28611 8.4215 8,453
0.28%09 8.7430 8,776

| 0429202 743326 7.361

i

3.419
34874
3.067
2495€
4,022
3.l"51
3.612
3.2C1

34079
2.767
24659
3647
3.116
3e247
2.879

1ok
1,78
2450
2452
533
3613
3.37
2,54

1.1
2,46
245
5e31
3,08
3425

2,47

89

10 X

2,45
3,19
4,62
%56
10,21
5483
5497
4,61

2,61
ke 70
Lo 8l
9495
586
6430
4,86



and arote

Powp ©C ¢ 1§ 25 35 by
107k, 6,299 5877 520 MG baa8y

in weasurements using the cell
32. F / 326‘!(!!!1) * ﬁ&ﬁﬁ(mz), 3563.2(?.‘!3) / AgCl / Ag

if By, 8, snd my &Te the melel cuncentraticns of oxmlie
acid, sodiun hydroxide and uetal chlorlide respectively,
the eorrectel eumeis of ths cell, 5'y and the standard
potentisl of the sllveresilver chldri&@ electrode, 0,

are conbined in the rslstlionmship
g =50 - 2,302 Bl/p Jog 8pt,8qq~

and the ecneeniraticn of hydrogen ions 1s given by
rearrasngement of this equotion (where k = 2,303 F“T/:s')

. -
FL L&o)/

86

(
e, «log [H¥] = € 4 2logny +log | H*C1” ~(30)

The ionic concentreticne of the speciles were obtained

froa the equatione

By & [Hg&)‘x] * [Hﬁx”] * [0:2"] “* [Hﬁx] e % * B

my = [42*] o [Mox] - e wemwn(32)

electronautrslity,
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B « 2[4 + o, = [Hox"] + 2[0x2"]  2my wee(23)
the dissociation constants k; and %k, of oxalie aoid
and the ionle strenzth,

I ='§[[B*] » 6m3 + o, hml V
2
* E’Iﬁx.:] {V+ Ukﬁ + [h ] K ] Q-M””(»)
it 1K; Lo

<

An approximete velue of 1 (6m3 + mp = Yu;) and hemce ¥,
was used to give first values of [ﬁ*]in equation (30)
from setivity coefficlents using the Levies equation (2),
tubstitution in equetions (31) ~ {(33) gave ionie
eomcentrations end using (34) a morc accurete value of
i cbteinec, iuccoseive cpprozimations vere made
until I s the ionic concentretions remzined constant.
Caleulatione werc cune LEINE & LedeioProgronme on 8
high cposd DIIKE compubter ond cenctency in 1 to 0,18
vas usuoily given eiter three cyelez. The associstion
constant was then celouloted from eqgustion (3)e

iIn the case of the lrsagt zoluble g2lt, cobalt
oxalata, conewntrations wore about ten ¢imes lower than
in the corresprnding nlcisl end uungeanese systems,
The recults on nickel oxalate, cobalt oxelate and
mangansse oxalute ars given in Tables XIV, XV, XVI
respectively, It ic seen that I values are constent

ovey a range of concentrations Indiceting that only one



complex is present in these solutions, There sre
no temperature data available in the literature for
any of the complexes studied, but K values may be
compared with those of other workers. lHoney and
Daviez,e using & conductivity method at 18%C, gave
K (N10x) = 2,0x265, %(Co0x) = 5.1 x 10* and
K(*n0x) = &.1 x 163, These may be compared with
the present velues ot 15°C of 1.4 x 105, 6.1 x 1%
and 8.4 x 103 respectively and only in the case of
nickel oxalate is the agreement poore. In their
paper, however, loney and Lavies indlcate that in
this e¢ase an increasing digsociation constant was
given over the limited range of concentrations used,
These authors also report a velue of K(MnOx) = 9,1 1,103
at 25°C using a solubility method® which compares
exeellently with the present value at 25°C,

88
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Expte (L' » %)  103,1

w & W e

wm F oW R e

0425048
024226
0425808
0424607
Ce27336

026490
0+25630
0429267
026008
0428560

94630
11,57
84298
10,596
BeM67

94789
11,781
8.423
10,717
84510



103,y 2.9569 3.5174 2466k 342920 1.4136
103,mp  G.OMS0 1.1236 G.6777 1.0339 ©.9226
10%m;,  3.6011 14,3440 3,1053 3.9512 3.1629

103, %] 1ot [rox] 105 [ox®"] 103,[wiox] 1077,k
Temp, = OOCQ

4,0397 B.262 1,914 240586 1,53
L,8259 94570 1.913 2,4721 1.62
33479 6.809 1.851 1.,7539 1.46
bo763 Oak61 24006 2,2620 1.52
14,7207 1.75¢ ¢e929 102248 1.43

oan K & 1.5 L 0.0

Temp. = 15°C,
349566 9,038 2,014 21,9769 1,36
4,7179 10,553 2,041 2,3677 1.42
3.2842 7404 1,936 1,694 1.32
WH136 10,036 24036 2,205 1.
1.6996 14953 0,968 1.2036 1433

Mean K & 1437 = 004
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Eﬁpt‘p

v Fwop o wmOF W R -

(;‘3' ~.§i50 )

C.27%32
0426539
0.28243
0.269%0
029901

0268403
027470
0»292%0
0+2788%
0430941

029365
Co 28406
030227
G.20829
€+31977

103,1

54822
11,808
8,418
16.772
84521

94920
11,689
8,499
10,848
Be553

9969
11,981
64553
1G.920
Lo 877



TABLE XIV(B) contd.
103, [5%] 10", [Box"] 10%.[0a2"] 10%.[hox] 2070k
Temp, &= 2503.

3.937% 94222 14919 1.9608 1,42
V701 20,707 14632 243529 1450
32830 74409 1,796 1.6923 1.
4,3831 10,319 1,962 2,1729 149
1.6932 2,014 04950 1,1977 1,39

Mean K = 1.4% & 0,03

Temp. - 35000

3.8795 G706 1.826 1,9087 N
L6499 13,113 1,806 2,3081 1,57
3.2369 7.81% 1,713 1.645% 146
4e3349 10,703 1.833 2.1309 1%
1.6756 2,178 00923 1,1610 142

Mean K & 149 & 0.06

Torip, = 5+5°C .

348401 10,058 1.728 1.8724 1.8
k5978 11.572 1.722 2,2598 1,60
342060 8.0 1.619 1.,6210 1.5
4,2033 11,070 1.731 2,0928 1,60
1.6627 2430C 0.887 141688 1.48

Mean K = 1453 & 0405
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Mplal gconcentrationg

Expt, 1 2 3

10%.m, 10,6015 7.5201  9.9339

10%.m, 14,3378 b.B485  3.5936

m".m3 7.,1875 5.708%  5,3596

Expt.  (B'= E°)  10°,.I

b 0433709 1,723
] 0.33243 2,113
6 0433877 2,367
8 0433164 2,251
9 0432831 2,565
4 0434338 1.723
6 0434513 2,369
8 0433791 2,257
9 0033448 2,567
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5 6 7 8 9

BoBU6L 343415 1.3336 4.0907 L4713
22535  2.,4126 2.5495 1.9679 2.,6201
75226 BH511 7,4063  B.0331  $,1779

10’* @:*] 10", [mx] 105, [0x®"] 10, [Co0x] 10

5¢5981
53863
3.6818
5e232%
5+3095

346613
541932
Se2848

olp

X

Teup. » 09C.
1.6533 24222 247409 5460
1,1516 1.638 340803 6426
0,581k 1.223 2.6342 560
049642 1,420 249760 6420
05954 1463 343207 5495

Mean K = 5,92 1 0,26

Temps & 5°Cs
146768 2,004 247303 5491
0.6019 1,176 246182 5e78
10031 1L.2% 29812 6,30
1.0201 1.395 3.3029 6.21

Mean K = 6,05 ¥ 0,21
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Expte

W 0 N3 W & W N -

8 3 \n £ W N s

(E' - Eﬂ)

033477
0435283
0434364
0435568
035092
0435302
0e34995
G 34660

0434616
0436519
0435572
e 36543
0436332
036066
0436267

103,1

24435
1.848
2,003
1.739
2,119
2,075
2,250
2.572

2,425
1,841
14999
14733
222
2,095
2,273



Iﬂuo{k*j

10,801
64859
10.0836
5.5921
5.3482
4,9883
5,2243
SeR674

10,7932
6.,4688
10,0025
55157
543168
k8970
Fe120L

10%, [ox27] 10", [coox] 10°*,x

15°¢.
3,946
34966
44293
2,091
1.597
1,596
1,344
1abk2

b, 2483
3.4573
3.3708
2.7479
340465
340539

2.9756

3.2821

5462
5e64
548l
6.03
6437
6o
6461
5099

Kean K & 6,08 & 0432

25,
14659
3,69%
4010
2.051
1.526
1,628
1.405

Y42687
3o67h
343630
246759
340224

249599 .
| 2,8663

6,18
6413
6e25
5.89
6462
(T L
6.02

Moan K = 6,18 & 0415

96
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Expt,

L R - SRR ST A I S

v & g F e R

(ite E°)

C.35842
037786
0.,36501
6.3811¢
€.37596

- 0e378k2
6437509

0.37125

037024
©439050
036028

0439386

0.38838
0+39117

- 0438762

G+38352

103,1

2,534
1,847
2,009
1,740
2,136
2,102
2.277
24586

2,432
1l.852
2,015
1,746
24138
2,113
24285
24588



1w0*.[8%] 10" Jiox"]  10%[ox2=] 1%, [co0x] 107,k
Toups = 35° Ce

10,6757  T.9676 3.339 Le1B92 6,52
643769 347309 3400 324072 643
5486810  6.178% 34663 342816 R
SL489 1.7992 1,909 2,6246 6416
52338 1,300 1.465 249466 6,67
boBW15  1,2948 1.52% 249156 Golrly
540795  2.1242 1,301 2,81365 6,45
5.1728  1.1204% 14312 3.,8005 Golele

Mean K = 6,45 L 0,08

Temp, = %5°c,

10,6254  6.0146 3,081 &,1702 7e1%
643028  3.8033 3+15% Jel3iH 6o 7h
97853 6.270% 3.377 3.2164 6,72
5e3926 1,893 1760 2.%5810 643
52032  1.3309 1,356 249272 7418
hy7706  1,3246 1470 2.6507 69
540261  1.1666 1.239 247698 6465
Y.1428  1,1588 1.219 341801 6493

Meen X = 6.79 T Ce23



99



1

3.432¢
342776
943107

(E's %)

0.2480%5
0.23893
0.2%977
0.2585%

022908 -

44768858
b 5ok
10,5926

10,1

2,805
2.70%
2329
2,962



3 4

32,0969 2,6520
2.85%42 2,7137
8.9826 7.7¢65

103, [5%]
1.9402

245586
1.6609
14553
4, 5000

10%, [i

Temg .
1.5637
2.,4025
1.4069
1,185
3.9386

]
6,043  3.,8573 44,5202
3.1920 5,3669 641270
0J0U0h  £,6060 8,6630

o]

—

L

6 7

0°c,
Gelt37 1.7327 8437
11,402 241902 8450
Be773 145663 8417
8,830 1.4220 8.01
10,391 1.7728 8433

Mean K = 8,28 & 0.15

107, [0x®"] 203.[wnox] 1073,k

100
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kxpt,

NN O W N

3 O F W D e

(B'= E°)

0426232
0.25270
0+26410
0.27318
0424208
0,268139
027745

0.2715%
0.26152
0.27321
0428282
0.25066
0.29138
0.28727

10°,1

24811
3241
2,711
24331
24970
2,530
2457%

2,808
34237
2,706
24329
2,969
2,527
2,570



3 O F W R

Expt .

RN ST S N PR U W

(BE'e £9)

G.28101
0627065
0.28270
029271
G 25940
G#30162

0.29735

0.29055
0+27986
029222

0430261

026817
3&3119“
Ga30741

07,1

2.808
34236
2,705
2,329
2,968
24524
2, 566

2.809
3.237
2,705
2329
2,971
2522
2,564
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103, [1*] 103, [Hox"] 10%.[0x"] 103, [imox] 107*.k
Temp, & 35°C.
1.,8905 1,6105 7.86% - 1,7002 1,06

2.5025 2.14539 407 2,1565 1,09
1.8296  1.4357 7.172 1,552 1.06
14240 1,1781 7276 1.4071 1,03
W4221  4,002% 8,481 1.7210 1.06
0.9260  1.3638  13.192 2.3436 1,00
1,0852  1.7910 14,879 2,5618 1,00

Mean K = 1,04 & 0,03

: Tﬁmpa - "550‘3- .
1.8735 1.6268 7,271  1.689%% 1,16

25803 2.4749 84690 2.1420 1,20
1,8179  1.4468 64596 1. 5467 1.18
14112 1.1905 64723 14000 1,13
14,3939  4,0271 74793 1,7015 1417
049157  1.3760 12,226 243410 1,10

1,0736 1.8024% 13.719 245619 1,11
Mean K # 1,15 & 0,03
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RIBCUBEICN

Plots of log K agsinst T~! in Fig,1% show
marked curvature indicating e nonezerc Alp,
Although this has been frequently found in precise
measurements on weak acids and beses, it is umecommon
to find finite ACp velues in wmetel lon complexing
reactions, The varlation of log K with temperature
mey be described by equations of the form67t-

log K=a + bT + CT2 . s mwnmennweses| 35)

log K=a + bT + CI2 4 4r3

log Ksa & bT + CI2 4+ 413 & of*
log E=a + bT + CTiogT (+ aT2)

log K8/ 4 b ¢ eT (4d12)

log K= + P/Tlog T «S/T.10g &r «l

Equation (35) was found tec interpret satisfactorily

the data in the present werk, although Feates and Imé"
in their investigations inte the ionigsation of
cyanoscetic acid used expressions invelving higher

terms in ¥, The parameters a, b and ¢ vere obtained by
substituting known valnes of log K at temperatures 09,
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25° and 45° and solving the three simultanecus
equaticns. The equation for the curve was then
chocked by estimating log K at 15° and 35%¢C,

The meximum difference between ocalculated and
cbhserved values was 3% but in most cases it wes
less then 14, The paremeters for the three
curves in Fig.lh are given in Table XVII,

TABLE X
a -102.b 105.0
Ni0x 94065 2,655 by 512
Colx 64810 14560 24760
MnOx G141 34146 5,857

The agreement is illustrated by the results for
cobalt cxalate, the caloulated log K being %.780
compared with the experimental velue of l,78%,

Thermodynamic data gt 25°C were calculated from
-0 & 24303 BT/F log K wwewe RN § 7.3
Differentiation of equation (3%) at constant pressure
gives the Van't lioff lsochore,

R el Sl S 31

4t was ecalenlated from the equation,
M =0 « T.Aﬁ, RSp————— :W(S&)
AE from




Al = 2,363 RT2 (b + 26T) ~evemcemecereenenen -(39)

znd Kp from gég‘ s Kp 54,606 KT (b + 3¢T)emwen(h0)
The values are given in Table XVIII, The

mean devietions were ealenlated by using different

combinations of experimental results to calculate

&y b end ¢o The mcan devietion in AG wss taken to

be the aversge of the mean deviaticns of individual

log K values at 25%C.

Reaction ﬁia* * Oxg“ Co2* & 0x°~ an* ¢+ 0:2'
AH .30 £ 0,056 0,59 36,07 1.2 30,20
(k.cal./mole)
Ac 7.05 & 0,02 6,5% & 0,02 5,01 0,02

(kecals/mole)

46 o7 4 G020 2349 & 0,3¢ 22,9 & 0,70
(3&10(5@8./31010) ? 3 3 o9 07

ACp 1y B & 12 26 & 1¢ 65 &£ 1%

-

(esl.deg,

The values of ACp may be compared with 35 « 45 cal,
deg»w1 for a nuwber of reaetions in which the
asscciation of hydrogen ion with a umivalent enion has
been studied.7s 68  Fostmus and Kingé9 found a ACp of
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70 cal.dege™> for the association of trivalent
chromium with the thioceyanate ion and thought the
larger value reaconable In view of the greater
charge of the chromic 4on. AS varies with the
reciprocal of the cationic radius, but a fuller
discussion of this will be given in the General

Discussion,

e caiB e n, mee® R owd w4 LRl g
a2y ﬁ';ﬁﬁ.i;.;‘,,‘i "}?ﬁ PR I I A A LR g

J N
b
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¥OTAL JUCCIN/TES
E S

A serles of e.m.f., measurements were made on
solutlons containing succinic aecld, sodium
hydroxide and metal chlorides,

Using a method of celculation exactly similar
to that in the metal oxalates, it was found that
interpretation in terms of only one complex, MSuee,
was not satisfectory. Values of K for NiSucc are
given in Table XIX,

In order to identify the specles presemt, pH
reasurenents were made on solutions st a constant
fonic strength of 0.2, at which activitles may be
assumed constant. |

It was first necessary to measure the dissoclation
constants, k; = [_-H*] «[Hsuce™] 7 [Hotuce]and
kd = (6*][Buce® ] / [HBuce™] at this ionic strength,
and solutlions containing sucelnic acid and sodium
hydroxide together with the calculated amount of sodium
perchlorate to give an ionic strength of 0.2M vwere
investigated using a glass electrode cell, both with
and without liquid junction. [H*]'s were obtained
using the mean activity coefficient data of Robinson and
Stokes.? A graphical method was used similar to that



3

2.69192
7416050
915003
5.8218%
5,21368
6424247
2,61695
11.76196
2.64671

L, 24579
6490610
84 5672k
8493603
8403456
625450
2422955
0+9281%
348167

3405576
2456313
5.61057
8oltSl &7
7.24232
e 26649
5.08036
16,62220
3497423

16,59
15,02
25,42
33.87
31.69
19423
17444

‘36009

15463

155
156
252
212
7
204
253

. 257

183

111
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Dissoelation constants of succinie acid at 29°C, 1 = G20
Expt. 103,71, 1c3[e*] 1*[t]  10tax by
1 7,099 04620 6,711 3,02 4,5
2 7,099 C.692 6,237 260 3.97
3 7099 1.261 Y 6% 1,93 2,72
b 7,009 1,358 44196 1.80 2,52
5 7099 1,383 4,110 1,76 2.4%
3 7,099 1,582 34730 1,57  2.22
7 7,099 2,192 24647 1,05 147
8 7,099 - 2,543 2,271 0,86  1.25
9 74099 2,456 24295 U488 1.23
10 7+099 2.731 2,064 0476 1.11
11 7,099 3,245 1,602 0,55 0,81
12 12,660 74064 1,156 0435 Ce53
13 12,660 14,722 0,181 0,036 0,045

L% 12,660 20,543 040437 0,092  0.008
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of Speakmen,®® leading to the equation

Xs= kioy + k tk;

1
waere
e 2[iipiuce] + [HBuce™]
. ; [14]{ [5uce] = [suce?~]/

2[R Suce | v [Msuca-]

The results are summerised in Table XX and a plot
of X egeinst ¥ 13 shown in Fig.15. The slope of
the 1line is k; = 1.38 x 107 and the intercept
kxka gives a kg value of 6,9 x 10"6

Since the ratio kp/k, of the dissociatiun
constants of succinle scld is much less than that
for oxalic acid, the concentration of HSuese”™ in
solution is much larger leading to a greater

possibility of complexes of the type Mﬁﬁucc*. In

experiments conducted at an ionic strength of O.aM,

two ion-pairs MSucc and ¥HSuce* were taken imte

scoount and stability constants were calculated from

equations for the total metal ion concentration,

T = [M2*¥] & [Msuce] + [MHBuce®] —e-emeeman(hl)

114




the total suceinic acid concentration,
Ty = [Hpsuse] + [HBuoe™] + [suco2-]
+ [Msuce] «+ [MHSuce?] wemmem(¥2)
electroneutrality,
Eva*] - [n“"] - 2[}#2"'] * [I~3H:3ucc"']

z[ﬁbucc"] + z[auccz'} + 2my  e=e(l3)

and the disscciaticn constants ki and ké of succinic
acid, Equilibrium constants for the complex
formation at this ionic strength may be writtent-

K s [Msucc] / [Bia“'].]:Suec‘?"] cememeeme=(ll)
and
Ky = [MHsuee*] / [M%*]. [Houce™] comemee(l5)

Equations (41) - (45) yielded the quedratic

21"

K;.[KSuce’]zi[,}:] + 1 o ,]_:_2_ +[Hsucc.] l ¢
k; [1*] | k;

+ K;. (m-'ra)F +[ﬁa"‘] +* [H*] - 2Tg = 0 «=(ltf)

L ]
and insertion of approximate Ky values in (46) gave
[ﬁBuee"]. pH measurements were made with mangenese
succinate over a range of concentrations of metal ion

and base, Various values of K;. vere inserted in
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'
[ Ll ‘-5 I,‘mlﬂ

Expte 2050, 2031, 103fia*] 10*[E*] 103 [ESuce”]

1 18,310 12,660  7.08% 14308 5.711
2 7.324 12,660 14,772 Ce2079 74744
3 18,310  12,66C 1h,772 G2l 7,215
Y 36.620 12,660 14,772 Ce2740 6.566
5 164310 12,660 20,543 C.0566 4,076
é 36,626 12,660 20,790 0.06528 3,562

Expt. 103 [Bucc?”] 1¢°[minee] 103 [MnHsuce?] Ki K

i 0.330 C.l% Ge536 S5¢3 26.5
2 2809 Ce552 0.277 5¢5 3G.3
3 2.25% 1.21% - C.595 5.0 32.6
N 1,807 1,720 1,149 5.2 2640
5 Se4430 24642 0329 5¢3 31.7
6 WaW 14208 0.501 52 32.1




117

equation (46) and a constant g was obtained over a
23 fold varietion in [Ii*-_\ vhen K = § l.mle-l,
providing confirmatory evidence that the second
complex present in these sclutlons was Eﬁﬁucc+. The
regults are sumserised in Table XXI,

Having established the existence of the two specles
in solution, precisc e.m.fs meosurements were made at
0° to 45°C at low concentrations using nickel, cobalt

and mangenous chloridess The cell used wes
H,, Pt / Hyluee (my ), HaOH (my), MC1, (m3) / AgCl, Ag ”

and the hydrogen ion concentration of the solution was
obtalned from _

«10g [H*] = (" «E%)/% 4 2 log ny + logKH* Yey-
where k = 2,3G3RT/F. The concentrations of the ionle

ggweies vere derived using
my F [HQSucc] + [Hince™] + [Buce®™] + [MEuce] + (aionec?]
my = ‘[}12*] + [R«‘!Succ] * [?v!ﬂé‘»neaﬂ )
electroneutrality
m, + [H*] « 2[t2*] + (MESuce®] = [Hsueo™] +2([Bucc®"] + 2m, ,4

the ionie strength ‘




Deve in K

Dev, in K

223
260

213

£12,5%

20

21%
220
218
228
214
223
227

221

& 2.3¢

223
252

215

£ 9,65

25

K

223
212
223
24l
217
223
219

223

%2.7%

197
34
207
203
209
223
243

217

% 6467

30

X
232
205
229
254
219
223
210

225

i %,3%

211
223
235:

219

& 3}9%

3

£10,u48



10

15

25

30

K

213

215
217
219
223
223
22%

229

2.7
5e3

10,4

163
167
172
179
185
192

199

Cobalt
e
3.6
We§
Gel
606
§e8
10,5

1241

Underlined values adopted at 25”&.

119

Mangsnece
K D:K.éf)

179 15.6
18C 1040
182 %e?
84 242
186 5.5
187 10,8
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I=3my -my + 4 [suce®™] + [iysuce] + 2[Hsuee™],
and activity coefficients from equation (2), The |
thermodynemic association constants

K » [Msuce] / [2*]. [Suce?”] .Xg
and

2%

Ky = [monce*] / [ ] suce™].L
wore caleulated at 25°C veoing s T.l.FP. programme on a
DEUCE electronic computer. K's were obtained by
inserting various Ky velues. hen Ky =0, there is a
wide veriation in K but as Ky increases, the deviations
becoms less and pase through a minimum,  Further
increase in Kl leads to larger deviations in K, The
Ky value giving the smallest deviation in K was taken
as the correct one. Table XX11, shows the dependence
of K on Ky for experiments on nickel succinate. It is
seen that the mean deviation in X passes through a
minimum at Ky = 20, Table XXI1II sumnarlises the data,
and the best Ky wolues for cobalt and manganese
sueeinates are seen to be 0 and 19 respectively.
Caleculations at other temperatures showed that there
were the best value throughout. In the case of cobalt
where the best fit is obtained with conly one couwplex

present, the experimental conditions were designed so
as to limit the amount of MHSucc* present, Using the
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Ky values, K was caleculated at each temperature and
Tables XXIV, XXV, and XXVI shov the good constancy
obtained. The valunes may be compared with those as
given by Daviesl? of K (CoSuec = 2.7 x 102),'
K(NiSuce = 2,46 x 102) and K(MnSuce = 1,78 x 102),
The agreement with the present values 1s good except
in the case of cobalt,
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Expt. 1 2 3

103am,  2.64832  2,89030  2.61753
103.m,  3.48105 %.24597  2.22955
103m,  3.97073  3.95576  5.08036

Expte  (E'- EO)  10%(m% 1021

040142 6361 1,548
041305 34874 1,642
0.37687 16,960 1.899
0,36519  21.889 24503
- 0,318+ 33,181 4,038

S g O
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TABLL 3XIV(a)
b 5 6 7 8

2.86422  5.21511  6.2%147  9,15003 11476920 \
3420346 7.09195  6,2545C  8,56872%  9,9281
4, 26079 7.24212 Y, 26849 5.,610587 10,62220 \

nigkel suceinate, usin: Ky = 20 l.mole.”t
103 Jisuco”] 1¢* Buce®=] 103 [1124] 10" Ji18ucc] 1072,k
‘i‘amp. - Q060

1.458 74863 3.712 14954 1.76
1.319 11,624 34643 24539 1459
4,01k &.482 3.896 1.855% 1.6k
5759 10,055 5,031 2,591 1467
64832 84913 9.628 3.519 1,71

¥ean K = 1067 & 0.0%
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Expt.

® 3 WM F W

@ 3 O\ F W e

(E'e EP)

0437908
0.,40359
02051
0439479
0.38238
0.35768

03442
0439088
041660
0ek3388
00734
0439441
0,36873

106 [14]

294899
13.155

4.211
19.079
24,730
37.645

107 [ii*]

0.737
34157

1,373
O olelehy

2,00%
2,608
3.9%

16°,1

1,732
1.589
2,938
1,893
2.1495
4,031

1,538
14729
1.585
2,910
1.885
2,48k
1,019
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103 [isuce™] 10* [buce”] 10312 10*[M1suec] 1072,&
Temp, = 15°C.
1,616 2,072 4,918 Co674 1,87
1.799 5¢346 b,022 1.507 1,98
2,080 21,512 64366 70376 1.96
44032 84267 34663 2,0% 1.86
5.782 $.767 5e01k 24798 1.91
6,859 84649 94617 3.71€ 1.93
Mean K = 1,92 & 0 00
Temp, = 25°C.
1.648 0758 3,689 2,202 2,15
1617 10999 o912 0u752 2420
1,808 5030 4,014 1,59% 2,18
2,083 20800 64297 8,085 2.28
b Ol3 8.C28 3.665 2,226 2.15
50794 947 %989 3,088 2.3
64861 8,322 96589 4,087 2427

Meoan K = 2,21 b 0105
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© 3 &\ F ow e

® 3 O F oW e

(tva O3

G A8 60
0,4033%
043060
0 JM4E01
0 2043
00698
036029

O.M6313
041617
0ul4 374
046249
0413403
Geh2011
039235

107 [57]

G751
3,260
1.408
U453
2,056
2.68%
4,141

0749
3.30%
1.5%26
0456
2,069

24708

212

16°,1

14530
1.726
1,579
2,868
1.897
2404
4,008

1.522
1,723
1,57
2.856
1,868
2464
3,996



162 [icuce”] 36"[ uee®]
= 35°C.

1.472
1l.621
- 1.811
2.088
4,060
54816
64377

1478
1.62%
1,81k
2,093
L.078
FaB42
6,892

ALY oo
&t f i N

Temp, & hﬁe{h

7el3k
1,830
633
19,369
7 2465
54761
7608

e T b
L gl ¥

3] Q .
1wl [247%] 10 [asuee] 1072k

- 3467C

Iy . g(} 5
xi’ﬁ‘;’?@'l

6e2h3

3.648
4969
9565

24395
G821
14737
Bebh9
2,413
3.32%
Yy 397

2446
2 55
2451
2059
2446
2,56
2.62

Hean K & 2453 & 0.05

3,65
699
30960
62164
34826
Ly Q7
Ge 40

24603
U895
1.956
Galt71
24632
34569
%737

2.82
2,58
3.C3
3405
2.85
2,94
3ol

Mean K = 2,96 + 0,08
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Expte 1l &

103.m M 5096 5,0085
10%m,  BS3H 48902
103y 6.5698  7.0268

-
Eaxpts  (E'- E®) 107, ("]

036658 1.757

1

2 G.36272 1.952
3 - Ge3990% 0.505
b 0439579 0o 569
5 039025 Cu710
6 0.39012 0957
3 01544 0.561
h 0a41502 04634
5 0.4092% G789
6 0.40877 Oe852



24406
2.615
2,219
2430
24314
2,172

2.212

2.297

2,310

2,161

103

[Bsuce™]
Temp, =

24971
3,282
1,877
14968
2,202
2,178

1,883
1974
2,211
2,182

Ceb3
04650
14361
1,296
1.163
1.063

Mean K

 Temp. = 1§6¢0

l.362
1.276
14349
1,033

345596 3,7091
560503 447523
55076 5.5273
ing By = U

10 (Buce®"] 10" [cosuce] 1672,k

1,465 1.15
1,640 - 1,23
2.711 1.16
2,803 1,23
2,686 1.29
24285 1o
= 1,24 & 0,04

2.860 1,29
2,977 1.36
2,782 1.39
2,562 1447

Mean K = 1,37 & 0405

129
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Expt.

. S T I O

N v F W R

(E'- 19)

039599
0.39183
0443279
042869
042203
042192

040864
040426
044678
044201
Gah3564
G 43547

042137
081700
O L6114
G olp5608
G.Lh959
04l 5

107 [1*]

22089
2,316
G590
U670
0837
0.891

24150
2+391

lﬂiﬁﬁb
0.68%

0,858
04916

2,202
24436
0.610
C o695k
G868

UaSes



19201

24433
2,603
2,194
24278
20201
2,151

2426
24599
2177
2,264
24277
24137

2.411
2.582
2.15%
2,240
24257
2,120

103 [HSuce™] 103 [Buecaﬂ 10" [Co&uee] 102, x

Temp. = 25°C.

24986 G.605 1,787 1.56
34302 G611k 1,918 1460
1.884 1,316 34331 1,58
1e97% 1.226 3.472 1,69
24220 1,101 3e274 1.75
2:187 1,007 24799 1.69

Mean K = 1,65 % 0,06

Temps = 35 C.

24995 o 58N 1.95% 1.81
34310 0590 2.121 1,88
1.887 1,273 3752 1,89
14978 1,191 3,806 1,96
2,215 1,064 3.616 2,05
24151 C.972 3140 2,01

Mean K = 1,93 &£ 0.07

Temp. = 45°C,

2,990 C 548 2,338 2037
34320 0.559 2,437 2,35
1.889 .215 he321 2034
1,979 1.130 L hoF 2,45
2,217 1,015 be102 2,50
2,104 €.9028 34562 245

Hean K = 2,01 £ .06

191
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O 3 0 n -

pelel concentrations

1
3.67732
2472403
o693 8

(B'e EO)

0435267
0.37151

0.36168 -

0436559
0.36851
(36778

0.36921
0+38291
038621
Ce38543
Ce38453

3
3. 58066 L, 1057¢
364612 3.40891
5.65506  4,90255
Besults on
109[Y]  10%.1
%4096 1,731
1,620 2,060
2,822 1.802
1.27% 34359
1.098 3.915
1,200 3.832
4.617 1,730
1,437 34353
1.436 2.927
1,264 3.862
1,388 3751
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b 5 é 7 8

373456 3484355 3,70642  7.12648  8,07886
3.65976 BJh2001l W,20629 8.56522  9.41907
3. 1876 G+53515 Solle7E1 10420945 9468893

ng £ =15 Lele. ™t
163[2*] 16% [inSuce] 1074,k

103

2201 1.868 by 753 O SB l.41
2,290 5,182 54438 1,092 1,16
2,537 3,186 he71E G777 148
20285 7+386 Gekt17 24523 1,38
4,151 164220 92550 4,460 1,19
%,833 17.188 8.9%6 4410k 1,11
Megn X & 1,28 & 0,13
Temp, = 15°C.
24213 1,838 4,752 G776 1,5
2,293 74201 9403 24686 1,55
24253 64825 84075 24297 1,52
4,148 15407 9470 Se332 1,55
Ll.822 16,211 He8k8 9,278 154

Mean K = 349"' & 0,02
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Expt.

@ 3 N \n

@ 3 O \nn ¥

®© 3 O v F W

(E'- °)

0.38077
0439466
039817
0439730
C+39666

040296
C 42438
040702

0 chlﬂ?’* '

041010
040925

0.43792
041962
0.4233%
0.42309
02212

16%[1*]

4,869
1.531
1.527
14348
1.463

3e435
24066
1.592
1,581
1,383
1.511

2,093
1,637
1,633
1,407
10 53“

10,1

14729
34340
2,916
3.85%
34773

1,795
1,424
34327
24905
3839
34751

1.417
34320
2,887
3.812
3.719
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10 [isuce] 164 [suce®] 103 1®*] 10*[Mnsuce] 1072,k
Teup. = 25°C¢

2,218 1.777 %o 747 Ge532 1,81 \

2,292 6486k 94371 34029 1,88 \
24252 64539 84046 2,602 1,83 |
Y, 1h5 14,718 3,402 6,065 1,90
4,832 15,708 84804 5759 1,78
Mean K = 1.84 & 0,04
Temp, = 35°C.
24570 2.913 4,705 04926 2,01
2,471 boh22 34349 1,246 2426
24293 64566 94311 3.356 2423
4,161 14,286 94366 6. 434 2,13
o843 15,109 84752 64326 2,09

Mean K = 2,15 & 0.07

2.255% 64264 8.021 24872 . 2416 ‘
Temp. = %500. \

2,476 he211 34330 1,439 2,80
2.289 6.15% 94299 3.800 2,78
2.249 50836 74976 3.347 2,78
be167 13.572 94302 7e147 2.57
846 1h, 208 - 8.67% 7.15% 2.58

Mean K = 2,70 & 0,10 \
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It is seen that the assoclation constants for
metal cuccinates do not follow the IrvingeWilliams
order, This has also been observed for transition
nmetal sulphates, the small free snergy changes on
agsoclation being accoumted for in terms ¢of heat
and entropy effects, The Irving~.illiams sequence
will bo adhered to only when the ligands interact
with protons more strongly than does water., The
assoclation constants for the s:lphates and
guecinates are similar end in the case of these less
steble complexes the assoclation with water molecules
i1s greater than with the ligands. The stabilities
of the succinates are much lower than those of the
oxaletes due to the formation of the seven membered
ring. Davies suggested that the influence of
¢helation is diminished in a ring of this sige and
that there is also some electrostatic attraction
between the ions. Guggenheim7“ has supported this by
showing that for 2:2 electrolytes any kind of assoclation
stronger then that due to electrostatic forces would be
revealed by X values greater than 2 x 102 kg, moles
Estimating Xl and Kz from the Davies equation at
an ionic strength of 0,24, the stability constant values
for manganese suecinate reduced to I—0 become K = 20C




36 35 34 33 32 3
1 1 | I 1 ]

Merar SuccinaTEs

Fg.16
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and Ky = 13, vhich are in excellent agreement with
184 and 15 respectively in Tables XXIII and XXVi.

Plots of log K against 1 4n Fig.16 again show
marked curvature indicating a positive ACp, The
curves mey be represcnted by the equation

log¥ = a + DT & T2

the meximum difference in caleulated and observed K
values being about 3%, The parameters a, b and ¢
were evaluated as in the case of the oxalates, and
the values for the different systems are given in
Table XXVII,

NiSueo 3 560 1. 3&"" 3027“‘
Coduecc 6.02§‘1 3e 255 6.615
MnSuec 4,006 1.912 k453

Thermodynamie properties were eveluated using
equations (36) « (40) and are given in Table XXVIII
together with the deviations, The K values at all
temperatures are lower than those of the oxalates
end malcnates,38 confirming the suggestion that the
stability of the complex decreases as the ring size

increases. The order 1s oxalate ) malonate) succinate,



Reaction

AN ; 1
(kecal,mole™)

AG
(keezl.nole~l)

As
(eal.deg.“‘lamle J18.2 & 0.7

Ac
(cal.dgg."l)

2,23 % 0,2

3.20 3 0,02

L

& 20

Co2*  suce2™

2,81 & 0,1

3.02 % 0,02

19,6 & 0,1

72

& 20

¥n2* & Suge®™

2,95 % 0,1

3,09 &£ 0,02

20,3 20,2

62

139
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It is well imown that for a large number of
ion«peirs, accurate determinations of assocliatien
constants have been made at only one temperature.
These reactions have been discussed only 4n the
1light of free energy changes and any correlations
with ionic properties are rather empirical, If
the association process 1s to be studled completely,
heat and entropy changes must also be taken into
account. It has been suggestedl§ that to gain an
insight into the factors affecting the equilibrias,
the free energy change should be regarded az a
consequence of heat and entropy changes since
reactions are known in which favourable entropy
faectors have overccme endothermicity and others where
positive heat changes offset unfavourable entropy
eonditions.

Gurney79 has introduced the idea that between a
pair of orpositely charged ions the forces of
attraction will de of two kinds, long range or
electrostatic, and short range or quantum mechanical,
For association reactions such as

/o AP N N mm— )|
the work, ¥, done in the formation of an ione~pair
from the separate ions in solution 1s given by

W =  AG/N « kT In55.,5 eeecwemw(ll)
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vhere N is Avogadro's number and k the Boltgzmann
constant, The importance of the kT ln 55,5 term
has beon stressed sinece it is characteristic of a
reaction in which the number of solute particles
decreases by unity, end its inclusion results in
dimensionless K values, 55.5 being the number of
moles in 1000 grams of watcr. < may be regarded
as consisting of two parts, donv and ifon representing
respectively the long range electrostatic forces
dependent on environment and temperature, and the
(short range) quantum mechanical forces due to rapid
movenment of the electrons, independent of temperature
and insensitive to environment, |

W = gy + Wpgn = <kT[InK 41n55,5]s -KTInK_ -(49)
The dependence of K values on these two quantities has
been 1llustrated by Davies®C who showed that for the
hydroxide complexes of the Na*, L1*, Ba®*, ca**, ¥g2*,
and La3* ions where the only short range forces wvere
those of repulsion due to completed electronic shells, K
was governed mainly by Uy, and Nancollaa15 has shown
that for Fe3‘} V3« ang UM+ complexes, quantum mechaniocal
forees as well as electrostatic attractive forces lead
to miach larger K values,

The variation of the assocliation c¢onstant with
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temperature may be represented in terms of Wy . and
Woone  Since VW, is independent of temperature,
the behaviour should be simple when Wyny 18 zero or
near zero. In this case the increase wmay be
represented by

W & Wen + ol

where ®is a small parameter, so that

W
-k, = IO + G ® A+B «e(5%)
KT k T

where A and B are constants, Thus, if W 1s of this
form, & linear plot will be given of InK against T’l
and this has been found in several instances,

In the cases whore environmentel factors are
involved, since W o is almost entirely electrostatic
in origin, 1t may be replaced by vyy which is dependent
on temperature and inversely proportional to ¢ , the
dielectric constent of the medium. This will not,
however, be a strict proportionality due to the
dielectric saturation effect in tho neighbourhood of
the lon. W 1s thus composed of We) which inereases
with temperature and Wpone Using this theory, Gurney
has shown that it is possible to sccount for the
temperature variation of K in many systems, It is
implied in the theory that the value of W (i.e., kT InK))
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should in nco case pass throuzgh o maximum oy minimum
or decrease and & study of the weak organic seids
has confirmed this, ¥ increasin; trrouchout the
temperzture range in every instance. It can be
shown that for common solvents, 1/ wnay be expressed
in the form

T/8
1 = g
£ Eo

vhere © is a temperature characteristic of the solvent.
Kowy since W 4 is inversely proportional toc, we

way write

X e
In K . *c(g : ﬁ")_w —T )

T
where Ca = "’*non/k and (e " L wmﬂc.

Differentiation of (51) and equetion tov zero gives
$he temperature T at which the sssocistion comstant
passes through a niniman,

™* = 9(1 +af §T0) ,.9(1 + fnm)

a1

where %fgl* 1s the value of Wgy st tempersture 3
Thus the position of the minirmum depends not on the
value of (Wnon # Wy, ) but on their ratio. It may elso
be noted that if T* 1g below the freezing point of the
solvent, then K will rise over the whole temperature
range studied, Nencollas (loe.cit.) has shown that
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in the case of the alkaline earth hydroxide ionepairs
where “non/¥,y is small there will be a mutual
potential energy decrease when the temperature 1is
raised causing ® to incresse, For othor ionepairs
involving the CH” ion, however, ¥ oon
and uﬁan/wel mey be large so¢ that the predominant

becomes important

affect will be the tendency fo:r thernal agitation to
dissociate the lon-pairs, Values of T'have been
found for the oxalate -ystems since at each minimum
AH 15 zerc. It was found that T* fell along the series
N1, Co, Mn, the values being 292°, 272° and 268°K
respectively.

In reactions corresponding to equation(k?), the
froe energy change may be written

AG = « RTIn Ka » G(Mﬁ)aq «G(Mx+)‘q -G(Ax~)‘q

vhers G 13 the standard molar froe energy of the species
denoted by the subscript. Duncan and Kepert'® plotted
&G against G(Ra*)aq for a series of ions with A2~ constant
(oxine) and recognised two types of behaviour, (a) metal
ion eomplexes in which ST1n Ka foll with decreasing
‘ Yaq and where there iz covalent bonding
betwsen the icns, and (b) ionwpairs where AG wes almost
independent of G(Mab)‘q » In (b) the ions interact
without seriously distorting their hydration sheaths,

Smithson and willia&s78 have proposed a

values of G(ME+




Reaction

ag* < 103‘
Ag* + C1”
1% + 08"

n2*te ¥a12-

pr 2N

ug2*e 50,

m?*4 50,2

2¢ .o 2=
N e uou

¢ 2=
Co '« Sou

Mn2*4 502"

La3*s Fe(CN)F" 5452107

La3*+ Co(cﬁ)z' 5.8x163

K298
(1./mole)

6.8

2x103

6e7

179
240
210
232

181

AG
(kycal,
/mole)

«1.13
5

~1.12
«5+10
«3407
3,25
~3.16
-3.21
~3.07
«5+09

~5¢13

AR
(k.cal,
/molse)

o1l
247
0437
2457
4,84
401
3.31
1.7%
3.37
240

1.33

AS
(cal./deg.
/mole)

20,3
6,0
5l

25,8

26,2

2ol

21,7

1646

22.6

2349

2.7
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distinetion between complexes and ion=-pairs in that
in the former the ions are adjacent whereas in the
latter they are separated by solvent molesules,
The entropy change in (47) is composed of two

parts since there is a decrease in entropy due to
the reduction in the number of particles in zolution,
but there is an accompanying increase since in the
neutralisation of charge solvent molecules are

released from the flelds cof the ions. Frank and
E&wns7ﬂ have suggested that in aquecus solutions,
water molecules are orilentated around the ions forming

an "iceberg", the process being similar to the partial
| freeszing of a liguid. ‘hen & complex is formed, there
is a breakdown of this structure and a resulting entropy
change favouring complex formation. itntropy may be
regarded as a measure of the disorder of the system and
the positive entropy change in reaction (47) is
illustrated in Table XXIX where data are given for
uni-univalent, di~iivalent and trie<tri-valent associations,.
W1111ams®l has shown that for resctions such as those
depioted above and in the formetion of complexes between
charged long and neutral molecules where the sum of

positive and negative charges in the solution remsins
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the same throughout, in elmost all cases examined
the entropy change was favourable, Comparisons
between reactions can only be made when there is
the same change in the number of solute species,
& factor vhich was not taken into account by
Williams,

For equilibrium (47) the entropy chenge may

be expressed in terms of a cyc1982
a4 Do A5g(3) (a=b)e
M - X >MX
(g) Mg) (g)
Y
Saraqy, nya(2) By ™)
| ae 1be v (a=b)e
M - X <« MK
(aq) (aq) 88,5500 (agq) -

where 'Aﬁayd(l) 1s the entropy change accompanying
the hydration of the gas phase cation,’ﬁgayd(a) snd
Asﬂyd(h) are the corresponding values for the anion and
the ionepair respectively andASg(3) is the change on a
assoclation in the gas phase. The observed entropy
change on association in solution may be writtenie
MSeasoe = 4Bpya(1) * 4Snga(z<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>