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Studies have been made on the association in 
aqueous solution between divalent transition metal 
ions and the anions of mono-and di-carboxylic acids.

The thesis is divided into four parts. In 
Part I th© association between the nickel ion and 
the malonat® and n-butylmalonate anions has been 
studied using a cell incorporating a pair of glass 
electrodes and a pair of silver, silver chloride 
electrodes. In order to determine the b©st activity 
coefficient expression to be used, both systems were 
studied at low concentration, activity coefficients 
being calculated from the Davies equation, and at 
constant ionic strengths of 0.03, G.05, 0.10, 0.15 
and 0.20 M. The stability constants have been 
extrapolated to zero ionic strength and the 
thermodynamic constants are compared with thos© 
determined at low concentration.

Part II deals with the study of the association 
of th© divalent nickel, cobalt and manganese ions with 
th© glycinate and J3-alaninat® anions over th© 
temperature range of 0° to ^?°C using th© call 

Hg/Pt/HA, MaOH, MC1,/AgC1/Ag.
Activity coefficients were calculated from the equation



for various values of y3 • A comparison of the 
results shows that for low ionic strengths consistent 
association constants are obtained with 0 ̂  1.
The constants determined with p> = 0.2 have been used 
in the calculation of the thermodynamic properties.
The dissociations of j>> -alanine have been measured 
over the same temperature fange and the results are 
compared with those in the literature.

Part III describes a calorimetric determination 
of the heats of formation of the complexes studied 
in Part II. The heat of solution of potassium 
chloride has also been determined in order to calibrate 
the calorimeter.

Part IV consists of a general discussion of the 
results. The heat and entropy data are discussed in 
relation to ionic sizes and electronic structure and 
th® entropies of ion-pairs have been calculated.
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In electrolyte solutions the forces of attraction 
between ions lead to an nionic atmosphere" of ions 
of one type around an oppositely charged central 
ion. The average distribution of negatively 
charged ions In the vicinity of a positive ion will 
therefore be greater than in th© bulk of th© 
solution.

Bjerrum^ considered that if two oppositely 
charged ions approached so close together that their 
mutual potential energy was greater than the thermal 
energy* they should be considered as a separate entity 
in the solution. lie used the Kaxwe 11-Boltzmann 
distribution to calculate the distance, nqfl at which 
there was a minimum probability of there being an 
ion of one type on a sphere surrounding an ion of 
th® opposite charge, and suggested that all ions 
within this distance should be considered associated 
in ion-pairs. He suggested that th© Debye-Huckel^
activity expression should b© applied only to 
unassociated ions.

Th© value of f,qn obtained by Bjerrum was,

q =   (1)
2 iKT



where and were the charges on the ions, t was 
the dielectric constant of the solution and k was the 
Boltzmann constant. At 25°C this critical distance, 
"q", for ions in water becomes, for 1:1 electrolytes 
3*6 A, 2s2 l̂f A, and for 3?3 30 A.

Representing this entity, the ion-pair, by 
(m-n)+

MI we can write
aq
m+ n- (ro-n)+

M + N.........•> MI ......
aq aq aq

for which the thermodynamic association constant

K =  = [M M (m-n)t[ f a (m~n) +

{Mm+^ {***} [Mm+] [ Nn“] foB+ hin~

where the braces enclose activities, the square 
brackets concentrations and the f1s are the 
corresponding activity coefficients.

It is often impossible, where a number of new 
species are involved, to calculate the activity 
coefficients and much work has been done at constant

"5 Lionie strength ’ , in which it is assumed that the 
activity coefficients are also constant. These 
coefficients are then included in the equilibrium 
constant and the derived "stability quotient" is
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valid only at th© ionic strength at which the 
experiments are made. Equation (3) may be written

where Kc is the stability quotient or ‘’concentration 
constantH•

The association constant, K, can be calculated 
either by measuring K at various ionic strengthsG
followed by extrapolation to zero ionic strength,
or by direct evaluation of the activity coefficients.
Although the former method is preferable, a great
deal,of work is required for its application, and the
calculation of activity coefficients is the method
normally adopted,

Th© first accurate equation for the evaluation of
activity coefficients of ions in solution was developed

2by Debye and Iluckel . To obtain a relationship 
between the potential, ^  , at any point in the solution, 
and the charge density, P , at that point, they used a

• combination of the Poisson equation and the Maxwell 
- Boltzmann distribution, obtaining

(5)



where Is the number of ions of charge z^ In the 
solution and k is the Boltzmann constant* Expansion 
of the exponential gives

n.mZ.•
(6)

Since the solution must be electrically neutral 
th© first term, which Is a summation over all the ions 
in solution, is zero. Ignoring all terms higher than 
th© second, which is the equivalent to assuming that 
Z£.e ^4 kT, they found

/ Zj «@* \
? = - I -------  )  (7)

i V JcT /

The final expression for the activity coefficients is
Azi • zp* J*l"

- log t± = J L : - .....
1 + Ba Si

where f* is the mean activity coefficient, and Zn■*- CL

are th© charges on the ions, A and B are constants and 
a is the distance of closest approach of the ions. 
Although Debye and liuckel considered a to be the mean 
ionic diameter of two Ions, it is really a parameter
correcting for a whole variety of theoretical
imperfections, such as ion-solvent interactions and



polarisability of ions. Values for a could be chosen 
such that the mean activity coefficients calculated 
from equation (8) agreed with experimentally obtained

5values at low ionic strengths. Huckel attributed 
deviations at higher ionic strengths to changes in the 
dielectric constant with varying concentration, and 
suggested the addition of a term linear in I.

A.z1 .zp. J~l"
- log tt «  i— f  - b I ......(9)

1 + Ba J T

Equation (9) now contains two parameters and can be used 
for the calculation of activity coefficients over a wide

t
concentration range.

Some workers considered that the assumption made in
th© derivation of equation (7) was incorrect for small
ions, and attributed deviations between activity
coefficients obtained from equation (8j and experimental

✓
values to this assumption. Muller" and Gronwall,

7La Mer and Sandved used some of the higher terms in 
the expansion of the exponential in the Boltzmann 
distribution, but BJ.rr*1 considered that allowances 
should be made for ion-association, and that equations 
(8) and (9) should be applied only to unassociated or 
charged species in solution.
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8Guntelberg put forward an equation containing no 
parameters,

Az2 J T
- log f+ = (10)

which, while not as accurate as those containing
parameters, had the advantage that it could he applied

9to systems of mixed electrolytes • It could not,
however, account for the differences found in activity
coefficients for ions of the same charge. This

9difference was attributed by Guggenheim to specific,
short-range interactions, and to allow for these he
introduced a term linear in I into equation (10).
Values for the parameter were obtained from freezing-
point data.

10Davies inserted a value for the parameter linear 
in ionic strength and found that activity coefficients 
calculated from

log tt - Az+2 1 - 0.2 I I  (11)
i  +JT

agreed very well with experimental values for 1:1, 1:2
and 2:1 electrolytes. The mean deviation was ± 2}> at

11I = 0.1. Recently he has suggested that a better
value for the parameter might be 0.3.



12mayor developed an activity- coefficient expression 
in the form of an infinite series of integrals, by 
considering a solution as an imperfect gas* The only 
arbitrary parameter, a, could be calculated from 
experimental values at any ionic strength. However, 
there is little to choose between this approach, and 
that of Debye and Huckel in that there is little 
difference in the activity coefficients obtained by 
the two methods*

Any method which may be used to measure an activity
or a concentration in solution is potentially suitable

13* lbfor the study of ion-association* Davies 7 and
co-workers have made extensive use of conductivity 
measurements, deviations from the Onsager equation 
being attributed to ion-association. This method is
particularly suited to the study of symmetrical 
charge-type electrolytes, since the ion-pairs formed 
may be assumed to have no charge and do not contribute 
to the observed conductivity.

The solubilities of sparingly soluble salts, in the 
presence of added electrolytes, have also been used by 
Davies , Monk and other workers * ? • The 
enhanced solubility of the salt in the presence of 
complexing ions could be used to determine the extent 
of ion-association. Calcium, barium and copper iodate



and amino-acidanions.
IQ onPotentlometry 79 *" has also been used extensively 

for ion association studies since very precise e.m.f's 
are obtainable with well-characterised electrodes, 
such as the hydrogen and silver, silver chloride 
electrodes. The dissociation of many weak acids has 
been studied in this way.

In cases where the ion-pair formation is accompanied 
by a shift in the absorption spectrum of one of the 
complexing ions, the concentration of the ion-pair can 
be measured directly by the change in optical density,

rjl '2Q
with and without the addition of the complexing xon^ 9C~ .
Wavelengths are normally chosen at which one of the ions 
involved does not absorb, thus facilitating the calculation 
of both tho extinction coefficient of the ion-pair and K. 
Although at first sight an almost ideal method for 
determining association constants, it does suffer from 
a number of disadvantages.

on
Polarographic studies 9 yield information about the 

stability and composition of complexes in solution.
Th© disadvantage here however, is that work must be done 
in the presence of a relatively large concentration of 
neutral electrolyte in order to limit the current to one 
of diffusion. The derived constants are therefore 
stability constants which are valid only at the ionic



strength at which they are measured.
The free energy change for reactions of the type (2)

can be calculated from the thermodynamic association
constants. Little information can be gained from a
direct correlation of these free energies with properties
of the ions involved, however, and it is much more useful
to regard changes in the- free energy as being due to
changes in the heats and entropies of ion association.
For instance, endothermic reactions are known which take
place because the entropy change is sufficiently large,
and conversely exothermic reactions which do not because
of an unfavourable entropy change. it Is therefore
desirable to obtain the heats and entropies of formation
of the ion-pairs. Heat changes may be calculated from
K values, obtained over a rang© of temperature, using
the van*t Iloff Isochore, or may be obtained by direct
calorimetric measurements. The latter, direct method
is obviously preferable for the determination of accurate
heat values, but vie consider that the use of temperature
coefficient data is reliable provided that a large range

o oof temperature, such as between 0 and C, is studied.

In the work described In the present thesis it is found 
that AC is not zero, and the advantage of the temperature 
coefficient method is that an estimate of AC can be 
obtained.



The entropy change accompanying association can
he attributed to two factors* The disappearance of
a solute species leads to an entropy decrease, but
the greater freedom of water molecules around the ions,
due to charge neutralisation, gives an entropy increase.
The overall entropy change will depend on the extent
of hydration of the ions, and charge neutralisation.
The relatively small A S  values obtained for the
formation of some lanthanum complexes suggests that the
lanthanum ion retains its hydration sheath, and this
conclusion is also supported by the Bjerrum distance

lbcalculated from the association constant •
In Part I of the present work, a cell incorporating 

a pair of glass electrodes and silver, silver chloride 
electrodes has been used to study the association of 
nickel ions with malonate and n-butylmalonate ions.
In an attempt to determine the best activity coefficient 
expression to use, the system was studied, at 25°C, both 
at low concentration and at a series of constant ionic 
strengths.

In Part II a precision e.m.f• technique has been used 
to study the association of nickel, cobalt and manganese 
ions with the anions of the amino-acids glycine and 
11 *» alanine. It has also been necessary to determine the



dissociation constants of y3~alanine at the temperatures

have yielded the thermodynamic properties of the 
association reactions and these are discussed.
In Part III the heats of formation have been determined 
by a direct calorimetric method, and Part IV consists 
of a general discussion*
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ASSOCIATION IN NICKEL MALQNATB 
M B  n»»BOT YIMAL QNATE SOLUTIOHS



Introduction.
One of the best methods of obtaining thermodynamic 

association constants is by extrapolating stability 
quotients, Kq 9 obtained at various ionic strengths to zero 
ionic strength. Accurate extrapolations can only be 
obtained, however, if KQ is measured at sufficiently low 
. ionic strengths.

Assuming that the activity coefficients in equation (k) 
can b© represented by equations (3) or (9),

o ftlog K « log KG - A A (z ) —— ......(12)
1+Ba Jl

or
p Flog K * log Kg - / A A (z ) -----   + bl,  (13)

1+Ba Si

where A(z2) =^ZSH|i](m-n)+ ” Ẑ m+'j “ Z2̂ n- ,

Kasanen^ has used a least squares treatment to 
calculate log K, a and b from equation (13), but other 
workers have obtained log K as th© intercept of a linear 
plot. Kraus and Belson^ chos© a value for I such that

STa plot of log Kq against ---— **> was linear, and the
1+Ba Jl

slope gave AA(z2). Monk2? has plotted

2 J1"log Kc - A^(Z )—  --- against 1 for various values
1+Ba SToof a, and has obtained values for log K and b.

Although the extrapolation method yields accurate



association constants, experiments are normally done 
at low concentrations and equation (8), or a similar 
expression, used to calculate the activity coefficients. 
There is some uncertainty, however, about the equation 
to he used for this calculation, and it has been suggested
that the use of the simple Debye-Huckel expression,

28equation (8), is unjustified . The values of the 
parameters are also uncertain. For instance, if a 
has its original meaning its value will depend on whether 
or not the ions retain their hydration sheaths when in 
the associated form. Many workers prefer to consider
o p Qa as an arbitrary parameter, and Fernelius ' nas used

0 °an a value of 1GA for the association of the 
aeetylacetonate ion with various metal ions.

Guggenheim^0 has suggested that for 2:2 electrolytes 
a value of a similar to q, the Bjerrum distance, should

o °be used. He considered that a should be about 10A - 

and, instead of the Davies equation, gave

- log f*= &z2 ( J I —  - 2.01]  (110
V 1 + J T  )

which correspond® to a value of 9A in equation (8).
When used for calculations with bivalent metal sulphates,

31however, hair and Mancollas found that the K values 
were no longer constant, but varied by as much as 2C
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Brovin and Prue^ used freezing point measurements
to study association in solutions of bivalent metal
sulphates. Using equation (8) with a ranging from 

0
h to I'h- A, they found that all values fitted the
experimental results reasonably well, although th©
best fit was obtained with the lower values. Prue,
however, suggested that the association constant, K,
was In fact an arbitrary parameter dependent upon the
value of a used.

In some cases X-ray data can be used to justify
particular a values. Beevers and Lipson^ for instance,
in the study of Gu S0^.5H2G, found Cu-S distances of 3*5 

/* 0and 3.6 A. This appears to support the adoption of
small a values for bivalent metal sulphates, as does

25some work by Nasanen , who studied spaetrophotometrica1ly 
th® association in copper sulphate solutions at various 
ionic strengths, and using equation (13), obtained an 5 
of b.7 A.

3*+Some recent sound-absorption measurements by Bigen 
have shown kinetically the existence of distinct species 

e.g. M 0H2 N (ffi-n)+ and MN(a-n) + , in solutions.

Measured K values contain contributions fron both species 
and, if a sufficiently large a value is chosen, a definite 
K rather than the arbitrary parameter suggested by Prue



should be obtained.
The work presented in this part of the thesis was 

done in order to determine the best expression to be 
used for calculating activity coefficients in a 
solution of a 2:2 electrolyte. Mckel malonate 
solutions have been studied both at low concentration, 
the activity coefficients being evaluated by means of 
Davies* equation, and at a series of constant ionic 
strengths. In order to study the effect of a 
variation in the size of the anion, nickel-butylmalonate 
has also been studied. Accurate values for the 
dissociation constants of n-butylmalonic acid have 
been obtained and both acids have been studied at 
constant ionic strengths of 0.03, 0.05, 0.10, 0.15 
and 0.20.
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Preparation of Reagents
Malonic Acid: Hopkins and Williams material was
recrystallised three times from a mixture of ether 
and benzene containing 5% petroleum ether (60 - 80) ,
and dried in vacuo at kj° to 50°C. Analysis gave
H, h%\ C, 3^.3^$ (calculated: H, 3*37$; C, 3^*62$). 
n-ButvlmaIonic Acid: This was prepared by hydrolysis
of the diethyl ester followed by ether extraction, and 
recrystallised as for raalonlc acid. Analysis gave
I, - 7*70$I C, 52.55%; (calculated: H, 7.55%; C, 52 > W )  * 
Sodium Hydroxide: Samples of a saturated solution of 
sodium hydroxide, which had been prepared by shaking 
AnalaR pellets with distilled water for 2h hours and 
then allowed to stand for 3 to b weeks, were diluted 
with carbon dioxide free distilled water in a nitrogen 
atmosphere. Solutions were stored in a container 
connected to an automatic burette and suitably protected 
with sod a** lime tubes. They were standardised by 
titrating against weighed samples of potassium hydrogen 
phthalate and duplicate experiments agreed to 0.1$.
Nickel Chloride: Solutions were prepared from the
AnalaR salt and were standardised either by gravimetric 
analysis of the chloride, as silver c h l o r i d e ^ ,  o r  

using an ion-exchange column. In the latter method



10 ml. portions were passed through a column of 
Amberlite i.R. 120 resin, in the hydrogen form, and 
the column washed with distilled water until free from 
acid. The eluted hydrochloric acid was estimated by 
titration with standard sodium hydroxide.
Sodium Perchlorate; Solutions were either prepared by- 
neutralising AnalaR perchloric acid with carbonate- 
free sodium hydroxide, or were made up from solid 
sodium perchlorate. The B.D.H* material, low in 
chloride, was found to contain appreciable quantities 
of chlorate. This was removed by recrystallising three 
times from absolute alcohol. The concentrations of 
solutions were estimated on an ion-exchange column as 
described above.

Potassium chloride and potassium hydrogen phthalate 
were of AnalaR grade and were used without further 
purification.

All volumetric apparatus was of Grade A quality.
Flasks and cells were cleaned with chromic acid and, where 
possible, were steamed for thirty oiinutes. Samples of 
reagents were weighed out from small pyrex weighing bottles 
using an Oertllng single-pan balance.



APPARATUS

L.m.f. measurements were made using the cell 
Ag/AgCl, IIC1 (0.34) /glass/ solution under study 
/Agv1/Ag•

In the early work a pair of silver, silver chloride 
electrodes and a single glass electrode were used, but 
In later work a pair of glass electrodes were substituted. 
These were of a screened type (h.I.L. type G.G.33.) to 
prevent leakage of current, and when two were used any 
irregularity in the behaviour of one of them was 
immediately detectable. The silver, silver chloride 
electrodes were of the thermal-electrolytic type, 
described by Earned^'7, set In a standard, Quickfit B.19 
cone. Platinum spirals, sealed into glass tubes which 
were curved to fit the cell, were given two coatings of 
spectroscopically pure silver oxide (Johnston-Hatthey 
and Co., Hatton Garden, London), made into a paste with 
conductivity water. The silver oxide was converted to 
silver by heating at h-50°C in a muffle furnace. The 
electrodes, approximately 100 mgms. in weight, wore 
chloridised, in the absence of light, by electrolysis 
in normal hydrochloric acid at a current density of 
2 m.amps per sq.cm. They were then conditioned by 
warming in distilled water at 50°C for two hoursJ°,
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and stored in the dark* in distilled water containing 
a little potassium chloride.

E.n.f.* s were measured using a Pye potentiometer.
A Vibron electrometer (E.I.L. model 33B) was used as 
a null detector, and readings were reproducible to & G.lm.v. 
Experimental Technique.

The cell used is shown in Fig. 1* A known volume 
of solution was introduced and the electrodes placed 
in the ground glass sockets. Nitrogen was bubbled 
through the capillary tube A to remove carbon dioxide 
and to stir the solution, and an outlet bubbler, B, 
prevented diffusion of air back into the cell.
A capillary attachment from the automatic burette 
entered the cell by the socket G. When solution was 
initially f>ut into the cell one hour was allowed for 
equilibration, but during a titration 10 to 15 minutes 
after each addition was all that was necessary.

For the determination of the dissociation constants 
of the acids, sodium hydroxide was added to a solution 
containing known weights of acid and potassium chloride.
When necessary a constant ionic strength v/as maintained 
by the addition of the calculated amount of sodium 
perchlorate. In the calculations, any readings were 
discarded in which the ionic strength was not within 1%
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of the required value.
In the association studies, nickel chloride replaced 

potassium chloride in the cell, and sodium hydroxide 
was added slowly to prevent precipitation of the 
hydroxide. Occasionally, however, additions of 
nickel chloride were made during an experiment, or 
solutions containing all of the necessary electrolytes 
were introduced into the cell.
Standardisation of Electrodes.

The electrodes were standardised before each 
titration and two methods were employed.
1) Standardisation with Hydrochloric Acid Solutions.

For low concentration studies, standard hydrochloric 
acid was added, from a burette, to distilled water in
the cell, and linear plots of - log [ji*] [.Cl*] f ^

nagainst E, the e.m.f., were obtained. & was given by 
the intercept and, since [h+] = [ci*j|, the dope of the 
line was (k+k )/2, where k = 2.303HT/F and k is the 
modified value of k. for the glass electrode.

At constant ionic strength, the calculated amount 
of sodium perchlorate was added to the hydrochloric acid, 
and additions of this were made to a sodium perchlorate 
solution in the cell. Plots of - log L H+] [ci‘ ’I against
E were again linear, as shown in Fig. 2.
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Additions of sodium hydroxide were made to a solution 
containing potassium chloride and Eialonic acid. The 
dissociation constants of raa Ionic acid~" were then used 
to calculate the hydrogen ion activities from

m 3 + ^ j I  I  [B+f

fi ki

k-i * X

£2 £ 
Zl X2

I k2 + [Ha+] f 2 - Ta [H+]

% k2 . j[iJa+] - 2Ta^ * 0  (15)
1*2 f
rl *2

Equation (15) was solved* using a high-speed, electronic 
Deuce computer, by successive approximations for I, 
the ionic strength, where

I *s [h+] + [Ba+] + [c T] + [a “] b  (16)

A linear plot of - log f^ against E + k log [ci"]^
yielded k and B°, and unknown log values could be
derived from the observed e.m.f^s to within - 0.003*



It was necessary to study the dissociation of
n-butylmalonic acid at low concentration and of both
acids at the ionic strengths to be used.

In solutions containing the acid, potassium chloride
and sodium hydroxide, the concentrations of the ionic
species were obtained from the equations for total acid,

Ta = {Hgi] + [HA"] + [a=]  (17)
electroneutrality*

[h+] + [k+] + [l5a+] = [ci“] + [ha-] + 2 [a=] .....(18)
and the ionic strength

I = [h+] + [ua+] + [ci“] + [a=] .  (16)
I|>0A graphical method, suggested by Speakman for the 

dissociation of dibasic acids* was used in the 
determination of



X and Y were calculated by successive approximations 
using the Deue© computer, and was obtained from
the equation

[a =] -  k2 T»
f

[h J f2 + _____ 1 2 + k2  (20)

ki
An approximate value of k2 was used in the initial 

calculations.
was determined, by the method of least squares, 

from solutions in which Ta^jha^] and the plots of 
X against Y are shown in Fig. 3. when la <[Na*J

was obtained by substituting the average ki in
equation (19)* The new value of was then used in
the calculation of ^A=3 and the process repeated until
k^ and k2 were constant. These values are given in
Table 1 which shows the good agreement between the
results of two titrations, and also between the pairs
of electrodes. In subsequent experiments, however,
where a pair of glass electrodes were employed the
mean h +l value has been used in tne calculations.

/
k p at constant ionic strength, was calculated in
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Expt. 1 2 3 *+ 5
103Ta 5. >+79 5. *+58 5. *+36 5 .*+16 5.520
10^ 2.5*+3 2.923 3.300 3.67*+ 1.968

io^[h+J 210 I H* !] 1C?X 108x
ft Electrode 1

1 7.809 1.278 0.751 13.853 13.23*+
2 6,1*80 1.299 O.969 10A25 10.12*+
3 5.170 1.321 1.306 7. **07 7.12&

3.966 1.3*+3 1.827 
Mi =

>+.908
9.60 x 10"**

*+.6*+9

ROM 5*+ Electrode 1
5 10.265 1.267 0.512 20.286 19.595
6 8.61*3 1.286 0.655 15.911 15.36*+
7 7.136 1.305 0.85*+ 12.07*+ 11.579
8 5.799 1.326 1.129 8.837 8A 76
9 “*•513 1.3W 1.561 6.055 5*677
10 3»*+86 1.372 2.152 

Mi =

3.930
-i*9.61 x 10

3.768

b = Total Base = t^a+J



TABL»H'i E la
ki Determination

6 7 8 9 10
5.498 5. *+77 5.V55 5.434 5.413
2.352 2.73b 3.112 3.488 3.860

io1+Lh+] „ _ 2 10 I 10? [as] 510 X io8y
Eleetrode 2

7.864 1,279 0.71+5 13.924 13.450
6+485 1.300 0.970 10.431 10.141
5.1*6 1,321 1.316 7.379 7.054
3*986 1.343 1.818 4.926

-4
4.699

%  = 9.64 x 10

Electrode 2
10.227 1.267 0.514 20.234 19.420
8.651 1.286 0.654 15.922 15.396
7.147 1.305 0.852 12.088 11.620
5.813 1.326 ' 1.125 8.852 8.519
**•.528 1.348 1.555 6.070 5.716
3.486 1.372 2.151 3.930 3*768

k., = 9.60 x 10"
t

Mean = 9.61 ( *0.01) x I0~k
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Expt. 1 2 3 5+ 5
lO^Ta 5*2¥f 5.225+ 5.205 5.186 5.167
lO3*) 6*7*+! 7.089 7.5*35 7.778 8.118

Expt* io6[h+] 10 I 3" 6 ICiA J *10 X
Eleotrod® 1

1012X 10 k

1 if. 608 1.730 1.508 I.090 17.315 1.11
2 3.368 1.797 1.871 1.095 10.703 1.11
3 2.500 1.866 2.25+5 1.087 6.893 1.10
i*. 1.892 1.933 2.607 1.088 5+.680 1,09
5 1.5+5+3 1.999 2.955 1.097 3.238 1.10
6 3.881*- 1.778 1.678 1.170 13.120 1.08
7 2.879 1.85+6 2. OVO 1.075+ 8.375 1.08
8 2 ,l&7 1.913 2.5+0+ 1.073 5.585 1.08
9 1 1.670 1*978 2.75+3 1.092 3.959 1.10
10 1.219 2.0W 3*15+3 1.056 2.576 1.06
11 0.889 2.115 3.511 1.05+2 1.715+ 1.01+



TABLE lb 
k~ Determination£* " 11 "

6 7 8
5.21+2 5.223 5.203
6.916 7.262 7.607

106[h+] 102I lÔ A*]
Electrode

If. 828 1.731 1.516
3.551 1.798 1.871
2.61+3 1.866 2.21+2
2.00? 1.933 2.601
1.521 1.999 2.957
3.960 1.778 1.678
2.961 1.81+5 2029
2.206 1.913 2.1+07
1.682 1.979 2.760
1.238 2.01+9 3.11+7
0.91k 2.11>+ 3.501

9 10 11
5.18k 5165 5.11k
7.91+8 3.287 8.62>

-106X 12 10 Y 610 ]
2
1.11+2 19.006 1.16
1.155 11.902 1.17
1.150 7.706 1.16
1.153 5-255 1.16
1.157 3.652 1.16
1.091 13.61+2 1.11
1.105 8.861+ 1.11
1.092 5.783 1.10
1.099 If. Oil 1.10
1.073 2.651 1.08
1.073 1.823 1.08

-6H®an k as 1*11 <*0.03) x 1C ~ ~ ~ ~ 2   *■   —  .
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RUM 25 X = 0.03
lO^a 103b 103[h+] id* x 107Y
5.267 1.616 1.1*29 4-. 2l*0 8.309
5.2W 1.968 1.21*2 3.1*72 6.793
5.236 2.11*3 1.155 3.120 6.126
5.216 2.1*90 0.981* 2.1*63 1+.829
5.205 2.663 0.900 2.160 1*.217

/Mean = 1.96 X 10-3
RUM a.

5.590 2.038 1.320 3.767 7.1*78
5-557 2.559 1.058 2.738 5.399
5.9*7 2.731 0.973 2.1*25 i*.7i*l
5.525 3.071* 0.815 1.862 3.616
5.515 3.21*5 0.71*1 1.608 3.103

Mean k[ = 2.01 x 10~3

ki . 1.99 ( * 0.03) X 10“3



3 4

103Ta 103b
5.066 1.968
5.046 2.317
5.026 2.663
5.007 3.006
4.988 3.347

R W 2°
5.245 I.792
5.221 2.212
5.200 2.559
5.160 3.245
5.140 3.583

Mean 1

TABIE 3
X S 0.05

103[h+] lO^X 107Y
1.263 3.358 7.461
1.076 2.6 56 5*866
0.893 2.021 4.361
0.735 1.484 3.224
0.586 1.024 2.238

/Mean k^ = 2.16 x ief•3

1.32*+ 3.823 7.411
1.109 2.959 5.742
0.9^7 2.327 4.559
0.6*4f 1.273 2.503
0,507 0.859 1.695

/ -3Mean k^ a 1.92 x 10
2. G*+ ( & 0.12) X 10*•3



TABLE 4
ROT90

103Ta 10%
5.586 1.97c
5-564 2.486
5.542 2.997
5.520 3.505
5*499 4.008

HOT
5.567
5.550
5.534
5.5I8
5.486

S i
1.97C
2.357
2.742
3.124
3.883

Mean lei

io3[e+]
1.430
1.165
0.917
0.700
0A9*+
Mean k[ = 1

10^
4.021
2.981 
2.082 
1.347 
0.758 
2.22 2:

I - 0.10 
107Y 
3.9M+
6,629
*+.592
3.012
1,69*+

10 J

8.911
7.U3
5.579
4.139
1.971

1.4:25 3*999
I.223 3.203
I.037 2.497
0.857 1.866
0.540 0.877
Maan * 2. 22 x 

= 2.22 X Iff3



R M  31
103Ta lcA 103[ll+] lO^X lo?y
5-^13 2.320 1.199 3.108 6.937
5.392 2.667 1.038 2.4-73 5.623
5.371 3.011 0.873 1.89*f .̂319
5.351 3*352 0.722 1.390 3-199
5.330 3.691 0.578 0.960 2.230

/Mean » 2. 22 x 10"
ftWJS

5.371 2.h9k 1.101 2.736 6.100
5.350 2.839 0*933 2.125 W 3 5
5.329 3.182 0.772 1.58>f '3-511
5*309 3.522 0.631 1.129 2.560
5.209 3.859 0.1*87 0.737 1.657

Mean
Mean k^ * 
kl n 2.22 X leT3

icr3



TAB IE 6
RUN VI X = 0.

10 T a I03b io3[h+] 10*X 107Y
5.355 1.968 X.k/̂ k 3.819 9.396
5.323 2.5V+ 1*115 2.655 6.502
5.303 2 .92V 0*923 1.938 V.8V9

5*282 3.301 Q.7^7 1.V15 3.V65

5.262 3.675 0*577 0,929 2.257

Mean = 2.V2 X **310 ^

5*206 1.968 1.358 3.602 3.658

5*185 2.353 1.152 2.820 6.779

5*165 2.73 V 0*955 2.123 5.071

5.1V5 3*113 0.77k 1.521 3.637

5.106 3.861 Q.k$0 0.606 I.V 78
/Mean k^ * 2.39 x Iff*3



38
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ROW 80 I = 0,
103l’e 103b io3[h+] l+ 10 X 7

io'y
5 A 6l 2.076 C.992 3.023 3.81+5
5.*+39 2.527 0.302 2.2>+l 2.836
5A29 2.751 C.712 1.393 2.378
5.*+07 3.197 O.551+ 1.298 1.627
5.397 3.V19 0.1+30 1.01+3 1.305

Mean k' = 1.27 x 10 J
RON 81

5***95 2.1+15 0.873 2.502 3.256
5.̂ 8 H- 2.639 0.787 2.11+7 2.313
5A73 2.863 0.699 1.810 2.360
5.^3 3.086 C.619 1.507 1.963
5.W52 3.306 0.5*6 1.232 1.609

Mean ki = 1.30 X icf3

Mean k' = 1.29 (±0.02) x 1(T3■̂>i —, i.ijj, i.,i ........        .».»



tabes 8
HUH 73 I = 0.

103ia lÔ b lo^y] io’'Tz io'7y
5.521 1» 61+9 1.173 3.655 5.183
5.1+88 2.527 0.873 2.1+06 3A17
5A56 3.197 0.617 1.1+28 2.01+9

5A35 3.61+0 O.1+68 0.919 1.333
5 .1+11+ i+. 079 0.331+

/Mean k^
0.521 

= l.l+l X
0.767

*•310
p H 7b

5.533 1.621 1*295 1+.158 5*999
5.>95 2.1+15 0.931 2.617 3.789
5.1*68 2.975 o.yoi 1.730 2.M36
5.M+7 3.“+19 0.552 1.176 1.7>+7
5,b26 3.660 0.396

/Mean k
ati.

0.702  

= 1.1+2 x
1.011

Id”3

Mean — 1.1+2 0.01) x 1CT3



TABLE _2

RBli 52 I s i

lCpl'a lĈ b io3 [h+]
k 10 X 107Y

5 -!+6? 2.161 1.075 3.116 k.8 5li-

5.M*-6 2*5̂ ‘̂- 0.900 2A 20 3-7V7
5.*+25 2.923 0.7W 1.827 2.862
5A^+ 3-300 0.600 1.306 2.035
5-373 3.360 O.lflO 0.693 1.108

Mean kj_ = 1.55 x * 310 J
Jpi J2.

5-^91 1.775 1.263 3-901 6.103
5-**59 2.352 0.985 2.756 k'm 266
5-H38 2.731*- 0.823 2.115 3 . 2 9 2

5 -3 9^ 3.**88 0.533 1.090 1*724
5-375 3.860 0.^10

/
Maan k. =

0.699
1.55 X

1*10? 
1 <r3

Mean k^ * 1*?5 3c 1CT^



TABLE 10
at® 63 I «

103Ta ltPb 103[n+] If1 0 X 10?Y
5.V38 2.123 1.115 3.211 5.265
5. ®+l6 2.537 0*922 2.¥f 7 3.987
5.395 2.9*18 0.75*+ 1*800 2.965
5*3 7*i 3.357 0*595 1.2*f5 2.057
5.35*i 3.762 0.1f52 0*793 1.32*1

/Mean « 1.61 X 10 -
P N 6*1

5.k7k 1.91*1 1* 219 3.652 5.962
5A53 2.330 1*012 2.823 *1.523
5. >+31 2.7*13 0.833 2.121 3. P5
5A1G 3-153 0.675 I.528 2A 95
5.389 3.560 0*513 1.182 1.63*1

/Mean « 1.62 X ^  t),1 cT-
/Mean * 1.62 (£0*01} x 3.o"3



R'UK V5mwtf iwwr

ICpIa
3

10 b

5.390 2.161

5*3V3 2.923

5*328 3.300

5*307 3 . 67V

5.287 V, 0V6

RUN 56

5.19V I . 96S

5.17V 2.352

5*153 2.77V

5*133 3.112

5.11V 3.V88

TABLE 11

io3 [ i r ] if 10 X
1 = 0
1C'7Y

1.106 3*126 5.317

0.767 1.815 3.101

0,612 1* 2kS 2.172

O.V79 0*8 55 1.V72

0.355 0.509 O.896
/Mean k. = 1*68 x „ ,-3  10

1.120 3*232 5*310

0.9V1 2.509 V.137

O.772 1.871 3*075
0.61V 1.321 2. 1V9

CA79 0.877 1.V53
Mean k^ » l*6*f x 1C“3

Mean k^ « 1*66 ( £ 0*02) x 10**̂
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TABUS 12 I 55 0.03
lO^Ta 103!) 105[ h+] lO^IiA - ] io 3 [a=J

(.' /
10 k2

5A27 8.007 0.3969 2.832 2.590 3.63
5A17 3.159 0. 351+6 2.663 2.750 3.66
5.1+08 8.310 0.3168 2.1+91+ 2.910 3.70
5.Xlb 8.M+2 O .I9H8 1.780 3.332 3.65
5.8M+ 7.553 0.867k +.091 1.736 3.68
5.370 8.886 0.1950 1.8^7 3.520 3.72
5.589 7.998 0.5053 3.159 2.k22 3.87

Mean k„ = 3 .70  i 0. 05

I M P  .13 Jl—
1 

1 JO I. jO

10%ia 103b io 5 [h+] lO^HA-] lO3 ^ ] l o \ ' 2

5.012 6.928 0.6652 3.070 1.932 i+.19

5.003 7.08k 0.5776 2.900 2.095 k. 17

*+.99^ 7.239 0.5076 2.730 2.257 1+.20

>+.975 7.5*+8 0.3887 2.390 2. 58I k.20

*+. 966 7.702 0. 3^16 2.220 2.7k2 k.22

M-.771 6.6lk 0.6521 2.90^ 1.859 k.V?

k.75k 6.928 0. 1+909 2.563 2.185 1+. 19

1+.736 7.239 0.362>+ 2.222 2.501 1+.08

H-.719 7.5W 0.2683 1.882 2. 83M- l+. 01+

Mean = 1+.15 ^ 0.05



TAB Hi Hf I = 0.10

lO^a 103b icP[n+] 103[ba~] 103 [a=] 106k'2
5*38^ 6.709 1.53^9 3.938 1.368 5.27
5.36^ 7.188 1.0158 3A96 1.851 5.38
5.3^3 7.66k 0.6822 2.998 2.336 5.32
5.323 8.136 0A 708 2. 9̂6 2.322 5.32
5.303 3.601* 0.3186 1.99k 3.307 •5.28
5.361 6.829 1.3108 3.83k 1.505 5.15
5.3^5 7.188 0.9556 3.W3 1.868 5.15
5.330 7.5*+5 0.7186 3.088 2.232 5.19
5.300 8.253 0A080 2.335 2.961 5.17
5.285 8.60>* 0.3021 1.959 3.32k 5.13

Mean =: 5.2k - 0.08
TABLE 15 I = 0.15

IQ^Ta lÔ b 10* [fl*] IO^Ha"] 103[a=] 6 '10°k2
5.139 6.782 1.2902 3. A 3 1.676 6 m 28
5.120 7.095 O.9818 3.108 1.999 6.31
5.1U 7.251 0.8516 2.9k0 2.160 6.26
5.06̂ 8.020 0.!+528 2.095 2.965 6mbl
5.0>+6 8.32^ 0.3366 1.759 3.281+ 6 m 28
5.012 6.309 1.6683 3 .6M+- 1.3*+l 6.1k

k.993 6.625 1.2^28 3.312 1.663 62k

k.957 7.251 O.7070 2*638 2.310 6.19

A  938 7.560 0.5^27 2*300 2.633 6.21
-̂.920 7.367 0A037 1.962 2.955 6.16

/Mean =■ 6.25 1 0.06



TABLE 16 I = Q20

10%a lO^b 10?Lh+] IQ3 [ha~] io3[a=] 610 k;
5.136 6.916 1.2255 3.309 1.810 6.70
5-116 7.263 0.9032 2.938 2.167 6.70
5-098 7-607 0.6360 2.566 2,52b 6-75
5-079 7,9b9 O.51M+ 2.19b 2.380 6-75
5-Q60 8.288 1.823 3-235 6,6b
5-281 7.090 1.2576 3 .*+2*+ 1.839 6.75
5-262 7 A 36 0.9360 3.055 2.195 6.73
5+2*+2 7.779 0.7128 2.683 2.551 6.78
5^223 8.119 0.5387 2.312 2.906 6.77
5«20*+ 3A57 0,3996 l.9bl 3.260 6.71

/Mean = 6,73 ± 0.03
TABLE 17 <̂10•

CDItM

lO^Ta 10^ 10?[h+] 103 [of] io3[a=] 6 / 10 k
5.291 7.268 0.37>+l 3.291 1.990 2.26
5-286 7.371 0.3^33 3.180 2.097 2.26
5.281 7A71* O.3238 3.069 2.20*+ 2.33
5.276 7.577 0.2868 2.959 2.311 2.2*+
5. 2̂ 2 7.268 0.3623 3.19*+ 2.039 2-31
5.237 7.371 0.3200 3.08*+ 2.1*+6 2.23
5-232 7.*+71+ 0.3077 2.972 2.253 2.33
5-227 7-577 0.2693 2.862 2.359 2.22

/Mean = 2.27 - 0.0*+



r: n

TABLES 18 1 = 0.05

lO ^a 103b 105[h+] 103 [ha"] io3[a=) 6 7 1° k„
5.208 7.i+7>+ 0.3308 2.926 2.276 2.57
5.139 7.881+ 0.231+2 2.1+83 2.702 2.55
5*170 8.292 0.1665 2.01+1 3.126 2.55
5 . I 9O 6.829 0.51+1+1 3.518 1.658 2.56
5.180 7.069 0.1+396 3.266 1.901+ 2.56
5.170 7.308 0.3602 3.011+ 2.11+9 2.57

Moan kp = 2.56 1  0 . 01
TABLE 19 I = 0.10

10% a 103 [Na+] 10? [h*] 103 [ha“] i ^ L O 106k'2

5.193 7.089 0.561+5 3.267 1.91!+ 3.31
5.17^ 7.1+35 0.1+11+3 2.893 2.273 3.26
5*155 7*778 0.3113 2.518 2.631 3.25
5*215 6.7bl 0.7213 3.61+7 1.551 3.07
5*195 7.089 0.5285 3.271+ 1.911 3.08
5.176 7,k35 0.3903 2.899 2.270 3.06

5*157 7.778 0.2929 2.521+ 2.629 3.05
Mean kl = 3.15 £ 0.1



TABLE 20 I a 0.15
10%a 10% 105[h+] 103 [ha"] 103[a=] 6 /10 k2

5.16W 7.V59 0. 1*558 2.81+9 2.307 3.69

5.11+5 7.833 0.3352 2.W + 2.696 3.70

5.107 8.572 0.1721+ 1.637 3.^f69 3*65

5.237 6.511 1.0890 3.900 1.3U 3.66

5.198 7.271 0.51*30 3.100 2. OSS 3*66

5.179 7.61+6 0.3978 2.695 2A73 3*66

5.160 8,019 0,291*3 2.290 2.866 3.69

Mean kg a 3*67 - 0.02

TABLE 21 I g 0.20

10%  a 10% io 5 [n+] io 3 [ha“] 1o3 [a“] 6 110 k2
5<H+8 6.566 1.0198 3*675 1+.03
5.110 7.262 0,51+29 2.933 2.167 l+. 01

5.091 7.607 0,1*130 2.559 2.526 if. 08

5.077 6.566 0.91+67 3.538 1.579 if. 06

5.058 6,916 0,6761* 3-168 1.877 if. 01

5.o>*0 7.262 0.5026 2.795 2.236 02

5.021 7.607 0.3808 2.1+20 2.595 OB
Mean kg s 1 >9.03



the same manner, the activity coefficients being omitted 
from equation (19>• The results are given in fables 
2 to 6 for maIonic acid and 7 to 11 for n-butylmalonic 
acid, and the plots of X against 1 are shown in Figs*
^ to 7* The concentrations of the ionic species 
required for the calculation of the corresponding k* 
values were obtained from equations (17) and (18).
The results of these calculations are given in fables 
12 to 21*

Solutions were prepared containing nickel chloride, 
the required acid and sodium hydroxide in such 
proportions that only the complex M A  would be expected.

2+  -Hi + A~^=±hiA  (21)
The concentrations of the ionic species in such 

solutions were obtained from the equations for total acid,

[ h+]  + [ria+] + 2 [ r j i2+] = [ c r ]  + [ha"]+ 2 [ A=J..... (2b)

Ta (22)
total metal

(25)
electroneutrality,

and ionic strength
X = I {file - IfTa + [n

The association constant



was obtained by successive approximations of I, using 
the Deuce cumputer. Results arc given in Table 22 
for malonate and in Table 23 for n-butylm&lonate.
The stability constants, K , at constant ionic strength, 
were calculated in a similar manner, and the results 
are given in Tables 2b to 33* Data for all the 
experiments are summarised in Tables 3b and 35*

Writing equation (26) as

K a K X i_C £2
2

and, representing the activity coefficients by the 
extended Debye-Huckel equation*

log * slogKo + k'0?zJJ m2hI ......(13)
1+Ba vTl

or
log K « oL »2bl*
JL was calculated for various values of a, between 

0 and 20a, and plotted against I* The choice of the 
correct activity expression was governed by the fact 
that the plot was necessarily to be linear and that the 
curves for values of a close to the correct value should 
intersect of the ot-axis* Fig s. 3 and 9 show such curves 
for malonates and n-^butylmalonates for a from 0 to 20a*



Figs. 10 and 11 show a more detailed analysis for
obetween 0 and 5A* It is seen that the .required straight

o ®lines are only obtained for a values between 2 and 3A.

o
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lO^Ta
>+.269

4-. 2>+7 

2>+© 
3.78>t

3.777 

3.771 

3.765

310 fa 
5.2l>+

5.195 

5*176

5.157 

5.060 
5.o>+l 
5.022 
H-.985

10%m
>+,>+28
>+.590
1+.670

>+4750
>+.>+7>+

>+•555

>+.637

>+.>+51

lO^fm
5.177

5.158

5.139 

5.120 
>+. 165 

>+.l>+9 

>+.13>+ 

>+• io>+

10 b
64 026

6.005

5+995

5.985
5.218
5.209

5.200
5.191

10%
6,916
7.262

7.607

7.9W

6.391

6.7>+l

7.089
7.778

b = total base= [Ma-*!



TABUS 22

HiekeI Malonate Low Concentration

i o V ] 210*1 10 [a ’] 103[ma] J1—J O I

5.6*47 1.69*4 1.V31 1.7*42 1.29
5.90*4 1.737 1.367 1.7*48 1.30
6.0*4-7 1-759 1.333 1.751 1.31
6.181 1.780 1.303 1.75*4 1.31
6.63*4 1.710 1.12*4 l.i+65 1.2^
6.762 1.733 1.102 I.I467 l»2b
6.867 1.755 1.085 l.*469 1* 2U-
7.002 1.778 1.063 

Mean K 
TABUS 23

l.*471
= 1.27 ± 0.03

X* 2b

Hlckel n-Butyl Malonate Low Concentration
io?[h+] 102I 101|'[a2“] 103[ma] 10 K
I.626 1.879 *4. 02*4 1.359 2.65
1.163 1.8*4*4- 5.027 1.605 2.66
0.838 1.811 6.130 1.8*f*4 2.69
0.593 1.788 7 .*479 2.061 2.63
1.875 1.612 3.563 1.0*48 2.63
1.230 1.58*4 *4.70*4 1.276 2.62
0.902 1.558 5.928 1.505 2.65
o.*+i+6 1.525 8.933 

Moan K
1.912 

= 2.65 - 0.02
2.66
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103Ta
5.0^2
5.032
5*oiif
5.215

5.206

5.196

lO^Ta 
><•.810 
>4**801 
>+.793 

><-.775 
>4.766 

5.29*4- 
5* 27*4
5.265

5. 2><6 
5.236

lO^Tm 
^.398 
'+•389 
^♦371 
3.918 
3*911 
3*9$*

10%m 
><•. 925 
1+.9I6 
><•.907
>4.889
>4.880
3.925
3.911
3.90*4
3.889
3.882

103b

7.251

7.>406 
7*71*4
7.251
7. *406 
7.560

lc^b
6.771

6.928

7.08*4
7.39*4
7.5*48
7.08*4

7.39*4
7.5*48
7.855

8.007
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TAB IE 2k I = 0.03
lo5[ii+] io3[ha-] io^ aT io3[m a ] 10“ 3k
k.W+7 2.668 2.219 2.092 3.36
3.800 2.521+ 2.1+53 2.211+ 3.37
2.710 2.226 3.039 2.1+51+ 3.31+
3-981 3.018 2.799 1.856 3.22
3.36H- 2.875 3.165 I.966 3.19
2.3>+2 2.725 3.538 2.078 3.22

Mean Kc= 3.28 i 0.07
TAB IE I = 0.122

10?[h+] 103[ha“] 10V ] io3[nia] 10” 3k
1+.610 2.682 2. 16 1.826 2.1+1+
3.922 2.538 2.689 l.9^5 2.1+1+
3*321+ 2.390 2.989 2.061+ 2.1+3
2.381+ 2.084- 3.635 2.303 2.1+5
1.985 1.927 U1. 0̂ +1 2.1+16 2.1+3
1+.78I 3.302 2.868 1.628 2.1+7
3.^1 3.018 3.622 1.81+3 2.1+6

2.979 2.868 3.996 1.955 2.51
2.1W 2.561 9̂ 9 2.163 2.53
1.821 Z,k<U 5*N*8̂* 2.262 2.55

Moan Kc= 2.1+7 * 0.01+
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103ia lO^Tm 103[]Ja+

5 *317 5-193 7-251
5-169 5.660 7-185
5-123 6.119 7.120
5-032 7-011 6-993
5-om- 6.987 7.292
5-202 >+.162 7,095

5-183 •+.1^7 7-if06
5- 16̂ ^.131 7-71W

5-117 *+.606 7-6M*

5-0? l 5-071 7-575
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TABLE 26 1 = OelO
105 [ i f ] 103 [liA*] lO ^ A '] io3[kia] **310

3.009 3 . 3*+5 1.810 1.60

5.135 2.965 3.026 1.833 1.5s

5-575 2.923 2. 7̂ 7 1.851 1.58

6.V*3 2.8**1 2.311 1.877 1.58
Jt.998 2.570 2. 69*+ 2.117 1.61

**. 1**G 3 - 1̂ 9 3-986 1.595 1.56
3-027 2.851 *<-.935 1.799 1.55
2.20^ 2. 5*1-1 6 .0 *1 1.993 1. 5̂
2.510 2. 508 5.235 2.057 l . 5*+

2.82? 2A75 **.588 

Heaa Kt=
2.105 

1.57 i  0.02
1.55

i
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lO^a 103Tm lO^b
4,967 5.231 6.625
4.948 5.212 6.939
'+•939 5.202 7.095
'+.912 5.17k 7.560
4.894 5.155 7.867
5*303 4,131 7.71k
5.274 109 8.172
5.26k k. 101 8.324
5*217 if. 572 8.249
5*170 5.035 8.175

10% a lCrtJm 310D
5.104 5.456 6.535
5.08 5 5.435 6.868
5.048 5.396 7.525
5.029 5.376 7.851
5.237 5.461 6.452
5.217 5«44l 6.785
5.179 5.401 n _ > t) j T1/ * rr t
5.160 5-381 7*77 0



TABLE £7 I « Q»15
105[h+] 103 []lA"j ioV J io3[kia] _310 K
5*971 3.083 3.227 l.!+78 1.22
W+i+7 2.801 ■2*931+ I.698 1.23
3.538 2.653 V.318 1.309 1.23
2.1+20 2.192 5.660 2.130 1. 2l+
1*71+2 1.871+ 6.731 2.332 1.23
2.703 2.797 6.1+71+ 1.325 1.22
1.723 2.322 8.1+38 2.090 1.23
1.1+73 2.161 9.189 2.170 1. 22
1.660 2.136 8.01+3 2.260 1.22
1.371 2.111 7.055 2.336 1.23

Mean Kt= 1.23 - 0.01
f1 a’RT.F: pi I = 0.20

io5[h+] io3^ -! 1 0 V ] io3[hia] 10"3K

7.352 3.391+ 3.107 1.297 . O O
5A20 3.109 3*360 1.521 1.01

2.91+6 2.1+81 5*668 1.970 1.01

2.138 2.11+9 6.765 2.187 1.01

9.339 3.61+5 2.627 1.187 1.06

6.963 3.38!+ 3.271 1.1+08 1.07

3.827 2.787 f̂. 901 1.858 1.07

2.798 2.1+61+ 5*927 2.071+ 1.06
Mean Kc= 1.01+ + 0.03
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lo3ja 10*>2m 10Jb

5.26'+ 5.235 6.957

5.259 5.230 7.061

5,25V 5*225 7*165

V.967 V.196 6. 7V9

V.963 V.192 6.653

V.953 V.133 6*957

V.953 7.061

t

l A a 10?m
3 

10 b

5*122 V.13V 7.061

5.113 V.176 17 a/O

5.103 V.168 7 .V7V

5.09V V.160 7.680

5.31V 5.279 6.829

5.30V 5.269 7.069

5.28  V 5.2V9 7.5V5

5.27V 5.2V0 7.782



TAB IE 29 1 = 0 .03
105[h+] io3[ha-] 1 0 % = ] io3{hia} 10" 2k
1.650 3.1+65 ii .766 1.278 6.78
1.^97 3.3 63 5.089 1.31*3 6.82
1*359 3.26O 5.1*2 1.1*15 6.82
1.166 3.117 6.01+8 1.217 6.76
1# 01+0 3.013 6.576 1.268 6.60
0.952 2.906 6»9kk 1.336 6.75
0.852 2.800 7 M ? 1.387 6.63

Kean Kc= 6.71* * 0.07
■TABUS .30 I = 0.05

lO5^ ] 1C3 [HA"]

. <3t
O (—1 io3[bia] -z

10 K
1.012 3.129 7.931 1.178 1+.91*
6.852 2.91'+ 8.776 1.301* 5.17
0.686 2.699 :LO.013 1.390 5.00

0.581 2.1*31 :10.952 1.507 5.19

1.865 3.681* 5.01*3 1.078 5.09
1.500 3.1*52 5.891 1.227 5-15

0.973 2,973 7.81*5 1.507 5.13

0.788 2,728 8.81*1 1.61*7 5.19
Msan K=5.11 t 0.07
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lO^Ta
5.207

5.187 
5.168

5.090

5.071
5.052

lO^a
5.132
5.113
5.093
5.2**5
5.226

5.fl©6
5.187

lO^Tm
5.313
5.293 
5 .2  7k  

5.25̂  
b. 259 
+̂. 2*+3

V.227

lO^Tm

5.313
5.293 
5.27^ 
5.308 
5.289 
5.269
5 QkO

103b

6.511 
6.892
7.271 
7.6W 
6.320 
6.702  

7.082

103b

6.511 
6.892
7.271
6.607

6.987
7-365
7-719
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TAB IE 31 I = 0.10
io5|h+3 103 [lir]

I--•
ti.dvOr-J 103 [ihaJ

1
H* O 1 r
v>

PS

2.0*46 3.782 5.311 0.7914 3.02
3. *406 7.555 0.995 3.06

0.996 3.017 9.502 1.182 3.0*4
O.713 2.6 21 11.627 1.351t 2.98
1.937 3.7k6 6.083 0.688 3.17
1.317 3.368 8.038 0.870 3.21
0.932 2.976 10.081 1.0149 3.28

Mean Kt= 3.11 * 0.08
TAB IE 32 I = 0.15s'ar-i lO^A3] io3[bia] 10" 2k

1.990 3.6*42 6.717 0.773 2.53
1.392 3.263 8.61*4 0.960 2.57
0.990 2.871 10.6*43 1.1*40 2.59
2.101 3.766 6.581 0.773 2.59
1.^70 3.388 8. *4-59 0.961 2.63

i.o*t8 2.998 10.^80 1.1*40 2.6*4

O.7U8 2.603 .12.736 ' 1.298 2*58
Mean Kc= 2.59'2 0.03
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10 Ta lÔ Tra 310 b
5.181 5.303 6.702
5.161 5.284 7.082
5*142 5*2 64 7.459
5.123 5.244- 7.833
5.245 5.308 6.607
5*231 5.293 6.892-
5.211 5.274- 7*271
5.192 5.254 7.646
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TABLE 33 I =r Q«20
105[h+’] io3[m "] 1<A[a=] io3[hia] 10" 2k
1.829 3.5^2 7.865 0.792 2.23
1.303 3.178 9.876 0.971 2.28
0.925 2*785. I2.O99 1* 132 2.26
O.667 2.337 1^.396 1* 286 2.2 6
2* 123 3.767 7.178 0.713 2.16
1*623 3.W5 8.690 0*8^3 2.18
1* lj?l 3.097 10.881 1.00** 2.16
0*836 2.702 12.991* 1.177 2.22

Mean iCc* 2.22 * 0.0**
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SABLE 3>+
NickelJialonate Equilibrium Constants

I lO3]^ 106k 2 10" 3k
0 l.i+ o 2.07 12.7*0.3
0.G3 1.99*0.03 3.70*0.05 3.28*0.07
0.0? 2.0̂ 0.12 5+. 15*0.05 2.1+7*0.01+

0.10 2.22*0.01 5« 25+*0.08 1.57*0.02
0.15 2.22*0.01 6.25*0.06 1.23*0.01

0.20 2 .V l*0 .0 2 6.73*0.03 1.014*0.03

TABLE 35
Nickel n-Butyl Malonate Fauilibrium Const£

X 103k i 10% 10" 2K
0 0.96*0.01 1.11*0.03 26.5*0.2
0.03 1.29*0.02 2.27*0.0!+ 6.714*0.07
0.05 1A 2*0 .01 2.56*0.01 5.11*0.07
0.10 1.55*0.01 3.15*0.10 3.11*0.03

0.15 1.62*0.01 3.67*0.02 2.59*0.03

0.20 1.66*0.03 !+. 014*0.03 2.22*0.01+

All the available data have not been given in 
Tables 1 to 33. While the constants are the average 
values of all results the mean deviations diner in 
some cases from those reported in Trans. Faraday 

Soc., 1962, 53, 35^-
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Tile values of & obtained for the two systems by 
extrapolation are 1.25 x 10‘ for nickel malonete, 
and 2*53 x 10^ t or n*L'Utylnaioriote • j..nose are in
excellent agreement with 1.27 x IG4 and 2*65 x leP 
respectively) obtained by direct evaluation of the 
activity coefficients using equation (11)* .The 
nickel malonate value may be compared with 1*26 x 1G4 
given by Davies***-, and also by Hair and Hanoollas^ 
using the cell*

H2/Pt7H^ial# BaOli, MClg/AgCX/Ag.
The suggestion mad© by Guggenheim that a should, 

in fact) have a value similar to q Is not supported 
by these results. in both cases a * 2*5 to 3iL and 
the b value 0*6 to 0*h9 corresponds closely to that" 
required by the Davies equation (0.4)* For 2*2 
electrolytes this is equivalent to an a of 
approximately ***2iU fo.ok** studied cobalt 
diearboxylatea at a series of ionic strengths and, 
using equation (13), obtained association constants 
a, and b values* The best a was constant, h*5A, for 
most of the systems studied, while the b values varied 
from 0*05 to 0*22* The results are in general

j r3agreement with the work of Brown and Prue^ who found 
that small values of a aav* a better fit to the data
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for bivalent metal sulphates.

When suggesting the use of equation (lb) for bivalent 
electrolytes, Guggenheim assumed that the ions which 
approached within a distance of q of one another were 
not influenced by the other ions in solution.
A consideration of the interactions between the ion-pair 
and other ions leads to the introduction of an activity

1_L Ocoefficient for the ion-pair. Hossiensky has
attributed the sucess of activity coefficient expressions 
containing low a or b values to the neglect of this term.

The very close similarity in the a values to be used 
for the two acids suggests that it is dependent not on 
the actual sizes of the ions, but on the sizes of the 
bonding centres. This is supported by the almost 
constant values obtained by Monk for the cobalt 
dicarboxylates. While a may thus appear to have a 
definite physical meaning, it is better to consider it 
as an arbitrary parameter.

It would also appear, from the good agreement betwoen 
the K values obtained from direct evaluation of the 
activity coefficients and extrapolation, that the Davies 
equation may be used in the study of divalent metal 
dicarboxylates. For these systems at least, there 
appears to be less uncei’tainty aoout the value ol a to 
be used than was supposed by Prue.



PART II
■ALAH MATES



INTRODUCTION
In their study of the association between various

diamines and the divalent ions of the first transition
row metals, Irving and Williams1*1* found that the
stability constants were in the order,

Mn <Fe < Co < Hi < Cu > Zn.
They showed that this order held for a large number of
ligands and suggested that it was due to two factors;
(1) th© decrease in ionic radius along the serifs,
leading to an increase in the electrostatic attraction,
and (ii) an increase in the second ionisation potential
of the metal, which they assumed to be a measure of the
ability of th® metal to form covelent bonds.

The decrease in the stability of chelates with
increasing ring size has also been studied ' • The
five-membered ring chelates, oxalates, glycinates and
©thylenediamines, were found to be more stable than
th« corresponding six-merabered malonates, yj-alaninates
and 1:3 diaminopropanes, and this has been interpretted
in terms of heat and entropy effects.

Heat and entropy data, have been obtained for the
association of diamines with me.tal ions, both by direct

k-6calorimetric measurements and by association studies
b-7over a large temperature range ', and metal dicarboxylates

Lp3 b-2
have also been studied from 0° to #
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However, association data for amino acids are only 
available over a small temperature range^, and it 
was therefore considered desirable to measure th© 
stability of the chelates formed between transition 
metal ions and the glycinate and y3~alaninat© anions 
over a large range of temperature.

The association of the glycinate ion with metal 
ions has been extensively studied*7̂ . Albert52. and 
Haley amd Me11or52 have used potentiometrie 
measurements at constant ionic strength, and 
thermodynamic constants have been obtained by Monk^. 
Davies^j Monk^ and Keefer^ also calculated 
thermodynamic constants by measuring the solubilities 
of sparingly soluble metal iodates.

Few studies have been made with they3-alaninate 
anion^. Potentiometry has been used by Albert^ and 
Irving ©t al^, and polarographic methods by Li and 
Boody^* other techniques have been employed in the 
study of the association with copper ions^*^.

The work described in this part of the thesis 
consists of the study of the association between 
nickel, cobalt and manganese ions and the glycinate 
and ̂ -alaninate anions at 0°, 15°, 25°t 35° and b5°C.
For nickel and cobalt glycinates two complexes, hA+
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and MA^j have been found to be present, but for the 
other systems the results are best interpretted in 
terms of only one complex, MA • In the manganese 
p> ••alaninate studies, however, accurate results have 
not been obtained due to the preferential fSrmation 
of the hydroxide complex.

\



EXPBlilMMTAL
APPARATUS
Potentiometer

A precision Vernier potentiometer (Type P. 10, 
Croydon Precision Co* Croydon, Surrey.) was used.
This had an overall range of 1*9 volts to 1 microvolt 
in two ranges, and the accuracy was 1 part in 100,000 
of the 1 volt setting. The coil was of well aged bare 
M&nganin Telcuman wire, of the same guage throughout, 
thus reducing the temperature coefficient to a minimum. 
All terminals were of copper, tipped with a precious 
metal alloy to ensure good contact. A five decade 
system in the battery circuit was used when 
standardising the potentiometer, and the standard 
cell voltage was preset with an auxiliary divider, 
calibrated from 1.01800 to 1.01900 volts in steps of 
50 microvolts. The potentiometer rested on a large, 
earthed metal sheet. A multiple switch box was 
incorporated in the circuit between the cells and the 
potentiometer terminals in order to select for 
measurement any pair of electrodes.

Two Weston Standard cells (Cambridge instrument 
Co. Ltd., London.), mounted in metal cases, were kept 
in a small oil thermostat, maintained at 25°t 0.2°0 
by means of a bimetallic "Sunvic” relay. The standard



8 1

cells were compared regularly and the difference 
between them was 60 * 10 microvolts.

A sensitive5 spot-reflecting, moving coil 
galvanometer (Cambridge Instrument Co. Ltd.. London) 
was used in conjunction with a scale at a distance of 
one meter.
Thermostat

The thermostat was a large metal tank insulated
with cork and containing water and ethyleneglycol.
Th® temperature was kept constant to xhlthin t 0.005°C
by means of a mercury-toluene regulator, of largo
capacity, situated near the heating unit. This
operated a system of any combination of three bulbs,
painted red to reduce the effect on the light-sensitive
silver, silver chloride electrodes. The relay coil was
of high resistance so that no sparking occured in the
regulator during make and break. Temperatures below
that of th® room were obtained with a reftigerating
unit (Frigidaire Division of General Motors Ltd.,
London, W.9.), and for large rises in temperature a

_  obooster heater, which gave an increase of 1 per two 
minutes, was used. Since the e.ra.f. measurements were 
made to 1 0.01m.v. temperature control of the order of 
+ ’0.0Q5°C was necessary. The temperatures 15°, 25°,
35° and *+5C were measured using Beckmann thermometers
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which had been calibrated against platinum resistance 
thermometers* The 0°G thermometer was standardised 
using a triple-point cell*
Cell and Electrodes

The cell employed was similar to that used by
Noyes and Ellis^* Two hydrogen presaturators were

6lincorporated as suggested by Horned and Morrison , and 
the modifications of Ashby, Crook and Datta^ were also 
included* The cell was fitted with standard, B29, 
ground glass sockets, and the electrodes were supported 
in standard cones* Each cell contained a pair of silver, 
silver chloride electrodes and a pair of hydrogen electrodes, 
so that four estimates of the e.nuf • were possible*
A guard tub© was fitted to the hydrogen electrode 
compartment, and any liquid collecting in it was 
immediately removed. A diagram, of the cell and electrodes 
is shown in Fig. 12*
Hydrogen Electrodes

Pieces of platinum foil were welded to platinum 
wires which were then sealed into pyrex-glass tubes 
attached to B29 cones* Th© electrodes were cleaned with 
nitric acid, washed, and a little araldite resin cast, 
at 120°C, in the bottom of the tubes, thus ensuring good 
platinum-pyrex seals* They were then platinised for
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three minutes, at a current density of Q.2 amps per 
sq.cm., in a solution containing 2.5% chloroplatinic 
acid in normal hydrochloric acid, the current being 
reversed every 15 seconds* The coating, -which was 
not sufficiently thick to obscure the brightness of 
the underlying metal, was removed with aqua regia 
after each alternate run, and a fresh deposit made*
Th® electrodes were stored in conductivity water 
saturated with hydrogen*
Silver* Silver Chloride Electrodes*

Taniguchi and Janz^ used small electrodes and 
found that they took from a few hours to one week 
to come to constant potential* Bates^ suggested 
that electrodes should be about 150 to 200 m*gms. in 
weight. The electrodes used in the present work were 
of the thermal-*electrolytic type, described in Parti, 
set in B29 ground glass cones* They weighed from 
200 to 300 m.gms., and were given from 3 to b weeks 
to settle.
Preparation of Reagents

AnalaB glycine was used without further purification. 
The yi-slanine, which was B.D.H. Laboratory Reagent grade 
was re crystallised three times from conductivity v/ater 
and dried, in vacuo, at 50° to 70°C (Analysis. Found:
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C, *fO#55$| H, 7.71?; I’j ,  15.50$: Theoretical: C,
H, 7.36$; b, 15*72$)» AnalaH metal chlorides were 
recrystallised once from conductivity water to remove 
insoluble material* Solutions were analysed by 
gravimetric analysis for chloride as silver chloride, 
the agreement being t 0.02$. Sodium hydroxide 
solutions were prepared with conductivity water, and 
standarised as in Part I.

Conductivity water, which was used for all
6bsolutions, was prepared by mixed-bed deionisation •

Distilled water was passed down a column consisting
of an intimate mixture of one part of the strong acid
resin, Amberlite I.R. 120, and two parts of the strong
base resin, Amberlite i.R.A. N-OO.

Constant boiling hydrochloric acid was prepared
6% 66by the method of Foulk and Hollingwortlr}J and Shaw ,

using the modifications of Titus and jSmith^.
Determinations of chloride as silver chloride agreed
to 1 0.02$ and were in very good agreement with the

16theoretical values^ .
Cylinder hydrogen was freed from oxygen by passage 

through a "Deoxo" purifier (Baker Platinum Division, 
Engelhard Industries Ltd., London) and saturated with 
water vapour by passing through a series of bubblers.
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Ci^llbratiQn of Silver., Silver Chloride electrodes
(TOnamed and k biers'^ determined the standard

potential of the silver, silver chloride electrode
over a temperature- range of 0° to 60°C at 5°
intervals using an extrapolation technique, and
most subsequent workers have used their values.
More recently it has been shown, however, that there
is a difficulty in establishing the E° value better 

69than 0.2 m.v. , and it has been recommended that 
each worker standardise his own electrodes in 0.01 
molal hydrochloric acid. It was also suggested that 
the mean activity coefficient, Y +  , of hydrochloric 
acid at 0.01 molal be taken as 0.90k at 25°C, and 
0*908 at 0°C. These values were used in the present

126work, and the activity coefficients of harned and Oven 
wore used for the other temperatures.
B.m.f. Measurements

Stock solutions of glycine and the metal chlorides 
were prepared by weight in stoppered pyrex flasks.
The experimental solutions were prepared by weight 
dilution of stock solutions in 500 ml. Quickfit flasks.
In order to prevent the formation of metal hydroxides, 
however, it was necessary to use relatively large 
concentrations of (I -alanine. Tuis acid was tnerefore



weighed directly into the Qniekfit flasks* vacuum 
corrections being applied to all weights.

Each flask was fitted with a bubbler head* shown 
in Fig* 13* Hydrogen was bubbled through the solution 
£or over half an hour and the electrodes were washed 
three times with the solution in the V • shaped vessel 
shown in Flg.1**.

A cell* previously oven dried at 120°* was attached 
to the bubbler head through a standard BIO joint (Fig.ISj, 
and hydrogen blown through to remove air. The electrodes 
were then placed in the cell and hydrogen passed for a 
few more minutes* The taps were adjusted so that the 
solution was transferred from the flask to the cell by 
hydrogen pressure# The filled mil was then placed in 
the thermostat and hydrogen bubbling continued at a 
slow rate#

It was possible to make measurements with four 
cells at a time. They ’were allowed to settle for 
2 to 3 hours* after which the a.m.fVs were measured, 
four readings being obtained for each cell# When those 
had been constant for half an hour, barometric pressure 
and room temperaturc? were recorded and the e.u.l •1 s 
corrected for pressure. in making the pressure 
correction, the effect of bubbler depth ch. served oy 
Hills and iv*s^ was ignored* since this amounted to
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been taken at one temperature, the thermostat was 
raised to the next and the cells allowed to settle 
for half an hour.



METAL GLYCIMTB8

Owen^ and King'72 have determined k^ for glycine 
using the cell

H2/Pt/HA (m1), BgACi (m2)/AgGl/Ag.
The only ionic species in solution were HgA*, H+ 

aM  cr, and the ioni® strength I = Dissociation
constants were obtained at a series of nig values from 
the equation

k < = (mi + y >  v

(m - m +)2 H
where m + f the hydrogen ion concentration, was given by 

H
E - E°

. log + log m2 + 2 logX^,

^HCl was mean activity coefficient of hydrochloric
acid in water at the concentration m2« The thermodynamic
constant k^, was then obtained by plotting log k^ against
m0 and extrapolating to iaA = 0. A similar method was
used for the calculation of k^»

Datta and G r z y b o w s k i ^  also determined k2 and in
/

order to obtain linear plots of - log k2 against I,
they represented the activity coefficients by an

3/2expression containing terms in I and I , obtaining
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log 1 by a. iGcisu souuics extrapolation.
The best kg values appear to be those of King 

and JDatta and Grzybovski. Accurate data were 
therefore available at 1?°, 25°, 3?° and k$°C and 
since the temperature coefficients were small it was 
considered sufficiently reliable to obtain the values 
at 0°C by extrapolation of a plot of log k against 
1/1• The values are summarised in Table 36 which 
includes King*s values.

Acid Dissociation Constants 
Temp. °C 103k1 1010k2

P and G K
0 3.67 0.32?

15 b*l7 0.896 0.393
25 if t if g 1.67 1.66
35 h.66 2.9 7 2.95
**5 *.77 5‘.06 5.02

In the association of the glycinat© anion with 
nickel, cobalt and manganese ions, Monk^ found it 
necessary to assume that tv;o complexes, MA+ and MAgf 
were present in solutions of the first two. In manganese 
solutions, however, it appeared that only one complex,
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HA | was present* l^I'V7 an(] MeIXor'*2 and Albert^, 
however, found that in all systems It was necessary 
to assume the presence of both complexes* In the 
present work two complexes were sufficient in 
solutions of nickel and cobalt ions, but under the 
expertmental conditions used, only one complex 
appeared to be formed with manganese ions*

In measurements using the cell 
H2/Pt/HA {m 1)$ HaOH (m2), 11C12 (m^/AgCl/Ag 

where Kip and are the molal concentrations of 
glycine, sodium hydroxide and metal chloride 
respectively, the concentration of hydrogen ion Is 
given by

E •» B»
- log [H*] = + 2 log + 2 log^,, .....(27)

where E is the corrected e.m.f., E° the standard 
potential of the silver, silver chloride electrode, 
k * 2*303 Rf/F and If, the activity coefficient of the 
univalent ions*

In the general case the concentrations of the ionic 
species were obtained from the equations,

ml = lK2A+] + H  + CA“1 * h A+] + 2 [l>5A2] ,  (23)

mo — ^ ^ (29)



electroneutrality

[h+] + 2 [i42+] + [iu+] + m2 + [h 2A+] = [a"] + 2m3, ...(30)

the ionic strength

I = i|[H+] + [MA+] + [H2A >  [A’] +m2+ 2 m ... (31)

and the dissociation constants of the acid,

1 _  C v ' l  ■■'°a

(.«*)
*£»Where only one complex, MA , was formed

“l =tH2A^ + + * fMA+J  (3*+)
and
m3 = [m 2*] + [m a +] . ...(35)

In all solutions studied [oir] was negligibly small* 
The association constants

K1 ~     ...(36)
[«") [a-] Y 2

and ^
LMAoj

K2 =---- Jr-J i---- ...(37)
M U " ]  X 2

were obtained by succesive approximations for I, using 
the Deuce computer. For nickel and cobalt an 

approximate value of K2 *jas used in the initial
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was then obtained, end the process repeated until 
K1 and Eh were constant.i. cL

The activity coefficients were calculated from 
the expression.

and In order to determine the best value ofy3to be used, 
calculations were mad© w i t h 0.0, 0.1, 0.2, 0.3, G.1+, 
0*5 and 1*0.

The values of the constants used in the calculations 
are given in Table 37*

The results of and K^ determinations withy$= 0.2 
in equation (38) are given in Tables 38, 39, *+0, hi and *+2. 
Calculations with otherj*> values are summarised in Tables 
1+3, Mf, 1+5, k6 and *+7*

(36)

ABLE 37
Values of Constants used in Calculations

Temp.°C A k
0 O.M383 O.OJi+197
15 0.5000 0.057173
2$  0.5085 0.059158
35 0.5175 0.06llit-l
^5 0.5270 0.063126



9 6



9 7
TABLE 8̂

Molal Concentrations in Nickel Glvcinate Experiments
2 3 5 5 6 7

6.2971 6.9927 5.8195 5.5262 6.3292 5.9371
1.8722 2.2291 1.0678 0.9335 I.0590 3.3055
6.1272 0.8316 0.9357 0.7859 0.6375- 2.9797

9 10 11 12 13 15

5.5510 6.0667 5.1350 5.5-071 5.6186 6.3358
2.7295 ■+.9962 2.6031 3.0623 3.1015 3.5-016

3.1635 5.3758 6.7398 5.5-922 5.7036 5.9861
Results on Nickel Glveinate

103 [ha] io7[a“] 10!+[k a +] ioV 2]
-610 I

Temp = o°c.

6.058 0*211 2.180 0.69 2.93
6.762 1.559 2.166 5.k8 3*00
5.5-16 0.656 1.035 1*16 2*87

6,212 0.855 1.095 1*65 2,92

5.555 0.725 3.792 2*93

5.725 0.575 3.966 3*56 2.89

5*551 O.572 5.010 k*3k 2* 9B
5,855 0.251 2.775 1*01 2*93

5.078 0.356 3.175 1*66 2.90

5.283 0.352 3.226 1*66 2.89

5.966 0.359 3.557 1.91 2*92

Mean 2*92 * 0.02
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.Lxpt • r 0 
h « & 310 I 10' V '

2 0.33535 is . ms 20.157

5 0«J+'3,+5i+ 2.259 5.286
6 0.57368 1*797 5.565

7 0.53333 3.551 5.350

8 0.51915 11.789 7.151
10 0,51285 15.615 7.163

11 0. 39C89 19.930 15. 231

12 0.50257 16.158 IO.698

13 ; 0.50033 16.777 11.275
lb 0,39710 17.591 12.151

2 0*38973 18.131 27.530

3 0.5S555 2.268 5.15-0

5 0A 7259 2.25-5 7.231

6 0.58155 1.793 6, 295

7 0A 3920 3.556 7.672

8 0.52551 11.782 10.260

10 0A 1807 15.609 10.265

11 0.39583 19.919 19.961

12 OA0757 16.15-0 15.173

13 0.50550 16.768 15.962

15 0A0251 17-580 17.113



io3|j ;a ] 107[a-]
Temp. =

it f + '10 ' [liA _
l5°c

] 106[ii&. 1 10 2

6.032 0.3^9 2.350 0.75 1.91+
5A 09 1.016 1.080 1.10 1.93
6. 206 1.366 1.135 1.69 1.92
5.537 1.125 3.31+3 i+. 26 1.93
5.715 0.892 !+.03l+ 3.k5 1.92
5.5^1 0.888 5.078 k.20 1.93
W.823 0.1+01 2.889 1.50 1.9V
5.06k 0.51+6 3.266 1.66 1*92
5.269 0.51+1 3.323 1.66 1*91
5.9*+9 0.570

Temp. =

3.657

Mean
25°C.

1.92 
= 1.93 -

1.93
0.01

6.008 0A 77 2.502 0,816 1.53
6,753 3.023 2.222 5*1+16 1.50
5*^03 1.375 1.118 1.21+0 1.1+9
6.200 1.820 1.172 1.738 1.50
5.530 1.1+60 3.392 1+. 192 1.52

5.705 1.160 l+.ioo 3A 06 1.51

5*531 1.157 5.11+2 l+.ll+O 1.52

M-.812 0.532 2.996 1*079 1.53

5.051 0.718 3-352 1.668 1.51

5.255 0.713 3.kl5 1.680 1.51

5.933 0.71+1+ 3.761

Mean
1.9*+8 

= 1.51 -
1.51 

0.01
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Expt. E - E° 103X 10 [ll+]

1 0.50666 1.693 1+.332
2 0.39559 I8.I.13 36,360

3 9.1+9317 2.261+ 5.7W
1+ 0.1+6977 2.823 11.851+
5 0.1+8035 2.2>+0 9.851
6 0.1+3 961+ 1.789 8.1+69
7 0,1+1+509 8.5̂ 0 10.737
8 0,1+3005 11.77k li+y 288
9 0,1+351+9 9,190 11+.612

1 0,51587 1.691 5.61+8
2 0.1+0168 18,091 1+6,732
3 0,50078 2.260 7.822
V 0.1+7750 2.815 15*0629
5 0.1+3831 2.231+ 13,035
6 0.1+9798 1.783 11.173
7 0,1+5108 8.532 11+.669
8 0,1+3571 1U763 19*1+20
9 0.1+1+150 9.179 19.723



103[ha] io7[rJ I0̂ A +] 1061 iigj 10
Temp. = 35°c.

8.945 6.727 2.615 10.94 1.23
5.930 0.641 2.634 0.90 1.2b
6.74? 3.373 2.259 5.37 1*20
5.672 1.599 1.304 1 . 26 1*21
5.395 1.303 I.168 1.30 1*20
6*192 2.383 1.218 1*80 1*20
5.521 1.859 3*956 f̂* 12 1.22
5.692 1.434 4.133 3*38 1.22
5.221 1.300 2.995 2.17 1.21

Mean = 1.21 * 0.01
Temp. = k$°Q

8.940 8.312 2.631 11.83 0*95
5.947 0.852 2.9C0 1*05 1*02
6.740 4.865 2.3C0 5*63 0.99
5.660 2,070 1.379 1A 2 1.00
5.385 2.331 1.230 1.M+ 0.99
6.183 3.089 1*272 2*0 0 0.99
5.508 2.325 **.033 H-.30 1.01
5.676 1.866 b. 237 3*56 1.01
5.205 1.645 3.094 2.32 1.00

bean ~ 1*00 £ 0.02
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Expt« E * 10̂ *2

1 0*1*7819 5»756

2 0A 7I+78 6*812

3 O.i+7293 6.**00

V 0.k66?6 7*502

5 0,51680 2.207

6 0.53051 1.626

7 0.52851 1.737

8 0*55118 1.519

9 0,1*6937 6.239
10 0A 6691 6.933



1 0 3

Molal Concentrations In Cobalt Glyclnate Experiments
Expt. 1 cL 3 1+ 5
ltPm1 7 . !+28>+ 7.3796 3.2576 ;j  • 2 Oh-9 7.5723
k

10 E2 1.5516 l.Btf+O 1.6M+1 1.725+1 1.363!+
lO^m

3
1.9699 2.3301+ 2.1385 2.5531 0.7795

6 7 3 9 10
IcAn,1 6. |+361f 7.0639 6.6283 7.1659 5.8391
loSiig l . ^ W 1.31+66 2.2921 1.2526 1.1185

10^m3 0.5796 0.6220 0.5767 2.1211+ 2.3652
Results on Cobalt Gl.vclnate

107[h*] 1o3[h a) io6[a"] io1+[ma+] 10“ 5 ,

Temp. = o°c.
1+.1+58 7*271 6.227 1.531 1.85

!+• 1+09 7.197 6.310 1.779 1.81+

5.051+ 3.038 6.156 1.61+5 1.83

5.691 8.029 1.710 1.85

2.065 7.^35 1*299 I .305 1.90

1.530 6.318 1.5+70 1,113 1.93

1.557 6,929 1.589 1.273 1.95

0.637 6,399 3.565 2. 031+ 1.86

6 , 051+ 7.038 O.M+6 1.250 1. 91+

6.081 5.725 0.365 1.119 1.92

Mean K. = 1.89 ^ 0. d+
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T-0£ *> 3i- 103.!

1 o.i+3695 5.755
2 C.M3325 6.312

3 O.^Blif9 6.399

if 0.if7?15 7.501

5 0.52772 2.207
6 0.5^230 1.627

7 0»5>f037 1.738

S 0.56383 1.521

9 0A79»f2 6.238
10 GA76I I 6.982

1 0A9238 5.75^

2 Q,if885if 6.811
3 0.i*8678 6.398

if G.if8036 7.500
5 0.53ifif8 2.207
6 o.5if955 1.627

7 0.5^77? 1.738

8 0.57173 1.522
9 0.if8if39 6.237

10 0.if8l56 6.981



106[ii+]
i • —

io6[a~J
“1 r*0«J-? U •

io+[iu'h] 10"

e.905 7.269 S. 1+1+0 1.51+2 1.39
0.399 7.195 8.517 . 1.790 1.38
1.023 8.086 3,373 1.658 1.37
1.1M+ 8.027 7.526 1.721+ 1.38
0,1+17 7.1+35 1.765 1.308 l.l+o
0,308 6.318 2.006 1.111+ 1,1+2
0.3H 6.928 2.181+ 1.273 1.1+2
0.130 6.399 4-.310 2.03*+ 1.38
1,11+5 7.036 O.65O 1.260 1.35
J..18W 5.723 0.516

Mean K. »
1.130

1.39 - 0.02
1.38

Temp.=25°C
1.1+19 7.267 10,050 1.59* 1.18
1.1+10 7.193 10.137 1.802 1.17
1.601 8.081+ 9.988 1.672 1.17
1.781 3.021+ 9.027 1.71+0 1.17
0,657 7.1)31+ 2.095 1.313 1.20

0,1+85 6.317 2,380 1.116 1.21

0,1)85 6.927 2.612 1.275 1.20

0.205 6.398 5*635 2.039 1.18

1.771)- 7.033 0.783 1.275 1.11+

1.328 5.721 0.623
Mess K, =

1.11+3 
1.18 £ 0.02

1.16 '
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frxpt. E ~ E° 103.I

1 0. ̂ 978 7 5.753
2 0.if9391 6.809
3 O A 9226 6.396

Q.if85<>if 7.4-98
5 0.5^119 2.207
6 0.55676 1.627
7 0.55500 1.738
8 0.57952 1.523
9 0.^9029 6,235
10 0.if8687 6.980

1 0.503^1 5.751
2 0.^9926 6,807
3 0A976if 6,3^-
b 0.lf9098 7A95
5 0.5^789 2.206
6 0.56387 1.627
7 0.56221 1.738
8 O.587I8 1.52if
9 0A 9 575 6.232
10 0A 9220 6.977
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109
TABLE kO

iiolal Concentrations in Kaneanese Ulyctnate Experiments
3 5 O 7

7.9700 7-359*+ 7.9639 7.1301 1+.0712
*+.6713 2.9607 3.6167 1+.310Q 1+. 051+9
2.7622 1.3025 • 2.2210 2.913!+ 3.1+21+6

Results on ManKanese Glycinate
107[h+] 102[ha] 105[a“] io^[k a+] lc rS .^

Temp. « o°c.

1.938 9.61+7 2.715 5.600 1.56

1.618 8.568 2.31+3 5.1+86 1.57
1.561 7.923 2.637 i+. 1+1+3 1.57

1.670 7*329 2.137 2.782 1.63

1.651 7*927 2.*+12 * 3.1+13 1 . 51+

1.577 7.036 2.356 1+.107 1.56

1.136 1+.030 1.908 3.878 1.63
Mean K. = 1.58 ± 0.03

temp. = 15°c

4-. 956 9.61+5 2.9*+7 5-61+3 1.1+9

*+.159 8.567 3.069 5.513 1.1+9

if. 013 7.922 2.81+5 1+.1+67 1.50

*+•361 7.323 2.265 2.815 1.59

1+.237 7.926 2.60*+ 3-M+l 1.1+6

1+.053 7.036 2.51+2 1+.129 1.1+9
2.926 *+.030 2.057 3.880 1.55

Mean K. = 1.51 - 0.03
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Expt. E - E°

1 0. 1+3852 H .li+2

2 0 .M+500 10.086

3 0. 1+5020 8.21+5

5 0 . 1+5367 6.631

6 0. 1+1*888 8,701

7 0,1+5360 10.237

1 0.1+3916 l l . l i+ l

2 0.1+1+573 10,886

3 0, 1+5120 8 . 21+1+

5 0.1+51+75 6,630

6 0.1)1+971 3 .7P1

7 O.1+51+1+9 10.237

1 0 . 1+1+020 11.139

2 0, 1+1+686 10.085

3 0, 1+5251+ 8.2^3

5 0.1+5627 6.629

6 0.1+5093 3,700

7 OA5553 10.236



1 1 1
ioV] 102[ha] 

Temp. =
105[a~]

25°G
lO^MA+J 10""3

0.383 9.61+1+ 3.105 5.708 1.1+5
0.71+6 ■3.566 3.215 5,560 1,1+6
0,721 7.921 2,97^ 1+.509 1.1+7
0,756 7.925 2.739 3.W5 I.1+3
0,726 7.085 2.665 1+.I67 I.1+6
0*528 “+.S30 2.11+2 3.891+ 1.52

Temp. 52
Mean K, 1

35°C
* l.>+7 1 0.02

9.61+1 3.253 5*822 1.M+
1.281+ 8 ,$6b 3.351 5.6M+ 1.1+5
1,235 7.919 3.112 !+.582 1.1+5
1.297 7.923 2.861 3.561+ 1,1+2
1,250 7.083 2.775 *+.236 1.1+5
0.913 i+. 029 2.222 3.921 1.50

Mean K. * 1.1+5 * 0.02
Temp. =1+5 °C

2,1+77 9.637 3A26 . 6,001 l.i+i+
2,109 3.561 3.511 5.779 l.i+?
2.026 7.916 3.266 !+.701 1.M+

2.120 7-920 3.011 3.689 1.1+2
2.055 7.081 2.906 1+.31+6 1.1+5
1.521 *+.028 2.298 3.969 1.50

ilean Kj_ = 1.1+5 - 0.02
£
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Expt * 1 2
102 m 3*7992 3.2691*

103 m2 0*9139 1,01*90

IQ3 m. 0.7927 0,96  91*

ExptU Ti*£> •> JtS ID3.!

1 0.1*9267 1.673

Z 0.1*8782 2,071

3 0, 1*6 9^3 2.298

b 0,1*801*7 1,896

$ o« 1+731*3 2.31*3

6 0A7172 2,l*2l*

7 0.1*6117 3.059

8 0A7532 2.278

1 0.50671 1,671
2 0.50075 2.069
3 0.1*9252 2.292
if. O A 936I 1.891
9 0.1*861*0 2.336
6 0.1*81*26 2.1*20

7 0.1*7301 3.051
8 0 • 43b 09 2.273



1 1 3
TABU;, l+l

3 1+ 5 6 7 8

3.6302 3.335'+ 1+.5332 6.2537 5.!+038 1+.1+371+

1.09^2 0.8727 1.1191 1.231i-7 1.3672 1.1023

1.0637 0.8726 1.081+5 l.li+ifS 1.1+018 1.0530
Results^mJilcksl Gl.vcinate

io6[h+] 106[a"] 10^[k a+] i°*[m a 2] 1-* O t VJ
1

JPsJ

Temp* = o°c

0,559 * 2.363 1+.962 2.108 1.96
0.567 2.007 6.267 2.129 1.87
0.7^2 1.716 6.396 2.051+ 1.92
0.857 1.566 5.662 1.573 1.95
0.9^0 1.701+ 6.959 2.169 2,03
0.959 2.315 7.256 2.869 1.90
1.21+1 1.556 9.122 2.362 1.87
0.888 1.782 6.823 2.151 1.96

Mean K„ = 1,93 - 0.01+
Temp. *> I5°c

0,<M 3.838 5.031 2.081 1.18

0.993 3.150 6.309 2.117 1.18

I.267 2.761 7.000 2.017 1.16

1A65 2.519 5.7!+3 1*552 1.18

1.592 2.765 7.069 2.139 1.22

1.61+7 3.705 7.297 2.886 1.19

2. ll+l 2.1)B0 9.208 2.365 1.17

1.522 2.355 6.900 2.137 1.20
Kean K- = 1.19 * 0.02
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Expt. E - E° 103.!

1 0.515^7 1.670
2 0.50905 2.067
3 0.50065 2.290
h 0.50172 1.889
5 Q.*+9l+76 2*331
6 0„ 1+921*8 2A 16
7 0.1+8081 3*0Mf
8 0.1+9628 2.270

1 0.52*67 I.669
2 0*51770 2.065
3 0.50910 2.286
k 0.51078 1.883
$ 0.50290 2.327
6 0,50082 2.*+13
7 o.i+aseH- 3.037
3 0.50M+6 2, 266



106[ll+] 106[a“] lO^MA*] lO'fiiA^ I0~k

Temp. = 25°C
1-336 5.067 5.057 2.078 3.89
l.*tl7 *4. 119 6.335 2.115 8.97
1.800 3.625 7.036 2.015 8.78
2.085 • 3.300 5.760 1*565 9.07
2.222 3.69*4 7.132 2.132 9.01
2.30*4 *4.938 7.322 2.908 3.96
3.000 3.300 9.277 2.373 3.75
2.1^3 3.781 6»9*4l 2.1*40 9.06

Mean K« * 8.9*4- i O • O

Temp, a 35°C
1.835 6.571 5.082 2.078 6.83
i.9*»6 5.335 6.380 2.10*4 6*85
2 M l *4.711 7.092 2.007 6.69
2*796 *4.382 5.3*43 1.5*46 6e66
3.058 *+.780 7.160 2.152 7.01
3.139 6.^56 7.335 2.9*46 6*95
*4.107 *4.295 9.327 2. *403 6.78
2,952 >4.891 6.967 2.159 7.06

Mean K « 2 6.85 ^ 0*11

4
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xpt. K - E° 103,!

1 0.53323 1.668
2 0.52619 2.06 th

3 0.517^2 2.233
5 0,510(53 2,325
6 0.50372 a.^l!

7 0A 9601 3.032
8 0.51216 0 o£er



106 [ll+] io6[a“] lc^Qnifj io^Du J 10“S

Temp. = if5°c
2A 76 '3.32b- 5.09b 2.090 5 A  2
2* 6Mf 6.719 6A 01 2.112 5A5
3.33^ 5.956 7.H9 2.021 5.32
^.193 5.958 7.127 2.217 5.83
k.3&7 8.117 7-281 3.037 5.75
5.611 5.373 9.281 2.505 5.69
f̂. 059 6,078 6.92S 2.226 5.89

Mean K *4*» 5.62 * 0.20





Expt. 1 2
102 m 3A170 6A753
103 m2 1.390*t 1.10W
103 nt,3 1.3658 0.9961

Expt* E - E° IS3.!

1 0.51238 3.017
2 0.53026 2.172
3 0.52006 2.556
If. 0.53005 2.152
5 0.51185 2.800
6 0.50915 3.002
7 0.51279 2.^8^

1 0.52369 3.022
2 0.5̂ 201 2.182
3 0.531 2.566
b 0.5^196 2.161
5 0.52321 '2.808
6 0.52001 3.011

7 0.52̂ -09 2.lf91+



1 19
TABLE !+2

3 k 5 6 7
9.2361 6.5973 12.1177 12.6328 11+.1035
1.3370 I.I019 1.1+619 1.5339 1.3279
1.1797 #,9372 1.2936 1.3356 1,1513

Results on Cobalt Gl.Yoinftte

l o V l 105[a“] 101+[ma+] lO^MAg] ~i+10 K„ 2

• Temp. = o°c.
l.M+5 2.101 8.295 2.716 1.75
0.911 2,518 6.013 2.1+00 1.75
1.197 2.765 7.091 3*016 1.71
0.923 2.521 5.919 2 A33 1.80
l,55k 2.811+ 7.797 , 3.296 1,68
1,633 2.801 8,1+87 3.339 1.58
1.667 3*01+3 6.975 3.032 1.59

Mean K„ = 1.69,4 0.07
Temp. = 15 c

2.853 2.926 8.1+20 2.625 1.20

1.839 3A32 6.078 2.329 1*2^

2.399 3.798 7.173 2.936 1. 2 0

1.358 3,’+6o 5.999 2.352 1.2?

3.059 3.931 7.92k 3.197 1.15
3.261 3-358 3.57k 3.265 1.11

3.297 1+.232 7.080 2.9*+5 1.10
l ie an K„ == 1.18 4 0.05
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Expt. E » E° 103.!

1 0.53113 3.02*+

2 0.5*+951 2.189

3 0,53832 2,573

b 0,5^960 2,163

5 0,53055 2.81*+

6 0.52705 3.017

7 0.53112 2.501

1 0.53789 3.030
2 0*55666 2*196
3 o.5*+581 2.580
*+ 0*5568*+ 2.175

5 0.'53737 2.821
6 0.53373 3.02*+
7 0,53808 2,509



1 2 1

107[h+] io5[a-] io1*’(ma+J lO^MA _] 10"3

Temp* = 25°c
V.3V2 3.587 8.551 2.539 9oV
2,862 V, llV 6.136 2.272 9.98
3.69^ V.596 7.261 2.86V 9.60

2.876 V.170 • 6.071 2.288 10.02

V*67l V.802 8.030 3.119 9.09
5,017 V.679 8.660 3.203 8.92
5.102 5.101 7.139 2.897 8.88

Mean Kg « 9 . VO t 0. Vo

Temp. » 35°o

6.597 V.209 3.592 2.507 7.8V

V.38V W 3 6 6.167 2.233 8. VI

5.618 5*387 7.307 2.820 3.03

V.393 ^.867 6.109 Z.Zbb 8.39

7.073 5.65V 8,077 3 .083 7.60

7.60V 5 . 50V 8.700 3.175 7.50

7.690 6.032 7*187 2.86V 7.39

Mean K0 » 2 7.88 t 0,3V
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uip't* * E - E° icP.l

1 0.5M-1-85 3.033
2 0.56392 2.203
3 0.55285 2.587
k 0.56̂ 29 2.182
5 o.5M*38 2.828
6 o. 5̂ 055 3. 030
7 0.5^530 2.516



1 23
107[h+] 10? [a-] lGl+[iiA+] lO^CfUg)

_ 310 J

Temp# = k5°c

9.700 *+.315 8.673 2A60 6.57
6.517 5.505 6.221 2.185 7.11
8,311 6.226 7.367 2.773 6.79
6 ,1*86 5,636 6.179 2,185 6.99

10,376 6.591 8.1U6 3*0^2 6. bo
11*186 6*398 8.757 3,lM3 6.37

11 ,£02 7.081 7.256 2.827 6.17

Mean K_ = 6.63 t 0*29

(



1 24

-«*-

.f* *-i'

:v-̂

'. ■ "  ■

. K'

f



0*0



TABLE 1+3
Moisei. Glyclnate Results Varying ji
0.2 0.3 0»*+ 0.5 1.0

Temp. = o°c

2.93 2.91 2.88 2.86 2.73

3.00 3.00 3.00 2.99 2.98

2*88 2.87 2.87 2.87 2.8 5
2.92 2.92 2.92 2.91 2.90
2.93 2.92 2,90 2.89 2.81+

2,89 2.88 2.86 2.85 2.77

2.92 2.90 2.88 2.86 2.76
2,93 2.90 2.88 2.85 2,72

2.9© 2.88 2.86 2.81+ 2.73

2.89 2.87 2.8? 2.82 2.71

2,92 2.90 2.88 2.85 2.7!+

2.92 2.9® 2.89 2.87 2.79
tO .02 tO.02 tO.03 t o . 03 t o . 07
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p 0.0 0.1

Expt •
2 1.97 1.96

? 1.93 1.93

6 1.92 1*92
y 1.95 1.9^

8 1.9** 1.93

10 1.96 1.95

11 1.98 1.96

12 1.95 1.93

13 1.9N- 1.93

lb 1.96 1*9^

Moan x  10
1*95 

to . 01
1.91*

£0.01



1 2 7

0.2 0.3 O.if 0.5 1.0
Te*np« = 15°C

1.9^ 1.92 1.90 1.83 1.80

1*93 1.93 1.93 1.92 1.91

1*92 1.91 1.91 1.91 1,90

1*93 1.92 1.92 1.91 1.87

1.92 1.91 1.90 1.89 1.81+

1.93 1.92 1.90 1.89 1.82
1*9^ 1.92 1.90 1.89 1.80

1*92 1.90 1.89 1.87 1.80

1.91 1.89 1.88 1.86 1.79

1*93 1.91 1.90 1.88 1.80

1*93
0.01

1.91
*0 ,0 1

1.90
*0 .0 1

1.39
*0 .0 1 * f c 8

f
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0*0 0*1
Expt*

2 1*56 1.55

3 1.51 1.50
5 l . 1̂ l.»*9

6 1.50 1.50
7 1.53 1.53
8 1.53 1.52

I f 1.5** 1.53
11 1*56 1.55
12 1*5^ 1.53
13 1*53 1.52
x*t- 1.51* 1.53

Mean K, x 10 1.53£0.02 1.52*0.02
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0.2

1.53
1.50 
l,i*9
1.50 
1.52
1.51 
1*52
1.53
1.51
1.51 
1*51

1.51tO.OX

0.3
Temp.
1.52
1.50
1.1*9
1.50
1.51
1.51
1.51
1.51
1.50
1.50
1.50

1.51 
to, 01

0.**

1.50
1.50
1.1*9
1.50
1.50
1.50 
1.1*9
1.50 
1A9 
l.W 
1.1*9

1.50 
t o .  01

0.5

1. 1*9
1.50 
1A9
1.50
1.50 
1.1*9 
1.1*8 

l.i*9 
1.1*8 
1.1*7 
1A7

1.1*9 
to. 01

1.0

1.1*2

1.1*9
1.1*8
1.1*9
1.1*7
IA5
1.1*2

lAl
1.1*2 
1.1*1
l A l

1.1*1 * 
t o .  03
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/
Expt *

0.0 0.1

1 1.23 1. 23
2 1# 2 6 1.25

3 1*20 1*20
*1* 1*22 1.21
5 1*20 1.20
6 1*20 1*20
7 USA- 1*23

8 1*23 1.23

9 1# 22 1.21

6 1*22 1* 22
H tan JL̂  x 10 tO * 02 tO . 02

I 0*95 0*95
2 !*$ * I .03
%** 0*99 0*99
*i- 1*01 1*01
5 0*99 0*99
$ 0*99 O.99
7 1*02 1*01
8 1*02 1.01
9 1* 01 1.00

Mean K, x 10̂
1*00 1.00

t o .  02 t o .  02



1 3 1

0.2 0*3 0.li* 0.5 1.0
Temp* = 35°c

1.23 1.22 1.22 1.22 1.22
1.2!+ 1.22 1.21 1.20 1.1*+
1# 20 1.20 1.20 1.20 1.19
1*21 1*21 1.21 1.21 1.20
1*20 1*20 1.19 1.19 1.19
1*20 1*20 1.20 1* 20 1.19
1*22 1.22 1. 21 1*21 1.18
1*22 1.21 1. 21 1.20 1.16

1*21 1.20 1.20 1.19 1.17

1.21 1. 21 1* 21 1.20 1.18
to .  01 to . 01 to* 01 *0.01 ±0.02

Temp. a ^5°C

0*95 0.95 0*95 c.95 0. 9^

1.02 1.01 1.00 0.99 0.91*-

0.99 0.99 0.98 0.93 0.98

1# 00 1.00 1.00 1.00 0.99

0.99 0.99 0.99 0.99 0.98

0*99 0.98 0.93 0.98 0.98

1*01 1.00 l.oc 1.00 0.9 7

1*01 I .  00 0.99 0.99 0.96

uco C.99 0.99 0.98 0.96

1.00 
to .  01

0.99 
to* Ul

0 . 9 9  
± 0. 01

0:98
*0.01

0.9  7 
±0.01
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0*0 0.1
Expt*
I 1.86 1.86
a 1.85 1.8U-
3 1.81* U 8 k

1.87 1.86
5 1.90 1.90
6 1.9** 1*93
7 1.9? 1.9?
8 1.87 1.86
9 1.9? 1.95
10 1.93 1.92

* 1*90 1.89
Mb an K x 16m* tQ.OM-



1'iiBLE 1&
Cobalt Glyclnate Results /ar.yinĝ /3
0.2 0.3 0.1* 0.5 1 .0

‘leap. = c°c

1.85 }~~i * CO V3
1 1. 8!+ 1.81* 1.81

Ii8^ 1.83 1.82 1.82 1.79

1*83 1.83 1.82 1.82 1.79

1.85 1.85 1.81* 1.81* 1.30

1.90 1.90 1.89 1.89 1.38

1.93 1.93 1.93 1.93 1.92

1.95 1.95 l*9k I . 91* 1.91*

1.86 1.86 1.36 1.86 1.85

1*9** 1.93 1.93 1.92 1.90

1.92 1.91 1.90 1.90 1.87

1*89 1,88 1.88 1.88 1.36
* 0,# * to* Ok to.oM- ± 0. 01+ £ 0.05



1 3 4



/
Exp'S.

0.0 '0.1

1 1.39 1.39
2 1.39 1.38
3 1.38 1.3?
k 1.39 1*38
5 1.5*1 1.5*1
6 1**̂ 3 l**+2
7 1*̂ 3 U'+2

8 i*39 U39
9 . 1*3^ •*>*<

U  1*39 1*38

2.»* _.
M&fUSi X lw JD*©2 ^©#§2



1 35

0,0 0.3
Temp.

0.1* 
= l5°c

0.5 1.0

1.39 1.38 1,38 1.37 1.36
1,38 1,33 1.37 1.37 1.35
1,37 1.37 1.36 1.36 1.31*
1,38 1.37 1.37 1.36 1.31*
1.1+0 lAl 1.1*0 lAl 1.1+0
1,1+2 1,1*2 1.1+2 1.1*2 1.1*1
1,1+2 1.1*2 1.1*2 1.1*2 1,1+1
1,38 1.38 1.38 1.38 1,38

1,35 1.35 1.35 1.31* 1.32
1,38 1.37 1,37 1.37 1.3!*

1,39
£0*02

1.39 
£0,02 .

1.33 
to, 02

1.38
£0.02

1.37
to. 03

i
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0.0 0.1
&xpt • *
1 1.19 1.18
2 1.18 1.18
3 1.1? 1.17

1.18 1.17
$ 1.20 1. 20
6 1.21 1*21
7 1.20 1.20
8 1.18 1.18
9 1.15 1.15
W 1.17 1.17

Mean L  x 10* 1*18 * to. 01 1.18
*0.01



1 3 7

0* 2 0.3 O.̂ f 0.5 1.0

Temp. s 25°C
1.18 1.18 1.17 1.17 1.15

1*17 1.17 1.18 1.16 1.1*4

1.17 1.16 1.16 1.16 1.1*4-

1.17 1.16 1.16 1.15 1.13
1.20 1.19 1.19 1.19 1.18

1. 21 1. 21 1.20 1.20 1.20

1. 20 1.20 1.19 1.19 x* 19

1,18 1.18 1.18 1.17 1*17

l.lH- l-.l^ 1.1>4 1.1>+ u ib

1.16 1.16 1.15 1.15 X* X3

1.18 1.18 1.17 1.17 .1.16
it©. 02 *0 .02 tO . 02 *  0.02 10.02
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Expt •
7s

0.0 0.1

1 1.03 1.02

2 1.02 1.02

3 1.01 1. 01

h 1.01 1.01

9 1.0** !.<&

6 1.0** 1 . & *

7 1.03 1.03
8 1.03 1.02

9 1*00 0§99
10 1.01 1#01

1.02 1,02 
X*Ut x „><£ ±0.01 tO. Ol
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0.2 0.3
Temp.

O.H* 

= 35°c

0.5 1.

1.02 1.02 1.02 1.01 1.

1.02 1.01 1.01 1.01 0.

1.00 1.00 1.00 0.99 0.

1.01 1.00 1.00 1.00 0.

1.03 1.03 1.03 1.03 1.

uok 1.0*f l.Q*f l.Cfr 1.

1.03 1.03 1.03 1.03 1.

1.02 1.02 1.02 1.02 1.

0.99 0.99 0.98 0.98 0.

1.01 1.00 1.00 0.99 0.

1.-02
0.01

IrO l
*0.01

1.01
*0.02

1.01
*0 .02

1.
*0 .

o

oo

99

98

98

03

03

02
01
97
98

0002



1 4 0



0.0 0.1
Expt.
1 9.08 9.05
2 9.0»f 9.01

3 8.9^ 8.91

b 8.92 8.89

5 9.15 9 .11*

6 9.21 9.20

7 9.0^ 9.03

8 9.02 9.02
9 8.82 8.79

10 8.97 8.93

b 9.02 9.00
K«an x 10 ro.09 10.09



1 4 1

0.2 0.3 0.4 0.5 1.0
Temp. a 45°c

9.03 9.00 3.98 8.95 8.82
8.98 8.9? 3.92 8.89 8.74
8.88: 8.85 8.83 3.80 6.66

. 8.85 8.82 8.79. 8.75 8.59
9.13 9*12 9.11 9.10 9.04
9.19 9*19 9.18 9.17 9.13
9.02 9.02 9.01 9.00 S.96
9.01 9.00 9.00 8.99 8.95
8.?6 8,73 8.71 8*68 8.54
8,90 8,87 8.84 3.81 8.6?

8.98
*0.10

8.96
*0,11

8.94
*0.12

8.91*0.13
8.81

*0.17
♦
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0.0 0.1

1 1.73 1.65

a 1*72 l , 6*f

3 1.69 1.63
V r

1.71 1.67

5 1.63 1.58
6 1,69 1.63

7 1.79 1*71

1.7,1 1.61*
Mean EL X 10 to .ow * 0.03

1 1.6? 1.57

2 ’ 1.6^ 1.57

3 1.62 1.55

i+ 1,67 1.63

5 1.55 1.51

6 1,6 a 1.5?

7 1.70 1.62

Mean K^ x 103 1.6lf
to .o ^

1.57
* 0.03



1 4 3
TABLE 45

Manganese Glycinate Results Varying /3

0.2 0.3
Temp.

0.4
0= 0 c

0.5 1.0

1.56 1.49 1.41 1.35 1.05
1.57 1.50 1.43 1.37 1.09
1.57 1.51 1.46 1.40 1.17
1.63 1.59 1.55 1.52 1.34
1.53 1.49 1.44 1.40 1.20
1.56 1.50 1.45 1.39 1.14
1.63 1.56 1.49 1.42 1.13

1.58
*0,03 1.52*o;o3

Temp.

1.46
*0.03 
*= I5°c

1.41
2 0. 04

1.16
20.07

1.49 1.41 1.34 1. 27 H.98
1*49 1.43 1.36 1.30 I.03
1.50 1*44 1.39 1.33 1.10

1.59 1*55 1.51 1.47 1.30
1.46 1*42 1.37 1.33 1.14
1.49 1.43 1.37 1.32 1.08

1.55 1.48 1. H~1 1.34 1*06

1.51 
20.03 "

1.45 
2 0.04 -

1.3910.04
1.34

10.04
1.10

20.07
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8 0,0 0.1

1 1.62 1.53
2 1.61 1.54

3 1.59  1.53

5 1 .52  1.4?

6 1.58 1.52
7 1.6? 1.59

,  1 .60  1.53
Mean x ICr *0.04 *0.02

1 1.61 1.53

2 1 .60  1.53

3 1.57 1.51

5 1 .52  1A 7

6 1.58 1.51

7 1.66 1.58

i 1.59 1.52
Mean El x 103 t o .03 *0,03



1 45

0 . 2

1.45
1.46
1.47 
1.43
1.46 
1.52

1.47*0.02

1 • 44

1.45
1.45
1.42
1.45 
1.50

1.45 ±0.02

0.3
Temp.
1.38
1.40
1.41 
1.38 
1.4c
1.45

1.40*0.02
Temp.

1.37
1.38
1.39
1.37
1.39
1,43

1.39 *0.02

0 .4  

= 25°c

1.31

1.33

1.36

1.34
1.34
1.38

1.34 *0,02
= 35°c

I .29

1.32
1.34

1.33 
' 1.33

1.36

1.33 *0,02

0.5

X* 2h 
1*27
1.31 
1.30
1.29 
1*31

1*29 
to* 02

1*23
1.25
1.29  

X.29  

1. 2a

1.29

1.27
t0«02

1.0

0# 9 y 
1.00 
1.07 

1.11
1.05

1.03

l.ck
to.

0.93

0.98

1.05  

1.09

1.03  

1.01

1. 02 
to .
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y®
Eifpt •

0.0 0.1

1 1.51 1.53

2 1.50 1.52

3 1.57 1.51

5 1. l.i+7
6 1.53 1.51

7 1.55 1.53

Mean x 103 1.59*0.03 1.52±0.02



] 47

0*2. o.3
Temp.

0.4 
= 45°c

0.5 1.0

1.44 1.36 1.29 1.22 0.92
1.45 1.37 1.31 1. 24 0.97
1.44 1.39 1.33 1.28 1.04
1.42 1.37 1.33 1.28 1.08
1.45 1.38 1.33 1.27 1.02
1.50 1*42 1.35 1.29 1.00

1.45 
t0, 02

1.38
*0,02

1.32
*0.02

1.26
*0.02

1.01
*0.04
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0.0 0.1
Expt.
1 1*96 1.96
2 - 1.87 1.87
■3 ' 1.93 1.92

1.95 1.95
5 ■ 2.03 2.03
6 1.90 1.90
7 1.88 1.87
8 1.96 1.96

M.aa Kg, x I©®" 1*9*£0.0̂ 1.93

1 1.18 1.18
2 1.18 1*18
■3 1.16 1.16
¥ 1,18 1,18
5 1.22 1.22
6 1.19 1.19
7 1.1? 1.17
8 1. 21 1,20

KMean % 1G
1.19 1*19

tO. 02 *0.02
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TABLE 46

Hickol Glycinate Results Varying ft
0.2 0.3 0.4 0.5 33.0

Temp. = o°c
1.96 1.96 1.96 1.96 1.95
1.86 1.86 1.86 1.86 1.85
1.92 1.92 1.92 1.91 1.90
1.95 1.94 1.94 1.94 1.93
2.03 2.02 2.02 2.02 2.00
1.90 1.89 1.89 1.89 1.88
1.87 1.36 1.86 1,86 1.84
1.96 1.96 1.95 1.95 1.94

1.93 1*93 1.93 1.92 1.910I04 *0.04 *0.04 *0.04 ±0.04
Temp. = 15°c

1.18 1.18 1.13 1.18 1.17
1.18 1.18 1.17 1.17 1.17
1.16 1.16 1.15 1.15 1.14
1.18 1.18 1.18 1.18 1.17
1* 22 1.21 1.21 1.21 1. 20

1.19 1.19 1.18 1.18 1.18

1.17 1.16 1.16 1.16 1.15
1.20 1.20 1.20 1.20 1.19

1.19 1.18 1.18 1.18 1.17
40.02 tO.Ol to. 01 ±0.01 ±0.01



1 5 0



p 0.0 0.1

Expt.
1 8.90 8.89

• a 8.99 8.98
3 8.81 8,80

9.09 9*08

' 5 9.03 9.02

6 8.99 8.98
? 8*78 8.76
8 9*09 9*07

Mean K2 x 10
B. 96 

to . io
8.95

*0 .10

1 6.8H- 6.83

2 6.87 6.86

3 6.71 6.70
6.68 6.67

5 7.03 7. 02

* 6.96 6.96
7 6.81 6.80

8 7.08 7.07

Mean K2 x 10*
6.87

*0.11
6.36

*0.11



0.2 0.3 O.V 0.5 1.0
Temp. = 25O0

8.89 • 8.88 8.87 3.86 3.33
8.97 8.95 &.91!- 3.93 8.88
8.78 8,77 8.76 8.75 8.68
9,07 9.05 9*0^ 9.03 8,97
9.01 8.99 8,98 8,96 8.90
8.96 8.95 8.93 8.87
8.75 sya 8.71 8,69 8.59
9.06 9.05 9.0V 9.02 8.96

8.9^ 3.92 8.91 B.89 8.8b
*0.10 *0.10 *0.10 *0.10 *0.10

Tamp. = 35°c
6.83 6.82 6,81 6.81 6.78
6.85 6.8^ 6*83 6.83 6.78

6,69 6.68 6.67 6.66 6.^
6,66 6.65 ' 6,65 6,6It 6.b7

7.01 7.00 6.99 6.98 6.92

6.95 6.9b 6.93 6.92 6.87
6,78 6.77 6.75 6.?b 6.66

7.06 7.01+ 7.03 7. 02 6.97

6,85 6.8b 6.83 6.83 6.7b
*0.11 *0.11 *0.11 ±0.11 ±0.15



1 5 2



p 0.0 0.1

Expt *
1 5A3 5 .1*2

. 2 5 ^ 7 5.*»S

3 5-3*^ 5*33

,J 5»8? 5«8l»

7

5.77

5.72

5.76

5.71

8 5-91 5*9©

Mean K„ X 10^
5*6^

±0.20
5.63

±6*2©£



0.2 0.3
Temp.

O.V 
= >f5°o

o*5 1,0

5 A 2 5Al 5A 1 5.M3 5.38
5 A 5 5.Mt 5.M)- 5 A 3 5A 0
5.32 5.31 5.30 5.29 5.25
5.83 5.82 5.81 5,80 5.76

5.75 5.1b 5.73 5.73 5.6 9
5.69 5.68 5.67 5*66 5.59
5*89 5.89 5.88 5.87 5*82

5.62 
40* 19

5.61
*■0.18

5*61 
to. 18

5.60
*0.18

5*56 
tO. 18



1 5 4

*

11*1
11*7
11*1

* ;v1j

.,7 rC % . A
-■;. i-%
V  "i *  4

T~ f
v •  -4

• — f-yi * •'

OS, I 
-!S0.I "
is. 1

?

r  .r

oh .; 
& \ £  
11 * 1 
llVf
- ry*i 
j ,i
oi. i



p> 0.0 0.1
Expt«
1 1.76 1.75
2 1.75 1.75
3 1.72 1.71
b 1.80 1.80

9 1.69 1.63
6 1.58 1.58

7 1.59 1.59

S  *  l °V
1.70 

to . 07
1.69

to.07

1 1.20 1.20
2 1.2N* 1.2>+

3 1.21 1.21

1.26 1.26

5 1.15 1.15
6 1.11 1.11

7 1.10 1.10

3u.
Mean K„ x 10

1.18 
to . 05

1.18 
to . 05



15 5
TABLE; i+7

Cobalt Glycinate Results Varying P,■nwi '■ n>Bwn w*. *»»■>«»» m m m

0.2 0.3
Temp.

o.>+ 
= o°c

0.5 1.0

1*75 1.75 l.7*+ 1.7V 1.72
1.75 1.75 1.75 1.7*+ 1.73
1.71 1.71 1.71 1.71 1.69
1.80 1.80 1.80 1.79 1.78
1.68 1.68 1.6? 1.67 1.66
1.58 1-57 1.57 1.57 1.56

1.59 1.59 1.58 1.58 1.57

1.69*0.07
1.70

40.07
Tamp.

1.69
*0.07
= 15°C

I.69
40.07

1.6740.0?

1.20 1.20 1.19 1.19 1.18
i.a1* 1.23 1.23 1.23 1.22
1.20 1.20 1.20 1.20 1.19

1.25 1.25 1.25 1.25 1.2*+
1.15 1.15 1.15 1.15 1.1*+
1.11 1.11 l.ll l.ll 1.10
1.10 1.09 I.09 1.09 1.08

1.18
*0.05

1.18
10.05

1.17
*0.05

1.17
40.05

1.16
40. 05
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z 3
BXpt *

0 , 0  0 . 1

1 9.38 9.3V
2 10,01 10,06
3 9.63 9.61

V 10. 0? 10.03
5 9.12 9.10

6 8.95 8.93

7 8,91 8.89

u 9.M* 9.V2
Mean KgXlO  ̂ * 0,VG tO.Vc

1 7.88 7,86

2 8.V3 8.V2

3 8.05  8.0V

V 8 . Vi 8 .VO

5 7.63 7£ 2
6 7.53 7.51

l, 7.91 7.8<Mean K„ x 10* t0.3V *0.3*2



0.2 0.3

Tamp. = 2?°G

0.5 1.0

9.3'+ 9*32 9.30 9.28 9.18

9*98 9.97 9.96 9. 9^ 9.88

9*60 9*58 9A 7 9.56 9.^9

10.02 10.01 10.00 9.98 9.92

9.09 9.07 9.06 9.05 8.97

8 .92 8,90 8,89 8 .87 8.79

8.88 8.87 8.86 8 .85 8.78

9A-0 
t0  .  H"0.

9.39
* o a o

Temp.

9.38
•tQAO

a 35°0

9.36
*0.1*0

9.29
lo A l

7»8>* 7.82 7.81 7.79 7.70

8 A l 8 AO 8.39 8.37 8.32

8,03 8.02 8.00 7.99 7.93

8,39 8.37 8.36 8 .35 8 .30

7,6 0 7.59 7.59 7.57 75 0

7 ,50 7A 8 7.>+7 7.k6 7-39

7.39 7*38 7-37 7* 36 7.31

7*88 
* 0 . 31*

7.86
*0*3H-

7.85
* 0 . 3+

7.8»*
40.3¥

7.78
*0 .3 5
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p U.O 0*1
‘xpt»

1 6.60 6.53
12 7*13 7 ,12

3 6.81 6*80

k 7.01 7*00

$ 6.1+2 6.1+1

7 6.19 6#IB

Hu b  k  x 10** 2
6.65 6*61+10.30 10*29



0*2 0.3 O.tf
Temp. = 95°c

6*57 6.55 6.5>+
7* 11 
^*79

7,10
6.78

7,09
6.77

6,99 6,98 6.97
6*ko 6.38 6,37
6.3 7 6.35 6-3^
U»17 6,16 6,15

6«63to, 29
6»6l

*0,29
6,6'0 

*0,29

1 5 9

0.5 l.o

6.52 6Af5
7*08 7.03
6.76 6.?1
6.96 6.91
6.36 6.31
6.33 6.27
6.1^ 6.10

6,59 6.5^
*0,29 20.29
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The dissociation of p> -alanine has been studied 
nht,

by May and Felsiog ' who determined k^ with the cell
Ii^/Pt/HA (m1)? HgACl (m2)/AgCl/Ag.

The calculation was similar to that of Owen^ and 
72King' for glycine, but was also obtained from

the equation
E - E° nH2A+n'ci“ Xl-I_A+ V d "

* log k a — — . + log _____+ log *
& m V 5

ha Aha

where ®g2A+ = ’ mHA = ml*mH+ * “ci- = m2 * X*
Th© activity coefficients were represented by the

/Debye-Huckel limiting law, and a quantity *• log kA
was defined as

E - E° mH„A+mc r
- log » ...   * log  z  - 2S J I.

k mm
An approximate value of mg+ was obtained from

K *• E ̂
» log m.?+ » -----  + log kî

k

and 4og k^ calculated* Log k^ was then determined 
by extrapolation and used in the calculation of a more 
accurate m^+ . The process was repeated until k^ was 
constant.

May and Falsing determined k̂ , for the equilibrium 

HftOir s===UiA + OH",



in a similar manner from the equation

log = - log K
k mmoif

Experimental solutions were prepared by dilution of 
four stock, solutions, and four separate plots of

distinct curvature, and there was therefor® considerable 
doubt about the derived values.

Since no'-other data were available for comparison 
with those of May and Felsing, it was necessary to 
determine and k2*

Using the cell
H^/Pt/HA (mj), HC1 (m2)/AgCl/Ag, 

the concentration of th® anion, A"*, was negligible, 
and the concentrations of th® ionic species were obtained 
from

and the ionic strength I = m2.
Activity coefficients xvrere calculated from equation (38) 
using p> = 0.2, and the results are given in Table k8.

log k2 against I were obtained. These all showed

+ log m2 + log vci~, --- (39)

, ....(^0)
k

+ [HA] ,

Lh+] + [h2a+] = [ o r ] (>+i)



J 6 2
[ O U - ]  Y 2? = c 1 was obtained using the cell

H2/Pt/IlA(m1), HaOH(m2), KClOi^/AgCl/Ag.

HgA could be neglected, and the concentrations of ionic 
species were given by

* log [h*] » ?j„.Z £- + log m~, • ••••(*+2)
k J

tâ  a [hjl] + [ a“]  (1+3)
and ,

[h+] + [ke+] + [k+] = [cr] + [oir] + [a~] _ .... (M+)
Kw a [H+] [obT ] ^ 2   (L̂ )

75was obtained from Bobinson and Stokes , and the results
are given in Table **9* and summarised in Table 50.

Th© agreement between the values and those of
May and Felsing is seen to be good, but there is
considerable deviation in the k^ values. The 1*2 data
at 25°0 in the present work have therefore been
recalculated in the manner of May and Felsing, and Fig.15
shows the plot obtained. This appears to be as reliable
as the plot given by the others and the intercept

11obtained, 3-705, corresponds to k2 = 5-11 x 10
The association constants for the nickel and cobalt 

p> -alaninate systems wore studied using a cell similar 
to that for the glycinates. To determine the complex 
species, the nickel yi—alamnato results at 2 5 were



xa'ble 5+8
Molal Concentrations in B -Alanine Solutions

1 6

Sxpt. 1 2 3 1+
103 m1 H.li+56 13.5367 10.5218 7.7396
103 El 5.031+1+ 3.921+2 3.271+2 2.0512

5 6 7 8
103m1 7.391*1+ 7.5282 9.1+399 9.0371
lO^m^ 5.1638 5.0572 >+.5933 1+. 13*+1

Hasults on is-Alanine k.
Bxpt * E - E° 10V ] io3[K2a+] 1o3[ha] lÔ .ls

Temp. = 0 C
1 0.3313? 1.732 1+.86I 6.281+ 2.21+
2 0.35333 0.378 3.836 9.700 2.22

3 0.35513 0.963 3.178 7.31+!+ 2.23
0.37106 0.765 1.975 5-765 2.23

? 0.311+55 3.530 i+.Oll 3.031+ 2.26
6 0.31389 3.701 1+.687 2.81+1 2.21+

7 0.33095 1.961 1+.397 5.01+3 2.25

8 , 0.33629 1.725 3.962 5.125 2.23
Mean k, = 2.2̂ + ̂  0.01



Expfc. fcr? 1 O 10^[K+]
Temp. -= l5°c

1 0.3**666 1.995
2 0.3691** 1.013

3 O.3711& i.u**
** 0.38792 0,833
5 0.32830 **, 001
<5 0.32309 **,19?
7 0.3̂ -531+ • 2.2**6
8 0.35137 1. 98*+

Temp. = 25°c
1 O.35697 2,139
2 0,38016 1* 09*f

3 0,38222 1*197
** 0.39957 0# 9̂ f9

5 0.33869 if* 256

6 0,3380** if * if 5̂0

7 0.35616 a*if06
8 0,36183 2*127

J 6 4

103 [h,/-*] 103 [ha] 10^.

**.835 6.311 2.60
3.822 9.71** a. 59
3.163 7.359 2.59
1.963 5-777 2.60
*i-.?6** 3.131 2.63
**.637 2.891 2.62
.369 5.071 2.61

3*936 5.151 2.60
Ho ail k^ » 2.61 ± 0.01

Oi\J
CD*_1~ 6.325 2.81

3.315 9.722 2.79
3-151*- 7.367 2.80
1.956 5.783 2.81
**.?38 3.156 2.3**
**.612 2.916 2.81

*■*-.37** 5*065 2.79
3.921 5* 166 2.80
Mean kx = 2,81 * 0.01



1 6 5

Expt. t:i 0jb «■ & 10V ] 103 [ll^]

ub1—1 10^.1^
Temp. =s 35°c

1 0.36783 2.236 1+.8U 6.335 2.9b

2 0.39168 1.11+9 3.809 9.727 2.93
3 0,39381+ 1,255 3.11+9 7.373 2.9b

i+ 0. if 1193 0.989 1.952 5.737 2.93
5 0,3^908 1+.1+25 1+.721 3.173 2.97
6 0.31+837 1+.631+ i+-.591+ 2.931+ 2.96
7 0.36699 2.513 1+.31+2 5.098 2.95
8 0.37288 2.222 3.912 5*175 2.9*+

Mean k, = 2.95 * 0.01
Temp. * !+5°C

1 0,37912 2,297 1+.805 6.31+1 3.03
2 0,1+0365 1.181+ 3.806 9.731 3.03

3 0. 1+0587 1,291+ 3.1*+5 7.377 3.03
1+ 0,1+21+61+ 1,015 1.950 5.790 3.01

5 0.35982 1+.535 1+.710 3.181+ 3.07
6 •0,35909 i+.yi+S 1+.582 2.91+6 3.05

7 0,37819 2.587 1̂ .335 5.105 3.05
8 0.381+35 2*280 3.906 5.181 3.02

Mean k. * 3.01+ t 0.02



1 6 6

TABLE lf9'•<* .«*■«»*•»» BWlfe
Hols I Cone©iilrat lens in & -Alanine so-lutions
Expt. 1

7
2 3 b

103 m 5*ic'bQ 5. *4-7 0*t- *4. 883*4- V.305b
3lcr m2 1.52?0 1.3377 0.965'+ 0.9955

103 m-j 2* 7297r 2.8025 2.7739 3.0129
r-? 6 7 B

103 mx i*t. 0563 13.3120 12.2753 13A 139

10^ su 2. *4-697 1.0338 1.3575 2. 8135
ID3 m~3 6.*4-307 6.60*4-1 5.7960 6.3115

: on g-AlandiS§j£2
Expt • E - E° 1011 [tf]f 1q3 [a-] 103[ha] 10i:L.k

Temp. = o°c. 1
1 0.71605 2.2*48 i.*4-78 3.686 0.902
2 0.70963 2.377 1.298 *4-. 17 2 0.895

3 0.70677 3.276 0.931 3* *4-33 0.888

if 0.69A1 5.803 0.976 6.330 0.895

5 0.68102 14-.227 2. *4*4-3 11.61*4- 0.889

6 0.65876 10.060 1.023 12.239 0.882

7 0.679*46 5.012 1.835 10.*4*4-1 0.881

8 0.686*4-9 3A A 2.780 ,10.63*4- 0.893
Mean = 0.891 i 0.06



Jxpt * £ ** E°

C\i 
*-4

tlT
OH0r-{ 103 [a-] 103[ha] 1110

Temp. = I5°c
JL 0.72815 0.673 1.462 3.702 2.66
2 0.7211+7 0.358 1.285 4.135 2.63
3 0.713M+ 0.977 0.919 3.444 2.61
b 0*70251 1.713 0.969 6.336 2.62
p 0,6914-9 1.250 2. *+3*+ 11.623 2.62
6 0.663 0»i- 3.131 1,019 12.293 2.60
7 0,68971 1.4-91 1.827 10.448 2.61
8 0,69731 1,003 2.769 10,645 2.62

Mean 2 K 2.62 * 0,01
Temp. = 25°C

1 0.73614 1.319 1.453 3.711 5.16
2 0.72929 1.677 1,278 *+.193 5.19
3 0,72612 1.913 0.913 3-451 5.06
if 0,70973 3.34-0 0.965 6.3*1-0 5*09

5 0.69859 2. *+15 2.428 11.623 5.0>t

6 0,674-29 6,055 1.017 12,295 5.01

F 0,69692 2,859 1,822 10,454 *+.98
8 0.704-59 1.943 2.762 10.652 5.05

Mean te * 5.O6 * 0.04



1 6 8

ixpt* t*' I tv Q io10[„5V" 103 [a-] 103[l!A] 1110
Temp* a

1 0.7M+26 2.1+61 1.W+ 3.720 9.55
2 0.73723 3 * I23 1.271 1+.200 9.1+5
3 0.73393 3.567 0.907 3.H-57 9.36
b O.71708 6,201+ 0.962 6.3M+ 9.1+1

5 0.70572 ' *+.i+59 2.1+23 11.633 9.29
6 0.(58050 11.192 1.015 12.297 9.21+

7 0.70395 5.288 1.818 10.1+53 9.19
8 0.71198 3.589 2.755 10.6?9 9.28

Moan kg = 9.35 i 0.10

Temp. » -.0,̂ 4-5 0 *

1 0.752'-+? ■+.1+06 1**68 3.726 17.0

2 0.7*+? 26 5.579 1*266 1+.205 16.8

3 0.71+131 6.382 0 *902 3.1+61 16.6

i+ 0.72M+7 11.079 0*959 6.31+6 16.8

5 0.71285 7.930 2*̂19 11.637 16.5

6 0.68710 19.019 1.01** 12.298 16.3

7 0.7U^+ 9.399 1.815 10,1+61 16.3

8 0,71933 6.378 2.751 10+663 16.5
Mean kg » 16.6 t 0.2
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Dissociation Constants of -Alanine.

imhuSb. ift. ,*%,
M and F M and F

0 2.2*t 2. 21 0.891 0.999

15 2.61 2.61 2.62 2.98

25 2.81 2.81 5.06 5*83

35 2*95 2.99 9.35 10.88

*♦5 3.0N- 16.6

I



170

38
Pr e s e n t  W * r k .

n « V  »►*!> FeUSINOr.

1 0  I

F i o .  1 5



? 7 1

calculated using K values of 0 and 1 x ICp. it is 
seen in Table 51 that there is very little difference 
in the derived so that it is permissible to assume 
that only one complex* MA+, is present. The equations 
from which the concentrations of the ionic species 
were determined were therefore similar to those used 
in the manganese glycinate system. Activity 
coefficients were again calculated from equation (33), 
and the results for p> = 0.2 are given in Tables 52 and 53• 

values for Jl ~ 0 to 1.0 are given in Tables 5^ and 55*

TABLE 51
Nickel Alar̂ inat© falues at 25°3

lO3^ 1. 2, 3. if. 5. 6. 7.

0 9.39 9.61 9.83 10.37 10,17 9.96 9-33

1 9*32 9*5^ 9.32 10.30 10.11 9.90 9.77
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Bxpt. 1 2
10^ m-
hIGf m z  

10 ̂

1.6932
^#3522
1.89^6

2.0039

W 0373
1,7210

Expt. w 1 m

0 ID3.!

I

\
0.52310 5.21*9

a 0,52211 W757
3 0.52163 1«-.623
b 0.53236 2.661
1 0*52278 3,507
$ 0,51936 3*9**8
7 0.50610 **♦917

1 0,53352 5.2H6
2 0.53280 1f.751*
3 0.53362 *+.621

0,5^383 ’ 2.657
5 0.533A 3.502
6 0.53026 3.A1
7 0.51638 ^.905



M o l d  Conceatrati
>34 -'-M̂ 52 

0113 in dieke inate tear

3 4* 5

1 Ji -Altai

fo 7
1.75-36 2* 0336 rL e 0 J C4 2.4171 2.o552
3.5896 2*3231 2*5388 3.1735 3.1933
1.6613 0*9657 1*2571 1.4238 1.7505

Q& Q 1ults on Hloice i & »Alanxnat©
108 [h+] 102[ha‘] 106 [a-] iq!+[m a +] 10"5.K.

Temp. = 0°G
6,832 1.61+9 2.5-96 5-.37S 1.62
7.791 1.962 2.588 5-.081 1.60
3.222 1.706 2.128 3.632 1.7*+
9.199 2.059 2.35^ 2.380 1.73

8.686 2.053 2.0$t 2.663 1.69

10,177 2.383 2.313 3.263 1.67

10.1*63 2.823 1.918 3.367 1*66

Mean Kn &JL 1.67 t 0*04
Temp. « 15 °c

1^.329 1*648 3.512 1+.1+09 1*17
16.127 1*961 3.688 5-. 121*- 1*15

16.133 1.706 3.200 3.665 1*18

17.807 2.058 3.38? 2.5-32 1* 24

20.852 2.051 2.926 2.726 1.22

21.337 2.381 3.3^+ 3.337 1.30
30.175- 2.821 2.85-1 3.595 1.18

Mean K = 1.19 - 0.02

1 73
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Ixpt. Is - E° icP. i

1 0.54121 5.245
2 0.53943 4.750
3 0,54-033 4.617
% 0.55133 2,653
5 0.54094 3.4-96
6 0.5374-0 3.934

7 0.52396 4.893

1 0.54788 5.240
2 0.54621 4.743
3 0,5472© 4.611
4 0.55371 2.645
5 0.54825 3.487
6 0*54456 3*924

7 0,53115 4,875



10? [: +] i.(/[r] 10'^U
fOt-4r—
» 

+

Tcnp* - Cr.y ^
2.190 1.6!+? f̂.̂ 50 *+.’i39 9.39
2.567 1.960 h*k$7 b.l7$ 9.61
2.562 1.705 3*901 3.709 9.38
2.778 2.056 4-.1S3 2.*)83 10.3?
3.2*i7 2.050 3.636 2.793 10.17

3*315 . 2’.380 H-* 165 3A16 9.96
W S 15 2.318 3.595 3.626 9.33

Mean &i x 9.89 ± 0.2*1
Temp, x 35°G

3*333 1.6H6 5.328 *i.*i9l 3.00

3.937 1.953 5.508 ■1. 2*i9 3.20
3.921 1.703 *1.713 3.773 3.*tl
*1* 227 2.05*1 5.097\ 2.571 3.96
*1.893 2*0*+8 k*k60 2.889 3.70
5.000 2.377 5*105 3.531 3.52

6.839 2.3 1*1 4** M3 3 3.808 3. *13
Mean a 8 A 6 0.23

to
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Expt. E - E° 103.I

1 0.551+31 5.233
2 o.5529<$ i+.73lr
3 0.55336 t+. 6 02
*+ 0.56656 2,635

5 0.55581+ 3.*+75
6 0.55201 3.909
7 0*53878 1+.852



1 7 7
107[f}+] 102 [ha1 106 [a-] io!+[m a +] 10 '

Temp • ~ 4-5°C

5.133 1.644 6.244 4-.5?3 7.03
5.394 1.956 6.4-22 4.359 '7.19
6.004 1.701 5-471 3-877 7.54
6.165 2.052 6.208 £.684 7.84

7.117 2.045 5.44-7 3.021 7.58
7.273 2* 37k 6.230 3.687 7.44

9.735 2.809 5.594- 4.048 7.34
Mean K. » -7.42 i 0.20

t



1 7 8





2. 73^ 9.118 3.901 *+.627 3.13
3.369 9.333 3A59 5A7*f 2.86

3.009 8.086 3.211 4-A29 3 . A
3*261 7.338 2.952 ^.371 2.33

Mean K. = 2.97 * 0.13
leap, o I5 °c

W 5 2 3.J06 6.328 .5A58 2.03
9.107 6.619 5.15^ 2.10

5.870 9.369 5.876 6.152 1-93
5.22^ 8.075 5**+72 4-. 9^2 2.09
5.886 7.325 tf.8i+0 4-* 982 2.01
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xpt • E - E° ' 102.I

1 0.47798 2.1+29
2 0.43245 2.01+2

3 0.46130 1+.170
b 0.46624 3.328
5 0*1+7608 2.456
6 0.1*6821 3.062

I

1 0.43575 2.4-23
2 0.1+9Q6I 2.036
3 0.46816 4.163
i+ 0.1+7393 3.321

5 0.48398 2.450
6 0,1+7594 3.056

1 0.49365 2*416
2 0,49905 2.029

3 0*47488 4,152
4 0*48191 3.312
5 0*49221 2.444
6 0.48402 3.048



107 [ii+] 102[JjA] io6 [a"] 10If[liA+] 10" ̂
Temp. s= 25°c

6.805 8 .*+96 8.569 5.9W 1.66
6 * 6Vl 9.097 9.207 5.618 1.6?
8.210 8.857 7.968 7.639 1.52
8.206 9.356 8.157 6.756 1.55
7*273 3.066 7.623 5.39*+ 1.67
8.186 7.315 6.753 5.*+77 1.61

Mean = 1.61 ± 0.05
Temp. = 35°C

9*332 8 .*483 11.577 6.5*+*+ 1.37
9.019 9*085 12.555 6.213 1.38

X U b 23 8.8140 10.619 8.1+50 1.29
IU127 9.314-0 11,150 7.519 1.29
9*900 8,053 10.375 5-963 1.38
lUllk 7.801 9. 218 6.116 1.3*+

12.503
p. a 1+5°C
8 ,*+67

Mean K.4.
15.391

= 1.3*+ - 

7.309

0.0*+

1.13

11.91^ 9.065 16.925 6.950 1.17
15*668 8,817 13.799 9.5*+5 1.1*4-
1^.667 9*321 15.075 3.J+5S 1.10

13.079 8.036 13.98$ 6.706 1.17
1̂ *628 7.785 12.1+79 6.895 1.1*+

Mean K. = 1.15 I 0.02
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ft 0.0 0.1
Expt.
1 1.63 1«63
2 1,61 1.60
3 1*75 1.75
J+ 1.73 1.73
5 1.70 1.70
6 1.68 1.67
7 1.67 1.66

1.68x KP to.04- to .o^

1 1.18 1.18
2. 1.15 1.15
3 1.19 1.18
H 1.25 1.2fc
5 1.22 1.22
6 1.20 1.20
7 1,19 1.18

g 1.20 1.19
Mean K-, x 10 *0.02 *0.8-2



I 83
TiJSLS 5k

Bickel mlts Varying fl
0.2

1.62

1.60

1.7*+
1.73
1.69
1.67
1.66
1.6? to. OH-

1.17
1.15
1.18 
1.2*+
1.22
1.20
1.18

0.3

T ©mp .
1.62

1.60 

1.7>+
1.73
1.69
1.67
1.66
1.67 

to.O*+

£emp.

1.17 
1.1**
1.18 
1.2*+
1. 22
1.20 
1.18

to to f

0. *+ 
-O= c c
1.62

1.59
1.7*+
1.72
1.69
1.56
1.65
1.67

*G.Q*+
= 15°C
1.17 
1.1*+
1.18 
1.24-
1.22
1.19
1.18

1.19 
t o .  02

c.5

1.61
1.59
1.73
1.72
1.69
1.66
1.65
1.66 

to. 0*+

1.16
1.1$
1.17 
1.2*+ 
1.21
1.19
1.17

1.18 
t o .  03

1.0

1.59
1.57
1.71
1.71
1.67
1.65
1.63
1.65 

to.O*+

1.15 
1.12
1.16 
1.23
1.20
1.18
1.16

1.17
10.03
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y3
0 .0 0.1

Expt*

1 9.^3 9A 1

2. 9*66 9.63

3 9*93 9.91

k 10.1*0 10*38

5 10*21 10,19

6 9*99 9*98

? 9*87 9.85

Me an, x  10l\
* .9*93  
h to . 23

9*91
*0 .^+ '

1 3 .05 3 .03

2 8.2** 8 .2 2

3 8.M * 8.1*3

k 8.99 8 .98

5 8.73 8 .71

6 8.56 8 .5 1*

7 8,1*7 8 . 1*5

Etsii KjXlÔ
8 ,5 0  

to , 23
8.M5

to *  23



I 8 5

0 .2 0.3

Temp.

O.V 

= 25°C

0.5 1 .0

9.39 9.36 9.2V 9.32 920

9*61 9.59 9.57 9.55 9 .W

9.88 9.86 9.8V 9.82 9.71

10.37 IO.36 10. 3V IO.33 10.26

10. 1? 10.15 10.13 10.12 10.03

9.96 9.9V 9.92 9.90 9.80

9.83 9.80 9.78 9.75 9.63

.9.89
t 0. 2?

9.37
t 0»21:-

9.85
* 0, 2V

9.83
*0 .2 5

9.72
* 0,25

■ Temp. = 35°c

8,00. 7.98 7.96 7.9V ?.8V

8 .20 8.18 8.17 8.15 8.05

8 ,V i 8.39 3.37 8,35 8,25

3.96 8.95 8.9*+ 8.93 8.87

8.70 3,68 8.67 8.65 3.57

8, 5a 8,51 8.»+9 8.V? 8.39

8.V3 8.V1 9.38 8.36 ■ 3.25

8.V6 
to , 23

8.M+
t0.23

8.1+3 
1 0, 2*+

8 . V I
t  0,2V

8 .32  
to , 26





0*0 0*1
Expt*
1 7.07 7.05

a 7*22 7*20

3 7*58 7*56

% 7*86 7*85

5 7*61 7.60
6 7*^7 7A5

7 7*38 7*36

M k 7*̂ r6JL 2: 10* £0*20 *0#20



1 8 7

0.2 0.3
Temp.

0 A
= 45°o

0.5 1.0

7.03 7.02 7.00 • VO oo 6.89
?.1S 7a? 7.15 7.13 7.05

7.52 7.51 7.^9 7A0
?*8k 7.33 7.81 7.80 7.75
7.53 7.57 7.55 7.51* 7.^7
( tTT 7.^2 7 A 1 7.39 7.31
7*31* 7.32 7.30 7.28 7.18

7A2 
©♦ 20

7A1 *0.20 + 7.39*0.21 7.37*0.21 7.29
*0.21
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Expt * 
1 2.97 2.9^
2 3.20 3.17
k 2.96 2.91
5 3.22 3.17
6 2.92 2.88

Mean %  * IQ1*
3.05 

tO. 12
3.01

*0.12

1 2.08 2 .05

2 « 2.1? 2.12
h 2.00 1.97
5 2.15 2.12
6 2.08 2.6l»

Mean &| x 10*
2.09 ’ tu#05

2.06 
t o .  05



Z& i H 1.53.

&Mll.J/3-.laalaat'a Hsaulta fervinep.
0.2 0.3

Temp.
O.̂l" 

■= 0°0
0.5 1.0

2* 90 2.67 Q «■*.d. 2.60 2.63
3*13 3.10 3.07 3.01+ 2.88
2# 86 2.31 2.76 2.71 2.N-9
3.1?* 3*10 3.06 3.02 2.81+
2*83 2.79 2.7I- 2.70 2.50

2*97
to* 13* 2*93 to. 13

Temp.

2.89
*0.1*+
* 15°c

2.85
*0.3.H- 2.67 

to, 15

2*03 2*00 1.98 1.95 1.83
2.10 2*08 2.05 2.03 1.92

1*93 1*90 1.86 1.83 1.67
2.09 2*07 2. Ql+ 2. ̂1 1.88
2.01 1*98 1,9̂ + 1.91 1.76

2. 03 
to.of*

2* 01
to* 06

1.97 
tO* 06

1.95
*0,06

1.81
*0.08
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p
Expt.

0.0

1 1.70
2 1.71
3 1.60
k 1.61
5 1*71
6 1.67

k 1.67M«an X  I® $ 0 .Qk

1 l.»+l
2 1.1+2

3 1.35
b 1.3*+
5 1 A2
6 1.39

o.l

1.68
1.69
1.56
1.58

1.69 
1.61+

1.6*+
* 0 .05

1.39
l.i+O
1*32
1.32
1. 1+0

1.36

k 1+39 1.37i w i  x i r  to . 03 to.031



\

n oV* C. 0.3
Temp.

Oê f
= 25°c

0.5 1.0

1.66 1.64 1.61 1.59 1.4-9
1.6? 1.65 1.63 1.62 1.52
1.52 1.49 1.46 1.42 1.27
1.55 1.53 1.50 1.47 1.34
1.67 1.64 1.62 1.60 1.49
1.61 1.58 1.55 1.53 1.40

1.61 
to. 05 , 1.5? v*0.06

Temp.

1.56
*0.06
« 35°C

1.54
*0.07

1.42
*0.08

1.37 1.36 1.34 1.32 1.23
1.38 1.37 1.35 1.33 1.25
1.29 1.26 1.23 1.20 1.06
1.29 1.26 1.24 1.21 1.10
1.38 1.36 1.34 1.32 1.23
1.34 1.29 1.27 1.16

1.3V 
to . 04

l.32 1.30 
to. 05

1» 28 
to. 05 1*17 

to . 07
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a o.o o.l
Expt.
1 1.21 1.20
2 1.20 1.19
3 1.20 1.17
4 1.14 1.12
f 1.21 1.19
$ 1,18 1.16

k U 9  1.17Mean %  x 10 SO.02 *0.02
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0.2 P 3  ̂* 0
Temp#

t~\ \,u.*+ 
= !+5°c

c.5 1.0

1.18 1*16 1.1*+ 1.13 1.05
1.17 1.16 1.11+ 1.13 1.06
1.11+ 1* 12 1.09 1.06 c* 91+
1.10 UQ7 1.05 1.03 0*93
1.17 1.16 1.11+ 1.12 1.01+
1.11+ 1.12 1.10 1.07 0.98

1*15
$0.02 1# 13.

*0.03 1.11
#0,03 1.09

*G#Q*+
1* 00 

*0.0?
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DISCUSSION

in his studies on the solubility of cupric iodate
in glycine solutions* Keefer^° showed the existence of
a cation-zwltterion complex, Cui.&2+. Curchod^
suggested that in solutions of cupric ©c-alaninate five
complexes, CuBA2*, CuA*, Cu(iJA)2+, CuA2 and CuHA A*,
were formed, but at pil > h.75 only the anion, A",
appeared to give complexes. The corresponding pH limit

59bfor cupric -alaninates was 6.26 • Curchod and77Pelletier have made no mention of zwitterxon complexes
in solutions containing nickel ion and amino acids, and
it was therefore considered that these would be absent in
th© present work*

When amino acids are dissolved in water, the
dielectric constant is greater than that of pure water.
In order to determine what effect this would have on the
activity coefficients, the Debye-Huckel constant, A, was
recalculated for various values of t . In the nickel
and cobalt glycinate studies, th© increase i n t ^  is
approximately 0*2 and the effect on and is
negligible. For KoJ I ̂  2 x 10 J and the small increase

2 %
in fc has virtually no effect on the activity coefficients.
This is also found with nickel -alaninate, but for 
manganese glycinate and cobalt p -alaninate increases
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ih Y 2 ^rom 0*5 to 2.Q$ are obtained. The variation 
is, however, within the experimental error and can 
be ignored.

K and K for the nickel glyolnate are In very
6 4good agreement with 1.51 x 10 and 9.33 x 10

respectively, calculated by Monk^3 from potentiometric
measurements at 25°C. Albert^1, at 20°c with I ^ 0.01

s
obtained a K^, of 1.26 x 10 . After correcting to

6I s 0, = 1.9 i 10 j in good agreement with the
value at 15°C obtained in the present work. Irving
et al measured Kj/Ni/JA) at 20 °C and I = 0.1 which

5corresponds to 1.20 x 10 at X = 0. ho data are
available with which to compare cobalt ($ -alaninate but

5 ■the glycinate results, = 1.05 x 10^ and IC2 = 9.33 x 10'
Q  Q

by Evans and Monk at 25 C are in good agreement with
those in Tables 39 end 5-f2. There Is a much larger

r*' -N
discrepancy in the values of IĈ  (MnG;. Monk3*5 obtained
2.8 x 103 at 1 = 0, Malay and ilellor^2 4.6 x 10^ at 25°
with I  - 0.01 and Albert51 1.6 x 103 at 20° with I ^0.01.

Plots of log and log against 1/T in Figs. 16,
17 and 18 are ail curved indicating a non-zero ACp.
A number of equations are available to describe this

p  Q
variation with temperature , and the one used was

log K = a + bi + CT2........................(W)
a, b. and c were calculated by substituting log K values
at 0°, 25° and ^5° and solving the simultaneous
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equations. The difference between calculated and 
observed values at the other temperatures was as 
much as 2l for but was never more than 1$ for K^.
The values of the parameters are given in Table 56*

Differentiation of equation (k-6) at constant 
pressure gives

(ii!Lf \ = ah = b + 2oTi
\  d T /p 2.303 HI2 

from which
A H  = 2.303 RT2 (b + 2cl) ,  0+7)

Th® other thermodynamic properties were obtained from
-A G  *  2.303 HI log K,  (’+8)

A „ AH - AG
A  S = .....   (V9)

T
and AC_ = 1— » k,606 HI (b + 3°T)»  .(50)

p d l

Thermodynamic data have been calculated at 
2?°C and are given in Table 57* ^h® mean deviations
were estimated by using different combinations of 
experimental values to calculate a, b, and c, and the 
deviation in A G  was taken to be the average of the mean 
deviations of individual log K values at 25°c.

It is seen that the association constants follow 
the Irving-Williams order, as expected. The five-membered
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Parameters
1AJ31C. “JO

for Temperature Dependence of Log K
Reaction a 1 O hc?e

Ni2+ + G“ l*+.090l+ !+.305 5.9+7
2+Co + G 11.58!+ 3.675 5.000

Hn^+ + G“ 5-316 1.370 2.178
N1G+ + G~ l!+.889 5.515 7.316
CoG* + 0T 11.810 !+.385 5*889
2+ —Ni + A 12.938 !+.6l2 6.1+75
Qx/«* mm* . MCo + A 13.21+2 5.183 7.218

TABLE 57
Thermodynamic Pronerties

Reaction - AG - AH A S ACp

Ni2+ + G“ 3.1+3*0.01 !+. 09*0.03 li+. 5*0.1 18 * 2
Co2+ + g" 6.29*0.01 2.82*0.12 13-7*0.5 22 * 11+
Mn2+ + G~ l+. 3 2*0.01 0.29*0.03 13.5*0.3 16 * 10
NlG+ + G" 6.75*0.01 !+.69*0.30 6.9*0.8 28 * 25
CoG + G- 5.1+2*0.02 3.55*0.20 6.3*0.6 2l+ * 20

Ni24- + A“ 6.81*0.02 3.06*0.10 12.6*0.2 31 * 6
Co2* + A 5.7^0.02 3.60*0.10 7.2*0.5 35 * 13

-A G  and -A P I in  k .c a l. /m o le .  

AS in  ca l./d e g .m o la .

ACp in  c a l./d e g .
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ring glycinates are also more stable thaji the 
corresponding p> -alaninates. Of interest in this 
connection is some recent work which has shown that 
for the uranyl ion in its association with glycine

H1and y3-alanine, this order of stability is reversed* •
A  is more negative for nickel than for cobalt or

manganese glycinates, as has been found for various
diearboxylate complexes and also for the argininates
■For th© ji -alaninates, however, the cobalt association
is more exothermic than that of the nickel* -API is2
slightly larger than-AHp as has been found for a number
of nitrogen-type chelates^. The low A  values are
similar to those found by Pelletier^ and are probably
du© to the positively charged complex which is formed.
A  S 5 as expected, is lower than A S  , due to the 2 1
decrease in the charges of the ions associating.

The unusual feature of the results is the non-zero
A  Although this has been found for chelates which
complex through oxygen atoms it is unknown for

if9nitrogen-type chelates. Pelletier found a linear 
relationship between log K and 1/1, but the temperature 
range covered was relatively small and a slight scatter 
of points was put down to experimental error.
The ACp values are smaller than those for the
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kg k2corresponding oxalates and malonates , and also

for a number of reactions of the hydrogen ion with
82univalent anions'" „

Tables V3, ^5* ^ 5  ^75 5^ and 55 show the
effect of varying in equation (33)* Only with
manganese glycinate was the ionic strength much greater 

mothan 10 5 and it was only with this complex that an
appreciable variation in K resulted* The range of 
ionic strength covered was too small to show which value 
of y3 gave the best results, but it appears that any 
value between p  » 0*1 and p  = 0*5 may be used.
For I 4 10* 2 any of the low values can be used without 
a serious error in K| in nickel glycinate, where 
1 x ICT^ ^ 2 x 10*2, the difference in K values with 
p>x s of 0 and 0*5 is only 3$*

i
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INTRODUCTION
In order to understand the processes accompanying 

complex formation in solution, it is necessary to 
determine the heats and entropies of formation.
In most cases where the heats are known they have been 
calculated from stability constant measurements at 
more than one temperature. While we consider that this 
method can yield reliable values if a large temperature 
rang® is covered, it Is undoubtedly better to measure 
the heats of formation directly. In some cases whore 
data are -available by both methods, good agreement is 
obtained; for the first stage of the dissociation of

32sulphuric acid, A H  = -5»2 k.cal./nole by calorimetry 
and *-5.6 k.cal./mole by temperature coffieients° •
Both methods have also been used in the study of,, . 3h,85,86ethylenedlamme complexes •

8?Lange studied heats of dilution with a system 
of twin adiabatic calorimeters, one of which was used 
as a constant temperature reference. Each calorimeter 
contained a section of a 1,500 junction thermopile, and 
the calorimeter used in the present work was of
a similar design.

Pitzer^2, who measured the A H  value for the 
bisulphate ion, used a non-isothermic calorimeter,
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and modifications of this have been used by Stave ley0***00
a q

and others , for studies with amine and ethylene diamine
tetraacetate complexes*

Where the amount of material available is extremely
small, such as the transuranium elements, microcalorimeters
have been used in the study of the heats of solution.

90Westrum and Eyring studied the dissolution of 
neptunium in hydrochloric acid, using a resistance 
thermometer to measure temperature changes of approximately 
2 x 10 ■ C. Use of thermistors5 in place of the 
resistance thermometer, enabled Cobbley , with a similar 
calorimeter2 to measure changes of 1CT^°C« Tian-Calvet^ 
calorimeters have also been used to study small samples^®.

The sensitivity of a calorimeter is normally 
examined by measuring the heat change in a system which 
is well characterised. The methods used include the 
neutralisation of sodium hydroxide by hydrochloric 
acid®'*, the dissolution of magnesium metal in hydrochloric 
aeid^0,^ \  and the dissolution of potassium nitrate in 
wat@r^®« The most common method, however, is to measure 
the heat of solution of potassium chloride in water, and 
this is the one which has been employed in the present work.



APPARATUS
The calorimeters consisted of two silvered Dewar 

flasks, of over one litre capacity, set into brass 
containers (Pig.19). A water-tight seal was obtained 
by inserting rubber 0-rings between the flanges and the 
lids, which were then screwed down with six thumb screws. 
Perspex discs, of a half inch thickness, î ere cemented to 
the underside of the lids. Four holes in the lid of the 
first Dewar accomodated the heater, the stirrer diaphragm 
a B2*f socket for the thermopile and the mixing device.
Two hoiks in the lid of the second Dewar held the stirrer 
diaphragm and a B2h- socket for the constant temperature 
end of the thermopile. The containers were attached 
rigidly to a central brass rod and were completely 
Immersed in the thermostat.

In order to reduce to a minimum the effects duo to 
unequal stirring of the two calorimeters, both stirrers 
ware driven by the same motor using a special stirring 
head. A vibro-rotary motor was used (Vibro-Mischer, 
Messrs. Shandon and Co. Ltd. England).

The thermopile consisted of sixty junctions of 
20 S.W.G. constantan wire and 3^ S.W.G. enamelled 
copper wire. The constantan wires were insulated 
to within ^ ofi an inch of their ends with P.V.C. sleaving 
and the copper wires were wound on these. The 
junctions were made by soft soldering the ends of the
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placed In the Dewar. Araidite cement was used to insulate 
the junctions and after ensuring that they were on the 
outer surface of the thermopile it was bound with nylon 
t lire ad. Two B2h cones completed the thermopile.
When the cones were fitted to the lids of the calorimeters 
the thermopile was at the correct height inside the Dewars.

The mixing device is shown in Pig. 20. It consisted 
of a B2H- cone, of 15 mis. capacity, ground at each end 
and closed by perspex discs which were sealed on with 
silicone grease. This was supported in a B2h socket stuck 
to a glass tube with Araidite cement, and nylon threads, 
which were attached to the perspex discs, passed up the 
tube. During an experiment the contents of the mixing 
device were emptied Into the Dewar by pulling on the 
nylon threads.

The heater was of nichrome wire wound on a glass 
frame which was attached to a glass tube. The ends of 
the wire were spot-wslded to platinum loops sealed, by 
means of Araidite cement, into the tube. Inside the 
tube, the loops were soldered to copper lead wires and 
the heater was insulated by dipping in a solution of 
formvar in ethylene dichlorido.

The heating circuit was similar to that of Pitzer 
and is shown in Fig. 21. A variable resistance, A,
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was used to regulate the current in the circuit, and 
the voltage drop across the standard 1 ohm resistance,
B, was measured using a Cambridge slide-wire 
potentiometer. By means of a dummy resistance, equal 
to that of the heater, the 12 volt battery was allowed 
to settle down before being used in the heating circuit.

The thermopile e.m.f.'s were measured using a Pye 
Precision Decade potentiometer, which had an overall 
range of 2.0 volts to 0.1 microvolts in six ranges.
It was standardised using a 5 dial decade system in 
the battery circuit, and the standard cell voltage was 
preset with a divider calibrated from 1.01800 to 
1*01900 volts in steps of 10 microvolts. A switch 
incorporated in the circuit enabled Internal checking 
of the voltage of the standard cell. Any spurious 
thermoelectric e.ra.f•* s could be detected, and 
eliminated, by means of a reversing sxfitch. A Sc a lamp 
galvanometer was used as a null detector in conjunction 
with a Py© galvanometer preamplifier, and changes of 
0*05 microvolts were easily detected.

The thermostat was maintained at 25° t 0.01°C 
using a mercury-toluene regulator, of large capacity, 
fitted with a 8mivic proportioning head (Typo lol 3B,) 
and an A.B.I. electronic relay (Type EA^T).
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Experimental Procedure
The sensitivity of the calorimeter was tested by 

determining the heat of solution of potassium chloride 
in water* Distilled water, which had been brought to 
25°c, was weighed into the calorimeters and two to four 
grains of potassium chloride were weighed into the mixing 
device, which was then sealed. The lids were screwed 
down and the thermopile inserted into the B2h sockets, 
which had been well greased to ensure a water-tight 
seal. The calorimeters were then placed in the 
thermostat.

After stirring for at least an hour, and sometimes 
overnight, readings were taken every minute. When a 
steady change of e.m.f. had been obtained, the water 
equivalent of the calorimeter was determined by switching 
the heater into the circuit. The voltage-drop across 
the 1 ohm standard resistance was measured every minute 
to ensure a steady heating current, and the time of 
heating was obtained using a stop-watch accurate to 
0.1 of a second. After the heater had been turned off 
and the e.m.f. had settled down to a steady change with 
tim©, the mixing device was opened and three to four 
minutes were usually necessary for the potassium chloride 
to dissolve completely. When the change in e.m.f. had



one© more become steady the water equivalent was again 
determined.

In order to determine the heats of complex formation, 
10 to !** gins* of metal chloride solution were weighed into 
the mixing device and added to the amino acid, sodium

86hydroxide buffer in the Dewar. Following Sacconi et al
the heat of dilution of the buffer was assumed to be zero,
but it was necessary to determine the heat of dilution of
the metal chloride solution.

Precautions were taken in these experiments to exclude
carbon dioxide from all solutions. Solid amino acid was
weighed into the calorimeter and nitrogen blown in to
remove the air* Distilled water, from which carbon
dioxide had been removed, and sodium hydroxide were then
added. The thermopile was then insetted and the
calorimeter placed in the thermostat. The dissolution
of the amino acid lowered the temperature of the solution
and the heater was therefore switched on until the
temperature difference between the two calorimeters was 

oless than 0.1 C. The calorimeter was then allowed to 
equilibrate for at least thirty minutes before mixing. 
Method of Calculation

The method used for the evaluation of water 
equivalents and the heats of solution and formation was



9^-that of EiteX . In Fig.22, which is a graphical
reproduction of part of one of the experiments, e.m.f.
is plotted against time. This is divided into three
periods, the Anterior, the Experimental and the Rating
periods. The first reading is designated @e at time T q ,
and at T^, where the reading is 8^, the heater is switched
on or mixing is effected. The rate of change, v is 

8 * e,
given by ______i , and the average reading in this

~a
period is ea = £ (eo + ep.

The experimental period stretches from T^ to T , 
the corresponding readings being 0^ and 6 . The heat
effect has been exhausted by T and the curve now enterse
th® rating period.

The rating period is treated in the same way as the
anterior and the rate of change and average reading

*• ®1are given by —  -----  and 2? (0^ + ©^) respectively.
x y

We may now apply the Begnault-Pfaundler formula to 
correct for the variation in readings. The correction 
to be applied to Qq » 8^ is

T .
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and the corrected heat change is given byAe's ^0+6e 
Anterior and rating periods were of the order 

of 10 minutes and the experimental period was from 
5 minutes for the dissolution of potassium chloride 
to 2 minutes for mixing*
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RESULTS AMD DISCUSSION 
Data available for the heat of solution of 

potassium chloride have been reviewed by Mishchenko 
and Kaganovich and Rossini^ * Stave ley* ? has 
corrected the results given by these authors to an 
arbitrarily fixed dilution of 1 mole of potassium 
chloride to 167 moles of water and found his values 
to be comparable.

The heats of solution obtained in the present work 
have been corrected to the same arbitrary dilution and 
the results are given in Table 58.

Heat of Solution of Potassium Chloride
Gms. KCi Gms. H2O tt.E. (Ave) Deflection

(cals)
A  Hgol 

K cals./mole
*+.2X8 1197.8 1.035 2*4-2.7 *4.29

1197.7 0.9*+6 266.5 *4.10
3.503 1160.7 1.^59 198.8 *4.21

3.257 1166.6 1.^15 
Mean AH =

176.8 

*4.16 t 0.09
*4.05

The calculated A H gG  ̂ is in good agreement with h.18 

given by Staveley.
In the association experiments the concentrations 

of the ionic species were calculated from the equations
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m3

i - [a2*+] + L*&] * U~] * [ViA+] » .....
= [m 2*] + [;:a +] ,  (35)

[h+] + 2 [m2+] + [ m +J + ra2 + [h2A+j
= [a~] + 2e,3,  (30)

the ionic strength,
I = § |]h ] + [ma ] + [ligA*! + [a**] + Mg + 2m^ + k [u^ ] j

 (31)
and the dissociation constants of the acid. Activity
coefficients were obtained from the Davies*equation, (II),
and [h ] was varied, using the Deuce computer, until the
calculated was within 1$ of the value given in Part II.

oIn the calculation of Ah the heats of formation of 
A~ and H^A+ were taken into consideration, and also the 
heat of dilution of the metal chloride solution, 
b»39 k.eal./mole for nickel chloride and 2.77 k.cal./molc 
for cobalt chloride. Results are given In Table 59 for 
nickel and cobalt glycin&tes and nickel y5»alaninate*

Th© values shown are in reasonable agreement with 
b*09 i 0.03, 2.32 - 0.12 and 3*06 * 0.1 obtained from 
e.m.f. measurements. The results, however, are 
probably only accurate to * 1 k.cal./mole due to the 
small concentration of complex and the very high heats 
of dilution#



Calculation of AH° (To be inserted in p*219*)

In solutions containing amino-acid and sodium hydroxide
[A“] was taken as being approximately [Na+ ], and additional
[A™] produced by further dissociation of the amino acid on
addition of metal ion was therefore [MA* ] - [Na* ] • The
contribution to the total heat change due to its formation#
and also to that of H A #  was calculated from the appropriate

2
heats of dissociation of the amino acids. For glycine
AH, « <5*95 k.cal/roole and d lh  « 10*8 k. cal/mole were X 4

obtained from refs# (73} and (74) * -̂nd for 6-alarrinc. A » 1*09 
k# cal/mole and All̂ « 11*27 k* cal/mole were calculated from
the dissociation constants in Part 'II* Having obtained the

Heat cUcL.v»̂e. [of tie ■fo-rwxaA.lovx ^  tPc. molar^complex at the ionic strength studied,the thermodynaaie
value# A H 0# was derived using

2
AH° = 6Ht + 2*303 X -2|£_ ( i  . 2 | + l) le g

(Austin# Math©son and Parton# HTh© Structure of Electrolyte 
Solution®” • Ed# Hamer (Wiley# 1959))* 'fh® values of D, 
the dielectric constant# were those of Akerlof (j.A-C#S#,
1932# J&* 4130) and

22 - 3 0 3  X (i • H  + 1 ) » -7-57 X lo-4

> tl\4 e«e|^icUv%t o*f C0*» y
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lo\u
3 1 10 m2

Wt* HoO. (gms#)

Exf>. Beat Chang® (cals*) 
Heat of Dll# (cals.)

I
a

i

1.0913 
3 • 0̂ *22 

3A731 
1179.1 
0.9^0 
180.2 
119.8

io?[s*]

8#

9-

-i'C

3
¥

■5 0.365
0.365



2
1.2700
3.11+98
3-1*753
1178.1+
0.958
17^.0
179.8

103 HgA+

2.01+1
2.1*06

0.1*6*+
0,**32

1.777

1.580

2 20
TAB IE 59

3 if. 5 6
1.1*761 1.3258 1.1+176 1.2617
1.9629 1.6791* 1 - 635*+ 1.601*1*
2.1156 2.1179 3. W 8O 3. W 7I*
1175.7 117l*.l* 1171*. 1 1171*. 3
0.981* 0.993 O.91+9 0.958
73.8 69.6 166.1* 166.1*

68.9 68.9 180.0 179.8

106 [a“] 103[ma+] a  H0
Hiekel Glyclnate 

0.320 5.071 k-.kO
O.368 5* 6*+6 3*S8

Mean AH° b *+.!*+ £ 0.26 k.cal./mole

Cobalt Glyclnate 
2.612 2. *+33 .̂03
2.266 2.116 2.65

Mean AH° = 3*3*+ - 0.69 k.cal./mole

Hickel p  -Alaninate

3.18# 3A 13 a. 30
2,830 3.186 1.88

Mean A H 0 = 2.09 * 0.21 k.cal./mol©
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Although it is generally accepted that a comparison 
of association reactions should not be based on free 
energy data alone, a number of workers have attempted 
to correlate log K values with properties of the aetal 
ion involved. Duncan and Kepert^ found two types

P
of relationship between AC- , and G(pilii+̂ 5 the free
energy of the metal ion, for a series of bivalent
metal oxines. In those cases in which - A G°
increased with increasing m+ they assumed that

™  )aq
the ions were in contact. They suggested that such 
entities should be called complexes, and that where 
one or two water molecules were interposed between 
the ions the new entity should be called an ion-pair 
or ion-associate. The second type of relationship,
where - A  G° was almost independent of , wasVn )aq
assumed to be due to ion-pair formation. Since the 
hydration radius of similarly charged ions does not 
vary appreciably, they assumed that the energy between 
the ions would be fairly constant. A distinction 
between complexes and ion-pairs was also proposed by 
Smiths on and Williams^ who suggested that anions would 
only affect the absorption of transition metals in the 
visible spectrum if the ions were in contact. Hence 
where a change in the absorption spectrum was obtained
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complexing was assumed and If there was no change
in the spectrum, an ion-pair was formed.

99Williams predicted that for association 
reactions where the only attractive force was 
electrostatic, there should be a relationship 
between log K and the ionic potential of the metal 
ion# He showed that a linear relationship existed 
between log K and z/r for a limited number of 
complexes of the alkaline earth metals# Where 
reactions involved transition metal ions, in which 
covalent bonds were possible, Irving and Williams^ 
found that log K increased as the ionisation potential 
of the metal ion increased. These workers assumed 
that the ionisation potential was a measure of the

"I A A Q ̂

ability of the ion to form covalent bonds. Others 5‘
102 however, have suggested that, the order of stability is 
due to the polarisation of the cation d-electrons by the 
ligand. This ligand field theory predicts that ions 
whose d shells contain either 0, 5 or 10 electrons will 
have no additional stabilisation. The divalent ions of
the first transition series corresponding to this condition

2+ p+ 2+are Ca , Mn and Zn , and the additional stability
2+ 2+ 2+of Zn complexes compared with Ca and Mn is considered



2 2 4

to be due to the contraction in the radius of the ions.
Plots of log K against atomic number for complexes of
the divalent ions show an increase from calcium, through
manganese, to zinc with, however, maxima at chromium and

1CHcopper and a minimum at manganese. Williams has 
argued that, while the ligand field theory predicts this 
behaviour it is only a qualitative picture. The stability 
of complexes is really due to the acceptor properties of 
the ground and excited states, and hence to the ionisation 
potential of the metal.

10*+It has been shown by Duncan that under certain 
circumstances a linear relationship will exist between 
log K and the reciprocal of the radius of the metal ion, 
and he has attributed the success of other relationships 
to the dependence of the property concerned on l/rfom+9

It should be noted, however, that the properties 
discussed above are related to the heats of complex 
formation, and correlations with the free energy depend 
on the entropy change for a series of similar reactions 
being almost constant.

Gurney*0  ̂has suggested that the work done, w, in 
forming an ion-pair from the separate ions in solution 
should be written

w = A G ° . tel in 55.5  (52)
H



where N is Avogadro1 s number and the terra -kT In 55*5 
is a characteristic of reactions in aqueous solution 
in which the number of solute particles decreases by 
unity, 55*5 being the number of moles in 1000 gms. 
of water. The forces between two oppositely charged 
ions in solution can be considered as being made up of 
long-range, or electrostatic, and short-range, or 
quantum mechanical, terms. While the electrostatic 
force will be one of attraction, the quantum mechanical 
force may be repulsive or attractive depending upon 
whether or not the ions have the electronic configuration 
of the inert gases. We may therefore consider w to be 
composed of two parts, ^env, sensitive to environment 
and temperature, and ^non, insensitive to environment 
and independent of temperature.
w = Wenv + wnon = -kT ( InK + In55-5 j = -tcTlnK̂ .

Since "env is almost entirely electrostatic in origin 
it will vary with temperature in the same way as the 
reciprocal of the dielectric constant of the solution 
and hence will have a minimum value at a certain 
temperature. Hear room temperature this variation can 
be expressed as



2 2 6

where 8 is a temperature characteristic of the solvent* 
We may then write

k K x = -c  /a + 0T/e J  (53)

where Ca = and Cer/® = wenv
k —

Xh« temperature, X, at which the association constant 
passes through a minimum is obtained by differentiation 
of equation (53 with respect to X, and equating to zero.

t* = e ( i  + 3 \  = e ( i  + Wflon ) ......... (5*+)
\ ] \ wenv* ) ^

where env is the value of wenv at X.
It is seen from equation (5 k) that X*is dependent on
th© ratio ^non / Wenv. At temperatures be lav-; X*
K values will, decrease with increasing temperature due
to the tendency for thermal agitation to cause ’

-*dissociation of the ion-pairs. When I > I, K values 
will increase with temperature due to the decrease in 
mutual potential energy.

iq6
It has been suggested by Charles that heats of

formation of complexes are related to metal-ligand bond
strengths, and by Orgel10? and George100 that bond
strengths are increased by increasing wnon. Therefore

*the higher the value of T for a reaction the more



exothermic it should ba. It is seen from Table 60 that 
this is the case for various malonates, oxalates, 
glycinates and p -alaninates. In complex formation 
the nitrogen atom donates its lone pair of electrons 
more readily than does the oxygen atom and hence forms 
more covalent bonds. This leads to a greater '̂ non 
and higher T* and & values which decrease with increasing 
temperature. Uusitalo has shown that when the donor 
atom is oxygen the entropy term is important, but with 
nitrogen the heat term determines the stability. When 
both nitrogen and oxygen are present TA3 and aH are 
comparable for strong complexes, but T AS increases in 
importance as the stability of the complex decreases.
It is seen in Table 60 that this holds for the glycinates 
but not for the p  -alaninates where-AH (Co) > -AH (Mi). 
With the Introduction of the second glyclnate anion 
-AHg > -A and A S  is very small, as expected for 
complexes of 1:1 electrolytes*

The entropy change accompanying reactions of type (2) 
may be considered as being made up of two parts. A 
decrease in entropy due to the reduction in the number of 
solute particles in solution, and an increase due to the 
partial neutralisation of charge which leads to a decrease
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TABLE! 60n m »>i wwb—

Thermodynamic Properties
Reaction -AG A H AS T*

Hi2* + a” 3 A 3 A. 09 lk. 5 388
Co24" + 0“ 6.92 -2.82 13.7 368
Mn2* + g“ if.32 — 0.29 13.5 315

NiG* + G' 6.75 — f̂. 69 6.9 377

CoG* + G" 5A2 -3.55 6.3 372
04» _

Ni + A 6.81 -3.06 12.6 356
■»Co + A 5 . 7 k -3.60 7.2 359

Hi2* + Ox* 7.05 0.15 2^.2 29k

Co2* + Ox- 6.5k 0.59 23.9 272
Mn + Ox~~ 5.kl 1A2 22.9 269
Hi2* + Hal* 5.60 1.77 2̂ .8 271

Co2* + Mai* 5.13 2.57 25-8 26k
Mn2* + Mai* J+.*+8 3.53 26.8 25k

- A G  and - A H  In k#cal*/ipol©. 
A S  in cal./deg.mol®.
ACp in cal »/d«g*



109In the ordering of solvent molecules. Frank and Evans 
have suggested that ions in solution orientate the water 
molecules around them so as to form an effective 
"Iceberg”, the process being similar to a partial 
freezing of the liquid. Thus the removal of ions from 
the solution, as in the process of complex formation,
will lead to the breakdown of this structure and a
resulting entropy change favouring complex formation.
Since the entropy effect will be related to the charge 
of the ions a large A  S will be expected in reactions 
accompanied by considerable charge neutralisation 
and a low A S  in reactions for which there is little 
charge neutralisation. This explains Uusitalo*s 
observation that the entropy change is greater for 
ligands involving oxygen rather than nitrogen co-ordination 
and why for oxalates and malonates A S  ^ 20 cal/deg.moie• 
while for glycinates and p -alaninates A S  ^ 10 cal/deg. 
sole.

Gurney*’0^ has suggested that when comparing the 
entropies of reactions the equation

So / = S° -  R In  55-5 = S° -  8 An......... (55)
where nn is the change in the number of solute particles,
should be used# This gives an entropy independent of

110th® concentration. Bent considered a number of
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reactions, for many of which negative entropies had
been obtained and, using equation (55), found that
only in the case of silver thiosulphate was the entropy
change negative# He assumed this to be due to the
loss of configurational and librational entropy of
th® thiosulphate ion on complex formation#

112Writing ,

M
* ( e )

AS hyd (1)

aq

n~
N
A(g)

AS,

ASg(3)
*MN

i-n) +

| 'hyd (2>

Hn-W ------

(g)

ASiiyd(̂  
(ra-n)+

- S aaassoc

where is th© entropy change accompanying
the hydration of the gas phase cation, - AShy$(2) and 
* A % y d ^  are the corresponding values for the anion 
and the ion-pair respectively, and A Sg(3) is the change 
on association in the gas phaset

A S assoe.~^Shyd(1^ * AS,lyd(2) + A S g(3)
+ AS, , (̂ ) • hyd

A S ^ C l )  and A  3 ^ ( 2 )  may bs obtained from the difference 
in standard entropy of the ions in the gas and aqueous 
phases. While these are known for a large number of
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113ions , they are not known for glyclnate or p  -alaninate• 
The aqueous phase entropies of the anions were obtained 
from the crystal entropies, entropies of hydration 
and entropies of dissociation of the acids. The crystal 
entropy of p  •alanine has not been determined, but

lllf
Huffman has shown that no change occurs when a
hydrogen atom is replaced by an amino group, p  -Alanine
was therefore assumed to have the same entropy as
©£• alanine, for which S° = 31*6 cal/deg.mole, A
for glycine was obtained from solubility measurements

11*)at a number of temperatures , but data was not
oavailable for p  -alanine. Snowing the value at 25 C

only, It was necessary to measure the heat of solution
obefore A S  could be calculated. S ^  was then determined 

from the dissociation
HAe=* H+ + A" 

and the values are shown In Table 61.
TABIE 61 

Thermodynamic Properties
flO
cryst. A S hyd. •ASassoc. S .A

26.I116 1̂4*. h- .8.873 31.7
31.6 10. if -9.3 32.7

Glycine
j3-Alanine

All entropies in cal/deg.mole
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Where crystal entropies and solubility data
ar© not available, aqueous phase entropies may be
calculated from a number of empirical relationships.

117Powell and Latimer suggested an equation for 
the entropy of monatiomic ions, (based on the 
standard 3Gg* = 0)

S° * 3/2 H In M + 37 - 270z/rg  ($6)

where M is the atomic wt* , z the char go and r@ the
effective ionic radii of th© ions, with corrections
for hydration. These corrections were for cations, +2A,
and for anions +1A*

Laider^^, using the value of S° + = *-5<»5 cal/deg.H
mole, suggested by Gurney, proposed for monatomic cations 
the equation

z2
S°(abs) » V 2  R in H + 10.2 - 116 /

v ' r+ , ...... 07)

which he considered to be theoretically more justified
in conforming to th© simple Born relationship. Equations

119have been developed by Cobble for th® calculation of

(
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the entropies of complex cxyanions and simple complexes,
and he has extended the method to aqueous organic solutes,

120complexes and chelates, Connick and Powell have 
also given an equation for oxyanions.

For monatomic ions in the gas phase only the 
translational entropy term will be involved* This 
may be calculated from the Sackur-Tetrode equation
which, at 25°C, has the form

®trans = 1*5 H In M * 26.03
where M is the atomic weight of the ion. The entropy
of lon-pairs includes both translational and rotational
terms and for rigid linear molecules may be obtained 

121from 

Strans + 3rot = 2.2868 (7 log T + 3 log M + 2 log lB
- 2 log o') ■■ 6.661, 

where Ig is the moment of inertia about the axis and cr 
is the symmetry number. To deal with rigid, non-linear 
ion-pairs, however, it is necessary to introduce the 
moments of inertia about the principal axes,
Strsns + srot “ 2-2368 ( 8 log I + 3 log 7 + log IAIBIC

- 2 logo-) - 7-697.... (53)
Th® products of the moments of inertia may b© obtained 
quit© simply by means of the determinant
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I I I  = A B C +1xx -Ixy -Ixz

-Ixy +1yz -Iyz

-lyz +1zz

where I and ar@ th© moments and products of inertiaxx xy
with respect to a co-ordinate system having the centre 
©f mass as origin, i.e.

2 t **
'i

^  = lmi Xi - yi 
where is the mass of the atom i whose co-ordinates
are x^, yi? and ~ M.

Equation (58) was used in the calculation of the
' 122 gas entropy of the ion-pair. X-ray determination
has shown that nickel glycinate is almost planar and
it was assumed to be so in the calculation.
The p -alaninates were also assumed planar, and the
entropies are shown in Table 62. The entropies of
th© metal ions were those of Staveley and Randall 38

and it is seen that S (MN) is similar for all of the£
reactions and could therefore be considered constant for
a series of similar reactions. ^ S assoc# will therefore
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TABLE 62 
Thermodynamic Properties

Sg(MH) ^^assoo"
NiO+ 5 7-0 lh.5

CoG+ 57.0 13.7

MnG+. 56.8 13.5

NiG2 57.0 6.9
Goe„

c.
56.9 6 *3

H ipA+ - 56.9 12.6

Co/3A“ 56.8 7*2

-4shyd W
oS (

23.2 33.8 -23*0
23.^ 33.6 -22.0
27.2 29.6 -13.0
61.8

CO•I

61. ̂

22.3 3̂ .6

17.9 33.9

Entropies In cals./deg,mole.



be largely determined by differences In hydration.
Stave ley and Randall studied the reactions of
e thylone d i amine tetraacetate with a number of metal ions
and assumed A S 2 and AS^ to be constant. When, however,
A S a s s 0 G .  ¥as plotted against three separate curves

ra+
wer© obtained. Those for divalent ions with Inert gas
structures and transition metal ions were linear, but in
the case of tervalent ions a curve was obtained.
Nancollas^^ has shewn, however, that if AS is plottedJ 7 assoc.
against AS^ a single straight line is obtained for all 
Ion-pairs*

A number of relationships between entropies and the
ipii.properties of ions have been demonstrated. Latimer

found thatAS^y^ values, based on S°tj+ = -2.1, were
proportional to 2/r', where z is the charge on the ion
and v the effective radius (i.e. r- + 0.1A and r+ + 0.35a).
H a ir and Kanco llas have shown that A 0+) varies
linearly with (r+ + r.)*^ for uncharged ion-pairs of 1:1
electrolytes. In the present work neither AS^^ ft)

1nor AS varies linearly with /,-> t for the metalassoc*  ̂ xm+
glycinates. George ft however, has found relationships 

of the type
A S  = AS. , (2) + constant. ..... (59)assoc. hyd w
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Different values for the constant are required for
11different systems, and Davies has shown that this 

value is apparently dependent upon th© entropy of 
hydration of th© variable ion*

t
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