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( i) 

~UMM.ARY. 

In this work physical and ~nalytical methods 

have been used to investigate the potass ium salts of 

certain dioxalato chromium (III) complexes. 

The solid potassium salts of the trioxalato-

chromiate and the £1& and trans dioxalatodiaquochromiates 

together with a salt corresponding to ~otassium dioxalato­

sulphatoaquochromiate 1vere prepa.red . The mono - and di-

hydroxo derivatives of the cis and trans dioxalatochromiates 

1vere also ob tained in aqueous solution. The methods of 

preparation and analysis used are described. 

Spectrophotometric absor9tion curves obtained on 

solutions of these selts using a Beckman Spec tropho tometer 

are in agreement with results of previous workers, and the 

new absorption curve obtained from a solution of the solid 

ci o dioxalatodia.quochromia te salt shows that it is pure and --
gives additional proof of the completeness of the trans -

£1~ isomerisation. 

Potentiometric t i trations were carried out on 

solutions of the above salts at ~°C., and corrections a.pplied 

for a blank KOH titration under similar conditions of ionic 

strength and temperature. The titration curve of the ~ 

dioxalatodiaquochromiate was in agreement with that ob­

tained on an aged solution of the ~ salt. The two 

pK values of the ~~ and trans isomer s of the dioxalato­

diaquo salt, corresponding to the ac idic dissociation of 

the two water molecules bound to the complex, were calculated 
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from the titration curves. The pK1 values were identical 

for both the ci~ and tran~ isomers, but the pK2 values 

showed considerable difference, and in the opposite direc­

tion to that expected. These pK values were determined at 

varying ionic strengths· and the corresponding thermodynamic 

constents obtained. by extrapolf1.tion to zero ionic streno.;th. 

The results have been discussed in relation to the molecular 

structure of the salts e.nd the ratio of the "effective 

dielectric constants 11 for the two isomers has been calculated . 

A potentiometric titration curve obtained on a 

solution of the dioxe.latosulphatoaquochromie.te complex has 

thrown some doubt on the number of complex-bound aquo 

groups per molecule and suggests it is a mixture of complexes . 

An aqueous solution of the salt decomposes with ·time, and it 

has been sho1r1n spectrophotometrically that the addition of 

potassium nitrate decreases this decomposition rate . 

During decomposition a point is reached when added benzidine 

hydrochloride does not cause the precipitation of benzidine 

sulphate. This phenomenon has been studied by analytical 

means and the effect of added potassium nitrate noted. 

Some suggestions that may account for the above have been 

given. 

In order to follow up some reaction kinetics 

involving change s in extinction coefficients, the perfor­

mance of several colorimeters was investigated. The 

Beckman Spectrophotometer, vvithout special attachments, 1.-vas 

not sufficiently sensitive at the low chromium concentra-

tions used . The theory of a Differential Photoelectric 
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Absorptimmeter, together with details of its design, con­

struction , expected performance and results of attempted 

standardisations have been given; the readings given by 

this instrument 1-vere not sufficiently reproducible to 

1.varrant its use in the kinetic studies. The Evelyn 

Colorimeter 1·Tas then investigated and, by modifications in 

technique, it 1"'as found that this instrument was sufficiently 

sensitive for it to be used in the study of the formation 

of the trioxalatochromiate ion from potassium ~ dioxalato­

diaquochromiate and potassium oxalate. 

The kinetics were studied under two conditions; 

in the first, the ionic strength was varied by varying the 

concentration of the reacta.nts, and in the second the con­

centration of reacta.nt s vJas maintained constant and the 

ionic strength adjusted by the addition of varying quan­

tities of potassium nitrate. The results of the latter 

experiments conform to the Br¢nsted - Bjerrum relationship, , 

and it \vas found, in agreement with similar conclusions 

adduced by Burley, that reaction occurs between two singly 

charged negative ions. The former series however, gave 

results that shoHeo. considerable deviation from the Br~nsted­

Bjerrum equation a.t the lowest concentrations, v.rhich indicate 

that the reaction might be one of the third order involving 

hydrogen ions - the reaction being inhibited by the formation 

of these ions. 

Values of the Energy of Activation and the 

Frequency Factor were computed by applying the Arrhenius 

Equation to the data from the second kinetic series. This 
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plot was not linear if the results at the highest temperature 

were taken into acbount, and activation energies were cal­

culated by the method of least squ~res firstly by consider­

ing a linear relationship and secondly by including all 

oxperimental points : these results have been discussed. 

The collision number and probability factor were also 

calculated oy applying the collision theory to the data. 

The kinetic results were then considered on 

thermodynamic grounds and tho change in free energy, entropy 

of activation, and change in heat content were derived for 

various temperatures. 

A physical interpretation of the reaction 

mechanism in terms of the Collision Theory and the thermo­

dynamical method of Absolute Reaction Rates ha s been 

attempted • 

• 
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CF,APTER I 

INTRODUCTION 

Chromium salts, as also those of aluminium, 

iron and zirconium, find extensive use as tanning agents. 

All these metals have a coordination number of six, being 

capable of forming complex ions in which six neutral mole­

cules or anions are associated w~th the metallic ion. 

A good discussion of chromium coo~dination com­

pounds is given by Merry (1). From time to time various 

theories as to why these salts tan and the mechanism of the 

tanning process have been put forward by diffe~ent workers. 

Of these theories, the more generally accepted ones are 

those involving the formation of coordination complexes be­

tween the protein and the metalli.c ion · or complex. Stiasny 

(2)(3) first applied the Werner Coordination theory (4) to 

chrome tanning, and suggested that the oxygen of the carbonyl 

groups and the nitrogen of the amino or peptide groups co­

ordinate either directly with the central chYomium atom or 

'tvi th a group in tho chromium complex. 

Gustavson (5)-(9) has put forward numerous views, 

the later ones favouring tho formation of an internal com­

plex salt involving the carboxyl and amino groups. The 

theory of KUntzel and Reiss (10) has much to recommend it, 

and later workers have suggested mechanisms based on much 

the same lines. Briefly, it involves entry of the carboxyl 

groups of the collagen into the chromium complex in a manner 
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analogous to complex formation with anions of organic acids, 

followed by the formation of links with the basic group in the 

adjacent polypeptide chain. 

Shuttleworth (11), has consistently put forward the 

theory that the chromium atom coordinates directly on to the 

ionized carboxyl groups of the protein aide .chains. For a 

recent paper (12), he has adduced evidence in support of these 

views, and has drawn the following conclusions : 

11 1. Collagen protein, being able to satisfy its coulom­

bic forces internally, does not bind chromium complexes by 

coulombic attraction of single electrovalent links unless re­

inforced by other bonds. Nor is the charge as such, the 

determining factor as to whether or not a complex will co­

ordinate with the carboxyl groups of resin or protein. 

2. Residual valence forces must be regarded as of minor 

importance in chrome tanning, capable of fixing chromium under 

favourable conditiono, but not able to impart the high thermal 

stability characteristic of chrome tanned leather. 

3. Further evidence confirms the view that amino groups 

of the types found in collagen protein do not coordinate 

appreciably with basic chromium complexes in dilute aqueous 

solution under the conditions of chrome tannage. 

~. The chief mechanism of chrome tannage is coordina­

tion of chromium to the carboxyl groups of protein side chains. 

This reaction is not determined by the charge on the complex, 

but by the number and stability of the groups occupying the 

available coordination positions on the chromium atom. The 

charge is one of several factors influencing ligand stability. 
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5• The number of occupied coordination positions is 

important owing to the stepwi~e drop in ligand affinity which 

is also influenced by the type of ligand. 

6. The ability of protein carboxyl groups to displace 

other ligands from chromium complexes is · shown to be inverse~ 

ly related to the dissociation constants of the ligands, 

which explains why chromium formate complexes tan while 

chromium acetate complexes do not. The additional stability 

conferred by ring forming polydendate ligands and the high 

chrome fixation imparted by non ring forming polydendate 

ligands can also be anticipated from this interpretation of 

chrome tannage .ts 

For present theories to be improved and extended, 

more fundamental knowledge of tho properties of coordination 

compounds and complex formation is required; particularly 

of those of chromium. 

Thero are several methods available, mainly physi­

cal ones, for tho study of these complexes. Shuttleworth 

(1}.) has used conductimetric methods at normal and low temp­

eratures. 

Burley (14) studied dioxalatochromiate systems 

using spectrophotometric and potentiometric titration 

methods and covered much important new ground. 

Ion exchange methods have been used on chromium 

complexes (12) (15), and recent attempts combining electro~ 

migration methods with chromatography have met 11'1 th some 

success (16) (17). 
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The chemistry of the chromium salts is rather com-

plex, but the t'lt>To 3reate st a.dvance s in our knowledge of the 

chemistry of the transition elements were the postul ation of 

Werner 1 s Coordinetion Theory and t he concept of bond hybridi-

ss.t ion developed by L. Pauling and others using the method of 

\fs.ve mecha.nics. 

The chromic ion has six hybrid bonds, called the 

3 _2 
sp a. bonds. These six bonds are directed towards the corners 

of so.me regula..r configuration. X- ray diffraction studies 

performed on cobalt and other elements the.t exhibit sp3d2 

hybridisation show that the six bonds £'1.re directed toHards 

the corners of a regular octahedron. Until recently, no 

such X-ray studies had been made on chromium since complex 

chromium compounds suitable for X-ray studies were not obtain-

ed as unmixed crystals . \'ierner ( 1~) studied the potassium 

trioxalatochromiate complex and resolved it into its optical 

isomers, and suggested it had an octahedral configuration. 

This was criticised by Britton (19) and others , but Werner 1 s 

original work has been confirmed by several workers and the 

rates of racemisa tion measured. (20) ( 21) (22) ( 23) . Samples 

of potassium trioxalatochromiate and potassium trans dioxala-

todiaquochromiate, prepared in these laboratories by Burley, 

hs.ve been studied by X- ray diffraction methods at the 

Na.tional Physical Laboratory, Pretoria . ".fork on the tri-

oxale.te is understood to have been completed whilst the 

complete crystal structure of the trans dioxalatodiaquo-

chromiate has been elucidated (24). It was found, as 

expected, that the chromium atom in these com9 lexes forms 



six coordination bonds directed towards the corners of an 

octahedron. As is seen in Fig. 3, the angle formed be-

tween the two oxygen atoms of the oxalate group with the 

chromium atom is not quite 90°. It is to be expected 

that the oxalate group, being in the form of a ring, is 

under a certain amount of strain thus causing a departure 

from a right angle. This then, is the first direct proof 

that the bonds in chromium complexes are directed towards 

the corners of a regular octahedron. 

The oxalate group is coordinated fairly strongly 

to the chromium atom which accounts for the stability of 

the trioxalatochromiate complex. By using this dioxalato-

chromiate system, there are only two coordination positions 

available for most substitutions and for studies on the 

mechanisms of coordination reactions and other properties 

of the complex ions, the dioxalato diaquo salt is particu-

larly convenient. Accordingly, follo"')oring Burley, this 

salt was used for the present studies. It was hoped that 

by study of this relatively simple system some more informa­

tion could be obtained on the mechanism of coordination. 

The three main aspects of Burleyts work that have 

been followed up were : (a) further potentiometric studies, 

carried out on both the cis and trans salts of potassium -
dioxalatodiaquochromiate; (b) the re-investigation of the 

kinetics of the formation of the trioxalatochromiate ion; 

this time at lower ionic strengths and (c) further in­

vestigation of the decomposition of a dioxalato sulphate 

chromiate complex, mainly by analytical methods. 



The ~ dioxalatodiaquochromiate and oxalate ions 

react in equimolar proportions to form the trioxalatochromiate 

ion. This reaction involves a change in extinction co-

ef.ficients: from that of the .£ll dioxalate to that of the tri­

oxalate, potassium oxalate having no measurable absorption in 

solution at the wavelengths used. This change in extinction 

coefficient is sufficient to enable the progress of the re-

action to be measured on a spectrophotometer. 

In investigating the reaction using a Beckman 

Spectrophotometer, Burley (14) used a single chromium con­

centration, so chosen as to give the best accuracy on the 

instrument. The ionic strength of the solutions (p) was 

varied by the. addition of potassium nitrate. The range of 

ionic strengths covered was from J;u- = 0.177 to o.4, the 

chromium content being kept constant at about q,oog Molar. 

The velocity constants at the various ionic strengths and at 

several temperatures were then calculated from the spectro­

photometric data, and the results were used to find the 

charge of the ions taking part in reaction, and to calculate 

the experimental energy of activation and the frequency 

factor. 

Burley (14) found that two singly charged negative 

ions took part in the reaction. This was of great interest 

as it showed that the dioxalate ion, [~r(C204)2(H20)~ - and 

the binoxalate ion, (COO~~ must react and not the dioxalate 

ion and oxalate i0n (COo)= as might be expected. 

The evidence for the above conclusions was as 

follows When the logarithm of the observed velocity con-
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stante (k) were plotted against ~ a straight line with a 
' 

slope of + 1 was observed. 

Bjerrum equation, 

According to the Br¢nsted-

log k = log k 0 t 2 A ZAZB ,~u, 

the constant A is very nearly 0.50 at normal temperatures and 

on substitution in the above equation it can be seen that the 

product ZAZB of the charges on the ions gives the slope of 

the line. 

This interpretation of the reaction has its limi- . 

tations : the ionic strengths used might be considered rather 

too high to warrant the use of the simple Br¢nsted-Bjerrum 

eque.tion and subsequent extrapolation to zero ionic strength 

in the plot of the logarithm of the velocity constant against 

the square root of the ionic strength. 

It might have been that the slopes of the lines 

obtained were fortuitous and that this slope may have been a 

limiting value for higher ionic strengths. It was thought 

to be possible, that at dilutions where the Debye-HUckel 

relationship holds, the slope might be ~ 2 and not unity, 

showing that the oxalate ion is involved in the reaction. 

On these grounds., it was decided that the reaction 

required further investigation at lower ionic strengths. 

The Beckman Spectrophotometer, without special attachments, 

is not very sensitive at these lower chromium concentrations 

so that the invest igation of the reaction requires the build-

ing of a more s ensitive spectrophotometer or colorimeter. 

The investigation of the dioxalato sulpha te 

chromiate complex by Burley led to the result that at a stage 



in its decomposition, no sulphate was precipitated on the 

addition of benzidine hydrochloride to the solution, in 

spite of there being free sulphate in solution. This re­

q~ires further investigation in an effort to explain this 

phenomenon. 
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C£IAPTER II 

PREPARATION, ANALYSIS AND PROPERTIES OF SOME 

CHROMIUM CQ!.fPLEXES 

1. PREPARATTONS AND PROPERTIES OF CHROMIUM 00~-fP..LEK SALTS 

All through this work, frequent mention is made of 

several complex chromium salts. They have been prepared by 

previous workers, but for convenience the brief preparation, 

purification, &nd the results obtained are given here. 

Analytical methods are described in detail at the end of this 

section. 

19 g. of potassium oxalate were dissolved in about 

50 ml. water. To this solution were added 23 g, of potas-

sium oxalate and 55 g. of oxalic acid hydrate in about 100 ml. 

~-rater. Effervescence occurred and when this subsided, the 

solution was boiled down to a small volume and allowed to 

crystallise. 

The reaction is : 

K2Cr207 + ?H2C204 + 2K2C204 -~ 2K3 [cr(C204) 3]3H20 i 6co2 t H20 

The dark green crystals were filtered off, recrystallised from 

hot water and dried by standing over calcium chloride. The 

salt used in investigations was recrystallised three times. 

In daylight these crystals were a dark blue-green 
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colour. On drying over sulphuric acid, they lost some of 

their lustre and appeared more green-red, especially in 

artificial light. 

L Found Theoretical 

l % Cr 1o.6o 10-. 6g 
' 

I % K 24-. 12 24-.07 
I 
' I % ( 000)2 54-.10 54-.lg I 
I 

- -
A spectrophotometric curve was performed on a 

0.00920gM; (0.07% Cr2o3) solution of this salt on a Beckman 

Spectrophotometer~ The curve is given in Fig, 1. Maxima 

were obtained at 4-20 mp and 570 mp in good agreement with 

Burley (14-), (4-19 mp and 569 mp), Theis (27) and Meade (25). 

1tJ'avelength 

4-20 m}l 

570 mJl 

Extinctiop . .<~.o.effic~ 

96.2 

75.g 

These extinction coefficients are calculated just from the 

maxima in Fig, 1, and not from a complete Beer 1 s Law rela-

tionship. 

The salt is neutral and this is shown by Burley 1 s 

(14-) titration curve. 

As might be expected, the salt is optically active. 

'4'erner (lg) resolved the compound into its optical isomers. 

In 1939 Long (20) investigated the mechanism of the racemisa-
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tion of the trioxalatochromiate ion in aqueous solution •. 

He used radioactive isotopes of carbon to study the inter­

change of oxalate between the solution and the trioxalato-

chromiate ions in solution. He concluded that the mechanism 

of racemisation does not involve an ionization step, but some 

sort of intramolecular rearrangement, and suggested that 

Werner's explanation, i.e. that racemisation might involve 

the breaking of only one of the bonds with one of the oxalate 

ions, was the most likely. Similar conclusions have been 

drawn by Bushra and Johnston (22) who made a study of the 

rates of racemisation of optically active coordination com-

pounds. The racemisation may therefore be called a tauto-

merisation, no oxalate ion being free in solution at any 

time. These investigations also show that the trioxalato­

chromiate ion is completely stable in neutral solution at 

temperatures up to 35°C., and at a concentration of about 

O.lM. 

Another racemisation study has recently been made 

on potassium trioxalatochromiate by Schweitzer and Rose (23). 

The effect of mixed organic solvents on the racemisation 

rate was studied and the rate found to decrease with in­

creasing concentration of the organic component. The 

experimentally determined energy of activation of the 

inversion reaction agreed with that found by previous inves­

tigators. The complex was resolved by the precipitation of 

the dextro-isomer with levo-strychnine sulphate. The 

authors only conclude that the racemisation rate of an in­

organic complex is apparently more specific for the complex 
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than for the solvent system. The obvious conclusion is 

that the racemisation rate decreases when the number of 

water molecules available is also decreased; here they are 

replaced by less reactive organic molecules. 

As mentioned in the introduction, X-ray diffraction 

studies are understood to have been co~pleted on the tri-

oxalatochromiate salt, but even apart from this, there is a 

considerable amount of evidence indicating that the trioxa-

latochromiate ion has an 11 octahedral11 structure. The two 

enantiomorphs are therefore : 

and 

One being dextrorotatory and the other laevorotatory. 

Chromium compounds containing two oxalate groups 

per chromium were first prepared in 1g~2 (29), but their 

constitution was doubtful. Werner (30) and ·others (31) 

showed that the dioxalatodiaquochromiate ion had the 

formula Cr Qc2o4) 2 (H2o) 2J- on the newly postulated Coordina-

tion Theory. In the course of extensive work on the di-

oxalate compounds, Werner (32) prepared the two isomeric 
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forms of the dioxalatodiaquochromiate ion : the £1[ and 

trans forms. He suggested they had the following configu-

rations : 

\I 0 HzO 

~ Cis 

Their properties, according to Werner, may be summarised as 

follows : 

Potassium trans dioxalatodiaquochromiate, 
r -

K LCr(C20~)2(H20)2 ! 3~0 exists as pinkish crystals which are 
~ 

perfectly stable at room temperature. It does not dissolve 

readily in the cold but, on boiling, an enormous quantity can 

be dis s olved in water. On subsequent cooling of this solu-

tion, the salt does not crystallise out immediately and more 

than a week ma y elapse before a small quantity of solid 

settles to the. bottom of the vessel. 

The ~compound, K [Cr(C20~)2(H20 ) 2J 2H20, is a 

pink blue and lighter in colour; it is also very much more 

soluble in cold water than the trans isomer, so that it is 

difficult to purify satisfactorily by recrystallis ation. 

Potassium trans Dioxalatodiaquochromiate, K[Cr(C20~)2(H20)~ 
3H20 

Werner's (32) method of preparation was 

used. ~50 g. of oxalic acid hydrate "'<vere added to about 
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2 1. of water and heated to boiling . Then 150 g . of pow-

dered potassium dichro ... ate were added cautiously in small 

portions. Violent effervescence occurred , and when this 

had subsided, the solution was boiled gently for half an 

hour and then set aside to crystallise at room temperature . 

After several days, a small reddish crystalline deposit 

settled at the bottom of the beaker and small particles were 

observed floating on the surface of the liquid . The solid 

was filtered off each day and washed with small quantities 

of water. The separate portions of solid were combined and 

the salt purified by disso l ving in water containing about 

1% strong nitric acid , boiling for half an hour, and allowing 

to crystallise as before. The nitric acid destroys any 

trioxalate that might be present (14-). The recrystallisa-

tion 1.,ras repeated three times and the final product dried 

over calcium chloride. 

Theoretical formula . 

I 
-

~ 

Found ~ Theoretical 
,__....,.,..... - .. __._ .. ..,.-=a- ·~ -.-

14-.4-4-
I 

14-.56 % Cr I 

I 
% K 11.07 I 10 . 95 I 

% ( C20L!.) 4-9.12 
I 

49 . 27 I 
I 
I 

-.~ 

In agreement with Werner, the addition of barium 

chloride to a freshly prepared saturated solution of the 

trans salt gave no precipitate . After standing for three 

days, a small quantity of insoluble fine gre en powder 
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(a) 

(b) 

li'IG 2. 
-= -

·,>,., t :-q:~ r= iu."'l c 1R d 1oxfl1D todl~c: uochrom1!> tc. 
- K[Cr(C204)2(H20)2} 2H20. 
Pntf'lPB1um tr~nP rl1oxrlntod1Pouochromi~te . 

- K [Cr( C2011) 2 0:20} ;:i) 3Il20. 

() 0 00921::'. 

b) 

T5o ___ 5o6-·--- -- -·-550 
50 700 

l·iavelength mp 
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settled out and, after filtration, it was examined under the 

microscope. It consisted of green block-like crystals and it 

is possible that it was the Barium salt of the trioxalate. 

Also, the addition of potassium iodide and/or potassium 

bromide to a fresh solution of the trans salt caused the 

pure trans salt to be precipitated from solution. 

A spectrophotometric absorption curve was performed 

on the trans salt. Fig. 2 (b). The curve could not be 

measured at room temperature as trans - cis isomerisation 

occurs too rapidly, but at 5 - S°C. the rate of isomerisa­

tion is very slow, enabling the absorption to be measured. 

A 0. 00920SM. solution was prepe.red by weighing out the pure 

!~ salt and dissolving in cold water. The flask was 

placed in ice and small portions of the solution removed for 

readings. Two or three readings were performed on a sample; 

it was then discarded and a fresh cold portion added to the 

absorption cell and the readings continued . 

The ·maxima occurred at 416 mp and 555 mp. The 

extinction coefficients were calculated from Fig. 2 (b). 

Wavelength 

416 mu 
I 

555 m}l 

Extinction coefficient 

A pure sample of the potassium trans dioxalato­

diaquochromiate prepared by Burley (14) was sent, together 

with the trioxalatochromie.te ~ to the National Physical 

Laboratory, Pretoria. Van Niekerk and Schoening (24) 

applied the method of double Fourier Series to the X-ray 
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D1men81ons of the complex ion [cr(C20l~) ;~(H20)2 J 



.. 

diffraction data obtained using this salt. They showed 

that the chromium atom lies at the symmetry centre of the 

complex ion, the two oxalate groups lying in a single plane 

and the two water molecules of the complex ion are perpen-

dicular to this p l ane . The four oxygen atoms and two water 

molecules surrounding the chromium atom form an approximate 

octahedral arrangement. Fig. 3. (Reproduced from ref . (24)) . 

The structure consist s of a series of layers, two different 

kinds of water molecules being mainly responsible for the 

bonding between adjacent layers. For each formula unit 

there are two water mo l ecule s of the first kind and one of the 

second kind, so that a complex ion in one l ayer is l inked to 

complex ions in the next layer by three hydrogen bond bridges 

through three water molecules . 

Potassium cis Dioxalatodiaqu9chromiate, K[cr(C204 )2 (H20)2]2H20 

Werner (32) describes two methods of preparation 

(i) 450 g . of crystalline oxalic acid and 150 g . of 

potassium dichromate e.re well pulverised. The whole me.ss is 

moistened with a few ml . of water and left , After a few 

minutes a very vigorous reaction occurs, the mass darkening 

and becoming liquid . This is left to stand and becomes 

hard on cooling. It is stirred with a l ittle water, fil-

tered under suction and washed once with water and then with 

alcohol and ether . 

(ii) The £}s salt may be prepared f rom the trans form 

by dissolving 4o g . of this t rans salt in 100 ml . of boiling 

water , warming for an hour on the ~va terbe.th, and alloirTing to 
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cool slowly. A thick layer of violet crystals are formed. 

They are filtered and washed as before. 

Burley ( 14) a.ttempted to prepe.re this salt by 

method · ( i) but I·Jas unable to prepare it · in a pure state. 

He says , 11 Under certain conditions, which co ul d not be deter-

mined, it was found that colloidal particles were obtained on 

moistening the brown solid in the mortar. 

be filtered off conveniently11 , 

These could not 

On carrying out Werner's instructions (i), it was 

found that there was no need to add water to t he pulverised 

mass, the water of crystallisation of the oxalic acid being 

sufficient to start the reaction. After cooling, the 

resultant ~ salt set fairly hard. It appeared as a very 

fine p01n1der and filtration was somewhat slow. Hmvever, at 

no time did it appear as a brovm pm..rder, and after fil t:ra-

tion and drying, it a.ppee.red as lilac co loured lumps; on 

pulverisation, a lilac powder was obta ined. 

An attempt was made to obtain this same ~ salt, 

perhaps in a purer state, from the thrice recrystalli sed 

!~ salt. On following Werner 1 s instructions under method 

ii), it was found that on slow cooling of the concerttrated 

solution, some sludge appeared which resembled the ci~ salt, 

but large amounts of the crystals of the trans salt vvere 

visible. It seems that on slow cooling the cis and trans 

isomers are both present due to the s low formation of the 

trans form under these conditions. --
Rapid cooling of the concentrated solution was 

achieved by placing the beaker of solution in a mixture of 
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dry ice and acetone. This brought down a fine precipitate 

which was filtered off under su~tion, washed with alcohol 

and dried . No sign of trans crystals was visible and later 

tests confirmed their absence. 

The analysis of preparations by both methods (i) 

and (ii) gave the following results : 

% Cr 

% K 11.53 11.6o 

% (c2~-~~1.9~o _ _.......l_.~ ~2.oo 

11.65 

52.10 

In both preparations (i) and (ii), the r ~ sulting 

ill salts appeared identical. They were lilac coloured 

fine powders, much more soluble than the trans form giving 

blue-red dichroic solutions. The salt becomes green on 

moistening with alkali. On observing the powder through a 

microscope, it appeared as an amorphous powder and no signs 

of crystals were seen at any time. In the absence of 

crystals, X- ray diffraction patterns are difficult to inter-

pret: as yet, no atte~pt has been made in this field. 

The first preparations by method (i) were left 

unwashed with a lcohol an~ ether. They appeared identical 

to later preparations but a spectrophotometric curve did 

not correspond entirely to a similar curve carried out on a 

sample of the trans salt aged to the ~ isomer. Figs. 4 
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and 5. The main difference lies in the minimum at 340 m~. 

The optical density of the former is considerably higher 

t han in the aged solution and the curve is not smooth. The 

effect indicates the superposition o.f another curve, indicat­

ing that an impurity is present that absorbs light of this 

wavelength. A likely impurity is potassium dichromate, 

some of which may not ha.ve been reduced by the oxalic acid. 

A curve 't'las performed on some potassium dichromate and it 

was foLmd to absorb all light up to 490 m~; the density de­

creased rapidly till at 550 m~ very little light was absor­

bed. It is therefore probable that a small quantity of 

potassium dichromate present 1.Yould have the effect shown in 

the absorption curve.~ 

A fresh quantity of the ~ salt was prepared by 

method (i), the product being washed with alcohol. An 

absorption curve of this salt i s shown in Fig. 6 and it is 

identical with the curve of the trans salt aged to the ~ 

isomer, Fig. 5. As a check that no trans salt was present, 

directly the solution was made up, density readings were 

taken at the two maxima. Any appreciable quantities of 

trans salt present would be shown by a lowering of the peaks. 

Two separate prepare.tions were made by method 

(ii). Each appeared identical: analytical re8ults agreed 

and spectrophotometric curves were identical. One of 

these curves is shown in Fig. 2 a. Here again, curves were 

performed on fresh solutions. 

* This has since been confirmed by D.R. Cooper using electro­
chromatographic methods. 
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Thus solutions of potassium ~ dioxalatodiaquo­

chromiate may be prepared in three ways :- one from an 

aged trans solution, and the other t1.vo from solid prepara--
tions of the cis salt by ~verner 1 s tvvo methods. - From analy-

tical and spectrophotometric data they appear to be pure • 

- ...... .. . 
Extinction Coefficients 

Wavelength · I cis from cis salt 1 cis salt 
traD:.~ salt method (i) 1 method ( ii) 

' 
416 mp 67.33 6~.39 I 6~.61 

562 m)l 51.02 52.11 I 51.02 i -
(c) The Potassium Dioxalatohydroxoaguochromiates 

Werner (32) found that the addition of alkali to a 

solution of either the ~or trans dioxalatodiaquochromiate 

caused a colour change from pink to gr een. This is due to 

the replacement of one or both of the complex water molecules 

by hydroxyl ions giving the hydroxo complexes : 

- 1 = 
Cr ~(C204)2(H20) (OH)j Dioxalatohydroxoaquochromiate 

Cr l ( C204) 2 ( OH) 2 l = Dioxalatodihydroxochromiate 

These two hydroxo complexes may be formed by the 

addition of first one, and the n two equivalents respectively 

of alkali per chromium. As is later seen in the potentia-

metric section, these complexes are unstable in solution, 

rapidly liberating oxalate ion. 

To obtain the spectrophotometric curves of both 

~ and trans hydroxoaquo salts, solutions of ~ and trans 
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dioxalatodiaquochromiates were prepared in the cold (5 - S°C) 

and then one equivalent of cold alkali added to each. The 

flasks were kept in ice and absorption density readings 

taken on portions that were renewed after every two or 

three readings. The graphs are given in Fig. 7. It is 

seen that there still remains a difference in extinction co-

efficient between the trans and st~ hydroxoaquochromiates, 

but this difference is smaller than for the corresponding 

trans and ~ dioxalatodiaquo salts , the extinction coef­

ficients of the cis hydroxoaquo being lowered and those of ......... 

the trans hydroxoaquo being raised. The peculiar flatten-

ing of the absorption curve maximum between 410 mr and 

450 mp in the case of the trans salt should be noted. A 

less pronounced flattening is seen for the ~ salt . These 

effects are presumably due to the presence of two overlapping 

maxima, While it , is tempting to ascribe the deve lopment of 

new maxima to the formation of l oose complexes (e.g. as a 

preliminary to olation), it should be borne in mind that the 

phenomena occur at the lower frequencies and are thus pre­

sumably connected with changes in electron orbitals rather 

than molecular vibrations. Moreover Burley's data on the 

olated complex (SO% olation) does not show the same dis­

placement as noted here . 

(d ) Potassium Dioxalatosulphatoaguochromiate 

This was prepared as described by Burley (14). 

To a 50% (w/v) solution of potass ium £1[ dioxalatodiaquo-
. 

chromiate, prepared by weighing a known quantity of the 
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l~ salt , dissolving in water and ageing to the ~ 

isomer, an exactly equimolar quantity of pure potassium 

sulphate was added. After boiling for twenty minutes , the 

colour of the solution changed from p ink to dark green. 

Burley made several unsuccessful attempts to separate a 

solid from the cooled solution. Instead, he evaporated the 

original solution in an air oven at 90°C. for 12 hours , ob-

taining a dark gr~en glass~ solid. This solid was extremely 

hard and was p ulverised with great difficulty. 

In this work, the a.bove was repeated, but the 

mixture of ~salt and potassium sulphate turned a dark 

green on heating, before the boiling point was reached . It 

was boiled for twenty minutes, transferred to a porcelain 

dish and evaporation continued over a steam bath. A dark 

green viscous liquid resulted and this was dried in an oven 

at 12o°C. for eight hours. A brittle dark green mass re-

mained that was easily broken up and had a crystalline 

appearance. 

This preparation was repeated using the cis -
dioxalatodiaquochromiate salt prepared as in (b ) (ii) above. 

The results were the same and the two sulphato complexes 

prepared seemed identical . Further studies on this product 

are reported in Chapter IV. 

(a) Determination of Chromium 

The method used vlas an adapte.tion of the.t of 



Smith and :Sullivan (33) as modified by Davies and Innes 

(34) whereby perchloric acid is used to oxidize the chromium 

and all ~rganic matter present in chrome-tanned leathers. 

The method is given below 

About 0.2 g . of the chromium compound was 

accurately i·reighed into a 300 ml. Kje l dahl flask and about 

5 ml. of water added and then 5 ml. of an oxidising mixture. 

This consis ted of 6o% perchloric acid and Be% 8Ulphuric acid 

in the volume ratio of 2 : 1. For compounds containing 

reactive organic group s, 10 ml . of s trong nitric acid was 

also added. 

The mixture was heated, gently at first and then 

more s trongly, until oxidation occurred, i.e. 1-vhen the 

solution tur ned from green to yellow. Heating was continu­

ed for a f~ther t Ho minute s only; the flame was removed, a 

long thistle-funnel was placed in the neck of the flask and 

10 ml. of distilled water added all at once, the stem of 

the funnel directing the cold water on to the hot solution . 

A further 4o ml . of water was added and the mixture boiled 

for ten minutes to expel chlorine. After cooling, the 

contents were titrated agains t standard ferrous ammonium 

sulphate solution (N/20) using n-phenylanthra.nilic acid as 

indicator . 

( 35) . 

An alternative oxidant is ammonium persulphate 

About 0.2 g. of the chrome salt is weighed out and 

2 ml . of concentrated sulphuric acid added together with 

2 g. of ammonium pe:rsulphe.te, 10 ml. of N/10 silver nitrate 

and 300 ml. of wate~. The contents a re boiled for ten 



-24--

minutes, during vrhich the trivalent chromium is oxidised. 

The cooled solution may be titrated against ferrous ammonium 

sul phate as above or 10 ml. of a 10% potassium iodide solu­

tion added and after standing in the dark for 3 to 5 minutes , 

the liberated iodine is titrated against N/10 sodium thio­

sulphate using starch as indicator . 

The perchloric acid method was standardised on 

11 A.R. 11 Potassium Chrome Alum and the results are shown in 

Table I a. It will be seen that the mean result is about 

1,% low. 

In another standardisation, weighed amounts of 

oxalic acid and potassium dichromate were taken, correspond­

ing to the amounts required for the formation of the di­

oxalatodiaquochromiate salt. Aliquots of these solutions 

were analysed by the same method and the results are g iven 

in Table I b; they again are a bit low ( about 1%). 

In a third standardisation , an aliquot of standard 

potassium dichromate solution was taken and treated with 

excess oxalic acid. It was then oxidized in the usual 

manner and titrated. Another aliquot of potassium dichro­

mate solution was left untreated and titrated directly. The 

titrat ion ratios of the treated and untreated aliquots are 

given in Table I c. The difference in titration ratios is 

about 0.9%a This perchloric acid oxidation method seems 

reliable and fairly good precision is obtained. As the 

resultr appear to be consistently 1% low in chromium, due 

allowance must be made in interpreting the analytical data 

in terms of empirical formulae. 
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TABLE I (a) 

Theoretical % Cr Found % Cr 
~-------------------·+---

10.41 j 
TABLE I (b) 

10.32 
10.31 
10. 33 
10.29 

Mixture of potassium dichromate and oxalic acid. 
K2Cr2o7 and (COOH) 2 .2H2o 

I 
Calculated g. Cr 1 

• 02639 
.02[£11 
• o2679 

Found g . Cr 

.o2612 

. 02'Z57 

.o266g 

TABLE I ~c) 

ml. of ferrous ammonium sul phate required by 20 ml . of potas­
sium dichromate (0.997N). (a) with no oxalic acid added and 

(b) after add i tion of oxa lic acid. 

(a) No oxalic acid added (b) Oxalid acid added 
~------------~------------_.-----~------·--·-----

20.05 ml , 
20.02 II 

20 ,05 II -
TABLE II (a) 

Potassium oxalate (COOK)2 

19.SO ml. 
19.92 It 

19,g5 II 

Calculated Found % K : 
i 

42.44 
42.42 
42.41 
42.43 



!,ABLE II (b) 

Mixture of potass ium qichromate and oxalic acid. 
K2Cr207 and (COOH)2.2H20 

Calculated g. K f _ _!.oun~ g . Kl 
I 
I 

I . • 02063 I i . 0204-0 
; . 02116 

.01999 

~~----------~--~--~--~--~ I 
I .022g7 
I • 021 7 

l 
.02190 

"1 
.02051 I 

I i .02037 
I I .o2o6s 

i 

.02110 

Analyse s using ammonium persulphate as oxidant 

gave result s of higher chrome values but the precision was 

not so good as the above method. 

(b) Determination ot~~tassium 

About 0.3 g. of the compound was weighed out and 

about 3 ml . of HA.:h. II 6o% perchloric a cid added follow·ed by 

5 ml. of \>Tater. The mixture was evaporated gently to dense 

fume s and t hen a llowed to cool . 10 ml. of absolute alcohol 

(saturated with potaasium perchlorate) was added and , after 

standing for an hour or two, the precipitate was filtered 

through a tared sintered glas s crucible. The precipitate 

of potassium perchlorate was weighed after drying for one 

During evaporation, care was taken to re-

move the flame before the chromium present had become oxidised 
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to dichromate. In cases where oxidati~n did occur, erratic 

results were obtained. 

This method cannot be used in the presence of 

sulphate. 

The method was standardised by anal ysing some 

11 A.R. 11 potassium oxalate for potass ium, the results appear 

in Table II (a). This gives excellent results in the 

absence of chromium. 

A known mixture of oxalic acid and potassium di­

chromate was taken (the proportions being those required 

for the formation of the dioxalatodiaquochromiate), and the 

potassium content determined. Table II (b). With chromium 

present the results tend to be a bit high. 

(c ) Determination of Oxalate 

About 0,3 g. of the salt was accurately weighed 

out, dissolved in 100 ml . water, and an excess of 40% 

sodium hydroxide added, The solution was boiled until the 

precipitate of chromium hydroxide flocculated; it was set 

aside for a while, filtered, and the precipitate washed 

thoroughly. The filtrate was acidified with S02-free 50% 

sulphuric acid, some excess being added, and the solution 

was then titrated against standard pot~.ssium permangana.te in 

the usual manner. 

(d) Determination of Sulphate 

This determination only applies to the one sul­

phate salt prepared and the method is discussed in full in 



-23-

the chapter dealing with this . complex. (See page 69). 

3. SUMMARY. 

Potassium trioxalatochromiate, potassium trans 

and cis dioxalatodiaquochromiates and p otassium dioxalato--
sulphatoaquochromiate have been prepared as solid salts and 

the methods of preparation given. 

Spectrophotometric absorption curves have been 

performed on solutions of these salts using a Beckman 

Spectrophotometer; the curves are in agreement with previous 

workers (1~). The solid preparation of the~ dioxalato 

salt has been shown to give an absorption curve identical 

to that of the ~ salt obtained by ageing a solution of the 

trans salt; this also proves that the trans - ~ isomerisa­

tion goes to completion. 

The analytical methods by which the salts were 

analysed have been given, together 1.rith standardisations on 

known salts. The actual analyses of the chromium complexes 

have been recorded. 



.... 29-

CHAPTER III 

POTENTIOMETRY 

1. INTRODUCTION. 

Potentiometric measurements provide evidence 

which cannot always be obtained by other means concerning 

the nature of acidic and basic groups present in complex 

ions. 

such methods have been employed by e. number of 

workers in studies on chrome complexes. In particular, 

mention may be made of Stiasny (36) who observed the changes 

in electrode potentials and pH induced by varying the ionic 

environment of chromium chloride and chromium sulphate solu­

tions, and who used this techniQue in order to study ~ydroly­

sis and ageing phenomena of these and other chromium salts. 

Britton (19) and At~in and Chollet (37) employed the poten­

tiometric technique, ~he former on a chromium dioxalato 

complex and the latter in a study of the hydrolysis of chrome 

alum. 

Although Britton (19) concluded from the t~tration 

curve of potassium dioxalato chromiate that this salt was 

an addition compound, Burley (1~) has established from the 

titration curve of the red dioxalato salt that it behaves 

normally as a difunctional acid. However, although Burley 

calculated the 11 titration11 constants, these do not correspo:-.d. 

to the true thermodynamic dissociation constants since no 
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allowance was made for the activity factors. Moreover, 

Burley subsequently established from his kinetic studies 

that the trans dioxalatodiaquo complex ion isomerises to the 

~ form, and it is probable that his data refer to the 

,latter. During the above-mentioned kinetic studies, Burley 

also found there was no change in the pH of the solutions 

before and after isomerisation. It may therefore be assumed 

that there is no difference between the dissociation constants 

of the t1;10 isomers. However, according to Bjerr~ (33), 

the molecular configuration and the diste..nce between the 

charges have considerable effect on the dissociation constants; 

in the case of the £1i and trans dioxalatodiaquochromiates , 

where there is a marked difference in the position of the 

ionisable groups, this effect should .be noticeable. Kirk­

wood and itfestheimer (39) have modified Bjerrum 1 s theory by 

taking into account the effect of the dielectric constant 

between the charges. It would therefore be of great 

theoretical interest to investigate these dissociation con­

stants and to determine whether there is any difference 

between those of the ~~and ~ salts, 

With this object in view, potentiometric titra­

tions on the ~ and trans dioxalatodiaquochromiate salts 

'tvere carried out. However, comparison of the dissociation 

constants is not strictly valid unless the ef fect of ionic 

strength is taken into consideration. At zero ionic 

strength the values of the 11 titration 11 constants are equal 

to those of the true thermodynamic dissociation constants, 

and it is possible to obtain these true dissociation constants 



by applicat i on of the Debye-HUckel theory of electrolytes 

and extrapo:.ation to zero ionic streng th. 

2. 11 TITRATION" CONSTANTS 

The chromium comp lexes under investigation are 

really tribasic acids existing at the end-point of the first 

(strong acid) stage. For all practical purposes , these com-

plexes can be considered as normal dibasic a cids. 

The treatment of the theory of the neutralisation 

of a dibasic acid ie fairly standard, but for the sake of 

clarity in later calculations, it is given below. 

Consider the acid H2A which is capable of ionising 

in aqueous solution according to :-

H2A ~ H+ + HA- .............. ( 3. 1) 

HA----" 
o;;-

H+ + A- ............... (3.2) 

The 11 t i t :-ation 11 constants Kl and K2 are g iven by . . 
Kl :: h al (3.3) 

lfi2A] 
.............. 

K2 = h a2 ( 3 .4) ...... ........ 
al 

Where h is hydrogen ion activity 

fH being the activity coefficient. 

Also, = 
= 

the square brackets ind icating concentra tions in gr am. ions 

per litre. 

For all solutions, the total concentration C of acid H2A 

is given by : 



···-·· ········· (3~5) 
If a solution of this acid, having a molar concen-

tration Cis titrated with an alkali solution, say NaOH, 

then at any stage during the titration, the solution as a 

whole must be electrically neutral, whence 

fNaJ + [H) = (OHj + a1 + 2a2 ( 3. 6) 

Also for an aqueous solution 

........ " ... ........ . . (3.7) 

1..rhere K1~ is the ionic product of water. 

Now, using equations (3.3) to(3.7), an equation 

can be derived showing how the hydrogen ion activity h varies 

with the addition of alkali. 

[OH] ) is replaced by Na1 

Thus from (3.5) and (3.6) 

and from (3.3) and (3.4) 

For convenience ( [NB! ~ {H] -

::: hK1 + 2KlK2 

h2 
-T hK1 + K1K2 

or :: 

In this derivation it has been assumed that no 

large changes in volume occur during titration uith alkali. 

This was the case, approximately 0.5 N alkali being used. 

The constants K1 and K2 for these weak dibasic 

acids have been calculated graphically from the pH curves. 

The method is due to Atkin (40), the derivation rsing as 

. I I 
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follows 

Let ~ be the degree of neutralisation of the 

acid H2A at a point during titration; ~ is defined as : 

.>( = amount of_ alkali added "ll2. to this point (in equivalents) 
total acid present (in moles pgr litre) 

i.e. >( = Na/C 

Then if [HJ and (oH] are small with respect to CNa] 

~ = Na1/C 

From (3.3) 

. . . . . . . . . . . ( 3. 10) 

In order to obtatn K, two points are selected on 

the titration curve, equidistant from the midpoint of neutra-

lisation (i.e. at~= 1). This point corresponds to the 

neutralisation of the first stage of the acid. Let the 

hydrogen ion activity at the·two points selected be h1 and 

h2 (the hydrogen ion activity is calculated from the pH's 

at these point s) , and let the degree of neutre.lisation .at 

Then t hat at h2 will be (2- ~ ). 

Then from (3.10) 

o( = 

and (2 - .:~ ... ) = 
h22 + K1h2 + K1K2 

These can be solved for K1 giving 

o(,hl - ( 2 - d-. ) h2 
K1 = 

(1-ol-_) 

··········· (3. 11) 

........... (3.12) 

.•......... (3.13) 



K2 is obtained by substituting the value of K1 in either 

of the above equations. 

Thus to find K1 a.nd K2 , the quantities Na, C, h2, 

h1 and d, are obtained from the graph. The method has the 

advantage that a large number of points can be chosen for 

h1 and h2 so that the values of K1 and K2 are averages of 

many values. 

3· EVALUATION OF 11 TITRATION11 CONSTANTS OF THE DIOXALATO­
DIAQ,UOCHROMJ;:ATE COMPLEX.! 

Although the dioxalato complex is really a tri-

basic acid, the first stage of dissociation is similar to 

that of a strong acid. 

can however be regarded as a dibasic acid. That the same 

procedure can be employed in evaluating the constants can be 

sho,vn for the general case of a tribasic acid as follm.vs, 

where the first dissociation stage is not necessarily that of 

a strong acid. 

Let a' = concentration of Icr ( c2o4-) 2 (H2o )2 ]-

all = 11 11 [Cr(C2o4-) 2 (H20)0H].: 

am = II 11 ~r(C20tt) 2 (0H)2]= 

By definition, the 11 Titration11 constants are . 
• 

• ~ Kl = a' 
.. ..... ....... 

ha 111 -K2 ~ a" .............. 

\vhere h is the activity of the hydrogen ions. 
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Also by def inition 

C = a 1 +- a 11 + a111 ..... ..... ... ' .. 
Where C is the total concentration, 

and for e l ectrical neutrality : 

ar + 2a11 + 3a'" . . . . ........ .. 

From (3.14) and (3.15) we have, 

a' = 

:1-._ l = 

and 

= 

= 

h2 + 2Klh + 3K1K2 

h2 + K1h + K1K2 

a" = 

a 1 + 2a11 + 3a111 

a + a 11 + a 111 

h2/K1K2 + 2h/K2 + 3 

h2/K1K2 + h/K2 + l 

• . . . . . . . . . . . . . . . . ( 3. 1~) 

Whence it follows that 

Cl(l - 1 = K1h + 2KlK2 

h2:;." K1h + K1K2 
...... . .......... (3.19) 

If we t ake the degree of neutralisation as measured from the 

end point of the first ( strong acid) stage , then 

.-:!. = ~1- l 

or 
K1h + 2KlK2 

h"'2 + K1h + K1K2 
. . . . . . . . . . . ( 3. 20) 

Hence, in spite of the dioxala todiaquochromiate comp l ex 

being a t r ibasic acid existing at the end point of the first 

strong acid stage, the same procedure given for a dibasic 
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The microburette used was Grade A. NPL. 

The v.ra ter used in the making up of the chrome 

solutions and alkali must be pure and free from dissolved 

carbon dioxide. Ordinary distilled water was redistilled 

from a pyrex still and collected whilst v-ra.rm. · Before use 

a stream of co2-free air was bubbled through the water for 

twelve hours to remove the last traces of carbon dioxi de , 

The alkali was 11 A.R. 11 KOH. A normal solution 

was prepared using C02-free water and kept in an aspirator 

lined with paraffin wax; a soda lime trap was fitted to 

this aspirator. For the titrations, smaller quantities of 

approximately 0.5 N KOH were prepared from this solut ion as 

required before each series of titrations and kept in a 

smaller paraffin wax-lined bottle . The 0. 5 N solution I•Tas 

standardised just prior to the titrations being carried out 

and renewed for the next series of titrations. 

11 A.R. 11 nitric acid 1-1as made up to be about 0.5 N 

and used for the acid titrations. 

sed at frequent intervals, 

The acid \vas standardi-

5. PROCED UR.t 

The required amount of pure chromium se.l t to 

give a 0.00920gM. solution in respect to chromium was 

weighed out direct ly into the beaker. The pH meter was 

allowed to vrarm up and was then standardised using the 

standard buffers. Then 100 ml. of C02-free distilled 

water was added to the chromium salt in the beaker and the 

salt dissolved. The electrodes were immersed in this 
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solution, the beaker was covered and the titration carried 

out as rapidly as possible. After each addition of acid 

or alkali, the solution was stirred by the air bubbler, 

sending a stream of co2-free air bubbles through the solu-

tion. By adjusting the nozzle N, efficient stirring of the 

solution was ensured and the co2- free air also helped keep 

the solution free of any atmospheric carbon dioxide during 

titration. 

Most of the titrations had to be performed at low 

temperatures in order to prevent !r~ - ~ conversion, 

decomposition and elation. The titration beaker was placed 

in a dish J, containing melting ice and, with the even addi­

tion of alkali or acid at regular intervals, the temperature 

of the titration solution was maintained at 5 - g°C. When 

low temperatures were used, the temperature compensator of 

the pH meter was set to this temperature and the necessary 

corrections made to the pH values of the standard buffers 

using the temperature coefficients given in section 4 of 

this chapter . 

A preliminary titration was performed on a 

neutral salt. Fig. 9 shows the titration curve of 0~00920SM. 

potassium nitrate at 20°0. The number of ml, of acid or 

alkali added have been converted to equivalents of acid or 

alkali per mole of salt. This curve follows the usual 

strong acid-strong base curves with a pH increase from 3 to 

10 in the region of stoichiometric neutrality. The curve 

refers to a titration carried out with the ordinary glass 
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electrode up to pH 9. ·The special 11 Alki 11 el.ectrode 'IIvas 

then installed, restandardised at pH 9.2, and the titration 

completed. This electrode was found to be a trifle un-

steady but, more important, it took several minutes to 

sett l e down to equilibrium. This time lag i s serious in 

the case of these complex chromium salts as decomposition 

is likely to occur during titration and speed is essential 

if decomposition is to have no effect on the titration 

curves . Tho 11 Alki11 electrode is therefore unsuitable for 

titrations of these complexes. The titration of the neutral 

potassium nitrate salt was repeated using the ordinary glass 

electrode throughout. The points plotted in Fig . 9 are 

those given by the glass electrode. The actual readings 

are r ecorded in Table A~ of the Appendix where a l so the 

reading~ obtained using the 11 Alki11 electrode are recorded. 

It can be seen that the differences between the readings 

using the two electrodes are very small and may be ignored. 

In. these titrations, KOH was used in preference to 

NaOH, so tha t readings could be taken up to high pH's of 11 

to 12 without potentials being se t up between the soda in 

the glass of the electrode and the titrating solution. This 

probably accounts for the good results obtained with the 

glass electrode at high pH 's. 

The KOH solution used in this ti tra.tion 1tfas care­

fully standardised against 11 A. R. 11 potassium hydrogen phthalate. 

The phthalate was dissolved in co2-free water and the KOH 

added from a microburette,· the pH being recorded after each 
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addition. On approaching the end point, the alkali was 

added drop by drop and the increase in pH recorded for each 

drop added. This pH increase per drop reaches a maximum at 

the end point. On an average, each drop was equivalent to 

0.03 ml. and the amount of alkali added up to the end point 

was calculated. For comparison, other quantities of 

phthalate were titrated against the KOH usinga ·50m1. Grade A 

NPL burette and phenolphthalein as indicator . Extra pre-

cautions were taken such as using 002- free water and fitting 

the burette with a soda lime trap. The results obtained 

agreed well with the potentiometric standardisation. 

Normal ity of potassium hydroxide : 

·By Potentiometric Method By Titration using phenol­
phthalein 

mean mean 

The nitric acid was standardised against the 

standard KOH above using phenolphthalein, and this checked 

by titration of the acid against borax using methyl orange 

as indicator. The resul ts were in good agreement . 

All future standardisations of alkali were conse-

quently done by titration against potassium hydrogen 

phthal ate and those of acid against borax. 

As most of the pH titrations were conducted at 

lower temperatures, another alkali titration was performed 
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on 0.00920SM. potassium nitrate at 5 - 8°C . This , together 

with an enlarged curve from Fig. 9 is shown in Fig. 10, In 

these graphs the pH rises rapidly until at about pH 11.5 the 

curve flattens out and there is only a small increase in pH 

for each equival ent of a lkali added . In the l ater curves of 

the chromium salts, after tho c:tddi tion of two equivalent s of 

a lkc:tli, the curve also flattens out at approximate l y pH 12. 

At the end of the titration the curve should continue to rioe 

to pH 14 but, due to the salt effect seen in Fig . 9 and 10, 

the pH remains almost constant. These chromium salt titra-

tion curves shoul d therefore be corrected for bl ank KOH 

titrat i ons carried out on conductivity water under the same 

conditions of ionic strength and temperature from the data 

obtained from Fi g . 10. Thes8 number of equivalents of 

alkali were subtracted from the values obtained for the 

titration curves of the chromium sal ts , g iving a corrected 

curve above pH 9. The correction is very little until 

approximately pH 11 i s reached, when the corrected curve 

approaches asymptotically the line drawn at two equivalents 

of alkali per chromium, sho~<ving the end of the titration. 

6. EXPERIMENTAL TITRATION CURVES OF CHROME COMPLEXES. 

(a ) Potassium cis Dioxalatodiaquoc~omiate 

Fig . 11 shows the results of acid and a lkali 

potentiometri~ titrations on solutions of the cis salt. 

This salt 1-ras the solid prepared by Werner 1 s method ( ii) 

(See page 16). From tho shape of the curve above pH 6, it 
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is obvious that the dioxalatodiaquochromiate ion is weakly 

acidic. Two end points can be see~, corresponding to 1.0 

and 2.0 equivalents of alkali per chromium respectively. 

These t11To end po i nts correspond to the titration of 

the two aquo groups of the dioxala todiaquochromie.te ion to 

form the mono and di-hydroxo derivatives. 

and 

Cr [(c2o4) 2 (H20) (OH)] = 

cr [(c2o4)2 (oH) 2) = 

In a further experiment, a solution of the trans 

dioxalatodiaquochromiate was prepared and allowed to convert 

to the £i[ isomer by slight warming and standing. An alkal i 

potentiometric titration was performed on this solution at 

room temperature (1~°C . ). The curve obtained was exactly 

the same as in Fig. ll (and has not therefore been repro­

duced), showing that the solution on which Burley (14) 

performed the titration was that of the ~ isomer and that 

the~ salt prepared by Werner's method (ii) gave a curve 

identical to what is known to be a pure ~ dioxalatodiaquo­

cbromiate solution. 

The curve shown in Fig . 11 bas been corrected for 

the blank KOH titration at similar ionic strength and tempera­

ture, the data being obtained from curve (a) in Fig . 10. 

It is seen that the end point is reached very nearly at two 

equivalents of alkali. 

Burley calculated the acid constants for his £i[ 

titration curve by the method outlined in section 2 of this 
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chapter; his results for room temperature (18 - 20°C.) 

are : 
PK1 = 7.09 

PK2 = 9.45 

Since in the case of tho other chrome salts, 

decomposition and/or conversion is rather rapid at room 

temperature similar curves 1vere obtained at lower tempera­

tures. Thus a fresh alkali potentiometric titration was 

performed on the solid cis salt atS °C. The curve is shown - -
in Fig. 12. Here the pK values are different due to the 

lower temperature. 

method are as follows 

The values obtained by the graphical 

PK1= 7.53 

pK2= 9.71 
ill salt at S0 c. 

The constants are of course the 11 titration 11 constants and 

not tho true. thermodynamic constants . 

(b) Potassium trans Dioxalat9diaquochromiate 

It was not possible to perform this titration at 

room temperature duo to the occurrence of trans - ~ conver­

sion . Fig. 13 shows the acid and alkali titration curves 

for this salt at S°C. Tho general form of tho curve is 

similar to that of the ~ salt obta ined at the same tempera­

ture, but after pH S the trans curve is higher than that of 

tho £1..§.. Thoro arc end points at 1.0 and 2.0 equivalents 

of alkali respectively, denoting the formation of the mono 

and di-hydroxo derivatives. The alkaline section of this 



I ., 
ll 

10 

9 

.5 0 

Equ1vs acid/Cr 

I 

I 

I 
I 

., 

• 

FIG 13 
=-~= 

!Potassium trans dtoxalato~ 
ld1aquochrom1.ate. 

2.0 

Equivs alkal1/Cr 



-44-

curve has been reproduced in Fig. 12 enabling comparison 

with the similar ~ curve to be made . Both curves are 

corrected for the blank KOH titration from curve (b) Fig .lO. 

In Fig. 12 i t is seen t hat the curves for the 

tr ans and ~ salt s are identical up to approximately pH ~J 

g i ving equal pK1 values for both forms of the complex ion. 

After this the curves diverge and onl y meet again aft er the 

completion of the titration a t about pH 12. The pK2 va l ue 

for the trans sal t is somewhat higher than tho correspond-

ing constant for the .£1§. ?alt. The values of the 11 titra-

tion 11 constants expressed on the pH scale f:'X'e : 

(c) Hysteresis 

pK1 = 7.54 

pK2 =lo .46 
trans salt at ~°C . 

It is evident that misleading interpretat ions of 

the data on the dioxalatodiaquochromiate salts are obtained 

if oxal ate ions are liberated during titrat ion. On the 

other handJ decomposition of th~s type is readily detected 

by immediate back-titra.tion follouing the forward t itration . 

The liberation of free oxalic acid and possibly of c~Aboxyl 

groups from the complex should be indica t ed by a 'change in 

the shape of the titration curve J par t i cularly in the 

reg ion below pH 6. Hysteresis of this kind has c:-.lready 

been observed by Burley 1-'.i"hon a solution of £1.§. dioxalato­

diaquochromiate was back- titrat ed after the addition of 

three equivalents of alkali per chromium . Burley ascribed 
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the effect to the instability of the dihydroxo ions and 

concluded that the forward titration curve truly represented 

the titration of the complex-bound aquo groups, It l'fas con-

sidered however, that further confirmation on this point 

shoul d be sought and , 'tvi th this end in view, the experiments 

described below were performed, 

Initially back- titrations were performed on the 

cis and trans dioxalatodiaquochromiates at S°C . after 1.0 - ' 
1.5 and 2.0 equival ents of alkali had been added . The 

alkali l'fas added in one lot and back-titration commenced 

immediately . In this way it was hoped to prevent any de-

composition of the mono and di- hydroxo complex ions . Al­

though slight hysteresis was noticeable, it was far less 

than that obtained by Burley. 

It -vwul d appear therefore that Burley 1 s :xplanation 

adequatuly accounts for the facts, and the larger hysteresis 

observed by him can be ascribed to the fact that his titra­

t ions l'fere conducted at room temperature , as against S°C. 

in the present work; and a l so because his ti trations 'l.vould 

have taken longer to perform, since he did not adopt the 

procedure described above . 

Some of the hysteresis is very likely duo to the 

fact that when the solution 'tvas back- titrated, it had a 

~igher ionic strength than initially. According to tho 

Dobyc-HUckol theory, the effect of increasing the io~ic 

strength 1-voul d be to lower the pH. The effect of varying 

the ionic strength was investigated in the follo•.ring manner 
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Alkali potentiometric titrations were performed 

at ~00. on both the cis and trans salts at double ionic 

strength, the latter being controlled by the addition of 

potassium nitrate, but the chromium concentration was main­

tained at 0.00921M. It. was found that in the case of the 

£1.§. salt there was very little difference between the two 

curves. There was a slight lowering of the pH· at the higher 

ionic strengths, but at no point did this exceed 0.1 pH 

units. For the trans salt this difference was slightly 

greater, 9robably due to slight ~n~- cis isomerisation 

occurring. Even in this case, howeve.r, the pH was lowered 

only by a very small amount on doubling the ionic strength. 

The slight hysteresis observed on back-titration 

1:vi th acid is therefore mainly due to decomposition of the 

hydroxo complexes formed. As is to be expected, this de­

composition is ~ikely to be more rapid at higher temperatures. 

(1~ - 2o0 c.). 

After back-titration with a~id, the green colour 

of tho solution due to tho formation of the hydroxo complexes 

disappeared and the solutions turned pink once more. This 

shows that the reaction is reversible and the dioxalato-

diaquo salt can be regenerated. After exactly neutralising 

the alkali added with acid, the extinction coefficients were 

measured and found to correspond to those of the cis 

dioxalatodiaquochromiate solution at 419 and 560 mp, showing 

the:.t the resulting solution was that of the .£1.§. salt. 
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(d) Evaluation of the _'J;'_tl_erm..s>dynaE}j.c Dissociation Constants 

A study was carried out in order to determine the 

nature of the variation of the pK1 and pK2 val ues with ionic 

strength for the £1[ and trans dioxalatodiaquochromiates . 

Fairl~r accurate values of pK1 and pK2 are obtained 

from t he potentiometric titration curves by recording the p H 

at 0.5 and 1.5 equivalents of alkali per chromium respectively. 

Accordingly, values of pKl and PK2 were obtained by measuring 

the pH of solut ions at the half neutralisation point for 

each stage of the dissocia.tion of the complex ion. The con-

centra tion of the cis and trans salt s 'tl]'as the same through-
--·~ 

out, namely 0. 009211/f . The ionic strength 1vas varied by the 

e.dd ition of increa.sin1 quant itie s of potassium nitrate. The 

procedure Vfa.s as follmvs 

Amounts of cis and trr-ms d ioxc-latodiaquochromiates - ~ ··· -

were 1.Yeighed into separate beakers. The amounts corres-

ponded t o 0.00921M. solutionr, of the ~i~ and lrany salts 

when 100 ml . ··of water vJ'as added to each. To a l l except one 

beaker for each series, '"'ere added varying amounts of 

potassium nitrate . \'ihen the pH '"'as to be measured, 100 ml. 

of co2- free water was added to the beaker and the contents 

rapidly dissolved, the beaker being kept in ice . After 

the content s had dissolved, the required amount of alkali 

was added t0 g ive 0.5 or 1 . 5 equivalents of alkali per 

chromium and the pH measured (~°C . ), the mean of three read-

ings being recorded . In calc~lation of the ionic strength, 

the amount of alkali as well as the amount of potassium 
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nitrate added must be taken into account. The pH values 

so obtained have been plotted against the square root of the 

ionic strength. See Fig. 14. The values of the slopes 

were first obtained from the data in Table A 15 of the 

Appendix by the method of least squares, then the lines in 

Fig. 14 were drawn to correspond to these slopes . 

It is seen that the pK1 values for both the ~ 

and trans salts lie very close together whilst the pK
2 

values di ffer considerably . The pK values do not appear 

to vary greatly with ionic strength and the relationship 

appears to be linear. The pK1 and pK2 values for both 

salts have been calcul ated for zero ionic streng th and the 

values obtained are as follows 

pK0 values at M .= 0 and ~°C. 

cis trans -di oxnlat odiaquochromiate dioxalatodiaquochromiate 

pKl 
0 

7.59 7. 61 

pK2 
0 9. 91 10.77 

(e) Discu.s·sion 

The table of dissociation constants above shows 

that the first dissociation constants of the ~ and trans 

complex ions appear t o be ident ical but that there is a 

significant difference in the second dissociation constants , 

which also follows from the curves of the t'lrJ'O complex salts 

in Fig. 12. Now, apart from theoretical considerations) it 
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is an experimental fact that for the simple symmetrical di-

basic carboxylic acids in an homologous series, the closer 

tho distance between the carboxyl groups, tho greater is the 

value of !l piC (defined as pK2 - pK1 ). Moreover, in these 

acids, it is generally the case (4-3) that with a decrease in 

the distance between the po l ar · groups, pK1 is lowered rela­

tively \vheroas pK2 is frequently increased in value relative 

to the pK value for e. single cnrboxyl group . It is remark-

able therefore that in the present system the pK1 values 

should have been found to be identical, despite the difference 

in distance between the charges. 

Bjerrum (3g) has shown that the ratio of the 

dissociation constants of a long chain dibasic acid, correc-

ted for the statistical factor, can be calculated in an 

approximate manner if due account is taken of the electro-

static interaction of the charged groups. 

The statistical correction follows from the fact 

that in the case of a dibasic acid anion carrying a do uble 

negative charge, there are two equivalent positions for 

recombination with protons, while a singly charged ion has 

only one position. 

The first and second dissociation constants, as 

ordinarily defined, are related to the constants K1
1 and 

K2
1 for the separate removal of the hydrogen ions by the 

relation (4j) : 



-50-

Whence it follows that K1/K2 = ~' if no electrostatic effects 

are involved. 

In the more general case, i.e. for a polybasic 

acid, the j 1 th dissociation constant Kj' is given by (~~) 

Where j = 1, 2, .•.... n, and n is the maximum number of 

equivalent proton positions, while K0 is a constant. 

• Kj 
Accordingly = 

(j + l)(n- j + 1) 

j(n - j) 

Thus for a dibasic acid, n = 2, j e 1. 

The electrostatic effect is considered by Bjerrum 

(3~) to be due to the attraction for the remaining protons 

by the free charge produced through ionisation of an acid 

group. In the case of dibasic acids whose carboxyl groups 

are fairly far apart, the ratio K2/K1 may be accounted for 

completely by the statistical effect and the electrostatic 

effect. 

The electrostatic effect has been derived by 

Bjerrum (3~) in an approximate manner by calculating the 

electrostatic interaction from a consideration of the 

coulombic interaction of two point charges at a distance 

r apart. 

If for a dibasic acid n = pK2 - pK1 - o.6o, 

then Bjerrum showed that : 
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E 2NjRD.Tr 
n = log10 e .......... (3.21) 

Where t is the charge of the electron 

N is Avogadro's Number 

D is the dielectric constant of water 

R is the Gas constant 

T is the absolute temperature 

r is the distance between the charge and the hydrogen 
atom on the other polar group in the singly charged 
ion. 

Two important assumptions arc made in this 

derivation : 

(i) That the value of n (the total effect of ionisation 

on the dissociation number) originates exclusively from the 

electrostatic effect. 

( ii) The ordinary dielectric constant of 'i.vater at the 

working temperature is appropriate in the calculation. 

Bjerrum himself states that the calculation is 

only theoretically permissible 'i.vhen numerous water molecules 

are present between the charges whose mutual effect is to be 

derived. Some of his results show however, that empirically 

the procedure is permissible when the distances between the 

charges arc only of molecular size. 

A modification of Bjerrum 1 s theory was p ut forward 

by Kirkvmod and Westheimer ( 39) who calculated the 11 effec-

tive" dielectric constant DE bet'l.veen the two charged posi- ,;~~u''0~_.-8", '••I !.. \ 

tions, this value varying with the angle subtended by the 'NiYEHSrry' 
) 'JRARY /~ 

pof_nts and the centre of the molecule, considered spherica-l. /./ 
·;.~· 

In their derivation, tho dielectric constant of the molecule 
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itself was taken to be 2.00, this value being considered 

reasonable for the aliphatic chain in a dicarboxylic acid. 

Since for a chromium complex ion it woul d not be justifiable 

to employ this value,and in the absence of data from which a 

reasonable value can be derived, the values for DE recorded 

by Kirkwood and Westheimer cannot be employed in the 

modified equation : 

for the present case. 

Nevertheless, in terms of the spatial configuration 

of the atoms in the trans and ~ isomers, it should be at 

least possible to e stimate the relative effective dielectr ic 

constants for the two complex ions. 

Consider the ~ and trans isomers of dioxalato­

diaquochromiate 1.ri th bo th complex bound water molecules 

ionized. 

2.0~ 

'rc 
I 
I 

I 

~' I 
. ~ ' · H-~; 

H 0 II' ; .96A 
1 
1 

2 . 0~ 

8 I 
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Following Kirkwood and Westheimer (39), the proton-

oxygen bond has been shown as an extension of the bond joining 

the oxygen atom to the central atom. This therefore does 

not represent the true geometrical picture since the oxygen 

valencies subtend a solid angle of 105° (45) but nevertheless, 

bearing in mind that free rotation is possible , this simpli-

fication may be valid as a means of calculating the average 
0 

interprotonic distance . The figure of 2. 02 Angstrom units 

for the Cr - 0 distance has been taken from van Niekerk and 

Schoening's (24) data (See Fig. 3), and the 0- H distance as 
0 

0. 96 Angstrom units (46). From the diagram the interprotonic 

distances rc and rt for the £1..2. and trans i ons respectively 

are calculated to be 4.14 ~ and 5. 96 R. From the pK val ues 

recorded on p. 4g we have , correcting for the statistical 

effect : 

From equation 

Whence 

nc = 6. PKc 

nt = A PKt 

0. 6 = 1. gg 

o.6 = 2.56 

(3 .22) it follows that . . 
nc DEt rt --
nt DEc rc 

DEt nc rc --
DEc nt rt 

l.gg x 4.14 
= 

2. 56 '>( 5. 96 
= 0.51 

The effective dielectric constant when the centre 

of the compl ex chromium atom lies between the charged groups 



(trans complex) would thus appear to be lower than when the 

centre of the complex lies outside the line joining the two 

proton positions (~complex). 

What physical significance can be attached to 

this finding is a moot point since it should be borne in 

mind that the effective dielectric constant is only a 

11 conventional 11 dielectric constant in order that the relation­

ship may be expressed in the form of Bjerrum 1 s orig inal 

equation. Presumably the difference is due to differences 

in polarisability and electron resonance for the two forms, 

or what Bjerrum has referred to as the 11 rest effect 11
• This 

effect appears to be so powerful that despite the further 

distance between the charged groups in the trans salt, their 

mutual interaction is greater than that in the ~ complex 

ion . 

Since further consideration '\vould involve a 

detailed exposition of Kirkwood and Westheimer 1 s method, it 

is not proposed to take the subject further in the present 

work. 

Potentiometric titrations have been performed on 

solutions of the ~ and trans dioxalatodiaquochromiates, 

mostly at ~00. The titration curve obtained from a solution 

of the solid ~salt was in agreement with a similar curve 

obtained by ageing a solution of the trans salt, thus 

furnishing further proof of the composition of the solid 

.£1.§. salt . 
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The pK2 values of the £1& and trans salts were 

found to differ and values of pK1° and pK2° were obtained 

by plotting pK1 and pK2 values, determined at different 

ionic s trengths, against the square root of these ionic 

strengths and extrapolating to infinite dilution. 

The theories of Bjerrum and Kirkwood and 

Westheimer have been considered in relation to the 6pK0 

values obtained. The ratio of the 11 effective 11 dielectric 

constants, DEt/DEc' for the two forms was found to be 

0.51 and this result has been discussed, 



CIJAPTER IV. 

THE POTASSIUM DIOXALATOSULPHATOAQUOCHROMIATE COMPL~. 

1. I NTRODUCTION. 

Solutions of chromium sulphate salts are used in 

tanning processes and a considerable number of investigations 

have been made on various complexes. 

The colour changes undergone by chrome alum and 

chromic sulphate solutions were remarked upon as long ago as 

the end of the last century. In 1934 Atkin and Chollet (37) 

studied the hydrolysis of chrome alum solutions and inter­

preted their results in terms of Werner 1 s coordina tion theory. 

The colour change in solutions of chrome alum from violet to 

gre en on long standing or boiling were found to be due to the 

penetration of free sulphate ions into the complex) where 

they displace water molecules and become coordinated on to the 

chromium atom. It was also found that an increase in con~ 

centration of the solutions led to more sulphate entering the 

complex after boiling, and Atkin and Chollet derived an 

empirical relation between the initial concentration of chrome 

alum and the proportions of sulphate entering the complex 

after boiling the solution. 

Atkin (47) has also recorded the following interes-

ting phenomenon a commercial chrome liquor) containing 

excess sodium sulphate) and which yielded a heavy precipitate 

of benzidine sulphate when treated wi th benzidine hydro-
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chloride, was diluted with saturated potassium chloride, and 

it was then found that no precipitate was produced on adding 

benzidine hydrochloride . The effect of the potassium 

chloride was to drive all free sulphate ions into the chromium 

complex, including those originally associated With the 

sodium ions. 

Atkin (47) suggested that when sulphate enters the 

complex it results in a dimer : 

0-802 - 0 
/ ~ 

Cr ------ ~ Cr 
0 
H 

Eva Mitchell (4S) concluded that in an 87% dehy-

drated chrome alum prepared by her, the molecular unit 

consis ts of four chromium atoms , two dimers being joined 

together by an olated hydroxyl group. 

The oxalato complexes appear to be more stable than 

the sul pha to complexes, so that investigations of the latter 

more difficult especially as these olate readily ( 49.). 

Most past investigators have considered chrome 

alum or chrome sulphate, in vthich each of the six coordina-

tion positions are available for substitution by sulphate. 

Burley (14) considered it desirable to attempt an investiga-

t ion commencing with the ~ dioxala todiaquochromi8. te, in 

which only two positions are available for coordination, the 

remaining four being blocked by oxalate. By leaving onl y 

are 

two positions free, it might be possible to ascertain whether 
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sulphate can coordinate using both positions, or whether only 

one is used, an aquo group being attached to the second. 

Three main configurations are possible 

r~c 
r-0 804 ~·J (' 804 '·., / ,~ -Y/ 

"-r -- 804 ;tcr Cr- 804 ,. Cr 
(/ ( j "-... H20 C) u ~H20 

(a) (b) (c) 

In conjunction with analytical evidence it should be possible 

to ascertain from potentiometric data which of these forme 

are present, on the assumption that only the complex bound 

aquo groups titrate in the region pH 6 - 10. In preliminary 

work on this point Burley found approximately 0.~ moles. 

complex bound aquo groups per Cr atom. 

In this chapter Burley's work has been continued 

and an attempt made to explain certain phenomena by analytical 

determin2tions as well as by spectrophotometric and potentio-

metric means. 

2. PREPARATION OF THE COMPLEX . . 

Following Burley (14) the potassium dioxal ato­

sulphatoaquochromi ate salt l'ras prepared by the addition of 

an equimola= quantity of potassium sul phate to a solution of 

~ dioxalatodiaquochromiate and evaporation to dryness as 

described on page 21. In the present work a glassy solid 

was also obtained but it was brittle and pulverised easily 

after heating at 120°C. for some hours, unlike Burley 1 s · 

product which was reported to be very hard. 
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On viewing the salt through a microscope, it was 

found that it consisted of solid glass-like green particles 

which C.. ~-d not appear to be crystal line. Further heating up 

to 170°0. caused no decrease in weight. On heating above 

250°0., the powder puffed up and became light green in colour, 

this powder then giving a yellow solution . This heating 

evidently causes oxidation of the chromium to the dichroms.te . . 

Chrome alum also oxidises at about this temperature. Similar 

r esults vvere reported by Burley. 

It is considered that during the heating at 120°0., 

most of the d ioxal atodiaquochromiate complexes have t heir co-

ordinated 1.;ater mo lecul es displaced by sulphate . Burley 

reasoned that the absence of free dioxalato salt in the 

heated pr oduct was established by the fac t that when the 

fo rmer i s heated under similar conditions, it yields a dark 

green gl a csy so lid only sparing ly soluble in cold "I>Tater, in 

contrast to the product obtained on heating in the presence of 

potassium sul phate , which dissolved f a irly easily in cold 

water to g ive a bright green solution. 

3. ANALYSIS . 

Analys i s for chromium and oxa late recorded by 

Burley l ed him to assign the empirical formula : 

K3 [cr(C2o4-) 2(S04-) (H2o)] to the product. 

The potassium dioxalatosulphatoaquochromiate pre­

pared by the a uthor did not appeP.r to be completely stable in 

regard ~o it ~ water content and was therefore analysed f or 
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chromium and oxalate after being dried under diff erent con-

ditions; 

(a ) Directly after drying in an air oven at 120°C . f or 

several hours. 

(b) After keeping over sulphuric acid in a desiccator f or 

several days. 

(c ) After keeping over calcium chloride in a desiccator, 

a l so f or several days. 

Method of Drying 

a) Heated at 120°C. 

b) Cone . sul phuric acid 

c ) Calcium chloride 

b) Cone. sulphuric acid 

Theoretical for 
Experimental K3 [cr(C204)2(S04)(H20~ 

% Cr 

11.4-0 

10. 83 

10.62 

% Cr 

Since the analyti cal method employed leads to 

results for chromium vrhich tend to be low rather t han high, 

(seep. 24) , the value obtained in (a) above appear s to have 

some significance and suggests that under these conditions 

the proportion of complex bound H2o is l ess than 1 mole/mole 

Cr. Thus a chromium content of 11.4% corresponds to 32% 

of the water that shoul d be present on the basis of the 

f ormul a assumed •. 

As will be shown later, this i s in agreement with 

the potentiometric titration data where i t appears that not 
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more than 0.~ moles of complex bound H20 are present per mole 

of Cr (see Fig. 15). 

4. POTENTIOMETRIC INVESTIGATIONS 

In aqueous solution the dioxalatosulphatoaquo­

chromiate salt decomposes to the dioxalatodiaquochromiate ion 

and free sulphate . For a titration curve to be obtained, the 

solution must be freshly prepared and kept at a low tempera-

ture. Fig. 15 shovvs the acid and alkali titra tion curves. 

There is only one end point occurring in the region of one 

equivalent of alkali per mole of chromium , showing there is 

only one titratable aquo group in the molecule. The shape 

of the curve is also consistent with a single acid group 

titrating over the range pH 6.0 - 10.5. Burley (14) ob-

tained titration curves at different time intervals on this 

complex: the first curve, obtained on a fresh solution, was 

very similar to that shown in Fig . 15 but on increasing the 

time of standing prior to titration, his curves gradually 

approached tha t of the ili dioxalatodiaquo complex. The 

titration curve shown in Fig. 15 is in agreement with Burley's. 

It has been corrected for the blank KOH titration from Fig. 

10( b). This correction shows the end of the titration to 

occur at 0.~ equivalents of a lkali and not at one equivalent 

as exp~ctod; this was also observed by Burley. This suggests 

that the empirical formula K3 [cr(C204)2(S04)(H2o)] assigned 

to this- complex may be incorrect and it is possible the salt 

is a mixture of two or more sulphate complexes giving an 



average value of o.~ coordinated water molecQles. 

Burley concluded that there was a moderately 

strong acid present at low temperatures which decomposed as 

the temperature rose. However this acid must have been 

present in very small amounts as it does not show appreciably 

on the titration curves. The present curve is consistent 

with 0.05 equivalents of strong acid per chromium. 

If due allowance be made for 0.05 equivalents of 

strong acid, there would appear to be 0.75 mol es of complex 

bound ,:1.quo groups per mole of chromium. If, therefore, the 

product were homogeneous, the molecule would require not less 

than four chromium atoms associated with three aquo groups. 

Since all the coordination positions would be 

occupied in a dimer, it appears that a molecule containing 

four chromium atoms is out of the question . Accordingly it 

must be concluded that the product is a mixture of at l east 

two complex salts. Since only monomers and/or dimers can 

. be present, the data could be accounted for in terms of 

structures (a), (b) and (c) on page 5~. Thus one mole of 

(a) with three moles of (c), or alternatively one mole of 

(b) with tv-To moles of (c) -v-ro uld yield an average composition 

in agreement with the analytical results. Other combina­

tions involving 8.11 three simultaneously are possible but 

it does not appear to be a simple matter to distinguish 

between the different combinations from the data at hand. 

Nevertheles s , the apparent constancy of composition is 

worthy of comment. 



5. SPECTROPHOTOMETRIC STUDY OF THE DECOMPOSITION OF THE 
SULPHATO COMPLEX. 

Burley (14) found that a solution of the dioxalato-

sulphatoaquo complex was unstable, decomposing w·i th time into 

the dioxalatodiaquo salt and potassium sulphate. He found 

that over an interval, the peaks of the spectrophotometric 

curves of the freshly prepared solution shifted and coincided 

· with the peaks given by the pure dioxalatodiaquo complex. 

By atte·1pting to determine the progress of this decomposition 

quantitatively from absorption data, it was necessary to 

assume that the sulphate solid dissolved at low temperature 

to give a solution containing no dioxalatodiaquochrorntate 

ions and that equations based on Beer's law were applicable 

to the solution during the decomposition, Both these 

assurnpti~ ns are reasonable. 

The percentage sulphate complex (Cs) at any instant 

is gi ve.1. by : 

::: .100% 

where D is the density of the decomposing solution at any 
instant. 

Dd is the density of pure dioxalatodiaquochromiate. 

D6 is the density of pure sulphate complex at low 
temperatures, 

all these densities being measured at a fixed wavelength. 

By plotting the % sulphate complex present against time, 

Burley obtained a graph showing the rate of decomposition of 

the su1phato complex with time; the decomposition v.ras 
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apparently not exponential. 

It was decided to investigate the effect that a 

neutral sal t such as potassium nitrate may have on the de­

composition of this complex. 

Firstly, a complete spectrophotometric curve was 

obtai ned from a 0 . 00921M. solution of the sulphato complex at 

about 3°C., the cold solution in the absorption cell being 

frequently reno11'J'ed from a flask of solution kept ·in ice. 

This curve i s shown i n Fig . 16 curve A. It i s seen that the 

two maxima occur at different wavelengths to the dioxa le.t o­

diaqucc!">..r0miate compl ex. 

lst maximum 

2nd maximum 

These are in agreement with the maxima found by 

Burley . A complete spectrophotometric curve was obtained on 

another solution of the sul phate complex of the same chromium 

content but almost saturated w·.rith potassium nitrate. Tho 

curve is shown as B in Fig . 16. It is soon that thoro is 

very l ittle difference in the curves, especially at the first 

peak. ~:3 effect of KN0
3 

appears to be to shift the curve 

slightly to11'J'ards that of the dioxalntodiaquo complex, except 

below 350 mp, where the difference between the two curves i s 

Pccounted for by the eff ect of the nitr~te ion. The curve 

for a p ure solution of sat urated potassium nitra te is shown 

in curve C Fig . 16. From these curves it appears the..t a 

similar product to the.t prepe.r ed by Burley was being investi­

gqted and tha t a concentrated pot~s sium nitrate solution has 





little effect on the maxima at 424 m~ and 5~0 mp. The 

decomposition of the complex may therefore be measured in 

aqueous and in potassium nitrate solutions at these wave-

lengths. 

The effect of the neutral salt was studied as 

follows 

Two solutions of 0.00921M. sulphato complex were 

made up, one in distilled water and the other in almost 

saturated potass ium nitrate solution. Both these .solutions 

were placed in a thermostat at 20°C.. At various time 

intervals, portions of these solutions were removed and 

their optical densities measured at 424 and 5~0 mp on the 

Beckman spectrophotometer. The results have been plotted 

in Fig. 17. 

It appears from the spectrophotometric data that 

decomposition in the presence of KN0
3 

is considerably re-

tarded. In view of this, it was decided to investigate 

this decomposition further by analytical means. 

6. ANALYTICAL STUDY OF THE DECOMPOSITION OF THE SULPBATO 
COMPLEX. 

A. INTRODUCTION A~D PRELIMINARY INVESTIGATION. 

Burley (14), in attempting to analyse this complex 

for sul phate , found tha t the amount found present varied 

\r.rith the age of the solution. On making sulphate determina-

tions at various time!il, he found the initial 11 apparent" 

sulphate content to be greater than the theoretical amount . 



However, this 804 value diminished with time until a period 

was reached when the sulphate value was very nearly zero. 

After this 11 minimum point 11 , the value rose again to the 

theoretical amount. 

In view of the difficulties in accounting for 

this phenomenon, it was considered desirable first of all 

to confirm it, and secondly to ascertain the extent to which 

the 11 minimum point11 is affected by external conditions. 

Thus, if the decomposition of the sulpha~o complex were to 

be ascribed to hydration effects, it might be expected that 

in concentrated salt solutions, its stability would be 

enhanced; if so, the 11 minimum point 11 would occur, if at all, 

later than in the case of the pure aqueous solution under 

comparable conditions. 

A pre liminary qualitative investigation was 

carried out as follows : 

(a) To a series of boiling tubes 5 ml. aliquots of a 

freshly prepared solution of the sulphate complex were 

added. At specified (successive) time intervals, reckoned 

from the time when the solid was first dissolved 1 5 ml. of 

benzidine hydr ochloride solution 11as added to each of the 

tubes in turn and the result recorded. In the first tube 

a copious precipitate was formed; it was flocculent and 

light green in colour, unlike the characteristic colourless 

crysta ls of benzidine sulphate. With succeeding tubes 

the quantity of precipitate gradually diminished, till at 

4oo minutes the addition of benzidine hydrochloride failed 



to cause any precipitat ion whatsoever. For solutions which 

had been standing for periods longer than 4oo minutes prior 

to the addition of reagent, a precipitate was again apparent, 

until after Boo minutes there was a bulky precipitate once 

more. However, the appearance of the precipit ate after the 

11 minimum point 11 seemed much the same as that of normal 

benzidine sulphate. 

The sul phate derivative in solution at its 11 minimum 

point 11 gives no precipitate ~if.~ pote.ss~ sulphate 

is added after the benzidine hydrochloride. 
-- - ~V - ---

Eventual 

precipitation only occurs when the volume of K2S04 added is 

about three times that of the volume used initially. Pot as-

sium sulphate and benzidine hydrochloride solutions alone 

give an immediate precipitate as also does a mixture of 

solutions of dioxalatodiaquochromiate, potassium sulphate 

and benzidine hydrochloride. 

(b) To a freshly prepared solution of the sulphate 

complex with some KN03 added, benzidinP. hyd.ronhloride was 

added. It was found that if the potassium nitrate concen-

tration was low (about equal to that of the sulphate complex), 

immediate precipi tation occurred . If, however, the concen-

tration of KN0
3 

is increased to nearly saturation, no pre­

cipitate appears on the addition of benzidine hydrochloride. 

The precipitate produced in the presence of little or no 

KN0
3 

can even be made to dissolve by the addition of excess 

nitrate. The addition of benzi.difl,.. tf"\ z:.. mixt.n.rc; of the 

sulphate complex, KN0
3 

and K2S04 causes no precipita tion of 



the famil iar benzidine sulphate. The above repeated with 

dioxalatodiaquochromiate in place of the sulphate complex 

did cause the precipitation of benzidine sulphate. 

Burley claims that \.Yith a fresh solution CJ.t 5°C. 

in wa ter alone, the addition of benzidine hydrochloride caused 

all of the chromium to be precipitated '"'i th the benzidine 

complex, leaving a cleer co l ourless filtrate. 

This result could not be confirmed in the present 

work, even at temperatures in the vicinity of 0°C. It was 

found that more chromium did come dm.Yn at the low·er tempera­

tures but never at any time was the filtrate completely 

colourless. Hmvever, the phenomenon of the 11 minimum point 11 

is remarkable in that at this stage considerable decomposition 

of the complex must have occurred (shown by Burl ey 1 s spectro­

photometric studies), and there should be considerable 

quantities of free sulphate present in solution. 

The acid section of a potentiometric titration 

curve performed by Burley at the 11 minimum point 11 behaves like 

a mixture of potassium .sulphate and dioxalatodiaquochromiate 

and the alkalt ' titration shows that a large percentage of the 

dioxalatodiaquochromiate was titrating , although the decom­

position had not gone quite to completion. 

The results of the benzidine sulphate method are 

therefore in disagreement with the spectrophotometric and 

potentiometric evidence. From this evidence, it would be 

expected that as the solution of the complex commenced to 

decompose, the quantity of benzidine sulphate precipitate 



would gradually increase until at complete decomposition the 

theoretical sulphate content would be reached. 

As regards the effect of potassium nitrate, it 

would appear that an almost saturated solution of KN0
3 

not 

only decreases the decomposition rate of the sulphato complex, 

but prevents the initial formation of the benzidine sulphato 

chromiate complex as illustrated by the absence of a precipi-

tate even in the initial stages. 

The initial precipitate obtained when benzidine 

hydrochloride was added to a freshly prepared solution of the 

sulphato comple x was seen to contain some chromium by its 

green co l our, and its appearance was not identical 1•Ji th that 

of benzidine sulphate. When this precipitate was filtered 

off and the % so4 determined by titration with caustic soda, 

a sulphate value in excess of that theoretically possib~e 

was obtained (Burley). This was quite possible as the 

chromium contained in the precipitate "ll·Tould form chromium 

hydroxide ui t h the NaOH, thereby increasing the titration 

ratio. 

analytical Determination of Sulphate. 

It 1rJ'as proposed to nnelyse the decomposing solution 

at time intervals and so determine the following 

(i) 11 Apparent sulphate 11 present, including any chromium 

precipitated with the benzidine sulphate. 

(ii) The percent chro~ium left remaining in the filtrate 

and 
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(iii) The true percent sulphate in the precipitate after 

any chromium present had been removed. 

Before commencing these studies it was necessary 

to establish a suitable analytical method for the determina­

tion of sulphate in the pre sence of anionic chrome salts. 

Details of these investigations are given below : 

A benzidine hydrochloride solution was prepared 

as follows : 15 g. of pure benzidine was added to 50 ml. of 

concentrated HCl and heated. When all had dissolved, the 

solution 'tvas made up to one litre with distilled water. 

To 20 ml. of the chrome solution under test, con­

taining about O.l% Cr2o3, 20 ml. of benzidine hydrochloride 

solution \vas added and the mixture left to stand for exactly 

one minute. The solution was then filtered by suction using 

a lt inch diameter Buchner funnel and a vvhatman No. 42 filter 

paper. The precipitate was washed with 10 ml. portions of 

distilled water, and then washed into a porcelain dish with 

a jet of distilled water from a wash-bottle. Any portions 

of the paper conta ining precipi tat~ the.t could not be removed 

with a jet of water were torn off end added to tho porcelain 

basin, the funnel also being washed out. \'Vater was added 

to the precipitate in the dish and the benzidine sulphate 

hydrolysed by boiling . The liberated sulphuric acid was 

titrated with standard N/10 NaOH at the ·boil, phenolphthalein 

being used as indicator. 

The solubility of benzidine sulphate and benzidine 

hydrochloride in hydrochloric acid solutions has been studied 



by Meldrum (50 ). The conditions here however, are well 

within the limits and benzidine sul phate is only very slightly 

soluble. 

A.R. K2S04 was taken and analysed for sulphate 

by the above method. The results are as follows 

Theoretical % 804 

55.1 

Found % 80t1 

54.73 

54.69 

54.71 

54.71 

These are in good agreement with Burley 1 s 

analysis (54.7% 804) but cannot be considered completely 

reliable as in this standB.rdisation no chrome was present. 

A trial run of the determination of sulphate in 

the presence of chromium was carried out on some A.R. potas-

sium sulphate. Amounts of K2804- were accurately 'tveighed 

out into small beakers, water was added and after ·the solid 

vias in solution, the sulphate was precipitated as benzidine 

sulphate in the usual vray. After filtering, washing, and 

transferring the precipitate into a porcelain dish, some 

dioxalatodiaquochromiate was added. This was to make con-

ditions as near ~s possible to the actual determination 

1.Yhen chromium comes dovrn 1-vi th the precipitate. Excess 

NaOH was added, the chromium hydroxide filtered off and 

washed, the filtrate RCidified and the sulphate reprecipi­

tated. 



K2S04-
Theoretical % SO}+ 

55 .1 
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53 . 4-0 

53 .29 

53.32 

53.33 

The results are sligh~ly low) but appear consistent. 

Using this method throughout) the results obtained are com­

parable. 

The final procedure decided on Has as follov.rs : 

An exact P.liquot of the sulpha t o solution under 

observation 'tvas p ipetted into a beaker and a similar aliquot 

of benzj_dino hydrochloride addod. Aftor standing for one 

minute the mixture was filtered and washed , the 1\rashings 

being collected together with the filtrate. The precipitate 

lias uashed into a p crcelain basin as usual and titrated with 

standard caustic soda at the boil . The titration value at 

the end :)oint vlas noted, giving P.. value for tho 11 'lpparont 

% 80}+ 11
• Excess caustic soda was then added, ensuring the 

complete precipitation of any chromium as the hydroxide . 

After the solution had cooled, this precipitate together 

vli th the free benzldine base that came out of solution on 

cooling , were filtered off and the residue woll washed. 

The filtrate uas made just acid to l)henolphthalein by the 

addition of HCl) e.nd the S04- present precipitated by the 

addition of a fresh quantity of benzidine hydrochloride . 
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This second precipitation of the sulphate was filtered, 

washed and t i trated a3ainst NaOH as before. The titration 

value so obtained gave tho 11 true % 80411 exclusive of any 

chr omium. 

Tho filtrate containing tho unpr0cipitatod chromium 

was carefully washed into a Kjeldahl flask and evapora.ted 

doi•Tn to about 10 ml , The percentage chromium \v8 s determined 

by the usual perchloric oxidation method , extra quDntities 

of perchl oric and nitric acids beinz added to oxidize the 

benzidine hydrochloride present . 

B. TIME STUDIES 

A t hermostat vas set opera ting at ~~!7°C . Flasks 

of distilled water and A. R. benzidine hydrochloride solution 

were suspended in the bath vnd allowed to equilibriate. At 

zero time a I·Jeighed amount of the solid sul phat e comp l ex vvas 

washed into a volumetric flask usinG the 1vater at 25° 0. and 

made up to the mark. The solution \vas tnmsferred to a dry 

flask 1-.rhich ~-;~:-..s then immersed in the 'lfJc-torbath . At recorded 

intervals of time , exact portions (25 ml . ) of the chrome 

solution were p i pe t ted out and 25 ml . of b enzidine hydrochloride 

solution (25°0.) added . After standing for one minute, any 

precipitate formed was filtered off and the sul phate and 

chromium determined as described above . 

Tho e.bovo experiments 1-vore performed on a soluti on 

of potassium dioxalatosul phatoaquochromiatc of strength 

0 .0092U1. at 24-.70°0. The percenta6e 804- c:nd. Or obtained 
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have been plotted against time an& the results shown in 

Fig . 18 (a). In order to obtain the final analytical 

figures for Cr, 11 appe.rent% 804 11 and 11 true% 80411 , the 

remaining solution was allm·red to stand for several days . 

This solution was then analysed for Cr and the sulphate values 

shoul d coincide but, owing to losses in the reprecipitation, 

the II true % 804U \vaS found to be 2% l OWer than the theoretical 

value . The t heoretical value (20.9%) lies approximately 

mid1!Tay between the napparent 11 and 11 true 11 values . The 

higher figures for the 11 apparent 11 val ue at 11 infinite 11 time, 

are most likely due to some hydrochloric acid being absorbed 

on the fi l ter paper . 

It is seen that, unlike Burley ' s results , the first 

sulphate determinations do not give greater values than the 

t >;oretical one, a lhtough this would seem pos sible at lower 

tempera tnres . These first 804- values are not entirely due 

to precipi teted chrome as i s shmvn by the 11 true 804- 11 graph. 

Houever, in view of the cliscrepanc ie s bet1.veen the figures 

at 11 infinite 11 time, too much significance cannot be attached 

to these differences . A definite 11 minimum point 11 occurs at 

about 25') minutes, no prec~pi t ate being visible when the 

benzidir. .:: hyc1rochloride ltvas added. After tha 11 minimum 

point 11 , the sulphate content rises steeply until the 1ralues 

approach those g iven at infinite time . 

It is seen that initially some chromium uas present 

in the precipitate, the filtrate containing less chromo than 

was ~rcighcd out. This chromo value however , soon approaches 
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tho thoorotice.l value and romaine fairly constant thereafter. 

This series of exper iment s was repeated on another 

fres h chrome solution, the intervals betvveen readings being 

shorter. This was partly as a check on the preceeding 

results and partly to study the first part of the decomposi­

tion more closely. 

The results are given in Fig . 1~ (b). They are 

in agreement with the previous set of results and show the 

approach to the minimum point more clearly. The percentage 

11 true sulphate 11 decreases rapidly, v-rhilst ·that of the 

11 apparent sulphate11 is not so rapid. The 11 apparent sulphate 11 

precipitate does not contain any chromium after about ~0 

minutes; after t h is time the sulphate value is low and is 

most probably due to acid being absorbed on the filter paper. 

A third series of experiments were a ttempted on a 

solution of the sulphate complex made up in almost saturated 

potassiun nitrate solution . At first no initial precipitate 

appeared on addition of benzidine hydrochloride but later, 

when a precipitate did app ea.r, it "vas very bulky and unlike 

the previous precipitates . On filtration and washing, 

near ly all this precipitate dissolved. The titration ratios 

for 11 apparent sulphate 11 were very erratic and no re l iance 

could be p laced on them. Unfortunately the KN03 appea~ed 

to interfere with the analytical procedures because when a 

sulphate determination was carried out on 11 A, R. 11 K2so4 in 

the presence of saturated KN03 and some dioxalatodiaquo­

chromiate, the follovring results 1·rere obtained : 



Theoretical % 804 

55.1 

Found % 804 

6o.2 

6S.9 

6o .7 

However , after each precipitation , the ·percentage 

Or in the filtrate was determined. The KNO~ did not inter­
) 

fere with the actual titration value for Or, but caused con-

sidorable frothing and 11 bumping 11 during oxidation. The 

values obtained appee~ed to be reliable and determinations 

performed on the solution, pftor decomposing for several 

days, corresponded to tho final values o~t~ined for tho other 

t\..fO series. The chromium conttent of the filtrate was con-

stant throughout within the limits of experimental error. 

The mean value was slightly less than that obtained for total 

% Or on the solution but not enough to be significant. 

The follm·ring qualita.tive statements may be made on 

these determinations in the presence of saturated potassium 

nitrate 

(i) For a period of about 150 minutes after making up 

the solution thoro was no precip~ tate of any sort 1-vhen 

benzidine hydrochloride \vas added to the solution, 

(ii) After a period of about 150 minutes, a definite 

precipitate started to apperr . This precipitate w~s not 

formed inst~ntaneously, but took at l eas t li minutes to form 

completely. ~hen aliquots of the solution were t aken at 

l ater intervals and benzidine hydrochloride added, it was 
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found that as the time increased, so did the quantity of 

precipitate increase, until after about 300 minute s , the 

quantity appeared much the same each time . 

(iii) The titration ratios for sulphate were very near 

zero . f or the firs t 150 minutes , a f ter this they i ncreased in 

rather an erratic f ashion . These values can be taken as an 

indication that after the f irst 150 mi nutes there is so4 
present in the precipitat e. This rat io i s not due to 

precipitated Cr, as these values r emain constant . 

( iv ) The precipitate formed had a. coarse appearance and , 

judgi ng by its colour, contained no Cr. This was borne out 

by the analytical resul ts obtained for the Cr content of the 

fil trate . Although some of the precipita te appeared coarse, 

the distinctive benzidine sulphate precipitate was a l so 

present . On fil tra.t ion and subsequent washing with cold 

water , some of the precipitate dissolved. It is possible 

that this might have been crysta ls of potassium nitrate or 

some soluble benzidine ni tra.t e complex. 

The three solutions on <vhich the above experiments 

were performed were kept for several weeks and then their 

extinction coeff icients 1rrere measured at 419 and 560 mp . 

The values of the extinction coefficients vrere very near 

t o those of pure dioxalatodiaqU:ochromiat e a t these wave­

lengths , showing that complete decompos i tion to the dioxalato­

diaquochromiat e had occurred. 



7. ~J.SCUSSION 

Before proceeding further, it 'tvould be as uell 

to summarize the properties and behaviour of the sulphate 

derivative as obtained from the foregoing sections ~ 

(i) On beating equimol~r portions of the dioxalRto­

diaquochromiate compl ex and potassium sulphate, a product is 

obtained possessing propert ies differing from those of the 

original ingredients. 

(ii) The product obtained is easily soluble in water, 

but decomposes in aqueous solution with the elimination of 

the sul phate ion to give the origina l constituents - namely, 

dioxalatodiaquochromiate and sulphate. 

(iii) Titration and other evidence indi cates that the 

sulphate derivative may be a mixture of complexe s , each of 

't':Th ich contains complex bound sulphate; no free sulpba.te ions 

appee1r to be present in the fre shly prepa.red solution. The 

average proportion of complex bound aquo groups appears to 

be s omewhat less than one (possibly 0.75 to 0.5) moles per 

mole of chromium. 

(iv) One or more of the anionic c!rromium complex 

products present in the freshly prepared solution has an 

inso luble benzidine salt. 

(v) During ageing of the solution, the proportion of 

ions precipitatable by benzidine hydrochloride appears to 
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diminish until a point is reached when no precipitate is 

obtained on the addition of benzidine hydrochloride reagent. 

Beyond this point normal benzidine sulphate is brought down 

free from chromium. 

(vi) In the presence of a large excess of potassium 

nitrate, the first stage appears to be inhibited and the 

time at which the 11 minimum point 11 is reached is also 

shortened. The subsequent precipitate of benzidine sulphate 

is normal. 

(vii) It has been established that the precipitate 

thrown dovm prior to the "minimum point 11 contains appreciB.ble 

quantities of chromium. 

From analytical data, the empirical formula of the 

product would appear to be close to K3 ~r(c2o4) 2 (so4)(H20)]. 
One complex with this formula is 

H /H 
-r 

" I 0 
oco --- d ~ oco 

-
I 

I r I K3 
oco ~I ~oco 

0 
I 

0 = s = 0 I I_ J 0 

(I) 

For this complex to exist, there must be evidence 

for the presence of a single coordinated water molecule and 



a sulphato group coordinated by one position only. 

Evidence for a complex possessing a single aquo 

group acting as c weak acid, even weaker than the dioxal ato-

diaquochromiate, has been obtained from the potentiometric 

data. (Note : It appears particularly significant that the 

shape of this curve is that characteristic of a single acid 

group ; note also that the approximate pK val ue lie s midway 

between the pK1 and pK2 values pertaining to the first and 

second dissociation constants of the comp l ex bound aquo 

groups in the dioxalatodiaquo complex ion). These data also 

indicate that less than one equivalent of this acid was 

' present per Cr, Burley finding this amount to vary with 

temperature.. . The analyt leal figure~ for chromium determina-

tions performed directly after preparation of this complex 

tend to confirm that only about 0.8 mole of aquo groups is 

present. 

Other possible structures are 

and 

(II) 

('\ 
-~ -
-·- Cr = S04 

/ --(l 
\. .. 

(III) 

A mixture containing 75% of (I) and 25% of (III) 

would g ive an average of ~75 moles of complex bound aquo 

groups per chromium. It appears tha t even ~ singly bound 

sulphato group is rather unstable and hence compound (III) 

with a doubly bound group would t=>.ppear to be even more 



-~1-

unstable. 

Another possibility is that the derivative 

consists of equal proportions of (I) and (II). The former 

contains one aquo group per Cr and the latter 0.5 groups per 

Cr. A combination of these two would give an average of 

0.75 aquo groups per Cr. 

Neither of these possibilities account for the 

observations (v) and (vi). It appears the.t one of the 

constituents present has an insoluble benzidine salt. From 

the phenomenon of the 11 minimum point 11 , this complex possess­

ing an insoluble benzidine salt must deco~pose to a further 

complex (x). This complex (x) gives no precipitate with 

benzidine and then in turn decomposes to give the dioxalato­

diaquo ion and free sulphate. Two objections to the con­

ception of complex (x) are that, in order to agree with 

Burley's spectrophotometric data, (x) would have to have the 

same spectrophotometric properties as the dioxalatodiaquo-

chromiate ion. It should be noted also that the acid 

titration curve at the "minimum point" sho'>ITS the presence of 

free sulphate ions despite the fact th~t a precipitate is 

not thrown down by benzidine hydrochloride at this point. 

Also, c-,s no sulphate is precipitated e.t the 11 minimum point 11 

even l·vhen potassium sulphr:te is added to the solution, the 

sulphe.te ions added would h2ve to coordinate instantaneously 

to (x) to prevent precipitation. These possibilities do 

not seem likely. It may be considered that complex (x) 

exists as the structure shown by (III), giving no precipi-



tate with benzidine a.nd then decomposing after the minimum 

point. The previous two objections to (x) are still valid in 

this case and in addition, it seems unlikely that a single 

coordinated sulphete group would change over to a double co-

ordinated one (which is les s stable) and then finally liberate 

the d oubly bound so4 and coordinate to singly bound water 

molecules to form the dioxalatodiaquo complex. It appears 

therefore, that the phenomenon is more likely rela ted to the 

11 s a lting-in 11 effect. 

Recently Barnes and others (51) in studying the 

po tential of a complex osmium cell in the presence of elec-

trolytes, have noted that some complexes with a chelate 

group can be stabilised with a high concentration of electro-

lyte as can also the optical stability of enantiomorphoua 

forms of the tria (1 : 10 - phenanthroline) nickel ion. 

These phenomena are consistent with the view that the 

sta.bility of complex ions in solution is partly dependent 

up on electrostatic environment. 

Similarly it is extremely likely that the solu­

bility of spcr ingly soluble salts (in this case benzidine 

sulpha.te) is connected vli th the loc~.l environment. (See for 
ft f:f 

examp le a d iscussion of the salting-in effect. (52)). 

Thus it might be that the absence of benzidine 

sulphate precipitate at the "minimum point 11 is due to the 

ionic atmosphere of the solution at this point. The 

effect of changing the el§ctrical properties of the 

solution, as was done by the addition of excess KN03 is to 

prevent initial precipitation as 1.vell. PresQmably after 



the 11 minimum point 11 the ionic environment has altered 

sufficiently to enable the sulphate to be thrown out of 

solution in increasing quantities . 

The results of the investigations described in 

t his section seem to confirm without doubt the results 

obtained by Bur ley and it woul d appear that his conclusions 

are essentially correct . It must be admitted however, that 

the l atter unusual phenomenon in connection with the 11 minimum 

point 11 cannot be completely expla ined v-ri thout further work on 

the probl em . 

A dioxalatosulphato compound was prepared that 

corresponded analytically to K3 [ Cr( C204-) 2 ( S04) ( H20 )]. A 

so l ution of the compound was found to decompose to form 

dioxalatodiaquo and sul phate ions . 

Potentiometric titrat ion curves , hm1ever, indi­

cated that the product might have been a mixture of complexes , 

each containing complex bound sulphate but possessing a 

mean 0 . 75 to 0.3 moles of complex bound aquo groups per 

mo l e of chromium. I t a.lso appeared tha t there 1-;rere no 

f ree sulphate ions present in the freshly prepared sol ution. 

A spectrophotometric curve of a freshly prepared 

solution of the sulphato product was obtained . It "\'Jas 

found that the addition of l,'1_rge concentra tions of potR.ssium 

nitrB.te to this solution had little effect on the curve, but 

it decreased the decomposition rate of the sulphat o product. 



It was found that on allowing a solution of the 

sulphato product to stand, and on determining the sulphate 

present by the benzidine hydrochloride method at successive 

intervels, a considerable initial precipitate appeared, but 

after 200 minutes no precipitate was visible. After longer 

periods this precipitate r eappeared . The effect of potassium 

nitrate was to prevent initial precipitation, and to shorten 

the period to the point 1-:rhere a precipitate again appeared. 

These phenomena were investigated by analyticRl means, the 

amounts of sulphate Rnd chromium being determined at intervals 

during decomposition. 

Attempts have been made to account for the unusual 

behaviour of the salt by postulating the formation of an 

intermediate complex, but it was inconsistent with spectro­

photometric data. It ·i s possible that the effects observed 

are due to the electrical properties of the solution and 

that the addition of potassium nitrate influence s the 

properties sufficiently to prevent initial precipitation by 

benzidine hydrochloride. 



Q_HAPTER V. 

INSTRUMENTATION . 

INTRODUCTION . 

In work i ng with highly coloured solutions, use 

may be made of colorimetric methods of investigation . Spec-

trophotometr i c curves obtained on so l Qtions of some complex 

chrome ions have a l ready been described, and further aspects 

of colorimetry as applied to chromi um compl exes are given in 

this section. 

The relntionships between the incident light fal ling 

on a coloured so l ution e.nd the l i c;ht transmitted by the solu-

tion are based on two elementary laws Lamb~rt 1 s La't.v, which 
I 

deals 1:ith the variation in the light absorption of a sol ution 

as the thickness is varied, and Beer 1 s Lavr, which gives the 

relation between the absorbing pmrer of a solution and it s 

concentration. 

Both laws are best summarised by the equation : 

. .. ... . .. . .. (5.1) 

where L0 is the intensity of the incident monochromatic 

light and L is i ts intensity after passing through a solution 

of thickness 11 1 11 containing an absorbing substance of con-

centration c. k i s the extinction coefficient and is 

constant for a g iven substance at a given 11avelength. 

L/ L0 is the transmission of the solution . It is 
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often more convenient to use the optical density (D), which 

is defined as : 

D (5.2) 

From (5 . 1) 

D = lccl ( 5· 3) 

I f the transmission T is measured as a percentage, 

D = 2-l og10 T 

In the lcinetics to be studied in the present 

work, one of the essentials is to be able to work at low 

ionic strengths . This means a decrease in the chr omium 

concentration . For maximum accuracy, the transmission 

shoul d be in the region of 30 - 50% (53) ._ The suitability 

of the Beckman Spectro~hotometer for such work is discussed 

i n the next section, but it ~as not found possible to use 

the instrument . 

The de sign and construction of a differential 

photoelectric absorptiometer using barrier- layer photo- cell s 

i s described . Unfortunately certain difficul ties were met 

with in calibre.tion and operation of this instrument and 

further invectigations must be carried out before it can be 

recommended for accurate uork . 

An Eve l yn. colorimeter using a singl e barri er­

l ayer photo-cell was actually used, with some modifications, 

in the kinetic studies. A description of the instrument 

and its operation i s g iven in section III of this chapter . 



TFE BECKMAN gU.thii.TZ SPECTROPJiQ,.TOMETER. 

The 3eckman Quartz Spectrophotometer model DU 

was used for a ll absorption curves given in this work. 

The principl e of operation of this instrument is 

given below 

A light source, either from a tungsten filament or 

an ultra-violet l amp, g ives a steady beam \vhich is reflected 

on to a quartz pri sm. By rotation of this prism , the wave­

leng th of the emergen-'· 1Jeam can be varied . The beam passes 

through a variable slit and then through a g lass cell con-

taining the test solution . The transmitted light impinges 

on a phototube, and the electrical changes occurring in this 

phototube due to the action of light are amplified. The 

output is balanced by a ~otontiomoter circuit, and the 

potentiometer scale is graduated to give directly both the 

transmission of the solution and its optical density. 

The electrical circuit is supplied by dry cells 

and e. high capacity six volt accumulator; it includes 

variable resistances for sta.ndardi sing the galvanometer 

circuit and for adjustment of the sensitivity. 11 Corex 11 

and silica absorption cells a re provided for the complete 

range of vvave l engths ( 230 to 1000 IDJ.l) . The cells, up to 

four at a time, are pl aced in a holder whore each cell in 

turn can be brought into the path of the light beam. The 
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11 light path lengt~ 11 of each cell is recorded on that cell. 

The slit width regul~tes the width of the s~ectral band 

passing through the cells; the band i<Vid th ve.r ie s 'l-Ti th wave ­

length mving to diffraction effects . The slit width also 

controls the sensitivity of the ins trument. 

The Beckman Spectrophotometer has widespread uses 

and, because it i s a standard model, results are comparable . 

A number of reports on the inRtrurne~t have been published 

(54)(55)(56) and it i s generally agreed that, although 

readings on a particuLtr instrument are almost exactly re­

producible , differences of the order of 1~ in the optical 

density reading of e. given solution may be expected between 

different instruments . It appears generally , that greater 

precision i s a ttained v-rhen the absorbance of the ste.ndard is 

raised . Hiskey and others (57) have compared the performance 

and accuracy of three commercie.l instruments, one of '"'hich 

1uas the Beckman model DU. They concluded that in practice 

the best results arc obtained at maximum sensitivity and at 

the highest absorbance values of the reference standard which 

may be obtained without absorption law d.eviat ions . 

Many analytical determinations have been carried 

out u s ing this instrument, the determination of chromium 

a nd manganese in steel and ferroalloys (53) being one 

example. Detail s regardin~ this instrument and its operation 

may be found in a recent ppper (59) . 

The t1·ro grce.tes t advantages of the Bockm['.n Spec­

trophotometer are its selection of monochromRtic light and 



the stability and sensiti~rity of its electrical circuit . 

These give rise to reprod ucible readings and easy standardisa­

tion , 

However , the a.bsorption cells of this instrument 

are only 1 em . thick and, for dilute solutions , very low 

transmission values are obtained. This could be overcome 

by using special attachme nts designed to provide longer 

l i ght paths through the s olution . As, however, the necessary 

attachments 'ivere not available , this instrt..~ment could not be 

considered for usc in the previous ly mentioned kinet i c studios. 

DIFF.ERENTIAL PHOTOELECTRIC ABSORPTIOMETER. 

In view of the Beckman Spectrophotometer not 

being suitable for these particular kinetic s t udies, it vJ'as 

decided to construct a highly sensitive photoelectric 

absorptiometer incorporating a pair of barrier-layer photo­

cell s. 

The principles and properties of photo-cells are 

described belo't..r and various circuits using these cells are 

given and discussed . The construction of the instrument 

is described and the results of attempted ste.ndardisations 

recorded. 
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1. BARRIER-LAYER PHOTOELECTRiq __ CE~LS 

(a ) General Principles and ProEerti~ 

Barrier-layer type photoelectric cells consist 

of an iron base p late on one side of which is deposited a 

t hin l eyer of pure selenium. This layer i s covered by a 

very t hin transparent metal layer which in turn is surmounted 

by a metal ring. Connections are made to this ring and to 

the metal base plate. When light impinges on this surface, 

it must be able to penetrate the first tra.nsparent metallic 

l ayer. Electrons are released on the surface of the selenium 

by this light action and they trave l across the 11 barrier 

l ayer 11 to form a negative charge on the top of the trans­

parent metal layer. This negative charge is collected by the 

me tallic ring . A potentis.l is thus set up by the e.ction of 

light between the collecting ring end the base p late . 

The photo-cells obtained for the colorimeter were 

manufactured by Evans Electroselenium Ltd . , He.rlow , England. 

The general properties described app ly to all selenium 

photo-cells, but characteristics quoted apply specifically 

to the 11 E. E. L. 11 photo-cells , and it cannot be taken for 

granted tha t other ID8.ker of photo-cells have similar 

character is tics . 

The output of selenium photo- cells is related to 

both the effective cell area and the intensity of illumina­

tion. The r e l at ionship is not lineer but depends on the 

external load resistance . In Fig. 19 is reproduced a graph 
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g iven for a 4-5 mm. 11 E.E.L. 11 photo-cell . ltvi th 100 ohms 

externa l load, the output is almost linear at both high and 

low illuminations. At 200 ohms, there is linear response 

only up to 8bout 150 foot-candles; at higher resistances the 

response is non-linear at even lower illuminations. For a 

smaller photo-cell, the outp ut for the same illumination 

range woul d be less, but with like rosist~ncos linearity 

woul d extend further. Conversely, '\vith a l arger photo-cell 

and the same illumination/resistance conditions, non­

linearity in the response curve woul d occur earlier. 

Romain (6o) has shown that the internal leakage 

path in the photoelectric cell may be regarded as consisting 

of three conductances. (i) A conductance which is constant 

for a g iven cell, (ii) a conductance which i s directly 

proportional to the illumination of the cell, (iii) a con-

ductance 1-vhich i s direc_tly proportional to the total internal 

leakage c urrent in the cell . 

~ood (61) developed the equivalent circuit of a 

blocking-layer photo-cell. It is represented simply as 

follOl:>TS : 

Rp 

r 

,- -1---, 
? I ' 1 ..... r31-i-mpedance 

; : element 
I --rc I 

--t--L ___.-=r- 3 .l 
.1 
?R8 

' 
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Where Rp is the parallel resistance of the cell, Rs is the 

series resistance and r 3 and c3 are the resistance and 

capacity of the impedance e l ement. He found that the 

phase angle of the impedance element remained constant as 

the frequency lias varied . Light and variablEJ daily factors 

had little effect on Rs. However Rp 11"as f ound to decrease 

under illumination, as is to be expected with se l enium . 

Romai n observed l arge daily variations in Rp, 

presu.rnably ce.used by var iable factors such as temperature 

and humidity. 

The effect of an increase in temperature is to 

decrease the internal resistance of the photo-cell~ I f the 

cell is kept at constant temperature, its wor king shoul d not 

be affected, but it is inadvisable to s ubject the photo- cell 

to temperatures higher than 50°C. 

Selenium photo-cells ere fairly robust: as reported 

by the manufacturers of 11 E. E. L. 11 photo- cells, a cell was 
\ 

shortcir cu.ited and exposed to an j,llumination of 50 0 foot -

candles for 1000 hours and, after cool ing and testing, not 

more than 3% variation was reputed to occur . The photo- cell s 

show f ~tigue effects pnd Wood (61) observed that rEJcovery in 

the dark (or at decreased illumination) t ook at l east 10 

mi nutes but So% recovery occurreo. in the first minute. 

(b) Circuits 

Single photoelectric cells are in use in a 

multitude of simple colorimeters, refle c tometers, photometers, 
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etc. They provide for easy mani pulation and give fairly 

reliable resu l ts for routine measurements. However, they 

suffer from fa t igue, temperature and other effects, and must 

therefore be compared agB.inst some standard before each 

reading. Several circuits have been put fori.vard incorpora-

ting two of these photocells working on a differential 

principle . 

(i) Y.Q1_tage-Bnlancing Circuits 

This type of circuit consists of two photo-cel ls 

coupled together; the two positive terminals being j oined 

and the ti-ro negative ones join.ed. See Fig. 20 (a). One 

of these couplings is broken by the insertion of a galvo­

nometer . 

Here, the open circuit voltages are balanced by 

a variation in l ight intensity until the meter reading is 

zero. This simpl e series-opposing circuit was first used 

by Lange (62) and many modifications have been applied (63). 

Wood (64) has described and analysed this circuit. For 

these cells, the current output I is proportional to the 

intensity of the incident light L. 

I = kL 

where k is a constant representing the total gonorated 

current per unit light intensity. 

The condition of bala.nce will occur at equal 

light intensities 11 a.nd 12 only if the product kRp for 

one cel l has the same value as for the other . The Rp 
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values for selenium cells differ widely even under the same 

conditions and the Rp value for a single cell shows fatigue 

effects and varies considerably from day to day due to 

temperature, humidity and other variations. At balance in 

this null-point method, each cell is effectively on open 

circuit, and the whole electron current, I, must leak back 

internally through Rp. The values of Rp are lowered by 

these high internal lcalcage currents and the sensitivity of 

balance is thereby diminished. 

These variations in Rp prevent linearity in the 

relation between the current (Ig) through the galvanometer 

and the light intensity difference, L1 - L2 . 

(ii) Curr-ent-Balancing, Circuits 

This type of circuit has been analysed both by 

Wood (64-) and Brice (65). The essential circuit is shown 

in Fig. 20 (b). The terminals of opposite polarity. from 

the two cells are c·onnec ted together, with the meter in 

parallel with the cells. At balance each cell is furnish-

ing its full short circuit current, the currents through 

Rp in each cell being quite small. Variations in the value 

of Rp are found to have little influence on the meter current. 

If the load resistance (galvanometer r e sistance) Rg is kept 

small compared to Rp , the whole difference between the 

photo-currents r 1 and r2 is obtained fo r the galvanometer 

current Ig and the galvonomete~ &ives a reading proportional 
.• 

to the difference between the two light intensities for two 
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cells with equal values of k. 

If, however, this circuit i s used to give direct 

read ings on the galvanometer scale, the conditions for 

compensation for source f l uctuations are given only when 

the transmittance i s unity. The circuit thus o~ly has 

perfect compensation 1·.rhen not in use! 

By using a. null point balancing method, tho com-

pensating f eature is retained. Tho circuit may be balanced 

either by optical compensation or by electrical compensation. 

The former method is used in the Speckker Absorptiometer by 

means of an iris diaphragm placed in the path of one of the 

light beams, the diaphragm being calibrated directly in 

units of transmission or density. The l at ter electrical 

compensation method is described and analysed in the follow­

ing pages. 

As a means of balancing the circuit when L1 ~ L2 , 

resistances in the form of potential dividers may be placed 

across each cell . Various circuits employing these resis­

tances are shown : - Fig . 21 (a),(b) and (c). 

The circuit (a) has been fully analysed by Brice 

(65). The internal series resistances Rsl and Rs2 of cells 

1 and 2 are small compared to the internal parallel resis­

tances Rpl and Rp2 1 and are practically constant. The 

primary electron currents I 1 and I 2 crossing the blocking­

layers are believed to be exactly proportional to the 

intensity. The fractional part of the resistance R across 

cell 2 is F, where F = CE/CD. If matters are arranged s'o 



that when F = 1, i.e. the variable contact is at D, the 

circuit i s identical to that of ~~lood with a shunt R across 

the galvanometer , If a scale reading is arranged so that 

when F = 1, the scale reads 100, then 1-vhen F is equal to 

some fraction, the scale r eading will represent this frac-

tion as a percentage. On placing a se~ple of transmission 

T in the path of the light beam falling on cell 1, the 

galvanometer deflects and balance is restored by adjusting 

the value of F to give no deflection. 

approximation, Brice showed that 

T = F 

Using a c'lose 

Thus the scale will indicate transmission if the 

resistance of the potentiometer-rheostat is small compared 

to the internal parallel resistance Rp~ of the 11 compensating 11 

photo- ceil 2, and if the interna l ser ies resistances of 

both photo- cells are small compared with their internal 

parallel resistances. Brice show·ed that the maximum rela-

tive error, (F - T)/T in the scale reading F, occurs when 

F = ·~, and. that the maximum difference or scale error 

F - T occurs when F is approximately 2/3 . 

The optimum conditions for this circuit are· the 

use of monochromatic light and a lm.v light intensity. 

When used under the se conditions, the performance of this 

compe.nsating circuit becomes practically independent of all 

the internal electrical cha::-acteristic s of the bloclcing­

layer photo-cells except the proportionality of the true 

primary blocking-layer current with intensity of illumination. 
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Circuit Fig. 21 (b) is a variation of (a) con-

taining a potential divider across each photo-cell. It 

is described by MUller (66). The analysis given by Brice 

applies equally to this circuit. The settings of the 

resistances parallel to the photo-cells. are g iven by a and 

x. At balance the two opposing currents through the gal­

vanometer are equal and 

X = Ta 

x, the slide wire setting, is therefore directly proportional 

to the transmittance. If the initial adjustment is so 

arranged that , when T = 1.0, x is set at its maximum 

value, R, and a i s varied until balance is established, then 

all successive values of T will be given by x directly . 

vvhen electrical balance is established, the a.rrangement is 

independent of source fluctuation . 

Circuit Fig . 21 (c) is yet another variation of 

the current-balancing type. A fixed resistance R is placed 

across cell 1 and a variable resistance p is placed in 

series with the galvanometer. This circuit was decided on 

for the photoelectric absorptiometer to be built. 

Circuit (c) i s given in greater det ail in Fig. 

22 (a) and shows the electrical section in which the equi~ 

valent circuits of the .two cells arc enclosed in dotted 

lines . Fig . 22 (b) shows the diagramatic axrangement of 

the light source and absorption cells in relation to the 

photo-cells. 
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Rsl and R82 , the series resistances of the photo­

cells are small compared to the internal parallel resistances 

Rpl and Rp2 • (For 11 E.E.L. 11 photo-cells, ~ is about 30,000 

ohms in the dark). It may also be taken that ~land 

~2 are much greater than R and G respectively, where G is 

the resistance of the galvanometer. 

Therefore Rsl ~ Rpl and 

R ,..~ R 
~ pl and 

Rs2 (< Rp2 

G ~ ~2 

Some of the characteristics of the circuit 

illustrated in Fig. 22 (a) are given in detail in the fo llow-

ing discussion 

Let I 1 and I2 be the currents crossing the cells 

1 and 2 respective l y; then the e .m. f 1 s. E1 and E2 of the 

cells 1 and 2 are given by 

= 

and 

I1 R(p + G) 

R + p + G 

I 2 G(R + p) 

R + p + G 

Let I g 1 be the current passing through the galvanometer 

due to cell 1 (clockwise). 

Let Ig 11 be the current passing through the galvanometer due 

to cell 2 (anticlockwise). 

E1 R 
I 1 = = I g P4·G l'R-tp+G and 
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R+p 
= = 

Taking the current going clockuvise as being posi~i ve, the 

nett current through the galvonometer Ig , is given by 

= I I - I II g g :::: 
I1 R - I2 (R + p) ... (5.5) 

Now r 1 , the current across cell 1, is proportional to the 

light intens ity L1 falling on an effective area A1 of that 

cell. 

Thus : · 

Similarly = 

and = KT 

since T = 

K being a constant for tho two cells and 

T is the transmission of the sample placed in the path of 

photo-coll 1. 

From (5.5) therefore, 

I R - KT (R + p) 
~ = 
I1 R + p + G 

At electrical balance, Ig = 0 

R = KT (R -+ p) 

The transmission of a standard solution Ts p laced in the 
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path of cell 1 is therefore 

1 R 
- 4 

K R +Po 

Where p0 is the setting of p giving balance for the standard 

solution . 

1 R 
Simi larly : Tx K R + p 

~tihere Tx is the transmission of an unkno1.;n solution in place 

of Ts, and pis the ne~r setting giving bal ance . 

The Relative Transmission is given by 

Tx = R + Po 

Ts R + p 

If matters are so arranged that 

Then 

Po 

Ts 

= 0 

= 1 

Equation (5.6) then simplifies to 

R 
T = 

R + p 

. . .. ... .... ........ 

.. .. .. .... .... .. • ( 5· 7) 

An instrument built using a pair of photo- cells 

as described above should be a useful and very sensitive 

device for measuring differences in transmission of samples 

of sol utions pl aced in the path of one of the cells. 

The arrangement of the light source is shown in 

Fig . 22 (b) . A single beam is split into two equal parts, 

each onJ shi ning on a singl e cell. ~vhen electrical 

balance i s obtained , such as during readings, the arrangement 
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should be independent of source fluctuations. This is the 

case as may be seen by differentiating the expression for 

the nett current through the galvanometer given by equation 

(5.5). 

If cell 1 has a sample of transmission T placed in 

its light path , the current I 1 given by this cell is : 

And for cell 2 vvith no sample p l aced in its light path, 

Where k is a constant, and L is the source intensity. 

From equa tion (5. 5) 

Ig = 

Let c = 
. Ig = 

dig = 
dL 

for dig = 

dL 

R = 

or 
T = 

kLR - kLT ( R + p) 

R + p + G 

k/R ..tr p -to G 

CLR CLT (R ~ p) 

CR - CT (R + p) 

0 

T (R I .,. p) 

R ......... ... 
R + p 

(5.E1) 

Therefore, any fluctuations due to variations in the light 

source are at a minimum when T = R/R + p, and this is 

preci se ly the condition when electrical balance is obtained 
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during a measurement. 

It i s of interest at this point to calculate the 

relative error in T. 

Considering the original circuit; 

From equation (5.5) : 

Ig = 

At balance when Ig = 0 

T 
R t Po 

1Ilhere p0 is the setting of p at balance with the sample of 

transmission T in place. 

At any other setting of p (p ~Po) 

Il [R R · T. R + p 

Gl Ig = 
I p ' G R + p -+ T T 

Il ( R 

R R R + p ~J == 
+ p + G R -1- Po R + p I ,. 

I1R r R + 
p J = R + p + G R + Po 

- I1R (po - p) 
-

R + p + G R "" Po 

Po - P d p 
If is small, we can write this as R-t R 4- Po Po 

R 
But at balance , since T = 

R + Po 



\l'lhence ..LT. 
T 

Hence . -Ig = 

or -!!.! = 
T 
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~p 
R + Po 

I1R 
R + p ~- G 

(R + p + G) 

R 

dT 

T 

. ~ 
Il 

If the smallest detectable deflection on the galvanometer 

scale is x mm. and the sensitivity of the galvanometer is 

o- pA/mm. 

Ig - Y x 

\ihence -dT R -+ p -1- G cr- x - = 
T R + Il 

a~x 1) + ~1 ( 5. 9) ... Il . ...... 

Hence Gv must be as small as possible relative toR in 

order to minimise the relative error in T at any given 

balance position. 

2. DIFFERENTIAL PHOTOELECTRIC ABSORPTIOMETER · 

( a) Electrical Circuit 

A photoelectric absorptiometer built on the 

design shown in Fig. 21 (c) must have the values of R and 

p known f airly accura tely. For good reproducability, p 

should be an accurately wound rheostat with good contacts. 

An ordinary variable resistance may be used, however, pro-
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vided that at any setting its resistance can be measured, 

the contact resistances being included in this measurement. 

The incorporation of a Vfheatstone Bridge circuit, 

with R and p forming two of its arms, into the photo-cell 

circuit enables the value of p to be measured at any setting. 

The full circuit is shown in Fig. 23. The 

resistances R, p, p and Q form the four arms of the Wheatstone 

bridge . On making electrical contact between the points 

1 - 2, and 5 6 ~ S, the circuit reverts back to the 

original shm~rn in Fig. 21( c). 11/hen the above contacts are 

broken, ond the following made 1- 3 - 4-; 5 ~ 7; s - 9, 

and the galvanometer series resistance is switched in, the 

Wheatstone Bridge circuit comes into operation. 

Contact between points 1, 3 and 4- i s necessary in 

order to short the photo-cells to earth potential through 

the low resistance r 1 . A shunt was placed across the gal­

vanometer to protect it during balancing of the circuit; a t 

final balance it was switched out of circuit. A series 

galvanometer resi s t ance was necessary to make contact from 

the galvanometer to the join of P and Q when using the bridge 

circuit; the resistance was cut down to zero for final 

balc::.ncing . 

This circuit enables the photo- cells to be 

b2l~nced by an electrical null-point method and the v~lue 

of the resistance required to bring about balance can then 

be determined by a switch over to the bridge circuit. 

The construction of thi s instrument and the 
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components used will now be described. 

The electrical section apart from the photo-cells, 

was mounted in a box with a dial panel. The variable 

resistance p was divided into two sections, one coarse and 

one fine . The former was a 500 ohm radio rheostat fitted 

with a graduated 11 Pcrspex11 dial and the latter consisted of 

a vu1canite disc whose periphery was grooved to hold a 

resistance u ire. The dimensions were so chosen that when 

mounted , the arc of movement constituted a resi s tance of 

1 ohm; a 11 Perspex11 dial, divided into 100 eqllal p arts, wa.s 

mounted on this disc. 

R consisted of two 100 ohrn varie.ble porcelain 

radio resistors joined in series. p was p_ 11 Cambridge 

Instrllment Co . ·11 low inductance decade resistF.'.nce box of 

range 0 . 1 to 10 , 000 ohmsr A 11 Leeds and Northrup 11 shunt of 

tot 8.1 resist.:mce 10,000 ohms V\Tf.'.s used as Q having contacts 

giving 1 , .l, .Ol, . 001 , and .0001 fractions of the total 

res is t ance . 

To change the circuit from the photo-cell a rrange­

ment to the bridge one, several contacts must be made and 

broken . Using separate switches for each contact is in­

convenient and risks damaging the galvanometer and photo­

cel l s . Mercury switches were devised that changed a ll 

the necessary contacts in one movement. These switches 

were made by blowing three g l ass envelopes, sealing nine 

platinum contacts into the g l ass , and adding clean mercury 

before sealing. They were attached to a frame whose position 



could be moved by a lever, this lever constituting the main 

switch. The p latinum contacts were soldered to a series of 

copper rivets; long flexible leads led from the rivets to a 

fixed terminal bank from which lead stouter wires to the 

other components. These flexible leads were necessary due 

to the large a.rc of swing of the mercury switch. 

The remainder of the circuit was wired using 

heavy 10 gauge copper wire, rosin-cored solder being used 

throughout. External connections to the photo-cells and 

resistance boxes were made through thumb terminals . 

A box-type gB.lvonometer vlas employed; its nominal 

sensitivity vias 0.0069 microamps. per mm . , its resistance was 

1,203 ohms and its period was a short one of 2 . 4 seconds . 

This resiste..nce 1<~ras high for the type of circuit used . In 

the section deal ing with the cal culation of the relative 

error in T (page l02), it. is seen that G must be as small a s 

possible rel~tive to R. Unfortun~toly no short period 

galvanometer of low resistance was available, -so the one 

described 2bove had to be used. The pointer in this gal­

vanometer was a light spot shining on a ground g l ass scale 

fitted to the housing . . 

In order to increase tho sensitivity of this 

galvanometer, the ground glass scale was removed and the 

light spot refocussed on a longer scale placed 2 metres 

from the position of the original one. This scale was 

50 ems. long as compared to the original 10 em. scale, and 

the sensi ti vi ty of the galvanometer vias thereby increased 
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to 0.0013~ microamps. per mm. 

(b) General ArFan~~ent 

The general layout of the instrument embodies the 

same principles as are used in most colorimeters; namely : 

a light source , a light filter, absorption cells, and photo­

electric cells as shown in Fig. 22 (b) . Both absorption 

cells and photocells were kept at constant temperature by 

immersion in a water-bath. By allowing the reaction to take 

place in one of the absorption cells, and filling the other 

With some ste.ndard, continuous· readings may be taken vli thout 

removing and cooling any se.mplcs . 

A general view of the arrangement is given in 

Fig, 24. The method of supporting the absorption cells 

and photo- cell housing in the water -vras to suspend a platform 

(A) in the thermostat. Attached to the platform was a v­

block (Bl) which supported one end of the a.bsorption cells 

(C), the other end of the cells being s upported by a second 

V-block (B2) attached to the photo-cell housing (H) . This 

hous i ng was a separate unit containing the photo-cells and 

could be made to run freely along. the length of platform A, 

and could also be clamped in any position along it . The 

platform fitted exactly across the inside of the tank and 

\vas suspended by four rigid brass rods (F). The levelling 

of the platform was ad justed by nuts on the ends of the 

brass rods. 

Th0 distance apart of the two v- cuts in each of the 
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blocks B1 and B2, the distance apart of the centres of the 

photo-cells and that of the two emer g ent light beams, were 

all made to correspond . 

The light source cho sen was a 100 watt bulb 

fitted into e. Zeiss Ultraphot and giving an intense parallel 

beam . A binocular combina tion was p laced in the path of the 

emergent beam , splitting the beam into two parallel ones, 

the distance apart of which could be adjusted over a small 

range so as to shine directly on the centres of t he two 

photo- cells mounted s i de by s ide, The two emergent beams 

lnTere not quite of the same intensity; this v-ras rectified by 

placing an iris diaphragm in the pe.th of the stronger beam. 

The diaphragm a lso enabled the instrument to be balanced at 

any e lectrical setting,· thereby a.ltoring its range . A 

l ight filter was placed in the path of the beam tha t passed 

through the sample solution. 

Absorption C~l~and Photo-cells 

In measuring the transmittancies of very dilute 

solutions , the light paths through the s e solutions should be 

made f a irly long , enabling transmission rea.dings of about 

4o% to be obtained . Longer light paths were obtained by 

making special absorption cells . These were constructed 

from one inch diameter soda glass tubing; 10 em. lengths 

of this tubing were cut and the ends ground smooth and l evel. 

A side arm was a.ttached midway along the length of the tube. 

Plane sodp glass ends for the cells were made by grinding 

l ~~ discs out of a photogrRphic p l ate . The discs were 
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cemented to the cell ends using Dow Corning 2103 Silicone 

Resin by heating to about 250°C.J under pressure .. This 

resin had good bonding properties at first) but after ageing) 

these properties decreased somewhat and occasionally end 

discrs had to be re-cemented in position . The external 

surfaces of the cells were silvered, except for the end discs) 

and the silver protected with a l uminium paint. Protective 

rubber rings were p l aced over the ends of each cell) pro­

jecting ~ inch beyond each end . 

The most convenient arrangement was to shine the 

light bee~s through the glass-walled thermostat) the light 

then passing through the absorption cells placed in the 

thermostat) and finally impinging on the photo- cells. The 

photo- cells can either be placed directly behind the absorp­

tion cells) or outside the tank on the opposite side to the 

light source . OWing to the Width of the g l aSS tank obtained) 

the latter alternative involves the passage of the light 

beams through a considerable depth of water after emerging 

from the absorption cells . The divergence of the beams 

over this depth of wnter and the likelihood of the water 

becoming easily dirtied) make the first alternative prefer­

able . A brass housing was therefore constructed for the 

photo-cells so they could be mounted directly behind the 

absorption cells in the thermostat. A separate window in 

the housing was provided for each photo-cell and these cells 

were clamped against the windows with a circle of sponge 

rubber in between acting as a cushion. The leads from the 
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photo-cells were encased in rubber tubing to protect them 

from moisture . 

!hermostatic Contro~ 

The waterbath used was a plate glass aquarium 

tank of 35 gallons capaci ty . The water was circulated by a 

paddle 1orheel and heated by tHo 1000 watt immersion heaters. 

Temperature control was effected by a tol uene­

mercury thermo-regulator fitted with a 11 Sunvic 11 proportioning 

head and which controlled a 11 Sunvic 11 type E.A. 2 . T. electronic 

relay . One of the heaters was operated of f this relay and 
• 

it was sufficient to maintain the temperature constant up 

to values of 4o°C . For higher temperatures, the second 

heater, coupled through an energy regulator, was used in 

conjunction with the first one. The energy reGulator was 

adjusted to maintain the average temperature of the bath a 

few degrees lmver than the temperature actually required, and 

the necessary heat for the remaining few degrees 1vas given 

by the heater operated through the thermo- regul a t or . A 

change in the setting of the energy regul ator results solely 

in a change of ratio of time 11 on 11 to time 11 of f rL and thls 

ratio determines the ·ambient temperature of the water bath . 

The regulator , working on a definite cycle, is independent 

of the cycle set up by the e l ectronic relay, but generally 

the two regulators settle down to an out of phase movement . 

Even when both start heating together, there is no noticeable 

extra temperature variation due to the fact that the periods 

of heating are rel atively short and the capacity of the 
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water bath is large . 

The temperature was maintained constant to 

within,._,_ 0.05°C . for temperatures above 50°C and better 

control,_,,.. 0 . 03°C . Jar temperature s below 50°C. 

(c) Opera tion of the Photoelec~ri~Absor£tiometer . 

R, the fixed resistance in the electrical circuit 

must be knm-rn accure.tely before any readings can be taken. 

It llfas found poss ible to measure this resistance as it stood 

in the circuit uithout having to remove it. This is an 

advante..ge as any resistances du.e to connections and soldering 

e.re included in the value obtained .• 

P..S follm•IS : 

Connections uere made 

The main switch was placed in the 11 Cells In :I 

position; i.e . the contacts being made to bring the photo-

cell ·circuit into operation . The resistance P remained in 

position but a lead was taken from one of the contacts of 

P to one of the galvanometer contact s . Neither photo-cell 

'Iivas connected but across the termina ls leading to cell 1 i<Tas 

p l aced a resistance s , together ··ri th 8. svii tch to bring it in 

or out of circuit. The battery was not connected to its 

usual terminals, but p laced bet1·reen one of the connections 

to S and the contact on Q common to P . By making these 

a lterations , the circuit in Fi g 24a) is completed. This 

constitute s a Wheatstone 3ridge Circuit, the Resistance R 

(1oTith which S can be connected in parallel) forming the 

unknown arm. 
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The pr ocedure was as follows : 

Q, "t'las set to a convenient value and then p 1...ras 

placed on a selected setting . S consisted of a resistance 

box and its resistance was made to correspond \'lith the value 

chosem for p. Tho bridge circuit was ba.lanced by adjusting 

the value of the decade box P to give no galvanometer d e-

flection. Thi s value of P was recorded . The shunt S -r,ras 

then switched out of circuit and , with the setting of p and 

Q, rema.ining as before, P 1-ve.s adjusted to give a new val ue 

f or balance . 

If Pi is the decade box reading for balance ""vhen S is in 
circuit, 

and Po is the decade box reading for balance when S is out 
of circuit, 

then R is given by R = EL._: Po .s 
Po 

Readings of Pi and Po were taken for each setting 

of p and 8
1 
and R ca.l culat ed in each case , the reading being 

recorded i n Tabl e A 16 of the Appendix . The mean value 

for R was fo und to be 1~5 . 50 ohms . 

It is seen from the readings that poor values of 

R were obtained for low d i al settings . It appears that the 

r heostat is rather i naccurate at these low resistances and 

in later work l ow values of p were avoided . One expl anation 

is that when there is only a short section of resistance 

wire in the circuit , the heating effects are much more 

no ticeabl e. 

R having been determined, the circuit was again 

connected i n the usual manner. 
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Some precautions taken before any readings were 

made are given belmv~ 

The absorption cells were filled v-Ti th distilled 

water, placed in the thermostat and allowed an hour to attain 

the working temperature . The photo-cel~s, in their housing, 

were always placed in position in the thermostat 24 hours 

before any measurements 1vere made. The flasks containing 

the various standard so lutions and mixtures ~rmre immersed 

in the water bath for several hours before they were required . 

-.Then e. reading was to be taken on a solution, the water 1.Yas 

emptied from the absorption cell and the cell rinsed out 

three times before being finally filled with the solution. 

Care v1as taken to ensure there 1-vere no bubbl es trapped in 

the absorption cell and the cell was a lways filled completely 

and corked . This prevents condensation at the top of the 

side arm, which alter e t he concentr ation. 

Solutions placed in the absorption cells must be 

at the working temperature, a s otherwise eme.ll air bubbles 

form inside the cells and an expanding solution i s liabl e 

to break the corked absorption cell . 

In spite of t he precautions taken in the filling 

of the cells, after standing for some hours in the watcrbath, 

a few small bubbles often did appear. 

At intervals during readings, the cell windows and 

photo-cell housing windows were carefully cleaned with 

tis s ue for, in spite of every effort made to keep the water 

in the bath clean, small ~eposits were formed on the cell 
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windows after several hours. 

The actual operation of the instrument is des-

cribed belo1.v; the term "Reference cell 11 applies to the 

absorption cell containing the standard solution, and 11 Test 

celP to the one containing the reacting so l ution. 

The two cells, having been filled with their 

respective solutions, balance is obtained thus : The main 

switch is set to the 11 Cells In11 p os ition, the galvanometer 

shunt is set to minimum sensitivity, and the galvanometer 

series resistance switched out of circuit . The galvanometer 

key i s depressed and the light spot of the galvanometer 

brought to its zero position on the scale by adjustment of p . 

The galvanometer shunt is- sv·Jitched out of circuit, thereby 

giving maximum sensitivity , and fine.l balance obtained 'tvith 

p. If for this standardisation a certain setting of p i s 

required, then p is sot on this value , the galvonometor key 

depressed, a nd the spot brought to zero by ad justing the 

iris die.phragm. 

To take a reading on a solution under investigation, 

the test cell is f i lled with this solution and replaced in 

position. Balance is obtained e.s described e.bove by adjust­

ing p . To measure this value on the Vfb.eatstone Bridge 

Circuit, the set ting of p is left unchanged , and the switch 

set to tho "Batteries In11 position. Tho galvanometer shunt 

is set to minimum s ensi tivity, and the galvanometer series 

resistance is switched into the circuit and se~ to i ts 
' 

maximum resis tance; Q is set at a convenient ratio, the 

Battery key is depressed and P, the decade resistance box , 
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adjusted to give no galvanometer deflection~ The value of 

the series galvanometer resista.nc e is clecreased to a minimum, 

the galvanometer shunt is brought to maximum sensitivity, 

and final balance obtained with P. 

Matchin& 9! Abso~t~-~Q~~~ 
In spite of the care taken in making all the 

absorption cells the same length, it was found they did not 

all transmit the same amount of light. To match the cells, 

a spot of resin mixed with a pigment was placed on each 

window and allowed to ha.rden. All four cells were filled 

with the same standard solution, one being placed in the 

reference position. The remaining thre e were placed 

successively in the test position, a nd pieces of resin 

chipped off until all gave the same reading of P at balance. 

One of these three cells was placed in the reference position 

and the fourth tube made to give the same reading as the 

other two. As a final check, the tlJ.bes 1vere interchanged 

in the two positions without any difference to the reading 

of P. 

Re ~ t~on .J2.t?J~e_ell.J2.l..~~J....§_adi,I}g .(Pl. . . §,Jlc.l.~D~qf?:~.e ?Re si S~Jl.ce (P) 
at Balanc~ . 

Provided that the resistance p is not too in-

accurate ly wound, the value of P required for balnnce should 

vary linearly with the setting of p. 

According ly the switch was set in the 11 Batteries 

rn 11 position and the values of P for balance measured for 

different settings of p . The dial readings were plotted 

against the values of P, as shoHn in Fig. 24(b) and the 



readings taken are recorded in Table A17 of the Appendix. 

The readings were repeated some days later, end 

good agreement found between both sets . The gra.ph was a 

good straight line except for values of the dial setting 

below 20. The experiment l'fas repeated on two occasions 

for dial values up to 30; both these sets of readings were 

found to be erratic,showing that lm~ values of p should not 

be used . Erratic rea.dings in this region of the scale 

have previously been noted in the determination of R. 

This shows that the windings on the 500 ohm 

rheostat are fa.irly regular and that the resistance increases 

linearly except for value s below 20 ohms. 

Therefore the substitution of P for p in trans-

mission calculations may be made without destroying the 

relationship of p to T. 

The transmission T is given by 

T = 

or %T = 

R 

R -f p 

R X 100 
R + p 

From the Wheatstone Bridge circuit a t balance 

p -
Q = E. 

R 

R is fixed, the value of Q thereby determining the value of 

P. 

It has been shown above that 

Then T may be written as : T .. 
poc:P 

o,. 100 
Q + p 
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This value of T is purely dependent on the solution 

in the reference cell and the setting of the iris diaphragm; 

its value is relative and has no absolute meaning . 

From the Beer- Lambert Law 

D = kcl 

k = extinction coefficient 

c = concentration 

1 = l ength of ce l l 

These cells were 10 ems. long, 

D = optical density 

T = % transmission 

.' ,10 D = l og 100 - log T 

i . e . 10 D ~ 2 - l og T 

(d) Beer's Law and Se l ection_9f..E..i lt$er 

Both potassium trioxalato and potassium dioxal ato-

diaquochromiates obey Beer ' s Law remarkabl y wel l . Using 

the Beckman Spectrophotometer at a constant wave l ength to 

measure the optical density of so l utions at varying concen­

trations , good straight lines were obtained on p l o t ting 

optical density against concentration . 

In barrier-l ayer ce l l photometers , the usual 

method of selecting ' the required wavelength is to pass the 

light beam through a glass or gelatin light f ilter . Gl a.ss 

filters are more robust if slightly less selective. 

Sel en ium photo-ce l ls have their gre2.test spectral 

response in the red region of the spectrum, 11 E. E. L. 11 photo­

cells having maximum sensitivity at 550 millimicrons . The 
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absorption curves of the potassium trioxalato and potassium 

dioxalato chromiates show that both these have maxima at 

nearly the same wavelengths, namely ~20 and 565 millimicrons. 

For the selenium photo-cel l absorptiometer therefore, the 

second peak at 565 mp. is the most suitable at v.rhich to work. 

A special interference filter, passing light of a 

very narrow band peaking 560 mp and made by Barr and Stroud, 

was obtained. This should have been ideal but had to" be 

discarded for the following reasons . These types of filters, 

despite their high selectivity , give a total intensity that 

is very low (66) . In addition to the low intensity , an 

incandescent tungsten filament is rather deficient in 

light of the wavelength required so that, taken together, 

the intensity of light reaching the photo-cells is too 

small to give adequate galvanometer deflections . 

This Barr and stroud filter was rep laced by a 

glass one . The transmittance curve of thi s filter was 

plotted using the Beckman Spectrophotometer and air as a 

11 blank 11 ; see Fig . 25. Its t r ansmittance reaches a peak at 

5~7 mp and is far greater than that of the interference 

filter . The tr~nsmitted band is rather wide but as the 

ma xi mum does occur in the vicinity of the required wave­

length , it was used in the apparatus . 

Beer 1 s Law curves for both trioxalate and 

dioxalate were obtained using both the above-mentioned 

filters . With the interference filter in place over the 

entrance to the test cell , the reference cell had to be 
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filled with ,OlM trioxalate before balance could be obtained 

with water in the test cell . On using the green glass 

filter , both cells were filled with water. Solutions of 

varying concentra tions 1-vere p laced in the test position and 

the densities recorded. After each reading , the test cell 

was replaced by the one containing 1:Jater and the instrument 

zero checked . 

The graphs obtained are shown in Figs . 26 and 27 , 

and give fairly good straight lines over the limited concen­

tration range of 0 .0093M to O.OOO~M . There was l ittle 

response below this concentration , the density of the solu­

tions being very c l ose to that of water. Although the 

interference filter gave a good strai ght line , its use was 

discontinued as it decreased the sens itivity of the instru-

ment to a great extent~ The good resul ts were most likely 

due to its selectivity. 

Thus it appeared that the sensitivity of the 

instrument \vas suff icient for it to be used for the study 

of reaction kinetics at low concentrations . 

(e) Standl!.r9-L~a_tion Curvefi. 

( i ) fkrlttti 

Due t o a rather wide transmission band on the 

green glass filter, the concentra tion range over which Beer's 

Law was s trictly applicable, was rather l imited . I n order 

t herefore to be able to determine the amounts of trioxa l ate 

and d ioxalate present together in the reaction tube at any 
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time, a standardisation curve must be drawn at each con­

centration used. 

A suitable concentration is selected and solutions 

of dioxalate and trioxalate made up at this concentration . 

The two solutions are mixed in varying proportions, the 

chrome concentration remaining constant throughout, and the 

resultant optical density plotted against the percentage 

composition. As both these solutions obey Beer's Law, 

the combined effect should be to give a str2ight line, the 

density increasing as the percentage t rioxalate present 

increa ses. 

Providing a good straight line is obtained, and 

that the gra:ph is reproducible, then on performing kinetic 

runs at the same concentra tion, and measuring the optical 

density at any time, the percentage trioxalate formed at 

that time can be read from the standardisation curve. 

By using this standardisation method, the 

nece ssity of knowing the absolute density is done away with. 

The reference solution must, of course, be noted and the 

dial setting at which the instrument was balanced must be 

recorded. Then, provided the instrument gives reproducible 

readings, the kinetic readings can always be referred to 

the original standardisation curve. 

(ii) .[!p.ndardisation Met£9d .1· 

O.OOlM. solutions of potassium trioxalato and 

potassium dioxalatodiaquo chromiates were made up and a 

series of solutions having varying proportions of the two 
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Cr, and their densities measured. After ea ch reading the 

50/50 mixture was replaced in the test position and the 

standardisat i on checked. It was found that some drifting 

of this standard settins occurred for each rea.ding. The 

i nstrument we.s therefore restandardised after each reading. 

This standardisation on the centre of the dial prevents any 

irregul arities due to the mini mum or maximum values of p and 

any errors due to non-linearity of response are diminished. 

Three curves are shown in Fig. 30. The tempera-

ture was 4o°C. and the curves were obtained on three con-

secutive days. The lines are nearly parallel, but the 

density values vary considerably for each sta.ndardisation . 

Since the instrument was standardised each time on the same 

50/50 st2ndard mixture, this point at least should be common 

to · each graph. However, this was not the cas e and the 

instrument therefore varies from day to d~y even on a 

standard setting. 

(iv) £tandardis~ti~n Method 3. 

All the absorption cells were re-matched as 

described previously. One cell was filled ~ith distilled 

water, placed in the reference position , and labelled Ao. 

The test cell B was first fille d with lOO% 0.0005M. dioxal~te 

solution - design1:1.ted by B100; 0 , the dial set at 200 and the 

diaphragm a.djusted to g ive balance; this constituted the 

first sta.ndardisation. 

Solution BlOO/O was replaced by solution B90; 10 

representing 90% 0.0005M. dioxalate and 10% 0.0005M. tri-
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oxalate; the density of this solution was measured. This 

solution was followed by solutions Bgo/20 a nd B75/25' their 

densities also being measured and recorded. 

At this point the instrument was restandardised 

by leaving solution B75;25 in the test position and re­

placing reference solution Ao by A1, so chosen that balance 

was again obtained at a dial reading of 200 without the iris 

diaphragm being altered , From this setting, the densities 

of solutions B70; 30 , B6oj4o and B50150 were measured. At 

B50; 50 the instrument was again standardised on a dial 

reading of 200, a fresh solution A2 replacing A1 . The 

fourth and las t standardisation was done 'at B25/?5 ' 

The object of the frequent restandardisations was 

to use as small a portion of the resistance p as possible 

for the readings, thereby relying more on a set of standard 

solutions than on the instrument. 

For the calculation of results, the value of P + Q 

l.Yas recorded and its logar ithm taken as corresponding to an 

arbi tre.ry density, the total additive density being recorded 

after each standardisation. The graphs obtained from 

these results are shown in Fig . 31. Curve B is a repitition 

of A obtained a day later. Even with this method the 

curves are not coincident at the three standardisation points, 

although they must of nece ss ity agree at the first ree.ding, 

where D is made equal to zero in each case. 

This standardisation method, although better than 

the previous two methods, did not give sufficiently constant 
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results to be considered for kinetic work . 

3. DISCUSSION 
tzuo JL :0$4 

The principle of using two blocking-layer photo­

electric cells to measure the difference in light intensities 

f a lling on the photo-cells is sound . The circuit described 

by Brice (65) has been used in both standard and research 

colorimeters and i s capable of giving accurate results for 

small differences in i l lumination of the photo-cells. 

The instrument described was constructed because, 

as has been shown, the Beckman Spectrophotometer, 1..ri thout 

speci.?.l attachments, 1rfas unsuitable , and an instrument was 

needed that possessed high sensitivity at high chrome 

dilutions . 

The modifications made to the instrument were to 

enable continuous readings of solution densities to be made 

whilst reactions were in progress. This required an 

arrangement whereby the reaction was allowed to proceed in 

the actual absorption cell on wh ich ree.dings were taken . 

As the temperature of reaction must be mainte.ined at e. 

constant value , conditions 1>rere arranged so that the 

absorption cells were kept at constant temper2ture by 

immersion in a thermostatically controlled -vre.ter bath . 

It has been shown that the . tre.nsmission is given 

by T = R/R + p . R is fixed, but the value of p must be 

known for every setting at which a reading is recorded. An 

accurately and linearly wound potentiometer with extremely 
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good sliding contacts was unobtainable, but, provided the 

value of p can be determined for any setting, then any 

potentiometer 1-rill suffice . The most convenient v.ray of 

determining the value of p is to incorporate a ~heatstone 

Bridge into the circuit so that , after obtaining ba l ance 

with p, its exact value, including contact resistances, can 

be measured directly afterwards. 

The use of mercury switches for changing the 

circuit minimises any errors due to f aulty contacts and it 

i s hardly possible f or the erratic readings obtained dur ing 

standardisation to .be caused by f a.ult s in the l•riring and 

contacts . 

A possible source of inaccura cy is var iation 

occur ing in the resistances, especially p , due to heating 

effects . The 2 volt accumulator is only used in balancing 

the Wheatstone Bridge circuit; during balancing , especially 

at first 1.vhen the circuit i s far off balance, considerabl e 

currents may pass through the resis tances . These. current s , 

if pre sent , cause heating of the resistances thereby 

a l tering their v2lues . As is to be expected, for low 

va lues of p a shorter length of resistance wire is in 

circuit , and heating effects are likely to be greater over 

this short length of wire . It is probable that the in-

accuracies a lready mentioned for low values of p a.re partly 

due to this heating effect. 

It 1-vas unfortunate thB.t the photo-cells had to be 

p l aced in the I.J"ater bath . The glass windm.rs of the photo-

cell housing easily became dirtied, e..nd occasionally bubbles 
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formed on these windows. As the increased temperature 

was common to both photo-cells, the relative working of these 

cells is probabl y unaffected. However, the humidity effect 

is likely to be considerable and this might have affected 

the working of the cells . 

By placing the absorption cells direct l y in the 

water bath, they were maintained a.t constant temperature , 

but, here again, the ends of the ce l ls easily become dirtied 

and bubbles formed or trapped on these ends i nterfered. 

Some modifications that might make for improved 

working are as follows : 

The absorption cel l s coul d be made uith deta.che.bl e 

screw-on ends, to enable them to be cleaned easily, and the 

length of the tube encased in a brass jacket, through l•rhich 

water from the thermostat could be circul ated. The photo­

cells could then be mounted directly behind these brass­

jacketed absorption cells without having to be placed in 

the thermostat. Higher temperatures could then be used 

without the photo-cells being affect ed . 

A galvanometer of high s ens i tivity and low 

resistance ( 20 - 50 ohms) :·1ould be better sui ted to the 

c i rcuit; also, in order to comply with the requirements 

of the Brice circuit , a galvanometer with a low critical 

damping resistance of about 100 ohms should be used. This 

would enable the intensity of the l ight source to be in­

creased whilst still obtaining l ine8.ri ty of response . 

A bett er qual ity resietance in place of p mi ght 



. -127-

be a slight advantage. 

As has been shown, without improvement of the 

instrument, the standardisation metbods attempted do not 

yield results constant enough for any re liance to be placed 

on them for accurate kinetic work. Some of the modifica-

tions suggested could not be made as they require expensive 

and unobtainable equipment. 

E.4J~T III 

THE EVELYN PHOTOELECTRIC COLORHfETER 

1. INTRODUCTION 
- w . • ~ 

The Beckman Spectrophotometer and the Differential 

Photoelectric Absorptiometer have both been discussed and 

investigated in relCJ.tion to the stud~r of kinetics at lm-v 

chromium concentre.tions. The former instrument was found 

to be unsuitable for these studies , and the le.tter had to 

be rejected owing to unsatisfactory behaviour. 

It was decided that one of the most important 

aspects of Burley 1 s work ( 14) 1-vhich required further inves-

tigation, was the kinetics of the formation of the tri-

oxe.latochromiate ion. This then, being one of the main 

objects of t his work, wa.s more important than the continua.-

tion of construction and investigation of the previously 

mentioned photoe l ectric absorptiometer, especially without 

improved equipment. 
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A standard commercial model, the Evelyn Photo­

electric Colorimeter was therefore investigated with ~ view 

t.o using it for kinetic studies. This instrument is des­

cribed, together with the modifications in technique required 

for the study of kinetics, in this section. 

The Evelyn Colorimeter is a relatively simple 

instrument employing a single barrier-layer photoelectric 

cell in conjunction with a light source and optical filter. 

The instrument is described by its designer K.A. Evelyn (67). 

The bibliography of the colorimeter appee.rs to be concerned 

entirely with colorimetric determinations of a biochemical 

nature, and no mention is made of its use in kinetic studies. 

A diagrammatic representation of the instrument, 

together with the simple circuit, is shown in Fig. 32. A 

high capacity six volt accumulator sends a steady current 

through a small bulb B. The light from this bulb shines 

through an optical filter F, then through the sample solu­

tion contained in a tube 8, and finally impinges on the 

photo-cell P. This photo-cell is connected in a circuit of 

low resistance and prodLJ.ce.s e. current whose magnitude is 

accurately proportional to the intensity of the light beam; 

the proportionality only holds provided the intensity is 

low. By connecting a galvanometer in the circuit, the 

deflection produced is therefore directly proportional to 

the intensity of light falling on the photo-cell, 

The light intensity is directly controlled by 
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variable resistances in the battery circuit, the resistances 

being arranged so that one gives coarse and the other fine 

control. In genera.l the instrument is standardised bY 

placing a tube of 1...rater or solvent ( 11 blank11 ) in position and 

adjusting the intensity of the light source so that the 

ge.lvonometer deflection is 100 divisions. The 11 blank11 is 

reple.ced by the sample in a similar tube and the galvanometer 

deflBction recorded. The sample, being more optically 

dense thA.n the 11 blank11 , registers a smaller deflection than 

the 11 blank11 (lOO% transmission) and the deflection is 

recorded directly as percentage transmission. To express 

this transmission T, as optical density, D, the relationship: 

D = 2 - log T is used. 

This value of D cannot be used to calculate true 

extinction coefficients as the width of the tube is not 

1 em. a.s in the Beckman Spectrophotometer. However, this 

logar ithmic re lationship is s ufficient provided it be 

remembered that the value of D is relative and not absolute. 

All photo-cells or tubes are liable to suffer from 

fat igue, but this has little effect if the instrument is 

standardised on a known solution before each reading. 

However, if continuous readings are to be taken, the nature 

of the fatigue effects must be determined. This was done 

as follows : 

A tube ·filled with distilled water was placed in 

the holder; at zero time the colorimeter bulb was switched 

on, and the galvanometer deflection recorded. The bulb 
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was left lighted for nea.rly 200 minutes, and the galvanometer 

deflection noted at intervals throughout this period . The 

values of T given by the galvanometer were converted to 

density units (D) and plotted against the logarithm of the 

time : the result is given in Fig. 33. After about 65 

minutes the drift appears to stop, but rather erratic values 

are obtained. 

The effects described above may be due to three 

causes : 

(a) Unsteadiness of the battery voltage. 

(b) The warming up of the galvanometer. 

(c) Fatigue of the se l enium photo-cell. 

By standardisation of the instrument before each reading, 

effects (a) and (b) are eliminated as they e.re compensated 

for by increas ing the intensity of the light source . The 

time taken for a re8ding after the instrument has been 

standardised is short , and the fatigue effects are hardly 

noticeable over this small time period . As a check, several 

readings on t he solution are made, standardisation being 

repeated before each reading . In this way the effects of 

(c ) e.re almost entirely elimine.ted . 

2 • TECHNIQU.§ 

(a) General 

The reaction between potassium ~ dioxalato­

diaquochromiate and potassium oxalate to form the tri­

oxalatochromiate causes the optical density of the solution 
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to increase from that of the dioxalate to th~t of the 

trioxalate. The densities of reactants and product are 

fixed for each concentration and wavelength, and, having 

prepered both reactants and product in a pure state, solu-

tions of these salts can be used as standards. Potassium 

oxa.late, having no measurable optica l density in the region 

of 560 m~, does not effect the density readings. 

The accuracy of any kinetic measurements 1.Yill 

therefore depend on the sensitivity of the instrument in 

disting uishing between solutions of ~ dioxalate and tri­

oxala.te at equal chrome concentrations, and at a fixed 

wavelength. In any instrument, the difference in densities 

will be most marked for the more concentrated solutions, 

this difference becoming smaller with increasing dilution, 

until at zero concentration the values coincide. 

The maximum differences in densities are obtained 

at the wavelengths a.t which the maxima occur in the absorp­

tion curves. A v,ravelenD~ th of 560 mp, where both complexes 

sho'tv peaks, was chosen due to the greater sensitivity of 

selenium pho to-cells at this wavelength, The Evelyn 

colorimeter was provided with a set of filters covering a 

range from 4oo - 700 mM; a filter passing light peaking 565 

m)l v-ras chosen. The tra.nsmiss1on limits of this filter 

were recorded as 550 to 5S5 m~. 

(b) Galvol}.OIQ.et~ 

The galvanometer supplied with the Evelyn 

Colorimeter was that used in conjunction with the photo-
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electric absorptiometer previously described. The 

modifications and changes effected are described on page 106, 

and apply without change in this instance, as the galvanometer 

't'fas set up in an identical manner for both instruments . 

(c) Separate Reactions 

The method of removing a liquots for r eadings from 

a relatively large quantity of reaction mixture has certain 

disadvantages . Any errors made in prepaiing the solutions 

affect a ll subse quent readings and errors are likely to be 

accumulative . Also, the initial time of mixing is the same 

for all readings on that run and, for reactions taking about 

40 hours, readings must be taken about every 4 hours over 

lon~ periods . 

According ly it was decided to make every reading 

a separate rea.ction in itself; random errors are confined 

to one reading only, and each reaction may be started and 

arrested at individual convenient times. After the initial 

mixing of the reactants, the tube is stoppered and left to 

react for a certain period in the water- bath. The tube i~ 

not unstoppered again until the reading has been recorded 

and the contents discarded. By this method the reaction 

i s allowed to proceed with the minimum of interference . 

This method is iriconvenien t insofar a.s generally, only one 

kinetic run can be in progress at a time ; however, it was 

found possible to overlap the r uns by about 24 hours . 

This method may seem somewhat tedious, but it was 
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felt that it wa.s warranted by the elimination of certain 

errors, and improvement in the relia.bili ty of results. 

(d) standard~~t£_n of Tub~~ 

The cell holder of the Evelyn Colorimeter is 

built to accomodate 7 x 7 /~ 11 a.bsorpt ion test tubes. The 

tubes provided 1-1i th the instrument v.rere of a special grade 

marked 11 S11 , and were all of uniform diameter to 1.vi thin close 

tolerances. However, on comparison, not all the tubes had 

quite the same transmission, and they should therefore all 

be standerdised before use. 

Several dozen of the tubes \ll]"ere taken, any showing 

obvious visue.l defects such as scratches and flaws 11vere 

immediately discarded, the remainder were cleaned thoroughly 

by standing in warm chromic acid cleaning mixture for 24 hours. 

After washing and drying, each tube was filled ~-vi th 20 ml. 

of distilled water and stoppered. The colorimeter was 

switched on and allowed to settle down; with the absorption 

cell holder empty, and the 565 mM filter in place, the 

galvanometer spot was adjusted by altering the coarse and 

fine rheostats until it rested exactly on 50 on the s cale. 

This serves as a et2ndgrd centre setting and, throus hout 

the ste.ndard ise.ti on, the spot was kept adjusted to this 

position 1..riti1 the utmost care. After this setting, one of 

the prepared absorption cells containing water was placed in 

the cell holder. The tube 1vas s lowly rotated in the holder 

through one full revolution, and the position of greatest 
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stability of reading determined, At this position a 

mark was scratched on the lip .of the tube so that it co­

incided with a line drawn on the cell ho l der . The reading 

with the tube in this position was recorded , This was 

done for a l l the tubes and the mean reading recorded, Any 

tube whose reading differed by more than 0 .1% from the mean 

1-ra.s discarded . . All tubes, prior to being placed in the ce l l 

holder, were carefully wiped free from moisture on the 

outside and then polished 1~ri th a clean soft cloth . In 

all fut ure mea.surements , the tubes 1-rere placed in posit ion 

so that the tvm marks coincided, thereby having the same 

transmittancy to -vri thin narrow limits . 

3 . BEER 1 S LAW 

Bur l ey (14) showed that both the ~ dioxalato 

and trioxalato chromiates obey Beer 1 s La~ over a fairly 

vJ'ide concentration range . Measurements 1\rere carried out 

using the Beckman Spectrophotometer as a l so were the kinetic 

measurements. 

If standa.rdisa.tion graphs are to be dra.wn for the 

Evelyn Colorimeter, it must be known whether Beer ' s Law 

is obeyed, and over what concentration range , using this 

instrument with the 565 mM filter, 

Solutions of both £1§. dioxalato and trioxalato 

chromiates of from O. OOlM to o.oo6M were placed i n c l ean 

dry absorption tubes . A tube of distil led water, represent -

ing 100% transmission , was used as a blank and the ·a-t2er 
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tubes were compe.red against this. The optical densities of 

these solutions were calcul8ted from the transmission read­

ings and p lotted against the ·concentrations. From the 

graph in Fig . 31t, it is seen that good straight lines were 

obt ained for both solutions . This was checked by taking 

readings on the same solutions at 565 ffiJ.l on the Beckman 

Spectrophotometer; here lineeiity was also observed . 

(Bur ley' s grC~.phs 1..rere not obtained at a vlavelength of 565 mp) . 

Because of this linear response of the instrument , 

standardisation graphs can be drawn and , as is seen l ater , 

the percentage conversion to trioxalate can be calculated in 

spite of variations in the slope of the standardisation 

graphs. 

lt . STANDARDISATION GRAtlill . 

As has been shown, the change occurring during 

reaction i s measurable due to the change in optical density 

of the solution. The two extreme standard densities are 

those given by the cis dioxalate and trioxalate solutions, 

mixtures of these solutions having intermediate density 

values . 

Both the standard solutions obey Beer 1 s Law, and 

therefore, the resultant densities of mixtures of the two 

solutions p l otted against the percentage composition, should 

be a straight line. Such graphs , obtained at constant 

chromium concentrations , serve as s t andardisation graphs 

provided the readings obtained are reproducible . 
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Standardisation graphs were obtained a.t chromium 

concentrations of 0.005M and 0 . 003M. Considering the 

curves of 0.005M solutions, the procedure 1-vas as follmvs 

A series of absorption cells 1rr ere t e.ken t.nd varying 

amounts of 0.005M trioxalate and dioxa.late buretted in- to 

each. The finel volume in each tube remained constant 

(20.0 ml . ), and the amounts were arranged so that the tri­

oxalate con tent increased from O% to lOO%, whilst the di­

oxalate content decreased from lOO% to 0~, the chromium 

concentration of each mixture remaining constant at 0 . 005M . 

All burettings were me.de 1tvi th NPL grade A burettes in a 

constant tempereture room. 

The colorimeter was standardised at lOO% tran s­

mission ~rri th the tube of' pure £._is- dioxe.late in position. 

A reP..ding 1rras then taken on a tube containing 10% trioxala.te 

and 90% dioxalate; the next tube contained 20$ trioxe.la te and 

go% dioxalate, etc . , until the transmission of the final 

tube containing pure (100%) trioxalate was read ; the 

instrument was re- stP..ndardised between each of these readings. 

The tre.nsmission readings vrere converted to optical density 

values and plotted against the percentage composition . 

After about 12 hours, the procedure was repeated . 

Simil a.r readings were taken on a set of 0 . 003M 

solutions; the readings are recorded in Table A 19 of the 

Appendix and the graphs e.re shown in FigA . 35 (a) and (b). 

It is seen that good straight l ines were obtained, as 

expected in view of the e.greement with Beer 1 s Law. Hmvever, 
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on repitition, these graphs did not have identical slopes 

although every graph must pass through the origin, as this 

is the point on which the instrument 1.vas standardised . In 

the first case , the difference of slope between the lines 

A and Bin Fig. 35 (a) is small, but in Fig, 35 (b) , there 

is a considerable difference between the slopes of lines 

(a ) and (b) , This difference is most likely due to fatigue 

effects of the photo-cell, and that the light intensity versus 

current outpu.t relationsh~p for the photo- cell is not linear . 

In this case the l atter reason is probably the most signifi­

cant, as the method of standardising the instrument is to 

vary the light intensity. 

Therefore, instea.d of having a fixed standardisa­

tion curve for each concentrc:1.tion, the slope of the standardi­

sation curve must be known for each and every reading . It 

would be impossible to repeat the entire graph for every 

rea.ding taken but, s ince the gre.phs ha~ve been sho'tvn to be 

linear, only two points need be fixed in order to calculate 

the slope of the graph. standardisation is always carried 

out on one of these points (100% dioxalate), and the other 

point may be fixed by recording a reading taken on pure 

trioxalate solution after each kinetic reading , The 

procedure in taking a reading during a. kinetic run wi l l 

therefore be as follows : 

The instrument is standardised on pure c~~ 

dioxalate; the transmi ssion is set at 100%, giving an 

optical density r ea.ding of zero. This density is denoted 

by DD, The tube containing the reaction mixture is pl aced 
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in the holder a.nd its transmission ( TR) recorded; this is 

calculated in terms of optical density, DR· Finally the 

pure trioxalate is pla.ced in the holder, its transmission 

being TT , and its optical density DT. 

repeated for each kinetic reading. 

This procedure is 

The three values of D obtained are represented in 

the graph be lovJ 

1 
D 

DR - - - ... - ... ... - - -

DD o 
100 

r------x' ------~ 

100 % Trioxalate 
0 % ~ dioxalate 

The three points are joined by a straight line, 

since the previous standardisation gra.phs all give linear 

relationships . 

DD represents o% conversion to trioxalate 

II lOO% II II II 

II x% II II II 

Therefore ~ is given by 

x' = . . . . . . . . . . ( 5. 10) 

Hence, by taking one extra. reading, (DT), for 

each kinetic reading (DR) J x', the percent age conversion to 

trioxalate, can be calculated directly without having to 

obtain complete standardisation graphs. If the slope of 

the graph changes in between readings , then DT changes 
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proportionately end the correct value of x' is still obtained. 

The method of standardising on the two solutions 

representing pure reactants R.nd pure product is the most 

obvious one to use . Such e. 11 Transmittance-Rat io 11 technique 

has been described by Gridgeman (6~), and it has been used 

and mathematically analysed by several workers (53)(69). 

5. DISCUSSION 

The Evelyn Colorimeter is sensitive enough to 

distinguish between solutions of potassium trioxa.latochromiate 

and potassiu.m ~ dioxalatodia.quochromiate . The difference 

between the two readings depends on the wavelength used and 

the concentrations of the sol utions . By using one of the 

above solutions as a standard instead of water, a marked 

increase in sensitivity was obtained . The optimum wave-

length was found to be 565 ITl)l, and sufficient d i fferentiation 

between the densities of the two solutions, to enable kinetic 

readings to be taken , was obtained using concentrations of 

O. OOlM or higher. 

It v.rould appee.r therefore, that, using the mod if i­

cations in technique described, a.nd by use of the differen­

tial standardisation method, the Evelyn Co l orimeter is 

sufficiently sensitive and reliable to enable a study of the 

kinetics of the formation of the trioxalatochromiate ion to 

be made. 

SUMMARY 

In order to follovv up certain kinetic studies 
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involving the formation of the trioxalatochromiate ion from 

~ dioxalatodiaquochromiate and potassium oxalate, three 

instruments were investigated. 

The general principles of the Seckman Spectra-

photometer Model DU have been given and the reasons for 

its unsuitability in the present case discussed. 

The theory of a Differential Photoelectric 

Absorptiometer, together lvith details of it s expected per-

formance, design , construction, operat ion and standardisa-

tion, have been given. Results of attempted standardisations 

have been recorded, and the possible reasons for its f a ilure 

to give reproducible results are discussed. 

-A description of the principles and operation of 

the Evelyn Colorimeter i s given, together with modifications 

and techniques in operation and standardisation required, 

in t his case, for the kinetic studies. It appears that the 

kinetics under consideration can be sa.tisfactorily studied 

using this instrument. 
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1,!ll: _J\f]JJ~!lQ$ OF . TH~-_a~CTJ;QJ'L ,.B.ET1:JEEI1 _:e,Ql!.§..$1JJ11 

cis ·- D_I.Q);Aj.ATODIA~UOCHROMIA'J'J1..N .hllP POTA.§l?Il;_lM 

P.({ALATE . :r_:t-J__ AQ.UEO}JS_"""§QJ;;.U,TION 

I NTRODUCT ION 
------~ .... ..,. ·~ 

As he.s been shown in the previous chapter, the 

Evelyn Colorimeter is sufficient l y sens i tive for concentra­

tions as lou e.s • OOlM in chromi urn and, by the method of 

s tandardise.tion described, it \.vas used to follow the kinetics 

of the reaction between potas s ium s~~ d i oxalatodiaquochromiate 

and potassium oxalate . 

Burley (14) studied t his reaction and found it to 

be of the second ord.er . The rea ction is : 

.£1.§. dioxalatodiaquochromiate ion + oxe.late ion -7 trioxalato­
chr om i ate ion + 1-v at e r • . . . • . . . . • • ( 6 • 1) 

Let the initial concentrations of the reactants ill dioxalate 

and potassiurn oxalate be a and b respectively at time t ... 0. 

Let the concentration of the product be x at time t. 

For a second order reaction, the rate of reaction is propor-

t ione.l to the concentr.9.tions of the tuo molecular species : 

or 

dx 
crt 

dx 

(a-x)(b-x) 

= lc2(a-x)(b-x) ••.•..••.•• (6.2) 

= 

where k2 i s the velocity constant. 

Integre.tion being p erfor med by the method of p artial fractions , 

we h ave : 
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1 
a--.:.-b' 

1 
a ··_:-b 

[ 
( -dx f dx J 

) 

•--~v ... -; + V" 

2.-A b-A 
. . 

ln a x 
~---
b - X 

The boundary condition is x ~ 0 at t = 0, so that, 

1 
A e a - b 

1 
Whence a - .b 

ln a 
b 

• ln EJ.a -: 3) 
a(b x) 

Yh~n the two initial concentrations are made equal, i.e. 

a= b, then (6.2) becomes 

dx 2 dt' = k2(a - x) 

dx 
or ca.- x)'2 :t' k2dt 

on integration, 

1 
·ca -·xr = k2t + B 

at t ... 0, X ::s o, 

thus B 
1 = -a 

1 1 
k2t ""' (a - x) 

........... 
a and 

the dimensions of k2 being time-1 . concentration-1 . 

Rearrangement of equation (6.3) gives : 

( 6. 3) 

1 = 
a - x 

1 
a 

..J. 
1 ••.•.......• (6.4) 

On plotting 1/{a - x\ e,gainst t, the graph should 

be in the form of ~ straight line , the velocity constant 

being g iven by its slope . 
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When using the Evelyn Colorimeter, it is convenient 

to express the concentration x of reaction product as a 

percentage of the initia l concentration a. Thus if the 

percentage conversion to trioxa.late is represented by x 1 , 

equal to lOOx/a, equation (6.4) ce.n be put in the -form : 

1 
100 - x' 

1 
100 + 

k at 
· ~ .. -~ 
100 

and the slope of the plot of 1/{loo - x') against t is given 

by ka/100. 

Accordingly, 
100 • slope 

~ ........... (6.5) k = a 

where a is the initial concentration of 91~ dioxalato complex 

ion ancl pota.ssium oxalate, expressed as moles/litre, and t 

is measured in minutes. 

2. EXPERIMENTAL . ._ ...,._........_ .. ,..__. 

Two sets of kinetics were studied : one on equi-

molar mixtures of potassium ~ dioxalatodiaquochromiate and 

potassium oxalate at various concentra tions, and t.i1e other 

on a fixed eq uimolar concentration of the reactants, the 

ionic strength being v2ried by the addition of increasing 

quantities of potas sium nitra.te. 

( i) ~t_assium_ cis diqxala.toSLJ..?-..9..~lochromiate. The 

solid tr:.a}:tf?.. dioxalatodiaquochromia.te salt was used in · 

preference to the solid ~is isomer, as it was considered to 

be purer. 0.01, 0.00~, 0.006, 0.004, and 0.002 Molar solu-
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tiqns were prepared by weighing out the required amounts of 

the tra.~ <Salt , dissolving in distilled v-rater, and allo1:-1ing 

t o age to the ~ form. These solutions were used for the 

first kinetic series mentioned above. 

For the second kinetic series, a quantity of o.oo6 

Molar c~ dioxalatodiaquochromiate solution was prepared 

in the same manner . 

(ii) ~ota.§..SiUm ~riox<!l.ca_~g.9fg:_O]l1_i~?..,t~Et• 0.005, 0.004, 

0.003, 0 . 002, and 0.001 Mole~ solutions of this salt were 

prepared for the first series of kinetics, and a quantity of 

0,003M solution for the second series . 

(iii) ~~t~~~\~-Q~~lll~~~· Solutions of concentrations 

o.Ol, o . oo~, o . oo6 , o.oo4 and 0.002 Molar were prepared from 

A. R. potassium oxalate for the first kinetic series and sev­

eral flasks of o.oo6M solution for the second serie s. To 

each of these latter flasks vJ"ere added calcul ated qua·ntities 

of A.R. potass i um nitrate to increase the ionic streng ths . 

For the first kinetic serie s the ionic strengths 

obtained by mixing equimolar quantities of the cis dioxalate 

and potass i um oxalate sol utions were J~ = 0.1414, 0.1265, 

0.1095, 0.0~94 , and 0.0633. 

In the second kinetic series , the lowest ionic 

strength was tha t of equal quantities of o.oo6M soluiions of 

£t~ dioxa lato and potassium oxalate, ~ ~ 0.1095~ The 

quantities of potassiu~ nitrate added to the other flasks 

of potassium oxalate gave ionic strengths corresponding 

to Jp. = 0 .1916, o.24~o, 0.2936 , and 0.3333 vr.hen mixed with 
equal 
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amounts of o.oo6M ~ dioxalate. 

-The flasks containing the mixtures of potassium 

oxalate and nitrate were sterilized before being filled with 

the solutions, and when filled, t hey were kept in a refrigera-

tor. This was to prevent the growth of bacteria which was 

observed when the solutions were kept at room temperature. 

Before kinetic runs, aliquots of these cold solutions were 

removed, a llowed to attain the controlled temperature of the 

room (22,2°0.) and then 10 ml. po~tions were p ipetted into 

the tubes in the usu~l manner, 

The potassium oxale.te used was :found to be not less 

than 99. El% pure, as indice.ted by titration against potass ium 

perma.nganate standardised directly with A.H. sodium oxe.late. 

Optical density measurements 1rrere made on solutions 

of pota.ssium oxalate and nitrate of the concentrE>.tions used, 

and it was found that these solutions had no measurable density 

at 565 mJl. 

The chromium solutions used were very stable as 

was shown by repeating some transmission readings after they 

had stood for several months - the readings were in agreement. 

For a complete kinetic run, the following procedure 

'IIvas adopted : 

To eleven matched absorption tubes were added 

exactly 10.0 ml, of a ci_§. dioxalate solution of double the 

required concentration, and 20 ml. of trioxalate solution of 

the required concentration was added to a twelfth tube. 



10,0 ml, aliquots of potassium oxalate solution of the same 

concentration as the ~i.s_ dioxalate solution, uere added to 

ten boiling tubes; to a.n eleventh tube was added 10,0 ml, of 

distilled water, 

storage and pipetting were done in a constant 

temperature room (22.2°0.), the same NPL Grade A pipette 

being used throughout and full drainage time vvas e.llowed for 

in each case. 

The tubes were tightly stoppered and all, except the 

one containing trioxa.late, suspended in the water bath e.nd 

given e.t least an hour in 1.vh ich to attain the working tempera­

ture. 

The contents of a tube containing dioxe.l2.te and 

those of the tube containing distilled water were first mixed; 

the absorption tube containing this mixture was the one used 

for standardisation of the instrument, the contents of this 

t ube after mixing, being of the same concentr~tion as the 

trioxalate. The other tubes conte.ining .£}...§. o.ioxalate were 

mixed vJith the potassium oxe.la.te solutions in the same v.ray, 

and the time at which mixing occurred was recorded, The 

absorption tubes, now containing 20 ml. of reaction mixture, 

were immedie.tely replaced in the water bath a.nd allowed to 

react a.t the working tempera.ture. Each tube was immersed 

right up to the stopper, as it was found that condensation 

occurred on the inside walls of the tubes projecting above 

the level of the water in the bath; this condensation caused 

concentration changes which led to erratic results. If the 

tubes were not completely clean inside, condensation occurred 
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in spite of full immersion of the tubes, 

After a suitable period had elapsed , a tube was 

removed and cooled in cold water, the time being recorded. 

After cooling, tho outside of the tube was immediately dried 

and polished and its transmittancy measured. 

For this mee.suroment the instrument was standard­

ised on lOO% transmission with the tube of ~ diox~late in 

place; the reading of the reaction mixture was then recorded 

and D.lso that of the trioxa.late solution. These readings 

were repeated at least three times, the ci~ dioxal ate solut­

ion being used to standardise the instrument each time, 

-and the mean of the readings was recorded. Tho densities 

of the reaction mixture and tho trioxa late , % and DT 

respectively were calculated (D _ 2- log %T), and the 

percentage conversion to trioxalate, x 1 , cal cul ated as 

previously described . Tho values of 1/ (100 - x 1 ) were 

plotted against time, t . 

The second order curves for the first sot of 

kinetics with no potas sium nitrate added ; are shm.-vn in 

Figs. 36 to 4o. A set of five concentrations were used 

for each of five different temperatures; the readings are 

recorded in Tabl es A 20 to A 24 of the Appendix, Hhere tho 

first table, A 20 shows in full the transmission readings 

taken , while the following tables give the calculated 

densities only . 

As is seen later (Fig. 45) , this first s~ri0s of 

kinetics gave results in disagreement "lvith Burley's . As 

a check that the method and instrument were not the cause of 
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these results, a fresh series of kinetics were carried out 

and, e.s described above, potassiLlJTI nitrate lrP.S used to increase 

the ionic strength. It was still possible to work _t ionic 

strengths some·Hl'lat lower than those of 3url ey, and the 

results F.re sho-vm in Figs , l!-1 to 4-4 , and Tabl es A25 to A2S . 

Here resultc agreeins with Burley 1 s u ere obtained , The t1.-vo 

sets of results are discussed in l ater sections . 

The 1va.ter bath tempere.ture was read at intervals 

throughout the runs , and the mean value recorded . The ther -

mometer used was one recently ste_no.e.rdised s.t the Ne..tion£'.1 

Physical Lebor atory , Pretoria; corrections were to within 

o. o2°C, e.nd. tem:._-Jera ture s 1.vere rea.c1 to o. o2°C e.lso . 

The ionic strencths were calculated from the 

1 ~ 2 . de f inition : fl = -2-L CZ , 'l.vhere C is the concentratJ.on of 

an ion of charge Z. 

The gre.phs in Figs, 36 to 4-4- show t hat e. relation-

ship of the predicted linoa.r form oxists , and that the re-

action studied uas one of the second order. The reaction rate 

decreases with decreasing concentration ; and at higher values 

of ::-:' the noints shor-r some s ce.tter due to t he c:.ecrease in the 

difference DT - DR. The best lines are seen to be those at 

the higher concentrations end lower temperatures. 

For each line the value of the velocit~ constant 

k Fe.s ce.lculated using the eque.tion : 

1 t -1 - 1 i res . moles . sees . 
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The values of k and log101c at each ionic strength and at 

ee.ch temperature a.re recorded in Ta.-oles A29 and A30 of the 

Appendix. 

A bimolecular reaction follows the scheme : 

A -r B X ~ PrOQUcts • . .. , . . .. , .( 6.6) 

\fhere A and :S c>Xe the reactants ; X represents the 3r¢nsted 

concept of e. cr it icc>,l collision coiilpl ex of great instability , 

uhose che.rge , Zx, should equal the ?-l g ebrc>.ic sum of the 

charges on the reactants : i . e . Zx ~ ZA + ZB . 

Br¢nsted and Livingston (70) h?.ve shm-Tn that the 

kinetic velocity constRnt , k, is not a true constant , but is 

a function of the total salt concentrat ion : 

k = k0 • fA f 5 j fx •.•... . .. . ..... . .. . (6 . 7) 

fA' fB and fx denoting the c:-.ctivity coefficients of A, B and 

X respectively , Thus lc varies proport iona.tely to the 

11 lcinetic activity factor 11 , fAfB/fx. 

According to the Debye-HUckel theory , the a.ctivity 

coefficient, f , of a given ion may be calculated from the 

relation : 

- ln f .. . (6 . 8) 

1"here z is the va.lence of the ion u.ncler consideration 

}l i s tho ionic strength 

lJ i s Avogadro 1 s number 

' i s 
~ 

the electronic charge 

D i s t he dielectric consta.nt of the medium 

R i s the ge.s constant 

T is the absolute tempcre.ture. 

. ' . 
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The factor in parenthesis contains universal constants only 

and may oe denoted by tho symbo l A. 

E~u~tion (6,7) may thus be written i n the 

folloHing formJ knmvn as the ::3r¢nsted- Bjerrum equation 

= ..... (6.9) 

Since the term 2A/2 . 303 has ~ val ue of about unity at 25°C J 

the -olot of log10 k versus !fi should give a straight line 

of slope very nea.r ly equal to ZAZB and intercept log10 k0 , 

k
0 

being the ve lue of the ve locity constRnt at zero ionic 

strength. The linee.r re l ationship should ho l d provided 

the solutions used obey the conditions of the Debye-HUckel 

theory. 

The upper lim1 t to the va.lue of fl for l'lhich this 

rele.tionship still holds variee considere.bly 1-vith the type 

of reaction taking place . Livingston (71) has considered 

the data of five available reactions) and found agreement 

to values of J/;..- = 0 . 2J but at highe r ionic s trengths , 

departure~ from linearity were noted . He points out that 

satisfactory agreement is a lso found in certain cases with 

values of jp as high as 0 . 1+5 to 0.55, rt has been found 

that in reactions where the intermediate complo~ is 2 neutral 

mo lecule J ti1e theory m2.y be ?..pplied to rec.ctions occurring 

in much more concentreted solutions (72). 

Equation (6, 9) h2s been applied to the data 

obtained from the t w·o sets of kinetic studies described . 

Log10 lc has be en plotted againet ,/p, as shmvn in Figs. 45 

and 46 . The former figure refers to the kinetic data with 
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no potassium nitrate added and the latter one is for the 

series in which potassium nitrate was used to vary the ionic 

strength . 

The value of the constant A in equation (6.9) is 

1.237 at 50°0 usinG a value of 69.94 for D, the dielectric 

const :-.nt of the medium (73) . 

The Br¢nsted- Bjerrum equa.tion at 50°0 is therefore 

= •.... ( 6 .10) 

Thus in the plot of log10 k versus Jp, the s l ope should be 

very near to unity if, a.s 5urley fo!..mo., the product of the 

charges ZAZB is unity . 

Fig , 45 shows the plot for the series in which 

ionic strength 1-vas varied by va.rying the chromium con centra-

tion only . A dotted line of unit slope he.s been dre.1.vn 

through the three points a.t the highest chromium concentra-

t ions. Even if these experimental points are considered 

to be reasonably close to the theoretical l ine , it is 

evi dent that the remaining observations at lower ionic 

strengths ap~)arently fo llou a different le.w. 

On the other hand Fig . 46 , which refer s to the 

series in which the chrome concentration was maintained 

constant e.t 0. 003M., and the ionic strenc;th varieo. by means 

of potass ium ni tr8.te , sholi"s the.t the Br¢nsted-Bjerrum 

equation ie obeyed over the whole range, the product of the 

ionic charse s !)e ing unity_, This result is in agreement 

vith 3urley 1 s observe.tions made at higher ionic stren~ths 

a.nd ernplo~·ing a somevha.t different technique. 
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It is apparent, both from the earlier work of 

Burley and from the results obtained in the present work, 
.. 

tha.t when the chromium concentration is ltept constant and 

the ionic strength is varied i'li th a neutral se.l t, the Br¢nsted­

Bjerrum eque.t ion is applicable, a.no. the reaction appears to be 

of the type : 

as indicated by the fact that the product ZAZB is t 1. 

This seems to indicate that the rate-determining 

step in the reaction is the reaction between the binoxalate 

ion [(C00)2H)- and the dioxalatodiaquochromiate ion 

[ Cr ( C204) 2 ( H20) 2)- as originally :postulated by Burley. The 

present data obtained at lower ionic strengths than those 

employed by Burley, shm'l the.t the slope of the expected order 

of unity is not fortuitous, 

On this view the non-linear relationship obtained 

at high dilutions when the chromium concentration is not 

maintained constant is s omewhat disconcerting, since there is 

no obvious reason why this should be so in terms of the 

Debye-Huckel theory of Primary Salt Effect, Certain simpli-

fying assumptions have been made however, one of the most 

important being that the appropriate ionic strensth to be 

used in the Br¢nsted-Bjerrum equation is the initial ionic 

strength. If we assume that the principal reaction is 

between dioxalate ion~ and b inoxala te ions, the ionic strength 

1.vill vary with time according to the formula : 
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).J. = 2a(2 + x 1 ) • e •• I • • • · • • t • f • e ( 6. 11) 

\I here a i s the initial concentration of reactants, and x' 

is the degree of completion of the r eaction a.t any time t. 

However if this increase in ionic strength during 

reaction is to be considered s i gnificant , then the effect 

should be noticeable in the second order curves : the slope 

woul~ increase with time. All the graphs are linear however, 

a.nd it is apparent that any changes in ionic strength that 

might occur are not sufficient to affect the apparent order 

of the overall reaction over the range of ionic strengths 

and temperatures used. 

Another possibility i s that the reaction is actually 

one of the third order involving hydrogen ions. The concen-

tration of these ions compared 'l.vith those of the reactants 

would normally be small a t moderate chromium concentration , . 

and hence the effect on the second order curves ~o.rould not be 

noticeable . Nevertheless it is conceivable that at high 

dilutions the hydrogen ions 1vould have sufficient influence 

on the relation between log10 k and /V: to ca.use the l oss of 

linearity seen in Fig , ~5 . 

This follows from the fact that the hydrogen ion 

concentre.tion of the reacting mixture depends on the ionic 

dissociation of the reactants, and hence on the dilution of 

the solutions. It has been shown that the ion that appears 

to react 1rJith the ili dioxalatodiaquochromiate ion is the 

half-neutralised oxalate ion or binoxalate ion [(C00)2H]­

the quantity of this ion present in solution will depend 

on the pH, oxe.late ions being present in greater amount as 
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the pH increases. 

Considering the equilibria : 

+ + K2 [ 1 H ~_: COO~ COOH -

A-x-B h B 

and 

D A-x-D h 

Where A is initial concentration of oxale.te 

B is concentration of binoxalate 

D is concentration of dioxalate 

X is concentration of trioxalate formed. 

then 
(A=x-B l.,h (A-x-D~h 

K2 = and Kl ""' 
a:c;: . • • 

B D 

B = 
(A-x)h 

D 
(A-x)h 

. . .... w ... ........-...-

K2 + h K1 + h 

For a second order reaction the reaction velocity is given 

by : 

dx - = ko B.D. 
dt 

Where k0 is the true velocity constant. 

Now 
B 
D' = 

D ~ 

BD :: 

Kl + h 

K2 + h 

K2 + h . 
Kl 4 h 

2 
(A - x) , 

B. 

h2 _.......,.... __________ ~-
( K l + h) ( K2 + h) 
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Here A corresponds to the initial concentration of 

reactant a in equation (6.3), so we may write :· 

kt 1 1 

A- X A 

and this is derived for a bimolecular reaction assuming that 

the initial concentration of the two reactants are equal 

i.e. 

It is 

k is related to 

BD, 

or 

dx 
crt = 2 k(A - x) 

clear therefore, that this 

the true velocity constant 

ko 
(K2 + h) (Kl t 

= ~ ...... ~......-= -z · h 

velocity constant 

ko by a factor 

h) 
k •• 0 •• ( 6. 12) 

A being maintained constant. h is presumed constant if it 

is assumed tha.t dh/d t is relatively small, vJ'hich should be 

the case since the systom is relatively well buffered, 

although s t rictly speaking, the activity coefficients must 

also oe taken into account. 

The relation between the observed k 1 s at different 

values of A might therefore be a function of dissociation as 

reflected by the difference in the initial hydrogen ion con­

centration. This possibility is shown in Fig. 4·5, ~rhere it is 

observed that at the higher chrome concentrations, the effect 

on the slopes is very much l0ss than at the low concentrat-

ions where the slope changes rapidly, 

Considering Fig. 46, in which the data from the 

second kinetic series have been plotted, little deviation 

fr om a slope of unity is apparent and the Br¢nsted'-Bjcrrum 



relationship is followed. In this case) as the concentra­

tion of the solutions is slightly higher) the dissociation 

effects are likely to be less noticeable and since the 

initial concentration of the reactants is conste.nt through­

out) any deviations due to diluti~n will equally affect all 

readings. By having considerable quantities of potassium 

nitrate present in solution) any changes in ionic s trength 

and dissociation are rendered less noticeable. 

The possibility that the results obtained are due 

partly to the secondary salt effect follows from the above 

considerations. In both the prime.ry and secondary salt 

effects) tho added electrolyte influences one or more of the 

factors in terms of \·Thich thermodynamic equilibrium is 

defined. In the case of the secondary salt effect) it is 

the equilibrium betvreen one of the reactants and a third 

component) usually a constituent of a woak electrolyte) which 

is affected. This would be expected to have an effect in' the 

second kinetic series) because the activity coefficients of 

the reactants decrease with the addition of neutra.l salts 

and the hydrogen ion concentration would therefore increase. 

However) it is this series of kinetics that gave the expected 

straight lines, and the secondary salt effect ca n be con­

sidered to exert little influenc e on tho reacti ~n with the 

neutral salt added. 

Dobye and Br¢nsted have extended the Br¢nsted­

Bjcrrum equation (6.9) for use a t higher ionic strengths 
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~~z_B.JF. -
1 + ~B,{M 

ln K0 - Cp . . ...... ( 6 .·13) 

where A and B are constants depending on the temperature 

e.nd the dielectric constant of the medium at that temperature 

and a is the mean distance of closest approach of the ions 

in the solution; Kobs and K0 are the observed velocity 

constants and those at zero ionic strength respectively . 

This equation was applied to the data obtained in the kinetic 
0 _g 4 sto.dies. The value of a vvas taken as 3 x 10 em. · (7 ) and 

the constants A and B have ~)een calculated at various tempera­

tures (75) . The value of ¢ , representing the second term in 

equation (6 . 13) was found to be small (o.o6 to 0 .03) and the 

plot of log10 Kobs - ¢/2.303 against p gave a r esul t little 

diffe~ent from the graphs shown in Fig . 45. 

It appears then , that the range of ionic strengths 

over which the kinetics were conducted were within tho limits 

of the Debye-H~ckel relationship as the extended form of the 

equation for more concentrated solutions made very little 

difference. 

The effects not i ced in these kinetic studies arc 

unliltcly to be duo to departure from the Debye- HUckel theory 

at the higher concentrations, as the results obtained in 

those regions are those that conform to the theory; 

While it is evident that in the presence of 

potc.ssium nitrate the S0condary Salt Effect has negligible 

influence, the departure from tho relationship predicted on 

the 3r¢nstod-Bjcrrum theory in the absence of neutral salts 
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indicates that the reaction is sensitive to ionic dissocia-

tion of the reactants. The phenomenon is thus analagous 

to acid base ·catalysis. Since it \vould be impossible to 

maintain the pH constant by the addition of buffer salts 

(which might react with the chromium complex), a quantitative 

study of the kinetics of the reaction in the presence of an 

excess of mineral acid would be of interest. 

!he Arrhenius Equation 

The variation with temperature of the velocity 

constant for a thermal reaction occurring in solution may be 

expressed by the Arrhenius equation 

k = Ae~EA/RT 

or loglO k = log10 A- EA/(2 . 303RT) ... . ... . .. (6 .14) 

EA is the 11 Experimental Activation Energy11 of the reaction 

and A is a constant (depending on steric and other factors) 

knmvn as the 11 Frequency Factor 11 • T is the absolute tempera-

ture and R is the Gas Constant. 

To test the applicability of this equation, the 

values of ~log10 k were plotted against 1/T for the second 

kinetic series. The values of -log10k
0

, k
0 

being the 

value of the velocity consta nt at zero ionic strength , wore 

obtained by extrapolation from the lines in Fig. 46, and are 

recorded in Table A30 of the Appendix . Tho gra.pbs obtained 

a.t each ionic strength e.re shmo~n in Fig. 4 7. 

Agreement with the Arrhenius equation appears 

reasonable if the points corresponding to the higher tempera-. 
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ture are ignored. The appropriate values for the critical ' 

increment EA and for the temperature independent factor A 

of the Arrhenius equation have been derived graphically from 

the data for the three lmver t emperatures and e.re sho\-.rn in 

Table III below for each value of ionic strength . 

TABLE III 

Values of EA and A at different ionic strengths 

-

Jp. EA cals. mole- 1 . log10A A 
-~ ~ --~ 

0 . 2.62 X 104 14.S4 6.92 X 1014 

.1095 2.65 II 15.20 15.S5 II 

.1916 2. 5S II 14.73 5-37 II 

.24So 2. 59 II 14.90 7.94 II 

.2936 2. 52 II ll+.l+l 2 . 57 II 

.3333 2. 59 II ll+.9S 9 .55 II 

~ ~~~ 

The values for -[fi = 0 have been obtained from the 

corresponding l og10k 0 values derived from Fig . 46. The 

extent to which these data are subject to purely graphical 

errors may be gauged f rom the corresponding .values of EA 

and A calcul ated for JP = 0 by the method of least squares 

utilising only the three lower temperatures . These values 

were found to be 26,571 cals. mole- 1 and 11 . 92 x 1014 res-

pectively, whi ch should be compared -vrith the figures given 

forJM = 0 in T~ble III above . For tho same reaction Burley 

(14) found EA ~ 30,300 cals. molc-1 and A = 6.3 x 1021 , also 
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w 
using graphical methods and assuming a linear relationship. 

The relative independence of A with temperature 

is indicated by the data in Table IV, where the derived 

values at different ionic strengths are tabulated for each 

individual temperature, using the corresponding EA values 

calculated from Fig.47. 
TABLE IV 

Values of A at different ionic strengths and temperatures 

JU 44.42°0. 49.17°0. 0 53.07 c. 57.42°0. 

0 6~ 56x1o14 6.92x1o14 6.76x1o14 5.37x1o14 

.1095 13.27 11 15.42 II 13.71 II 11.27 II 

.1916 5.S2 II 5.57 II 5.35 It 4.56 11 

.24So 7.10 It 7.14 II 6.9S ll 5.92 II 

.2936 2.92 11 2.53 II 2.65 II 2.19 II 

·3333 - 8.99 11 9.10 II 7.41 II 

Since it is probable that the curvature observed 

in Fig. 47 if the higher temperature data are also taken 

into account is real, it would seem that except for purely 

empirical purposes limited to the temperature range 44 -

54°0., no real significance can be attached to the values 

recorded above, except insofar as they might pe regarded as 

maximum values which the 11 true 11 parameters of tho Arrhenius 

equa tion do not exceed. 

' It seems possi~lo that the results recorded by Burley for 
A are about 10 too high evidently through a computational 
error from his data in Fig. 32 (14), ' And tho value of 
2 x lol7 was calculated by the present ,.,riter. 
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If the data for the highest tempera.ture are also 

included for the P~1)0se of extrapolation, then a closer 

approach to the 11 true 11 values might reasonably be expected 

since the slope of the best straight line through a.ll four 

points more nearly e.pproaches the limiting slope of the 

curve as ljT ~ 0. 

By applying the method of least squares to all 

four points in Fig. 47 (p = 0), and still assuming that to 

a first approximation the Arrhenius equation is valid, the 

following relationship is obtained : 

= 12.7325- 5055/T ....... 
The standard deviations of the intercept and slope 

in the above equation arc ± 0.1551 and t 477.2 respectively, 

and if these limits are assumed (corresponding to a probability I 
of about 6o% of including the 11 true 11 value between the f 4.ducial 

limits set, for t1.vo degrees of freedom), the value of EA may 

be taken to lie between 23,133 ± 1,7~2 cals. mole-1 and of A 

between 3.7~ x 1012 and 7.71 x 1012, with a most probable 

value of 5.40 x 1ol2 . 

It will be noted that these values are considerably 

less than those previously calculated (or those derived by 

Burley), and tho discrepancy indicates the large uncertainty 

introduced according to whether or not the data at the 

highest temperature arc used in the calculations. Since on 

the assumption that the Arrhenius equation is valid there is 

no justification for omitting the data corresponding to the 

higher tempore.ture, the revised figures quoted above seem 



more appropriate to the pres ent case and are used below i n 

comparing the observed specific reaction rate at p = o 

with t h e value calcula ted from theoretical considerations 

based on the Kinetic Theory of collisions between activated 

molecules . 

Th e experimental factor e-EA/RT in the Arrhenius 

equation may be rege.r~ed cS.s a measure of the probability of 

.the occurence of the activated state , or of the f raction of 

the total number of molecules that possess the neceseary 

activation energy to enable them to react. 

The number of molecules that posse s s sufficient 

energy for reaction will dcpond on the collision frequency 

or collision number Z
0

• Assuming that all act i vated collis-

ions c; ive rise to reaction, 1.re me.y vvrite : 

k = ••··· ... . ..... (6 . 16) 

If for steric or other reasons every collision 

between activated molecules does not result in reaction , 

t his rele..t i onship HoLJ.ld be furth-:;r modified by e. factor p, 

called tile 11 steric11 fa.ctor . Th~J.s 

k = •······· . .. . • (6.17) 

The collision frequency, or collision number 

Zo , is _:;iven by the Kinetic Theory equation 

2 

[ g1TRT 

1 

ITo CJ 1 ~ } 1 2 
z = (_ + . . ( 6.18) 

0 l.OOo' 1,2 Ml M2 

o:thich is for gas reactions but may be applied to reactions 

in solution . 
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Substituting this value of Z0 in equation (6.17) 

and taking k ~ 1.202 x lo-3 at 50°0., the calculated value 

for P is 72.9, taking EA to be the value calculated by 

least squares from the whole of the data (Table A 30), 

namely 23,133 cals/mole. 

If on the other hand the data for the highest 

temperature is excluded, on the grounds that this po~nt 

introduces a non linear relationship into the Arrhenius 

plot, the value of EA would be 26,571 cals/mole and the 

corresponding value of P about 1.4 x 104• 

In either case it would appear that more molecules 

are activated than can be accounted for by collisions , an 

observation which is not uncommon in the case of ionic re-

actions in solution (77, 7S). 

If the energy may be distributed among s harmonic 

oscillators, application of the Ma~vell-Boltzmann law shows 

that the bimolecular velocity constant 1-ri th concentrations 

expressed in terms of moles/litre is given by : (S2 ) 

= z o-E/RT l- ~J- s-1_1_ 
0 • RT ( s-1)! 

where Z0 , tho collision number is given by equation (6.1S) 

and s represents tho total number of degrees of fre edom 

(translational, rotational and vibrational) among which the 

energy in the activated molecule may be distributed. Since 

one translational degree of freedom ·may be identified with 

vibration along the axis of the bond between the reactants, 

( s-1) may be replaced by F, the 11 interna P degrees of 
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~ F 
-E/RT [ E I 1 

Zoe RT F! 

..fT e -E/RT [ !_.1 F 1 
Zo RT F! 

.......... (6.19) 

(6.2o) 

By taking logarithms and differentiating with respect to 

T, assuming E to be independent of tempera-ture 

d ln ko 1 . E i_F-?) 
: 

RT2 -
dT T 

whence it follows that 

........... (6.21) 

Here it must be pointed out that equation (6.19) 

is an approximation; it can be shown that the full expression 

for the value of E as given by (6.21) may be expressed by : 

E ::: 

~F [ E ]i 
. 0 ITT' 

EA-t RT t -cr~-[ E]i 

~o I ! RT' 

• RT 

Taking the simpler relation (6.21) in order to obtain the 

value of E for substitution in equation (6.20), F corres­

ponding to P • 73 is calculated to be 1 and for P = 1.4 x 

1o4
J Fa 3 (at 50°C). 

In vimv of the evident curvature of the graph 

in Fig. 47, these values must be regexded as very approxi­

mate and it vtould be umvise at this stage to attempt an 

interpretation in physical terms. It would be more 



satisfactory if such a course is intended, to find an expr-

ession based on theoretical considerations, which would 

permit the data to be fitted more accurately than can be 

done on the assumption that Fig, 47 represents a linear 

relationship bet1.veen EA and 1/T. T : .~ is is attempt-ed in 

the follm•ring sect ion. 

Qu.a§..i. T.h~r:'IT1.9.dX..n~a,.JilJ~c.~Jt!...§.i!hQ.9-~AQ:Q._l i~E3~4. _t.o ... ~t..h.e __ J\ ine tic_ D a t_q_ 

An alternative approach to the data represented 

in Fig, 47 is to as sum~ that the Arrhenius plot is not 

nece sse.rily linear . For tt'L~.r.s ibl.e. react ions in equilibrium 

the Van 1 t Hoff isochore 

.. .......•... ...... (6,22) 

may be applied, c:nd 1-Thich on integration is of the same 

form as the.t g iven by Arrhenius, (6.14). In equation (6.22) 

K is a n equilibrium constant and ~H0 corresponds to the 

critical increment EA as given by the slope of the Arrhen­

ius plot. This rcla tionship follm•rs from the definition 

of tho thor~odynamic quantities, namely the chango in the 

Gibbs freo onorgy of the system~F0 , the cor~esponding 

change in entropy .68°, and the chs.nge in heat content b.H0 , 

e.ll tho so quanti tics rElfcrring to some e.rbi trary standard 

state . The const e.nt K is an equilibrium constaht and not 

a velocity constent, a lthough as will bo shown later 1 it is 

possible to rele.te the rate constant of a kirietic reaction 

to a n 11 oquilibrium11 constant representing a hypothetical 

equilibrium 1x;t i·roen activat ed c?.nd normal molecules, the so. 



called 11 stationary stato 11 • 

Now in deriving tho Arrhenius equation from the 

Van 1 t Hoff isochoro by integration with respect to T, the 

imp lie it assumption is made the:. t .6. H0 is a constant and 

docs not vary -vrith T. Since for a solution at constant 

pressure d~H0/dT is in fact tho chango in specific heat of 

tho system (Kirchoff's Equation), tho implication is that 

In other words, the heat capacity of tho re-

actants does not differ from that of the products. If 

b. CP is a constant, it is easy to shovr that : 

d ln K A C = -+-
dT T2 T 

\rhero A Md C are constants. 

Tho integrated form of the Ve.n 1 t Hoff isochore 

therefore is : 

ln K ~ -~ + C ln T + B .......... 
RT R R 

Accordingly lve should ox-poet some curv8.turo to be intro-

duced by tho term CjR ln T. For computational purposes, 

i. e. in order to derive an equation of this form from the 

data, it is more convenient to express (6.23) in tho form 

- RT ln K ~ A - BT - CT ln T •••••• 4 (6.24) 

Before those equations can be applied to the present case 

with any theoret ical justification, it is necessary to 

relate the equilibrium constant K, , .. rhich refers to a 

reversible system , to the specific reaction rate k
0

, i·vhich 
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applies to a non-reversible system. Fortunately on the 

stationary state hypothesis as developed in the theory of 

Absolute Reaction Rates based on Statistical Mechanics, it 

has been shown (79) that 

~ 
K = 

1 
K 

k 0 h 

k T 
.............. (6.25) 

"" where K~ is the hypothetical equilibrium constant previously 

referred to, K is the transmission coefficient (normally 

considered to be unity) and K and bare Boltzmannrs and 

Planck's constants respectively. 

Using this theoretical relationship, the 

"* equilibrium constant K wa.s calculated from the extra.polated 

k
0 

values for each temperatury at p = 0 and the correspond-
.... 

ing values of -RT ln K'"" thus obtained. These values are 

recorded in Table A 31 of the Appendix and plotted in Fig, 

4S. 

The author is indebted to Dr. G. E. Cunningham 

for fitting an equation of the form given by (6.24) to the 

d ata _in Table A 31 by the method of least squares. This 

empirical equation (6.26) was employed to calculate the 

data shown in Table A 32 of ~he Appendix, represented by 

the full line in Fig . 4S. Tho equation in full is : 

It is seen that the slope of the line decreases 

with temperature until P.t a value of about 329°K, the curve 

roaches a maximum. 
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J:'he entropy o-...· activation L~S is a function of 

temperature e.nd its value at any te1~1perature is given by 

the slope of the curve i n Fig. 4~ . It is of interest at 

this sta3e to calculate the values of the free energy 
~ ~ 

of activation 6F· , change in heat content 6H*, and entropy 

"' of acti va tio!l 6-S~,, for the reaction a.t various tern~) era tures 

using the quasi- thermodynamic method . Now from Kirchoff's 

equation : 

= b,Cp 

+ 6-CpT 

From the Van 1 t Hoff isochoro , which follons 

directly from the definitions of the thcrmodynBmic quantities 

and the Globs- Helmholtz relatiO'nship oct·hroon thorn : 

cl ln K ~H R --~ = ~ dT T 
..... .. .... ...... .. . (6.27) 

- 6~ -
T-2· T 

:. R ln K - -b. liE. .!-. . ~Cp ln T + B 
T 

- R? ln K = !), Hg - BT - 6. Cp T 1 n T . • • . ( 6 • 2 S ) 

T ~:~ ;.; e.bovo equation may ~)e compared to equation 

( 6. 26) and t he ve.luos of the thormoa_y ne.mic quanti t io s 

obtained as shm·m ba lm-: . 
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Equation (6,26) may be 1-Tritten as : 

Now 

- RT ln K = A -BT + CT log10T 

0 
A = 6H 0 

6. H~t ::. 

6F~ = 
:: 

= 

A -BT + C1T ln T c 
cr = 2.30259 

A - C1T ..... ' ....... (6,29) 

~e ~ 

(6 . 30) 6.H T ~::>. s'" ........... 
( ~';.To uo + ~CpT) - T6S~ 

(A - C1T) - TA S~~ 

~ 

\I{ hence -BT + C1T • C1 T ln T + TAS"' :::: 0 T 

:. 6.8 
~~~ 

::. :s - C' (l+ln T) 

::. (B - C I) c log10T (6.31) - . ... . .. 

~~ :.~ ~~ 
Values of ;6F , 6 Fi and i) s , calculated from 

equations (6.29 - 6.31) for various values of T are given 

in Ta.ble A 3 3 of t he Appendix and Fig. 4-9 show·s the varia­

tion of the.se quanti ties with temperature. 
~~ 

It is seen that at the temperature where K is a 
11.! ._. , 

maximum (Fig . 4-g), the value of .6- s"· is zero and ~F ''' is at 

a minimum (Fig . 4-9). This tempere.ture vras calculated from 

It is at 

this t emperature then (56°C) that the correct values of EA 

are obtained for the a.pplication of the simple form of the 

Arrhenius equation : 
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k :;: 

to the kinetic data, where Z0 is the collision number in 

moles/litre/second. 

It must be remembered that 6 S ;~ is the change in 

entropy for the reactants in a standard state, defined such 

that 1vhen the concentration is exp:re f sed in moles/litre, 
~.£. 

the activities e.re unity_. The positive values of 6. s" 

obtained at the lmfer temperatures show that under these 

conditions the thermodynamic probability favours the forma-

tion of activated molecules. It should _be noted that the 
-:::-

value of .68 Hill also include the dielectric contribution 

to the entropy of activation, and since the formation of 

activated molecules involves reaction between two singly 

charged negative ions to form one with two negative charges, 

this contribution must bo negative. This follo~s from the 

fact that the dielectric contribution a.t any temperature 

may be calculated from the relation (gO) 

No 
~--~~----~~~ cals / 
8.3144 x 107 mole 

i!Vhcrc E.. is the electronic charge = 4-.774 x lo-10 • ' .. ( 6. 32) 

ZAZB is tho product of the charges on tho ions = + 1 

r is the molecular diameter of tho reacting molecules 

6 1 
_g 

= 3• x 0 em. 

D is the dielectric constant for water - 69.94 at 
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N0 is Avegadro 1s number= 6.023 x lo23. 

si was found to be -3.07 c~ls/mole at 50°0, 

and over the temperature range considered (44 - 57°0) does 

not depart significantly from this value. Accordingly the 

entropy of activation, excluding the effect of charge, is 

approximately 3 cals/mole greater than shown by Fig. 49. 
. . 

Ph:l[sical Inte.r:;Q:r~t,&t ion o~ Re?-c.:tion~_ M~c.l:t.anism in Terii:ls o£1!J..st 

Oollis-lgri, Theq.rx alld the Thermodynamic_ Method of .,Absp.lut~ 

Reaction. R_ates 

According to the theory of absolute reaction rates 

(~1 ) , the b imolecular velocity constant k0 is related to the 

hypothetical equilibrium constant relating the concentration 

of activa.ted to inactivated molecules by the expression 

equation (6.25) or 

whence = 

It follows from (6.33) that 

= 

and from equation (6.27) that 

kT * 
h K & .. • • • • • • • • • • ( 6 • 33) 

kT ~S~ /R - 6. H:t:/RT 6 · " 
11 e. e. . ... ( .3"T) 

~! 
d ln K 

dT 
1 

+ T 

If we re-l'lrite equatiqn (6.34) and (6.19) in the form of 

the Arrhenius Equation, we have : 
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[
- kT 6S/R1 e- e. = h 

and 

( 

- (F-1..) F 

e 
2 

( EA) . 
= F'1 RT' 

where EA 
·~ 

= ,6 H + RT. 

I t fol l ows that the terms in square brackets 

correspond to the A term ( =· PZ0 ) of the Arrhenius equation 

appli ed to the kinetic data . 

Equat ing .these and taking l ogarithms, vre have 

after rearranging : 

k 
( F -}~) - ln F ! - ln h = ~ - F ln ~- (F-t) ln T 

R R 

where Z0 = Z0 / vT e.s 16 iven by ( o.2o). . . . . ( 6. 37 ) 

It is seen that the left hand side of the above 

equation remains constant for a given value of F, while the 

right hand side varies i"li th F and i.Vith T. Values of the 

left hand side were calculated over a range of F from zero 

to 5, and to evaluate the right hand side of the equation, 

four tempera.tnros were chosen, one of them (T =- 329°K) 
~\f­

corresponding to the maximum in Fig . 4g where AS = 0. For 
~ :If-

each temperature the corresponding values of ~s· and AH'" 

were read off from Fig . 49 , and EA was then obtained from 
~~ 

the relationship EA :::: .6-H + RT. The values of the right 

hand side of the equation were then .calculated f or F = 0 to 

5 for each of the four temperatures . 
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The results have been shown graphically in 

Fig. 50 v;here the values of the left hand and right hand 

sides of the equation have been plotted against F . The 

value of F at which the two lines intersect g ives the number 

of interne.l degrees of freedom at that temperature . 

It is seen that F is not fixed for the reaction 

but varies Fith temperature; thus at T = 320°K the number 

of degrees of freedom is about 2, Fhile at T = 325°K, F = 1, 
"'' 0 

and i'J'hen 68
7

~ :: 0 at T = 329 K, F = 0. 

This shovJ'S that a.s the temperature is increased, 

the number of interne.l degrees of freedom is diminished 

until at 329°K there are no internal degrees of freedom , 

and at this point the velocity constant of the reaction 

corresponds with that given by tho kinetic theory ; equat ion 

(6.17). 

It is seen then that in this reaction involving 

the forme.t ion of trioxala tochromie. te ions by tho react ion 

between c,i~s. dioxa.latodiaquochromiate a.nd oxalate ions, the 

incrce.ss in reaction rate 1·fi th increasing temperature i s not 

as grc~.t 2.s the.t given by the collision theory. The rate of 

reaction does of course increase ··:rith temperc9.ture, but not as 

rapidly as Hould be expected from the increase in the coll-

ision number. 

Tho previous discussion has shm·m that c.s the 

temporEtturo is increased, the value of EA decreases, the 

entropy of activation decreases, the change in free energy 
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approaches a minimum, the number of internal degrees of 

freedom is diminished , and the change in heat capacity is 

negative. These facts are all in agreement with the 

observation increase in reaction rate 

diminishes with temperature. 

A possible explanation of the relative decrease 

in reaction rate and thermodynamic constants with temperature 

is atteQpted below in a qualitative manner. 

The complex ions under consideration possess 

oxalate groups , each of which occupies two coordination 

positions, the positions being linked by the ring formation 

of the oxalate group. These rings must not be regarded 

as being rigidly fixed, but that there is a constant 

opening and closing and molecular rearrangement of the rings 

under normal conditions. However, in most cases when 

oxa late and other ring-forming groups such as ethylene­

diamine are coordinated to chromium, substitution and ring 

closure are aided by heating. The rate of combination and 

reaction is of course increased by heating, but there seems 

to be a definite tendency towards ring closure and stabilisa­

tion at higher temperatures. 

Considering for the moment the lm-ver temperatures, 

a certain amount of ring opening and closing is occurring, 

and therefore at these temperatures there are a greater 

number of degrees of freedom amongst v.rhich the energy of 

the molecule may be distributed, and it is possible that 

this energy may be considerable, 

As the temperature is increased, ring closure and 



stabilisation are favoured and the number of degraes of 

freedom is thereby diminished . The total energy might 

therefore be expected to be smaller as there are less 

degrees of freedom among which it ca.n be distributed. The 

entropy of activation is a measure of the randomness of tho 

distribution of the energy and this would also decrease as 

the number of degrees of freedom grow smaller . The .relative 

decrease in reaction rate would thus be diminished and this 

is cons is tent I.Yi th the observe. tions made. 

For temperatures over and above 329°K, the in­

crease of reaction rate may be expec ted to be given by the 

collision theory and is due solely to the increased energy 

of the reacting molecules and not to any additional positions 

at which activation can occur . 

5. SUMMARY 

The kinetics of the formation of the trioxalato-

chromia te ion by the reaction between £1.§_ dioxe.latodia.quo­

chromiate and oxalate ions in aqueous solution were st~died 

using the Evelyn Colorimeter . ~~ series of kinetics wore 

studied; one on equimoler mixtures of potassium £iQ 

dioxalatodiaquochromiate and potassium oxalate at various 

concentrations, and the other on a fixed equimolar concen­

tration of the reactants, the ionic strength being varied 

by the addition of inc!'easing quantities of potassium 

ni tra.te . 

Results showed that the reaction is of the 

second order but the first series of kinetics do not obey 
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the Br¢nsted-Bjerrum relationship at the lowest ionic 

strengths. The second kinetic series indicates that the 

product of the ionic charges is unity and that the rate­

determining step in the reaction is the reaction between the 

binoxalate ion [ (COO) 2HJ ~nd the ~ d ioxalatodiaquochromiate 

ion [cr(C204) 2 (H20)~· -. The possibilities that the ionic 

strength changes during reaction and tha.t the reaction 

might be one of the third order involving hydrogen ions are 

discussed. 

The Arrhenius equation has been applied to the 

data a.nd values of the energy of activation and frequency 

factor determined and limitations set on these values due 

to the non-linearity of the Arrhenius plot. The collision 

number and probability· factor have been derived from the 

collision theory, 

On thermodynamic considerations, values of the 

entropy of activation, change in free energy and heat con­

tent have been obtained at different temperatures and a 

physical interpretation of the reaction mechanism in terms 

of the collision theory and the thermodynamic method of 

absolute reaction rates has been attempted. 
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APPENDIX 
~~-

S£ectr~hotomet~ic Data 

In this Appendix, the following symbols are used 

~ = wavelength in millimicrons 

D = Optical Density. 

TABLE .A...l· 

Absorption Curve of Potassium Trioxalatochromiate .00920S M. 

16°c. Fig. 1. 

- ! II I 
i {\._ ~ D D A.. ·D /'-.. D 

300 - 410 .s46 525 ·~~0 6~5 .227 
305 - 415 .ssg 530 • 5 6 0 '1~2 : 310 - 420 .ss 5~5 .4~5 645 .1 1 

I 315 l.S6 425 I . S67 5 0 .5 5 650 .135 
1320 1.25 430 .S25 545 • 593 655 .120 

I 1325 .]S 4~5 ·~70 550 .62'$ I 66o .102 
! 330 .4-4o 4 0 . $2 5~5 I .657 665 .gs4 

I 3~5 .249 445 ·~95 5 0 
I 

.6$5 670 . 67 
3 0 .14S 450 • 90 565 .695 675 .0~7 
345 .o9S 455 .407 570 .69$ 6so .o Lt 

I 350 .og2 46o 
I 

.32$ 575 .694 655 .037 
365 .090 465 .262 5S0 ~6]6 690 .0~3 
360 .115 470 .2og 5S5 .64-7 695 .o 5 
3 5 .155 475 .1~$ 590 .617 700 .o2s 
370 .212 4So .1 4 595 :- 5·So 705 .OlS 

I I 4S5 6oo • 540 375 .297 .157 
I 

710 .015· .. 
3S0 :~~~ 490 .1~7 6o5 .~00 720 .oos 
3S5 495 .1 5 61o • 50 730 .oo6 
390 .~40 I 500 

I 
.1S7 615 .4o6 1! 

395 . 2$ 505 .215 62o . 375 I 
! 

4oo .725 

II 

510 .256 625 .2~7 
405 .795 515 .24 6jo .2 0 j 

~ ~ 
520 ·3 2 ! i i I 



~ 
I 
I 
I 

I 

l 

-1SO-

TABLE A 2 

Absorption curves of a) Pot. ~ dioxa1atodiaquechromiate 

b) Pot. trans dioxa1atodiaquochromiate 

at 0.00920g M. 5 - S°C, Fig. 2. 

I I I 
1 

"' I D a) D b) .,.,._ D a) D b) .,.....__ D a) D b) 

. 
: 

300 1.0~ .soo 4-30 .555 .2~5 565 .4-67 .292 i 
i 

305 .s .6oo 4-~5 • 405 ,2 3 570 .46o .2S7 ! 

310 .. 595 ~ 4-o2 4- 0 . 55 .236 575 .4-4-S .2so i 
315 ,3S7 .250 445 .J90 .20 5S0 .4-30 .2~2 ! 

320 . .235 ~ 137 4-50 ·332 .179 5S5 .4-1o .2 0 i 

I 
325 .147 • 671 4-~5 .2S3 .155 590 .382 • 24-7 ' I 

I 

330 l .102 .o4o 4 0 .240 .137 ~95 ·355 .2f1 I 

3~5 .090 .027 4-65 .205 .122 00 .32S .2 7 
I 3 0 .091 .025 4-70 .177 .112 6o5 . 294- .19S 

34-5 .100 .030 475 .153 .107 61o .270 .1S5 

350 1 ~ 112 .o4o 48o .138 .110 62o .212 .152 
365 .128 ,05~ 4-S5 .138 .117 6~o .150 .101 I 

360 .153 ,07 490 • lij.2 . 128 6 5 .097 .067 
3 5 .187 .100 4-95 .153 .14-0 66o .083 .o6o 
370 .225 .127 500 .173 .156 6 0 .057 .04-5 

375 .272 .160 505 .195 .173 670 
I .037 ,036 380 ·327 .193 510 .222 .192 675 .033 .03 

385 ·4ff7 .22g 515 .255 .211 68o .027 .033 
390 • g ,24 520 ,288 .2~0 690 .029 .033 
395 .500 .21S 525 .320 .2 7 700 ,012 .023 
4-oo ,~6o .285 530 ·355 .265 710 .007 .020 
405 .600 .302 5~5 :4~~ .278 

! 
720 . oo4 .olS 410 • 23 .314- 5 0 .291 730 .003 .o16 

4-15 I .632 .317 54-5 .436 .300 I 420 . .622 .315 550 ,4-62 .307 
425 l .598 .305 565 .4 4 .296 

5 0 .4-69 .29 
' I ; 

-



-lSl-

TABLE A 3 .. 
Absorption curve of Potassium cis dioxalato diaquochromiate. 
Prepared by Werner's method i) and unwashed with alcohol. 
o.oo92os M. 1S0 c. Fig. 4. 

I ' ! I I 'I I ! li 
!'\.. I D "' D I 7'--. D J t-.-. D 

! I 
-

' 

I I I 
I 

I 

564 300 I - I 4o4 645 i 490 .16o .466 
310 ! .66o 4os .66 i 492 .166 566 I .464 

I 
320 -~50 410 :67i l 494 .16 

I 
563 .462 

325 • 97 412 .674 l 496 .170 570 .453 
32S 

I 
.290 414 .674 'I 49S I .177 574 .440 

332 .293 416 : ~~~ I' 500 .133 57S .4 0 
3~6 I .321 413 504 .200 532 .422 
3 0 • 342 420 .66o 1 5lg .223 533 -394 
345 I .363 424 .641 ' : 51 .26~ ~94 .3b0 
350 1 •4ss 428 . 612 : 522 .30 00 -334 
3~5 1 • 03 432 . 573 . ; 523 .340 I 61o .271 
3 0 .415 446 ·~32 5~4 ·~75 62o .217 
365 .425 . 83 • 1o I 6~o .162 
370 .44~ ttttg .422 54~ 6 0 .121 

§43 
.440 

3~5 .46 452 -354 ' 4 ~ 6~o .0~0 
3 .0 I .49o 4~3 .2~4 . 552 :45~ 6 0 .o 4 
335 .. 530 4 4 .2 7 ' 554 .463 63o .031 
390 • 553 470 .207 ' 556 .4 3 690 .Ofl 
~95 ·694 476 .1~3 I 5~3 .465 700 .o 5 
00 . 23 432 .1,..5 5 0 .463 710 .003 

438 .1oo 562 .467 I . 
I j 
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TABI:.,Fd, A 4. 

Absorption curve of Potassium cis dioxalatodiaquochromiato 
Trans salt aged to ci~ isomer. 

Fig, 5. 

r {\_ •« • D l\. J ~--. : 1 <. .I • • D L-----~~--- --~-· -· · ·~·-----+-----· =~~-~ -~~ ·~---~ 
! 300 .s4o 44o I .435 ,. 53o 1' .431 
i 305 • 637 445 I . 332 . . 585 . 411 

310 .477 450 .~23 I 590 .334 
I 315 . 330 455 I . 75 i 695 . 356 
! 320 .19o 4-oo .233 

1 
oo .331 

i 325 .101 465 . 2oo t 6o5 
! 3 30 . o 53 4 7 o . 17 2 · 61o 
! 335 .032 475 .150 i 615 I 

340 • o27 4-3o .138 i 
6

2o ! 

345 .030 I 435 .137 : 25 I 
350 .043 490 .139 ! 630 
355 . o61 495 .152 !

6 
635 j 

360 .os6 500 .172 1 4-o 1 
365 • 122 505 .193 , 645 I 
370 ~ 166 510 ,220 1 650 

I 

i 

375 .241 515 .253 I 655 
33o • 23o !J2o I • 235 I 6oo 
385 • 347 525 • 320 , 665 
390 • 411 530 . 353 670 
395 .472 535 .332 675 

4oo • 529 540 . 411 63o l I. 

4-05 . S77 545 . 4 37 ; 635 
4-1o • oo5 550 • 4-61 69o I 

415 .617 555 I .4- 3 ! 695 
420 .. 613 5DO . 4-69 I 700 

.305 

.271 

.246 

.214 

.134 

.164 

.140 

.122 

.105 

.035 

.o-z4 

.061 

.052 

.037 

.033 

.029 

.030 

.029 

. 020 

.014 

425 .535 565 .469 
43o .54o 570 .4-61 

710 I t oo3 
720 .oo6 

4-35 .491 575 .4-49 730 .005 
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TABLE A 5 

Absorption Curve of Potassium cis dioxalatodiaquochromiate. 
Prepared by Wernerts method i)-and washed with alcohol. 

0.00920S M. 17°C. Fig. 6. 

I I i 1\. I D ! /'-. ·D A.. I · n 

r 300 1.05 44o .443 590 .3S9 
I 305 .so4 445 ·357 ~95 ·359 
I 310 .s6s 450 ! .329 00 ·332 

315 .347 I 4~5 I 
.2S2 6os .306 

320 .207 4 0 .237 61o .274 

325 .111 465 i .201 615 .246 I 
I 330 .059 470 I .172 62o .212 I 

3~5 .037 475 I .151 625 .1S5 
3 0 .031 4So ' .139 630 .160 
345 .035 4S5 

' 
.137 635 .136 

! 
64o 350 .045 490 i .141 .119 

365 .o61 495 .152 645 .102 
3 0 .os~ 500 ; .174 . 6so .0S7 

I 365 .12 505 i .19 665 .0~7 370 ,169 510 ' .224 6 0 .o 1 
i 

3~5 .222 515 I .256 665 .051 
3 0 .2S~ 520 j .259 670 .03~ ' 3S5 ·~5 525 ' .322 675 .03 
390 • 20 530 .35S 6so . 029 
395 .4S2 535 ,3S9 6S5 .031 

' 

4oo .545 540 
I 

.41S 690 .029 
405 ·690 545 .443 695 • 021 
410 • 16 550 ! .459 700 .015 
415 .630 5g5 .47g 705 .012 
420 .622 5 0 .47 710 .oo~. 425 .6oo 565 .476 720 .oo 
430 .554 570 

I 
.467 730 .oo4 

435 • 504 575 .454 
5[10 .436 
5S5 .415 



TABLE A 6 

Absorption curve of a) Potassium trans dioxa1ato aquohy­
droxochromiate 

b) Potassium cis dioxa1ato aquohydroxo­
chromiate:--

0.009208 M. 5- 8°C. Fig. 7. 

,, 

"'- D a) D b) "" D a) D b) 7'--. D a) D b) 

300 - - 44o .422 • 53g 5g5 .309 .413 
305 1,~0 1.~0 445 .421 • 524 . 590 ·~01 .4o~ 

. 310 1. g 1. 2 450 .420 -~05 695 . 93 .4oo : 315 1,30 1,25 465 .410 • g3 00 .27~ ·3g5 320 .923 .920 4 0 ·390 .457 6o5 .270 ·372 
325 .623 .6~o I 465 .366 .430 61o :~~~ ·3~6 330 .420 .4 a 47o .344 -3~7 615 ·3 2 

' 3~5 ,27£ .30 475 . 314- .3 5 62o .230 ·322 
' 3 0 .13 .215 4go .277 ·330 625 ,2og .300 
, 34-5 .132 .158 4g5 ,248 . 29g 630 .195 .275 
' 

350 .110 .140 490 ,221 ,267 6~5 ,1g1 .255 
365 .112 .147 495 .200 ,242 6 0 .167 -
3 0 .129 .177 500 .1g2 ,217 645 .152 .212 

: 365 ,161 .221 505 .17~ .210 650 .132 .192 
I 370 .190 .277 510 .17 ,211 655 .122 -
' 

·a3g ,1g3 66o , 16o J 375 .232 515 ,217 .110 
380 .275 • 00 520 .193 .227 665 • 097 .140 

~ 3g5 ·317 .453 525 ,207 ,243 67o .055 -. 390 .355 .500 530 .223 .264 675 I .o~2 .107 I 
I 395 .377 . 532 535 .241 ,2g 6go .o 3 .095 I 
! 4oo .4oo .55g 540 . 257 .307 6$5 .0g5 -
l 405 _42o .570 545 .272 .330 690 .054 .o7g 
I 410 .430 • 575 550 ,2g7 .361 695 .o~o .0~2 ! 415 .42g ·57g 565 .301 .3 ~ 700 .o 3 .o 3 I 420 .427 .576 5 0 .310 .3g 710 .030 .045 j 
I 

I 425 .426 .5~0 565 .315 ·~93 720 .022 .036 
i 430 .425 .5 2 570 .318 . 07 730 . 016 .022 
i 435 .423 . 553 575 .320 .413 
j 5g0 .313 .415 
t 

' 



TABLE A 7 

Absorption curves of A) .009208 M Potassium dioxa1ato­
sulphatoaquochromiate. 

"" 
300 
305 
310 
315 
320 

325 
330 
335 
340 
345 

350 
360 
370 
380 
390 

1:00 
408 
410 
414 
420 

424 
428 
430 
436 
440 

450 
460 
470 

B) ,009208 M Potassium dioxa1atosu1-
phatoaquochromiate in saturated KN03 

C) Saturated potassium nitrate. 

5°0. Fig. 16. 

D A) D B) 7\ D A) D B) "'- D C) 

1.15 - 480 .174 .167 325 1.65 
1.15 - 490 .135 .134 327 1.30 

.870 ..... 500 .128 .130 330 .905 

.580 - 510 .153 .155 332 .720 

. 355 ~ 520 .204 .204 334 .560 

.200 .... 530 .265 .263 336 .425 
• 110 1.25 540 .333 .327 338 .325 
.057 . 560 550 .402 .390 I 340 .240 
.037 .270 560 .430 .425 342 .140 
.030 .135 564 .445 .435 344 .087 

.032 .087 568 . 457 .445 346 .054 

.055 .087 572 . 465 .452 348 .027 

.100 .137 576 .471 .453 350 .010 

.187 .223 580 .472 .452 [552 0 

.305 .340 584 .470 .449 

.445 .472 588 .462 .441 

. 550 . 560 592 .454 .430 

.5?0 .590 596 .438 .414 

. 602 . 605 600 ,425 .400 

.630 .642 610 .390 .358 

.639 .628 620 .338 .303 

.630 .615 630 .260 .240 

. 622 .623 640 . 208 .193 

. 585 .562 650 .163 .152 

. 560 . 528 660 .120 .112 

. 447 .420 670 ,080 .077 

.327 .314 680 .055 .054 

. 243 .230 690 .053 .152 
700 .030 .0~2 
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Potentiometric Data 

TABLE A S 

Titration of 0.009208 M Potassium Nitrate against 0.5N KOH 

and 0.5N HN03. 20°C. Fig. 9. 

l , 

Glass Electrode 11 Alki 11 Electrode l Glass Electrode 

ml. Alkali pH ml. Alkali pH I m1. Acid pH 
1 

I 
0.0 5.94 

I 
6.o4-- - 0.0 

• 04-4 9.17 - - .050 3·83 
• 087 

I 
10.28 .OS7 10.28 .. 101 3.50 

.132 10.69 .132 10,77 .151 3.17 

.175 i 10.90 ~ 175 10.87 .202 3-07 

.220 ! 11.02 .220 10.98 .252 2. 97 

.263 i 11.12 .263 11.10 :~8~ 2.SS 
·~50 I 11.20 ·~50 11.23 2.~2 
. 34 I 11.~7 :61~ 11.28 .504 2. 6 
.61 I 11. 8 11.4-4- .706 2.52 
.877 i 11.62 .S~7 11.62 1.01 2.38 ! 1.32 

I 
11.77 1.3 11.74- 1.51 2,21 

1. 75 11.94 l. 75 11.90 2.02 2.09 
2,20 I 12,03 2,20 11.98 2.52 1.9S 
2.63 I 12.10 2.63 12.08 ~:g~ 1.92 
4·50 12.19 ~-50 12.17 1.80 
-3~ I 12.25 ·39 12.24 6.04 1.~0 

6·2 
• 12.32 6.26 12.32 1. 2 .06 

.14- 12.~ .14- I 

12,~7 7.0 1. 56 I 

7.02 : 12. 7.02 12. 2 8.07 1.~2 
7.89 ' 12.47 : 7.89 12.47 9.08 1. 6 
8.77 

: 12.50 8.77 12.52 10.09 1.42 
I 

i 
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1A,B LE;, .A..;l. 

Titration of 0. 0092011 M. -Potassium Nitrate against 
0.5 N KOH at 

r-~ ...... • ~ :; .... ~- ~ • O<. ( ' .. ~· 
' a) 20°0 

rml Alka~ . . .. 

Equiv. pH 
i Alkali/ Or - ... --·- .. .. . ~~~ 

o.oo 0.00 5. 94 
o.o44 0,024 9.17 
0. 087 . 0.047 10 . 28 
0.132 o. 072 10.69 
0.175 o. 095 lo, 9o 

I 0.220 0,120 11, 02 i 

I 
0.263 0.143 11.12 
0.~50 0.190 11.20 

! o. 3~ 0.23~ 11.47 
I o.61 0.33 11. 8 
I 

i 0. 877 o. 476 11.62 I 

I 
1.32 o. 71~ 11.77 
1. 75 0.950 11.94 
2,20 1.19 12.03 

I 2. 63 1. 43 12.10 I 
I 

I 
4· 50 . 1.90 12.19 
·3~ 2.39 12,25 

I 
~,2 2.8~ 12.32 

. 14 3·3 112. 4~ 7.02 3.81 12. 4 

I 7.~9 4.28 12.47 
I S.77 4.76 12.50 

I -

using gl ass electrode 
Fig, 10 • 

.-~ ... - = ), - · .. 

b ) 5°0 
. ~ . . . . . ·- . ~ 

ml Alkali Equiv. I pH 
Alkali/Or 

~-~ 

o.o 0.0 5. 116 
0.049 o,o26 10.10 
0,0~~ 0.053 10.95 
o.l 7 0.0~0 11.26 
0.197 0.107 11. 3 

0 .29~ 0.160 Ill. 54 
0.~9 0.214 11.71 
o. 92 0.267 11.80 
0.591 0.~21 11.90 
0.788 o. 28 12,04 

0.985 0.625 12 .12 
1,18 0. 1 12,20 
1:38 0.750 12 .28 
1. 57 o . 8~6 12.34 
l. 77 0.9 2 12.3~ 

1.9~ 1.07 12,43 
2.3 1.28 12,4~ 
2.76 1.50 12.54 
3·1~ 1. 71 12 . ~9 
3.5 1.93 12. 3 

4.94 2,14 12.66 
I . 33 2.3~ 12.70 I 

i 4.72 2.5 12.74 
I 

I 5.12 2.78 I 12.76 
5. 15 3.00 . 12.79 

I 5.90 3.20 12 .81 
I 



Titration of 0.00920~M Potassium cis dioxa1atodiaquochromiate 
against .5N KOH and .5N HNo3 . Prepared by Werner 1 s method ii) 

20°C. Fig. 11. 

.. = = 

Equiv. of Equiv. of 
A1l{.a1i/ Cr pH Acid/0r pH 

- -- - -

0 4.go 0 4.~~ 
.024 5.66 .027 3.7~ 
.047 6·9~ . 05.4 3.30 
.072 .17 .10~ 3.02 
.0~5 6.42 .16 2.~4 
,1 2 6. 9 .21~ 2.71 
.190 6.62 .~2~ 2.~4 
.23.7 6.72 • ~4 2. 4 
,285 6.~5 • ~ 6 2.36 
.~so 7.02 • 6~ 2.2 
. 75 7.15 .7 5 2.1~ 
• 670 7.25 .~7~ 2,1 
. ~9 7.61 • 9~ 2.0~ 
.7 0 7. 7 1.09 2.0 
.g53 7.92 1. 31 1. 9~ 
.960 ~.12 1.53 1.91 

1.0 ~.42 1.76 1.~5 
1.14 $.73 1.9 1.~0 
1.23 S.97 
1.43 9.15 
1. 2 9.40 
1.~2 9. ~ 
1, 1 9.63 
1. 71 9.~0 
1.go 10.03 
1.90 10.21 
1.99 10.55 
2.09 10.91 
2.1S 11,20 
2.2~ 11.39 
2 ·~~ 11.60 
2. l 11. 1 
2.6 11 .. 6~ 
2, 6 11.75 
2.75 11.~0 
2.~5 11.84 
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Titration of 0.009208M Potassium cis dioxalatodiaquochromiate 
against .5N KOH. Prepared by ageing the trans salt to the £1& 

180C, Corrections for blank from Fig, 9(a) . 

~--~,_., 

Equiv. of Equiv, of Corrected Equiv. 
Alkali/Or pH Alkali/Or pH Alkali/Or pH 

. . -

0 .0 4.32 ·1. 6o 9. 57 1.28 99.01 
.o26 5.10 1.70 9.77 l. 77 10.00 
.053 5. 7~- 1,78 9.90 1.8~ 10.30 
.809 6-91 1.81 10.00 1.9 10.64 
.107 .13 1.88 10.12 1.97 10. 1 
.161 €?.39 1. 91 10.22 2.02 10.84 
. 215 6.68 1.94 10.30 2.04 11.01 
,269 6. 9 1.96 10.35 2.04 11,29 
-~77 6,92 1.99 10.38 2.0~ 11,46 
. 84 7.12 2.00 10.64 2.0 11,63 
. 592 7.29 2.04 10. 1 2,08 11.79 
. 700 7.49 2.10 10.84 2.08 11.90 
. 753 7-59 2.15 11.01 2 .. 06 11.99 
.807 7.71 2.19 11,18 2.0 12.08 
. 861 7.83 2.26 11.29 
.915 7-9~ 2.30 11.49 
. 9~~ 8,0 2.45 11. 6 
.9 7 8.13 2. 0 11,62 
.988 8,23 2.61 11. 3 

1.02 8.28 2. 1 11.71 
1.05 ~:4~ 2.77 11.79 
1.07 2.88 11.85 
1.13 8.6o 2.94 11.90 
1.18 8.74 3.04 11,94 
1.24 8.90 3-15 11.99 
1.28 9.01 4.47 12.08 
1.47 9.20 .00 12,20 
1. 9 9.40 

-
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TABLE A 12 

Titre.tion of 0.00920ElM cis dioxalatodiaquochromiate against 
.5N KOH and 0.00920ElM tr'a'ns dioxalatodiaquochromiate against 
.5N KOH. 
cis salt prepared by Werner 1 s method ii) . 
Corrections from Fig. 9(b). 

El°C. Fig. 12.-

- . - , . . 
----=r-,..... ___ 

~:=tlons Equiv. of pH pH Equiv .. of pH 
Alkali/Or cis trans Alkali/Or cis trans ! cis Salt 

I . ._ .._...__......__ .. 

Equiv. of pH 
0 4.El5 4.95 1. 24 9.24 9.97 Alkali/Cr 

. o26 ~.91 ~.97 1.~4 9.45 10.22 
1.65 .053 .21 9.62 10.41 1o.o6 

. 

-~0 1 - ~ . 089 . 6. 6 6.37 1:6 9.El6 10.56 1.76 10,24 I 

6.57 6. 59 1o.o6 .107 1. 7 10. 7~ ! l.Ell 10.40 
.161 6.7El ~·7~ 1.7El 10.24 10.9 I 1.35 ' 10.59 
,215 6.93 .9 1.33 10.40 11.03 l.SS 10.70 
.269 7.0El 7.12 l.El3 10.59 11.12 l. 90 10.79 
·~77 7-~1 7. ~2 1.91 10.70 11.16 1. 91 lO.S3 
. El4 7.69 7. 9 1.94 10.79 11,24 1.9~ 10.99 
. 592 7. 3 7.65 1.96 10.33 11.27 1.9 11.19 
. 700 7.84 7.37 l. 99 10.99 11.29 

~~ 
11.41 

.753 7.94 7.94 2.04- 11.19 ll.3b 11,63 

.Soi[ 3.07 3.1 2.10 11.41 11.~2 95 11.39 

.361 3.17 3.30 2.16 11.63 11. 1 92 12,10 

.333 8.25 3.33 2,2 11.39 11.31 ·--·· ·-

. 915 3.~3 3. 60 2.42 12.10 11.93 Corrections 

.941 3. 0 3. 9 2.53 12.24 12.11 trans Salt ' 

.967 3.52 3.31 2.30 12.4l 12.25 

.933 3.67 3.91 3.03 12. Equiv. of pH I 

1 , 02 s. 7 9-.15 Alkali/Or I 
l. 05 s. 75 9·. 33 
1 . 07 8.S5 9. 50 1.43 10.4-1 1.10 3.93 9. 67 1, 63 10.75 1.13 3-.97 9. 7 1.77 ll . O~ 1,13 9.10 9. 33 l.El3 11.1 

1.35 11.27 . 
1.39 11.29 
1. 95 11.52 
1.93 11. Ell . 
2.04 11.93 
2.09 12.11 
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' TABLE All 

Titratlons of 0.00920~M trans dioxalatodlaquochromiate 
against .5N KOH and .5N HN03. ~00. Fig. 13 . 

.. 

Equiv. of 
Alkali/Or 

pH Equiv. of 
Alkali/Or pH Equiv. of 

Acid/Or. pH 

0 4.95 l. 7~ . 10.94 0 5.07 .o26 ~~97 1.~3 11.03 .054 3. 55 .053 ,21 1.~~ 11.12 .109 3.2~ 
. OSl 6.37 1. 91 11.16 .21~ 3.02 
.107 6.59 1. 94 11.24 

ji~ 
2.~5 ,161 6.7~ 1.96 11.27 ~:~6 .215 6.9 1.94 11.2~ .269 7.12 2.0 11.3 .76o 2.~3 

·~77 7.~2 2.10 11.~2 .977 2. 6 . ~4 7.69 2.1~ 11. 1 1.19 2.3 .592 7. 5 2,2 11.~1 1.41 2.29 .700 7.S7 2. 42 11.9~ 1,6~ 2.25 
. 753 7.94 2.5~ 12.11 1.~ 2.2g 
.~07 g,1 2.80 12.25 2.o6 2.1 
.~61 ~.30 _ggg 8.3~ 
. 915 ~.~o 
.941 ~. 9 
. 967 g.~1 
.9~g ~.91 

1.02 9.15 
1. 05 9.33 
1.07 9.50 
1.10 9.~7 1.13 9. 7 
1. u~ 9.~3 
1.24 9.97 
l.a4 10.22 
1. ~ 10.41 
1.~ 10. 56 
1. 7 10.75 

.. 
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TABLE A 14--= ~ 
Titre.tion of 0.00920~M Potassium dioxalatosulphatoaquo­
chromiate against .5N KOH and .5N HN03 . 5°C. Fig. 15. 

Equiv. of pH Equiv. of pH Corrections 
Alkali/Or Acid/Cr Equiv. of pH 

Alkali/Or -
0 ~· 6~ 0 3·~7 . 6~o 10.11 

.o26 .o~ .055 2. 4 .70~ 10.23 

.053 6.4-1 .104 3.32 .733 10.4-1 

.0~1 6.~~ .16 3.19 . 750 10.72 

.107 7.3 .274- ~.00 .757 10.~7 
:161 7.72 .3~2 -~7 .773 11.04 
,215 3.12 . ~4-6 2.l3 .731 11,1~ 
.26~ ~.42 . 66 2. 7 .77~ 11.~6 
.32 ~.62 .7 5 2.6o . 795 11. 3 
·477 ~-75 .~7~ 2.56 .7~1 11.65 
:4g~ ~.9l • 9~ 2.~1 .7~7 11. 0 

9.1 1.09 2. 7 .773 11.6~ 
.533 9.30 1.20 2.4-3 .7~0 11.73 
·~92 9.61 1.41 2.4-o .790 11.79 
. 1~ 9. 3 1. 2 2.37 .. 7~0 11.~3 
.64 9.~0 1.63 2.34 .~20 11.~~ 
.674 9.95 1. 3 2.~2 .~20 11.96 
.700 10.11 1.91 2. 6 .~30 12.o6 
.72~ 10.23 2.07 2.23 .~10 12.17 
·753 10.41 2.29 2.19 
.7~0 10.72 2.4-5 2,lb 
.~07 10.~7 
.~~3 11.04 
.~ 1 11,1~ 
.~~g 11.~6 
.915 11. 3 
.941 11.~5 
.967 11. 0 
.9~8 11.6~ 

1.02 11.73 
1.05 11.79 
1.07 11.~3 
1.13 11.~~ 
1.18 11.96 
1.2~ 12.o6 
1.~7 12.17 
1. 9 12.21 
1.6o 12,2~ 
1. 70 12.33 
1.31 12.47 
1.92 12. 0 

-
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TABLE A 15 

pH values with 0.5 and 1.5 equivalents of alkali/Cr added 
to 0.00920SM cis and trans dioxalatodiaquochromiates at 
various ionic-strengths. S0 c. Fig. 14. 

. o. 5 equivalents of alkali/Cr 

N Trans salt Cis salt 

.1175 7.50 7.42 

.1962 7.40 7.34 

.2516 7.37 7-30 

.2996 7.34 7.2S 

·3360 7.27 7.23 

1.5 equivalents of alkali/Cr 
.. 

J1f Trans salt Cis salt 

.1517 10.4-6 9.75 

.21Slt 10.37 9.6s 

,2693 10.27 9.62 

.311S 10.20 9.6o 

.34-94 10.07 9.53 
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TABLE A 16 
• 

Determination of the value of R 

.S = value of shunt resistance in parallel with R 

S0 = value of decade resistance at balance with S out of 
circuit. 

Si - value of decade resistance at balance with S in 
parallel with R. 
Si - So 

R = • S 
So 

Temperature = 1S°C. 

I 

Dial Shunt Decade Dial Shunt Decade 
Set- Res is- Resistance R Set- Res is- Resistance 
ting tance So si ohms ting tance So : Si 

p S ohms ohms ohms p S ohms ohms I ohms 

2 2.001 262 9630 71.1 140 140.01 go6.6 1876.5 
g 5. 002 574.7 21790 183.5 16o 160.02 921. 1990.g 

g.oo4 764.0 15700 163.? lgO 1150.02 1045.6 2123.7 
10 10.003 6·1 935.7 13a.7 200 200.00 1161.1 2219..7 
14 14.005 9 • 5 13 7 2 . 1 13 . 9. 220 220.00 12 7.2 2a~b.4 
20 20.000 11g4.2 12442 190. b 240 240.00 1~1S0.3 2 7.7 

~g 2).002 144.9 ~66.3 114.3 26o 260.01 1 96.1 2663.g 
28.oo4 173.3 1~17.3 1g5.3 2go 2g0.01 1609.7 2 72.6 

30 30.003 1751J~ 1 030 176· 7 300 300.02 1715.8 2776.4 
34 34.oog 211.~ 143g·5 19 .4 320 320.02 1820 . 4 2g75.~ 

ab a7.00 230. 129 . 5 170. 6 340 340.02 1935.g 2991. 
0.000 223.5 1270.1 1g7. 7 360 360.02 206g·9 3119.5 

44 44.002 268.1 13sg. ~ 1g4. o ~go ago.o2 21 7.1 3222.3 
gg 6o.oo4· 239.9 1375. 13~.3 00 00.02 227~.2 3~35.2 

0.007 33~·3 1~1.3 "13 .8 420 420.02 239 .1 3 60.7 
70 70.004 ~~2:~ 1 s. ~ 1g5· 6 44o 440.02 26o9.g 36 7.0 
so 30.007 15~~· 136.9 46o 46o.o2 2 23.5 3 3o.4 
90 90.004 511.0 16 . ~ lg . 0 4go 43o.o2 2729.3 37g3,2 

100 100.01 gg6.9 1 ~3. 136.1 500 500.02 2739.9 3323.0 
120 120.01 91.9 17 3. 5 135.9 

• 

I 

R 
ohms 

185,g 
lg5.7 
1g5. 6 
lg5. 
lg5. 6 
lg5.6 
lg~·5 
1g . 9 
1g5·g 
1g5. 
1g5.4 
lg5. 5 
1g5.3 
1g5.5 
135.2 
lg5. 5 
1g5. 5 
1g5.5 
135.2 

, 



-195-

TABLE A ll 

Values of P giving balance for varying settings of dial (p). 
Fig. 24- (b). 

! I Dial P ohms Dial P ohms 
p . p 

5 63.6g 0 27.4-
10 81.24- 1 31.8 
15 96.61 2 ~4-.6 
20 134-.9 ~ 

8.0 
25 154-.5 63.2 
30 191.7 5 63.7 
;tg 221,1 7 73.4-

24-0.4- 9 gl,6 
4-5 26g.7 10 gl. 

6g 306.9 12 82.2 
455.2 15 97.0 

70 31.5 17 110.7 
8o 4-79.1 20 i~~:l 90 627.7 22 

163.~ 100 o4-.o 25 
150 880.9 27 173.2 
200 1167.7 30 192.4-

I 250 14-~4-.5 
300 17 1.2 
~50 2008.7 
00 2305.7 

4-50 2583.2 
500 2807.g 

-



TABLE A 18 

Beer's Law Relationship for potassium trioxalatochromiate 
and pote.ssium cis dioxalatodiaquochrornie.te using Evelyn 

-- Colorimeter. Fig. 31+. 7\ = 565 rnp. 

_,. -
TRIOX..!\LATE I! DIOXALATE I 

I ! 
Molarity I % T D Molarity of.. T /v 

WT 
I D 

..,...._.,.... 

.ooo4 9~.15 0.04-51 .001 80.00 0.6969 

.0005 8 .45 0.0632 .002 63.80 0.19~2 

.ooo8 81.05 0.0912 .oo~ ~0.50 0.29 7 

.001 75.15 0.124-1 .oo o.oo 0.~9~9 . 002 5~. 70 0.2782 .00~ ~1.90 o. 9 2 

.oo~ ~ .95 0.4-324- .oo 5.30 0.5969 

.00 5.30 0.5969 

.005 18.30 o. 7375 
.. 

TABLE A +.2. 

Standardisation Graphs on the Evelyn Colorimeter. ~ = 565 mp 
18°C. 

Fig. 35(a) o.005M. Fig. 35{b) 0.003M. 

Triox/ t---...,....A---1-----F-B----tt Triox/ 1-~-- -r-a----t--,....,._b---1 
Diox % T D % T D · Diox % T D % T D 

~----~---+----~---+----~----~~--~--~~-
0/100 
10/90 
20/80 
30/70 
4-oj6o 
50/50 
6oj4o 
70/30 
8oj2o 
90/10 
100/0 

100.0 0 100.0 0 0/100 
92.5 .0339 92.4- .034-3 10/90 
86.7j.o62o s6.3 .o665 2o/8o 
80.7 .0937 So.l .o9 4 30/70 
75.3 .1226 74.2 .1269 4-oj6o 
70.0 .154-9 68.6 .1643 50/50 
64.9 .1878 63.1 .2ooo 6oj4o 
6o.1 .2211 5S.3 .2343 70/30 
57.1 .24-34 54-.9 ,2604 30/20 
52.3 .2815 5o.o j.3o1o 1 9o11o 
4-8,0 .3188 I 45,2lo34-4-31i 100/0 

100.0 0 
94 .4 .0250 
88.8 .0516 
34.0 .0757 
79.3 .0980 
75.0 .1249 
71.4 .14-63 
66.1 .1793 
62.1 .200~ 
511.4 .233 
54-.o .2676 

I 
I 

100.0 0 
95.8 .0136 
91.9 .0367 
S3.2 .054-5 
34. 9 .0711 
31.0 .091~ 
73.6 ,104-
74.7 .1267 
~1.5 .1457 
9.0 .1612 

65.o .1805 
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Wavelength used : "'- ... 565 m).l. 

Meaning of p~~~ 

~ = ionic strength of reacting solution. 

t = time of reaction in minutes. 

TR = % transmission of reaction solution, 

TT • % transmission of standard Trioxalate solution. 

DR = optical density of reaction solution = 2-log TR 

DT ~ optical density of standard Trioxalate solution = 2-log 
TT 

x' = percentage conversion to Trioxale.te = DR :: 100/DT 

No Potassium Nitrate Added •. ,...,.. m., -• ==• 

TABLE A 20 

I. React ion Tem12erature _tr._4:.,_4_?°C. 

(A) 0.005M. Solutions. .Jp. = 0. 1414. Fig. 36 I 

1 
t TR DR TT DT x• i.OO-x' 

480 94.~ .0227 57.0 .2441 9.30 .01103 
720 92. .0~43 57.0 • 241+1 14.0~ .0116~ 
960 89.3 .o 91 57.2 .2426 20.2 ,0125 

1200 88,0 .Og55 57.2 ,2426 22,88 • 01297 
144-o 86.9 .o 10 57.3 .2418 25.23 .o1a38 
168o 83.9 .0762 57.2 .2426 31.42 .01 58 
1880 83.9 . 0762 57.2 .2426 31.42 .014~ 
2160 82.3 .08~6 57.5 .2406 35.22 .015 
2400 S2.o .08 2 57.2 .242 35.53 .01551 
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(B) O.OO~M. Solutions. 

Jrp. F~g. o)J2~5 

1 
t I1l DT 1oo-:ic· 

2~0 . 01~1 .2111 ,01072 
~~0 .0250 .2111 .0113~ 
7 0 .0315 .210~ ,01176 
960 .0~5 .20B3 .. 0123~ 

1200 . 0 3 .20B3 . 01270 
1~~0 .0521 .2090 ,01332 
16Bo . 0521 .2os6 . 01333 
1915 .o66o .207 .01470 
2175 .0 10 .2055 .01 22 
2~00 .0716 .2055 .0153~ 

(D) 0.002M. Solutions. 

t 

225 
4-Bo 
720. 
a~5 

1 25 
1665 
216o 
2385 

Jii = 0. OB94-
Fig. 39 I 

DR DT 
-

. 0017 .OB94-

.0070 .oBBB 

.0097 .oB62 

.ooBB .OB94-

.0137 .oBBB 
• 0132 .OB94-
,0150 .OB7B 
.0192 .OB9~ 

1 
100-x' 

·-

.01019 

.o1oB6 

.01126 

.01110 

.Ol1Blt 
,01164-
. o12o6 
. 0127~ 

(C) 0.003M. Solutions, 
J}i = 0,1095 

Fig. 38 I 

--- 1 
t DR DT l00-X1 

~so .0106 .14-51 .01079 
64o .0177 .1~27 • 01142 
9 5 .0205 •. 1~57 .0116~ 

1170 .0250 .1~27 • 0121~ 
11t1o .0232 .1~27 .0119 
1665 .0278 .14-57 .01236 
1920 .0311 .1~57 • 01271 
216o .0~20 .1~51 .012B3 
2~00 .o 29 .l~B7 .01~05 

.. . 

(E) . 0.001M, Solutions, 

JP = . 0633 
Fig. ~0 I 

1 
t DR DT jlOO-x' 

.. 
1 -

4-so .0022 .0315 i . 01075 
1260 .0022 .0315 j . 01075 
16so .oo61 .0315 .01240 
1920 .0057 .0315 ; . 01221 
216o .0052 .0315 I . 0119B 
2~00 .0052 .0292 l . 01217 

l 
I 
1 
I 

I 
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TABLE A 21 

(A) 0.005M Solutions. 

t 

~5 
~55 
~35 21 
717 
~01 
935 
1o~o · 

1309 

Jfi =: 0. 14-14 
Fig. 36 II 

DR DT 

.01~0 .30~0 

. 04-19 .31 3 

.04-75 .31~~ 

.0~35 .3251 

.0 30 ·330~ 

.o6~1 ·331 

.07 7 • 3316 

.0~30 .~2~~ 

.0752 • 6~2 

.og~~ .21 4-

1 
IOO-x' 

.01064 

.01154-

.01175 

.01197 

.012t5 

.012 3 

.01291 

.Ol33g 

.01396 

.01506 

(C) 0.003M. Solutions. 
JP = 0.1095 . 

Fig. 3~ II 

1 
t DR DT 100-x' 

100 .0106 .1752 .01064 
1~5 .01~7 .1752 .010g5 
255 .01 ~ .1759 .01105 
~70 .0195 .1752 .0112~ 

6~ff .0262 .1752 .0115 
.02 9 .1752 .011~1 

911 .03~9 .1l52 .0124-0 
1065 .03 3 .1 24- .0126~ 
1309 .0~91 .161g .01313 
154-3 .o 24- .1612 .01457 
u16o .0506 .161~ .01 55 

(B) 0.004M. Solutions. 

t 

~------

1~0 
369 
727 

1061 
125~ 
1500 
1740 
19g3 

Iii = 0.1265 
Fig. 37 II 

DR DT 
_.,..... - -
.0200 .22~4 
.02~3 ,22~4 
.0419 .2291 
.0~55 .22~4 
.o 10 .2234 
.07~~ ,22~4-
.07 .2291 
.0~33 .2291 

1 
100-X' 

·-~--·-

. OlOR6 

.011 2 

.01224-

.01321 

.01~64 

.01 l1 

.014 4 

.o162~ 

(D) 0.002M. Solutions. 
J1i = o.1oS4 

Fig. 39 II 

1 
t % DT 100-x' 

1~0 .0031 .10~5 .01030 
360 .0083 .10~5 .01082 
720 .0155 .1090 • 01166 
905 .0176 .1107 • 011~5 

1071 .013 .1035 • 01207 
1500 .0255 .1035 • 01307 
17~2 .0233 .1055 • 01~53 
19 0 .0320 .1035 . 01 13 

.. 
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(E) o.oolM. solutions. fo = .. o.o633 , 

Fig. 4-o II 

1 
t DR DT 100-x' 

89 .0013 .0545 .01025 
27b .00~1 .054-5 .01060 
424 .00 4 .05~0 .01087 
54S .oo4s .05 5 .01097 
930 .oo66 .0545 . 0113S 
10~7 .0079 .0545 . 01170 
1215 .0092 .05~0 .01201 
1423 .0097 .05 ~ .01217 
1560 .oo88 .050 .01211 
181~ .0106 .0506 . 01265 
213 • 0128 .0506 ,01339 

TABLE A 22 

III. Reaction Temper£Lture 51.~~00. 

(A) 0.005M. Solutions. 

.ffi = 0.1414 

(B) 0,004M. Solutions. 
ffi = 0.1265 

Fig. 37 III 
r 

Fig. 30. III 

1 1 
t DR DT ioo-x• t DR DT loo ..... xr 

235 .0301 .2620 .011~0 
490 .0~21 .2628 .012 7 
732 .o so .2676 o01~4o 

1218 .loa~ .2676 .01 ~3 
1450 .11 .262~ .017 9 
1674 .124-4 0267 .o186g 
1925 .1~14 .2676 .01965 
22g~ .1 51 .2692 0 021~0 
239 . 1512 .2716 ,022 8 

24-8 .oa11 .22g4 .01158 
492 .o 19 . . 2284 o01226 
729 .o~8o .2284 .ol~4o 
95b .0 70 ; . 2284 .Ol 15 

1193 .0731 i .2284 .01471 
1422 . 0835 0 2284 I . 01~76 
1677 .0899 .2328 • 01 2(. 
1921 .0993 .2328 .Ol74Lt 
215S .105~ • 232g . 01S32 
2390 .115 . 2328 .01979 
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(C) 0.003M. Solutions. (D) 0.002M. Solutions. 
fo - o. 0894 

t 

235 
488 
7~0 
9 2 

1214 
1437 
16so 
1925 
2147 
24oo 

)}1 = 0.1095 
Fig. 38 III Fig. 39 III 

DR 

. 0114 

.0246 

.0311 

.0334 

. 0~86 

.o 48 

. 0~55 

.o 10 

. o635 

.0650 

l 
DT 100-x' 

! 
l t DR 

I 
.1561 . 01079 . 
.1561 .01187 
.1561 • 01249 
.1561 .01272 
.1561 .01~22 
.1549 .01 Ob 
.1561 . 01~52 
.1580 .01 29 
.1549 .o1695 
.1561 . 01713 

! 
260 .0132 

I 4 8 . 0137 
I 712 .0177 1 

! 1200 .0278 
j144o .o264-
1 168~ .0329 
t 192 .0~57 
! 2152 .0 10 
i 2391 .0434 
! 

I 
I 

(E) 0.001M. Solutions. 

t 

235 
825 
958 

1191 
1417 
1779 
1825 
2100 
2425 

Jii = 0.0633 
Fig. 40 III 

1 
DR DT 100-x' 

.oo44 .0448 .01109 

.0110 .0443 .01431 

.0147 .04~3 .01 ~4 

.01 1 .04 3 .014 6 

.0128 .0~3 .01~44 

.01~7 .o 3 .01 7 

.01 8 .0453 .01590 

.0205 .0453 .01827 

.0223 . 0453 .01969 

! 1 
DT 100-x' 

.1024 .01148 

.1024 .01155 

.1024 • 01209 

.10?4 .01373 

.1024 .01~48 

.1024 .10 76 
·.1o46 .01~1 
.lo46 .OJ. 4~ 
.1040 .0171 
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TABLE A 23 

0 
IV. Reaction Temperature 54.g4 C. 

(A) 0.005M. Solutions 

,{Jl ""' 0.1414 

Fig. 36 IV 

1 
t DR DT 100-x' 

240 .0434 .2557 .01205 
4go .0721 .2573 .013g9 
720 .oggg .2573 .01527 

1200 .1169 .2573 .01g~3 
144o .1325 .2573 .020 2 
16go .1~97 .2541 .02221 

l~ft~g 
.1 94 .2557 .o24o6 
.1593 .2557 .o2653 

(C) 0.003M. Solutions 

JP: = 0.1095 

Fig. 3g IV . 

1 
t DR DT 100-x' 

240 .ol64 .1457 .01126 
4go .02~7 .1457 .0119~ 
7~5 .03 2 .14gl .0132 
9 0 .039~ .1457 .01372 

1200 .050 .1457 .01~~2 
144o .o~go .14~7 .01 1 
1670 .o 05 .14 3 .0170~ 
2335 .0742 .14gl .0200 

(B) 0.004M. Solutions 

fo = 0.1265 

Fig. 37 IV 

- -
1 

t DR DT 100-x' 

240 .0311 .2161 .0116g 
4go • 055~ ,21g2 .01~41 
720 .070 ,21g2 .01 7g 
960 .og14 .21g2 .01595 

1200 .095~ .21g2 . 0177~ 
144o .102 .2lg2 .o1gg 
16go .1062 .2147 .0197g 
1920 .1129 .2147 .02110 
216o .1192 . 216g· .02220 
24oo .127g .21g2 .02413 

(D) 0.002M. Solutions 

fil = 0.0g94 

Fig. 39 IV 

1 
t DR DT 100-X' 

230 .00g3 .0g72 .01105 
43o .0160 .0g72 .0120g 
705 .o1 4 .0g72 .01232 
~6o .021g .0g72 . 01333 

1 4o .0301 .0g72 .0152~ 
19~0 .oag6 .0g99 . 0175 
21 5 .o 10 .oggg . 01g5g 
2400 .0424 .oggg .01914 



i 
' 

. . 

t 

24-0 
4-50 

logo 
1420 
2 00 
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{E) O.OOlM. Solutions. 

fil = 0.0633 
Fig. 4-0 IV 

DR DT 

.oo26 .0334-

.0039 .0329 

.0070 .0329 

.0119 .0344-

.0132 .03 3 

TABLE A 24-

1 
100-x' 
-~ 

.OlOg~ 

.0113 

.01271 

.01~56 .01 2 

v. Reaction Temperature 57.g3°C. 

(A) 0.005M. Solutions 

j}1 = 0.14-14-

Fig. 36 V 

(B) o.oo4M. Solutions 

J}l = 0 • 12 6 5 

Fig. 37 V 

1 1 
t DR DT 100-x' t ~ DT 100-xl 

227 .0501 .2366 .01269 
J.tgo .og25 .23~6 .01543 
715 .1013 .23 . 017 9 . 
962 .1169 .2366 . 01976 

1219 .1240 • 2366 .02200 
14-13 .1~ 9 .2371_ . 02317 
1793 .1 21 .232 .025g9 

240 .o462 .19~9 .01227 
4-56 .o 91 .19 5 .0163g 
731 .0757 .194-5 .01 37 
95g .og2~ .1972 .0171~ 

16g4 .090 .193g .01g7 
1 94 .101g .1g5g .02212 
1g93 .111g .1972 .o24og 
2172 .1135 .1904 .02 76 
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(C) 0.003M. Solutions 

JJJ. = 0.1095 

Fig. 38 V 

I 1 
t ~ DT 100-x' 

24-o .0177 .14-39 .0114-0 
4-8o .0278 .14-39 .o121+o 
720 .04-10 .14-39 .01399 
960 .04-77 .14-27 .01602 

1230 .0650 .1~9 .01 19 
1695 .o 55 .1 5 .01829 
1420 .0701 .14-39 .01950 
2 00 .0794- .1427 . 02253 

. 

(D) 0~002M. Solutions 

Jji. = 0. 0894 

Fig, 39 V 

1 
t DR DT 100-x' 

. -

24-0 .0092 .088~ . 01116 
4-8o .0186 .090 .01259 
720 • 0209 .0825 .013~9 

1230 .0315 .0878 .016 0 
14-25 .0~57 .0904 .01 53 
168o .o 82 .0915 .02113 
1920 .o462 .0915 . 02020 

(E) O.OOlM. Solutions 

t 

48o 
960 

1230 
16so 
2385 

JTi = 0.0633 

Fi"g . 4o v 

DR DT 

.oo61 .0348 

.0101 .03~9 

.0132 .03 8 

.0155 .0362 

.0177 .0362 

1 
100-x~ 

. 01213 

.01425 

.01611 

.0174-9 

.01959 



(A) 

t 

4-~o 
6~o 
9 5 

1170 
14-lo 
1665 
1920 
2160 
24-oo 

(c) 

t 

24-o 
4-~o 
720 
960 

1200 
14-4-o 
168o 
1920 
216o 
24-oo 

-205-

Varying Amounts of Potassium ~itrate Adde~ 

to 0.003M. Solutions 

TABLE A 25 

I. Reaction Temperature 4-4-.4-2°0. 

[!l =- 0.1095 
Fig. 4-1(a) 

DR 

.0106 

.0177 
,.0205 
.0250 
.0232 
.0278 
.0311 
.~20 
. 29 

fo = 
Fig. 

DR 

.oo4-4 

.0110 

.0223 

.0283 

. 0292 

.03b2 

DT 

.14-51 

.14-27 

.14-57 

.14-27 

.14-27 

. 14-57 
~ 14-57 
.14-51 
.14-~7 

o.24-8o 
4-1(c) 

DT 

.1373 

.1355 

.1355 

.1308 

.1302 

.1308 

1 
100-x' 

.01079 

.01142 

.01164-

.0121~ 

.0119 
,01236 
. 01271 
.01283 
.014-05 

l 
100-x' 

.01033 

.01088 

.'0119~ 

.0127 

.01289 

.01~86 
.0~9~ .1362 . . 01 3 

.1~~5 .014-56 .o 3 I 

.04-91 .1 39 .01518 

.04-96 .14-27 .01533 

(B) Ju = 0.1916 
Fig. 4-1(b) 

t ~ DT 

24-o .oo4-8 .14-94-
4-~o .0132 .13g7 
765 • 017~ .1397 
960 .024- .1391 

1200 .024-1 .1373 
14-4-o .0315 .1391 
168o .0357 .1373 
1920 .0381 .1355 
2160 .0376 .1355 

(D) JP== 
Fig. 

t DR DT 

24-o .0070 .1302 
4-8o .01~0 .1~85 
720 .02 6 .1 39 
960 .02~2 .14-27 

1200 .0~ 2 .14-15 
14-4-o .o 10 .14-27 
168o .04-29 .14-15 
1910 .047~ .1409 

. 2190 .051 .14-09 
2385 .0555 .1397 

1 
100-x' 

.0103~ 

.0110 

.0114-5 

.01215 

. 01213 

.01293 

.01351 

. 01391 

.013~4-

1 
100-x' 

.01057 
• 01121 
.01266 
,012~ 
.01~ 
.01 03 
,014-35 
• 01512 
.01678 
.01 59 
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TABLE A 26 

II. Reaction Temperature ~9.17°C. 

(A) JTi = 0.1095 
Fig. 42(a) 

t DR DT 

2~0 . .00~7 .1335 
430 .o1 1 ~1391 
720 .0259 .1335 

144o .0419 .1}91 
168o .04-7l .1397 
1905 .04-9 .1391 
216o .0516 .1335 

( c ) .J-rl ~ 0 • 2 ~g 0 

Fig. 42(c) 

t DR DT 

240 . 0177 .149~ 
4-70 .0233 .1494-
310 .o462 .1494-
950 .0 34- .1494 

1200 .04-37 • 1~94 
1430 • 0~55 .14-94-
16~o .o 30 .1494 
186o . . o615 .1494 
2390 .0721 .149~ 

1 
100-x' 

.01075 

.01113 

.01230 

.01~31 

.01519 

.01~54-

.01 01 

1 
100-x' 

.01134-

.01234 

.01420 

.01 04 

. 014-3 . 

.01591 . 

.01729 

. 01700 

.01932 

(B) Jfl = 0.1916 
Fig. 42 (b) 

t DR DT 

240 .0123 .14-94 
4-70 .o264 .14-94 
720 .o~62 .1494 
46o .o 53 .14-94-

1 4-o .0530 .14-94-
168o .o~6o .1494-
1910 .o 20 .1494 
2250 .065~ .1494 
2390 .070 .1494 

( D ) ,J1T = 0 • 2 9 3 6 
Fig . 42 (d) 

t DR DT 

24-o .oi64 .1437 
4lo .0292 .1437 
7 5 .0434- .1431 
950 .04~2 .1431 

1200 .0521 .1431 . 
144-b .0650 .1431 
168o .0 75 .1431 
1915 .0650 .1437 
216o .0716 .1431 
2390 .0716 .1463 

1 
10~x' 

.01094 

. 01215 

.01~20 

.01 35 

. 01635 

. 01599 

. 01709 

. 01731 

.01396 

1 
100-x' 

.01124 

.01244-

.014-14 

. 01433 

.0154~ 

.0159 

. 0133l 

.0177 

.01936 

. 01959 



t 

24-o 
4-75 
720 
450 1 30 
16~o 
1920 
2130 
24-00 
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(E) JTl = 0.3333 
Fig. 4-2 (e) 

DR DT 
~ 

.0200 .14-~1 

.0~15 .14-~1 

.0 19 .14-81 

.o4-62 .14-63 

.o6o5 .14-61 

.o6~5 .14-~ 

.0701 .14-~1 

.0757 .14-~1 

.0794- .14-63 

TABLE A 27 

1 
100-X' 

.01156 

.01270 

.01~95 

.01 b1 
• 01705 
.o1~6o 
.01~9~ 
.0204-6 
.021~ 

III. Rea~tion Temperature 53.07°~. 

(A) [fl = 0.1095 
Fig. 4-3 (a) 

t DR DT 

24-o .0164- .14-15 
610 .027~ .14-27 
~0 .04~4- .14-27 

950 . 0 2 .14-27 
1170 .04-91 .14-39 
11+10 .0526 .14-39 
1665 .0595 .14-39 
19~0 .0670 .14-39 

1 
100-x' 

.011~1 

.012 2 

.01405 

.01 7~ 

.0151~ 

.01576 

. 01704-

.01~72 

(B) jp. = 0.1916 
Fig. 4-3(b) 

t DR DT 

2ao .01~2 .14-03 
5 0 .02~7 .14-03 
720 . 04-14- .14-27 
950 .o4-67 .14-15 

1200 .o6o5 .14-27 
14-4-o .o61+5 .14-27 
174-0 .0675 .14-15 
1910 .0731 .14-15 
216o .0794- .14-27 
2395 .p7~~ .1397 

-

1 
100-x' 

.0114-9 

.01257 

.o14-o~ 

.014-96 

.0173 

. 01~25 

. 01913 

.o2o6~ 

.o226o 

.02294-
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(C) IJi = o.24So (D) fll 1::: 0.2936 

Fig. 43(c) Fig. 43(d) 

1 i 1 
t ~ DT 100-x' t DR DT 100-x' 

240 .0205 . 1403 .01171 
470 .0~11 .1403 .o12B5 
710 .o 24 .1403 .01433 
960 .0531 .1403 .o16oR 

1190 .0~70 .1403 .o16s 
1~00 .o 70 .1403 . 0191~ 
1 so .0731 .1427 .0205 
19BO .0737 .1415 .o20SS 
2150 .OB25 .1415 .02~99 
24oo .OB35 .1427 .02 20 

240 .0200 .1427 .01163 
540 .o4oo .1415 .01395 
710 .0477 .1415 .01~09 
B95 .0~50 .1~97 .01 49 

1200 .o 2~ .1 21 . 017S5 
1~00 .071 ~ 1427 .02011 
1 00 .oso4 .1427 .02307 
1910 .OB1 .1415 .o26a4 
2200 .OB72 .1403 .02 3 
2330 . 0931 .1427 .o2S75 

(E) Jil = 0.3333. 

Fig. 4 3 (e) 

1 
t % DT 100- x' 

240 .0241 .1427 . 01203 
4~0 . 03S1 .1415 .01369 
7 0 .o6o6 .14o3 .0156~ 
950 .o 05 .1427 .0173 

1200 .o62o .1~97 . Ol79B 
1430 .0814 .1 27 .02327 
16So .0742 .1~97 .021~3 
1905 .0835 .1 15 .024 0 
2160 .0915 .1415 .o2S31 
2370 .0915 .1397 .02B9B 
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TABLE A 28 

IV. Reaction Temperature 57.42°C. 

(A) .Jii = 0.1095 
Fig. 44 (a) 

t % DT 

240 .019~ .1397 
470 .02b .1349 
720 .0434 .1385 
960 .0521 .1347 

1190 . o~6o .13 9 
148o .o 70 .1391 
168o . 0701 .1355 
1920 .0716 .1355 
2150 .0737 .1385 
2400 .0804 .1355 

(c) Jji - o. 248o 
Fig. 44- ( c) 

t DR DT 

24-0 .0233 .1373 
48o .0472 .1347 
710 .0526 .13 3 
96o .0706 .1373 

1190 .0731 .1343 
1950 .0835 .1319 
2150 .087~ .1325 
2400 .o83~ .1325 

1 
100-x' 

.01162 

.01244 

.01456 

.01595 

.01710 

.01930 

.02072 
~ 02121 
.02137 
.02459 

J_ 
1oo .... x• 

.o126o 

.01~10 

.01 44-

. 02058 

. 02195 

.0272~ 

.0296 

.03031 

(B) .Jji = 0.1916 
Fig. 4-4- (b) 

. 
t DR DT 

240 .0209 .1397 . 
4~0 .037b .134-9 
7 0 .0005 .1391 
960 .o6o~ .1385 

1190 .072 .1355 
143.0 .0778 .1385 
16Eio .0778 .1355 
186o .0825 .13~5 
24oo .o88S .13 3 

· (D) ./J! = 0.2936 
Fig. 44 (d) 

t DR DT 

24-0 .0297 .1373 
4-70 .04-29 .1349 
750 .0631 .1319 
950 .o 20 .1325 

1200 .o6so .1325 
1t~30 .o7ss .1325 
16so .0814 .1325 
1910 .0894 .1357 

1 
100-x, 

• 0117~ 
.0138 
. 01770 
.0177~ 
.0215 
.02281 
.02349 
.02557 
. 02952 

1 
100-x' 

. 012~6 

.014- 6 

.01674 

. o138c 

.02065 
~024 7 
. 02593 
.02390 



J}I 

.1414-

.1265 

.109~ 

.089 

.0633 

t 

24-o 
4-70 
720 
960 

1200 
144-o 
168o 
1910 
2130 
24-oo 

-210-

(E) J)i ~ 0~3333 

Fig. 4-4- (e) 

DR DT 

.0278 

.04-72 
.1325 
.1367 

.0555 .1331 

.0731 .1379 

.0788 .1397 

.0872 .1379 

.0883 .1397 

.0942 .1385 

.0969 .1385 

.0980 .134-3 

TABLE A 29 

Values of Velocity Constants 

1 
lOO-x1 

• 01266 
.01527 
• 01715 
.02128 
.02294 
.02720 
.02719 
. 0312b 
.0332i§ 
. 03700 

1. No Potassium Nitrate Added. 

Fig. 4-5. 

44-.4-2°0 . 4-g.34°C. 51.4-9°0 . 

k )( 1o-3 k ~ 10-3 
t 

log k log k k ~< 1o-3 t log k 
I 
f 

0.8193 -3.os64 1.176 . -2.9296 1.681 -2.7744 
0.~899 -3.102 1.172 -2.9311 1.610 -2.8210 
o. 38~ -3.194-9 1.155 -2.9675 l. 14 -2.~918 
0.885 -3.0529 1. 701 -2.~ ~ 2. 34 -2. 301 
0.1458 -3.8363 2.430 -2. 1 4-.o26 -2.3952 
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,fji 
54J~4°C. 57.33°0. 

k 'X 10-3 log k k )( 10 .... 3 log k 

.1414 2.357 -2.6276 3 ogl3 -2.5156 

.1265 2.229 -2.6~19 2.~ 0 -2.5~91 

.l09S 2.290 -2.6 02 2. 96 ~2 ~ 92 

.0394 ~.055 ....:2.4150 3.733 - 2: 230 

.0633 .479 -2.3433 7.01 -2.1543 

2. ~ssium Nitr~te Added 

Fig. 46 

44. l.!-2°C. 49.17°0. 
ff1 

i lo-3 k X lo-3 ! log k k )l log k . 
,109~ 0.764 -3.1169 1.61~3 -2.7916 
.191 1.110 --2.9~47 1.38 5 -2 ~244 .2430 1.125 -2.9 33 2.o6o -2: 361· 
.2936 1.500 -2.3239 2.305 -2,63~4 
·3333 - - 2.592 -2. 58 4 

53.07°C. 57.42°0. 
iii 

k x lo-3 log k k X 10'-3 log k 

.109~ 2.333 -2.6223 ~·330 -2.4776 

.191 2.940 -2.~317 .253 -2.3703 

.248o 3.263 -2. ~64 4.700 -2.327~ 

.2936 ~.838 -2.4159 5.255 -2.279 

.3333 .253 -2.3708 5.902 -2.2290 
. 
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TABLE A 30 

variation of velocity constant With temperature at 
zero ionic strength (extrapolated) 

Fig 4-7 (a) 

. )l = 0 

1 
ko toe T' x lo-3 - loglO 

44-.4-2 3.14-88 3.213 
4-9.17 3.1024- 2.920 
53.07 3.0653 2.730 
57.4-2 3.0250 2.590 

TABLE A 3~ 

* -RT ln K calculated for values of T from 
.corresponding k

0 
values. 

T°K ko ( expt) w -RT ln K 

317.58 6.124 X 10,....4 14,817 
322.33 1.202 X 10-3 14,616 
326.23 1.862 X l0 .... 3 14,516 
330.58 2.570 X 10-3 

14' 507 
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TABLE A 32 
'.)o 

-RT ln K values at various tem~eratures (T) calculated 
from equation:-~ 

- 2.303RT log1o K = 523005 ~ l0500.38T + 355?.44T log1oT 
FI(} 48. 

. 
...~ * T ..... RT ln K'' T -RT 1n K 

316.50 14,880 326.23 14,520 
317.58 14 ,817 327.00 14,511 
319.00 14,744 328.00 14,504 
320.00 14,698 32~.00 14,501 
321.00 14,657 330.00 14,502 
322.33 14,610 330.58 14 , 504 
323.00 14,590 332.00 14,519 
324.18 14,558 

TABLE A 3~ 
~ * it Variation of 6H, AF and 6S T..rith temperature. (see FIG 49) . 

T°K 
. !If 

~H Kca1s/mole 
~~ 

~F Koa1s/mo1e D.S>'f: cals/mole 

316. 50 34.020 14.811 60.5 
317.58 32.352 14.852 55.1 
319.00 30.158 14.745 48.3 
320.00 28.622 1 4- ,708 43.5 
321.00 27.068 14 , 658 38.7 
322.33 25.013 14 .610 32.3 
3 23 . 00 23.978 14' 591 29.1 
324. 18 22 . 155 14.558 23.4 
326.23 18.988 14.52~ 13.7 
327.00 17 . 798 14 .513 10.0 
328.00 16.253 14.505 5.3 
329.00 14.708 14 .502 0.6 
329.13 14.507 14 .507 o.o 
330.00 13.163 14.503 -4.1 
330.58 12 . 267 1A.505 -6.8 
332.00 10.073 14.521 -13.4 
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