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The main problem attacked in this investigation 
is the nature of the bonding in transition metal-ETTA 
^(Ethanediylidenetetrathio)tetracetic AcidJ complexes, 
whether it occurs through sulfur, oxygen or both.
The author feels the bonding occurs through both sul
fur and oxygen and in a tetrahedral configuration a- 
bout the central metal ion.

In this investigation the synthesis of both 1st 
and 2 :1 metal to ligand ratio complexes of transition 
metals Cobalt (II), Nickel (II), Copper (II), Iron (II), 
Manganese (II), and Zinc (II) with ETTA were attempt
ed. The complexes were all isolated from an aqueous 
solution of the ligand and the metal carbonate. The 
complexes were sent out for C, H , and S analysis to 
confirm the nature of the complexes.

Stability constants were calculated from pH titra
tion data according to Bjerrum's method. The titra
tions were run in a medium of 50% HpO and 50% dioxane. 
This method was previously studied (1) as a suitable 
medium for inorganic compounds and was found to be 
suitable for this investigation due to the low solu
bility of the ligand in aqueous solution.

The bonding involved in the complexes and possible 
complex structure were also analyzed by use of infrared



data and magnetic susceptibility data. Since pre
vious work done with this acid is severely limited, 
complexes of similar sulfur containing carboxylic 
acids ETDA (Ethylene di Mercapto Acetic Acid) and 
SMTGA (S-Methyl Thioglycollic Acid) were also pre
pared and analyzed in the above mentioned manners 
in the hopes of facilitating the analysis of the 
data which were gathered pertaining to ETTA. (Re
fer to Appendix I, p. 59*)
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From all indications very little work has been 
done on metal complexes of carboxylic acids containing 
sulfur groups available for coordination.

The first appearance of ETTA came in 1952 (2), 
where ETTA was first prepared along with other acids 
as evidence of the usefulness of a certain organic 
preparation. It was thought that since ETTA could be 
considered the sulfur analog of EDTA, there were some 
possibilities of its usefulness as a analytical re
agent for transition metals (3)• But the work was 
rather inconclusive and no further work has been done 
along this line.

The only other experimental work that has been 
done using ETTA, was a potentiometric and photometric 
study (4) of the complexes of copper and ETTA. The 
study showed that copper and ETTA complex in two 
different metal to ligand ratios, 1:1 and 2:1. The 
formation of the different complexes was shown to be 
dependent both on pH and on concentration of each 
species.

Although the actual historical background for ETTA 
is very scanty, there has been much interest in sulfur 
containing amino acids (5) (6) and their complexes 
due to the biological and physiological importance of
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sulfur-bonding in proteins and enzymes. So the author 
feels that this investigation into the donor proper
ties of sulfur in a carboxylic acid is very useful. 
There has been some investigative work done with sul
fur-containing ligands such as thioglycollic acid. 
Stability constants have been determined for many of 
the transition metal complexes of thioglycollic acid 
and the order of increasing stability was found to be 
Zn>Co>Ni>Mn (?) (8 ). Infrared analysis of the com
plexes has also been attempted and will serve as a com
parison for the metal-sulfur vibrations.

Work has also been done on some metal complexes 
of DTH (dithiohexane) and DTO (dithiooctane) which are 
other sulfur-ligands (9 )» but this work was mainly a 
conformational analysis and yielded no further infor
mation into the nature of S as a donor in chelate for
mation.

Since there has been so little work done on ETTA 
and its metal complexes, a comparison will be necessary 
to make sense of the data that was obtained in this in
vestigation. Although EDTA complexes have been vastly 
characterized (1 0) (1 1) etc., the usefulness of the 
comparison would be at best a very crude approximation. 
So also undertaken in this investigation was a study
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of metal-complexes of ETDA and SMTGA, since all three 
of these carboxylic acids contain S groups (ETTA con
tains four sulfur and four carboxylic acid groups ; ETDA 
contains two sulfur and two carboxylic acid groups ; 
SMTGA contains one sulfur and one carboxylic acid 
group.)

In order to characterize the bonding taking place 
in these complexes and the possible complex-structure, 
infrared analysis was undertaken along with potentio- 
metric studies to determine the stability constants 
of the complexes and magnetic susceptibility data to 
help confirm structure.
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INTRODUCTION

Stability constants of metal complexes were first 
reported in the early 1900's by Bodlander and his 
collaborators, and by von Euler. Bodlander carried out 
many potentiometric investigations on a number of inor
ganic systems, such as the bromide and iodide complexes 
of Cu(l) (1 2), silver halides (1 3)» and silver am- 
mine (14). Von Euler also used potentiometric and sol
ubility measurements to determine overall stability 
constants on systems such as silver and ammonia (1 5)» 
sind pyridine complexes of zinc, cadium and nickel (1.6 ),

Other methods such as solvent extraction were also 
used to determine overall stability constants, but the 
potentiometric method was the most successful.

Up to the time of Nils Bjerrum, who revolutionized 
treatment of the stability constants of a many-species 
system, most workers determined only overall stability 
constants of the ultimate complex, formed. In Bjerrum’s 
work on the chromium(III)thiocyanate complexes (1?) he 
was able to calculate the six step-wise stability con
stants for the system. He was also able to calculate 
values of n (average number of ligands bound to each 
metal ion) and (fraction of total metal concentra
tion in the form of a given complex). Since most
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complexes are too labile to be studied by chemical an
alysis, Bjerrum’s method has largely been replaced by 
physical methods such as potentiometry, conductivity, 
solubility, and liquid-liquid partition, none of which 
disturb the equilibrium of the system.

Since this time the invention of the glass elec
trode has revolutionized the measurement of hydrogen 
ion concentration increasing both the popularity and 
accuracy of the potentiometric method.

One of the earliest studies using Bjerrum’s ideas 
was made by Auerback and Smolczyk (18), who titrated 
solutions of polybasic acids BH^ with alkali and measured 
the free H concentration potentiometrically. Values 
of <*o were obtained potentiometrically by Prytz (19) 
for solutions of tin (I) chloride or bromide. He also 
used a graphical method for computing the stability 
constants.

Today one of the most widely used electrometric 
methods in the study of chelates is the Calvin-Bjerrum 
potentiometric titration technique (20). The concept 
of stejj-wise complex formation as proposed by Bjerrum 
has stimulated much research and a multitude of 
studies to determine the factors influencing the sta
bility of coordination compounds.
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Many properties of chelates depend on the nature 
of the chelating agent. Its structure determines not 
only the size of the chelate ring formed, but the number 
of rings formed and also stabilizing or interfering 
resonance interactions.

In work done with chelates of amino acids, Ley (21) 
found that 5** and 6- membered rings were the most 
stable.

Calvin and Wilson (2 0 ) first pointed out the re
lationship between basic strength and stability of che
lates. In their study, they showed that the more basic 
reagents will form the most stable chelates. Also it 
appeared that stability increased as the double bond 
character increased due to resonance effects.

The most common donor atoms in metal chelate com
plexes are nitrogen, sulfur, and oxygen. The tendency 
for coordination seems to diminish for both N and 0 
with increasing substitution, while the opposite ap
pears to hold for S groups. The general trends for 
these groups is N > S > 0 for transition metals.

There have been a number of trends which have be
come apparent in reactions of various metals with a 
single chelating agent. Mellor and Mailey (22) and 
Irving and Williams (23) have found the following
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EXPERIMENTAL
I. APPARATUS

The titration apparatus used was a Sargent Auto
matic constant rate burette (Model C)0 The titrations 
were carried out in a water-jacketed pyrex beaker which 
was maintained at a constant temperature, 25° io.1 C 
by circulating water through the jacketed-beaker by 
means of a Forma constant temperature bath. The ti
tration was monitored with a Beckman research pH meter 
provided with a Beckman glass-saturated calomel elec
trode pair. The pH meter was standardized before each 
run by Beckman buffer solution #3506 (pH 4) which was 
also maintained at constant temperature.'

The pH data was recorded directly using a Beck
man recorder which was hooked up directly into the pH 
meter circuit with a 1.0 Ohm Beckman adapter.
II. REAGENTS AND SOLUTIONS

A. Standard Metal Solutions» Stock solutions of 
Cu(ll), Co(ll), Ni(ll), Zn(Il), Fe(TI), Mn(ll), 
containing metal ion concentrations of 0,01 
molarity, were prepared by dissolving the corre
sponding reagent grade perchlorate (G. Frederic 
Smith Chemical Co.) in deionized water* These 
metal solutions were standardized with EDTA solution.



14

B. Standard Potassium Hydroxide; 0.10M potassium 
hydroxide solution was prepared using Fisher re
agent grade KOH pellets. The solution was stan
dardized using Fisher primary standard potassium 
hydrogen phthalate. The solution was stored in a 
polyethylene bottle.
C. s t a rid a r d F e r c h 1 o r i c A c i d : Perchloric acid 
was used to convert the ligand to its protonated 
form. City Chemical Corp. reagent grade per
chloric acid (70-72fo) was diluted to 0 .05M using 
deionized water. The exact normality of the acid 
was determined by a potentiometric titration us
ing 1 0.0ml of perchloric acid, 1 .0ml of deion
ized water, and 1 1.0ml of dioxane with the stan
dardized KOH.
D . Puri fled Dioxane1 Fisher Spectrochemical 
grade dioxane (99 mole % pure) was used and was 
refluxed over metallic sodium for four hour's to 
purify it.
E . P ur 1 ̂ i c a i: i on o f L 1 ̂ a nd s :

1) ETTA - Eastman Technical Grade, recrys
tallized from boiling water and dried at 45°C.
The melting point was well over 200°C.
2) ETDA - prepared by Stephen Lee, .recrys-



tallized from hot water and dried at 60°C (24).
3) SMTGA - prepared by Stephen Lee, crys
tallization allowed excess sodium sulfate to 
precipitate out and pure liquid to be ob
tained,

III. PROCEDURE:
In order to completely protonate the ligand, the 

amount of perchloric acid added must be in excess of 
the amount of ligand used. The amount of ligand should 
be about 4/5 of the milliequivalents acid added.

Grams of ligand = 4/5 • V • N ' Wt.
Where (V) is the volume of acid used in milliliters,
(N) is the normality of the acid, and. (Wt. ) is the 
milliequivalent weight of the ligand.

The required amount of ligand was weighed out and 
added to 1 0,0ml of perchloric acid, 1 1,0ml of dioxane 
and 1.0ml of the metal solution. The titration was 
then performed with the standard KOH. After each addi
tion of base an equivalent amount of dioxane was added 
in order to keep the dioxane content and dielectric 
constant constant. The solution was stirred constantly 
with a magnetic stirrer.
IV. CALCULATIONS:

The calculations were done on an IBM 1130 computer.
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A copy of the program is given in Appendix II.
For work done in a dioxane-water medium certain 

corrections must be made.
A. Volume Corrections» Since the total volume 
of a lil mixture of dioxane and water is not the 
sum of the volume of the components added due to 
an appreciable contraction, a volume correction 
factor must be applied. The true volumes of sol
utions used were obtained by multiplying the cal
culated total volume by the following factors

O.979 a t  25° C .

B. oH Corrections 1 Van Uitert and Haas (25) have 
demonstrated the necessity of pH corrections due
to the lag in response of the glass electrode to 
hydrogen ions in dioxane-water solutions. Their 
results showed that only small corrections are 
necessary in solutions containing up to $0% di
oxane , but the corrections become more pronounced 
as the concentration of dioxane is increased.
The corrections to the pH readings were determined 
by Van Uitert (2 8) and Charles (29) to be +0.07 
at 25°
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The program calculated n, average number of moles 
of ligand bound per metal ion, and pR, -log (R).
Using these values, the stability constants may be 
determined according to the graphical method of Bjerrum 
(2 6) where (n) id plotted against (pR).
The following equations were used to calculate nt 

Material balance for metal ion

Tm = M+2 + MRH2 + MR"2 + 2M2RH2+2 + 2M?R

Material balance for the ligand

TL * P-h 8+4 + rh7+3 +rh 6+2 + r h 5+1 +rh4 +

RH3-1 + RH2" 2 + RH~2’ + R" 4 4- 

MRH2 + MR- 2 + M2RH? +2 4- M2R 

Material balance for the perchlorate ion 

Cloy = A + 2Tm

WHERE A = total perchloric acid con
centrate .

Charge Balance
2(M+2 4- M?RH2+2) = C104" 4- OH" 4- 2(MR"2)

Acid dissociation constants
(MRH2) (MR"2)

1 (M+1) (RH "2) ^  (M+2 )(R"ij')
K . CMR )___________

(M+^)(RHn-l)



n is defined as

n

If the values of and Kg differ by less than 1 .3  
log units, errors will arise in the above graphical 
method. This error can be corrected using the graphi
cal method of Rossotti and Rossotti (27). This method 
uses a rigid mathmatical derivation to arrive at the 
following equations:

n (2-n) (R)
(l-n)(R)

By plotting n versus (2-n)(R)
(1-n)(R)

a straight line with the intercept equal to K.,
and the slope equal to •K?
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For convenience, vibrational spectra of metal che
late compounds can be divided into the high frequency 
or near infrared (4000-650cm ) and the low frequency
or far infrared region (650-50cm ). In general, vi
brations which occur in the high frequency region or
iginate in the ligand itself whereas those vibrations 
in the low frequency region originate in the metal- 
ligand coordinate bonds. High frequency vibrations are 
ligand-sensitive and have been studied extensively 
While low frequency vibrations are metal-sensitive with 
very little work done on them. This is due in part to 
the difficulty of interpreting low frequency spectra.

Since the advent of far-infrared spectrophotometers 
quite a bit of work has been done in the region from 
o00-200cm ' on sulfur-containing ligands. Adams and 
Cornell (30) have studied thiourea and ethylenethiourea 
complexes in the far infrared region and found the metal- 
sulfur stretching frequencies, v(M-S), to lie in the 
range 298-205cm for the transition-metal complexes.
They found the metal-sulfur frequency varied with co
ordination number and the stereochemistry involved in 
the complexes.

Nakamoto and his co-workers (31) have assigned
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the Pt-S stretching bands of the Pt(Il) complex of the 
dithiocarbamato complex at 375 and 228crr . Cotton and 
McCleverty (3 2) have measured the infrared spectra of 
metal carbonyls containing dialkyldithiocarbamato 
groups. They noted that the dithiocarbamato group 
has no marked effect on metal-carbonyl bonding.

Shindo and Brown (5) studied the infrared spectra
NH2

of metal complexes of L-cysteine (HS-CH--ÔH-COCH).
Since L-cysteine has three coordination sites (S, N, 
and 0 ), it was interesting to determine which donor 
atoms are involved in coordination. For example, the 
Zn(ll) complex showed no S-K bonds and the carboxylate 
frequency Indicated the presence of free COO" groups« 
Thus they proposed the structures

McAuliffe and his co-workers (6 ) have studied the in
frared spectra of metal complexes of methionine

metals they studied except Ag(l) coordinated through 
the amino and carboxylato groups and that the CHq3 
groups of these complexes were available for further

H COO _j

o

(OH -S-CH-OH-ÇH-COOH) They found that most of the

coordination.
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Some work has been done by Carlin and Weissburger 
(33) on cobalt (II) halide complexes with 2,5-DTH 
and 3,6-DTO, but they made no attempt to assign the 
M-S stretching frequencies. Another conformational 
analysis done on sulfur-donor complexes by Clark 
and Errington (3^)» characterized the near infrared 
region but gave rise to no conclusive work in the 
far infrared region.
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EXPERIMENTAL
I. APPARATUS

Preliminary routine scans were run on the til and 
2:1 ETTA complexes of Ni, Co, Cu, Fe, Mn, Zn? the ETDA 
complexes of Ni, Co, Cu, Mn, and Zn; and the 1:2 SMTGA 
complexes of Ni, Co, Cu, Mn, and Zn. The solids were 
pressed into KBr discs and run on a Perkin-Elmer Accu
lai) 3 . The spectra were then analyzed and the ligand 
vibrational bands assigned. The potassium salts of the 
three ligand-acids were run in order to assign the free 
ligand vibrational bands and compare them to the com
pì exed-ligand vibrational frequencies. The far infra
red spectra of the complexes along with some isotopic 
complexes of ETTA were run on a Perkin-Elmer 621 Infra
red Spectophotometer. The instrument was purged with 
dry nitrogen gas before each run. Cesium iodide pel
lets were prepared for analysis of the 600-200cm-1 
region.
II. REAGENTS

ETTA, ETDA, and SMTGA. (See preparations for 
ETDA and SMTGA ligands on page 15*)
The metal carbonates of Ni(II), Co(ll), Mn(ll), 

Zn(ll), Cu(ll), and Fe(ll), reagent grade were used to 
prepare complexes of ETTA and SMTGA. The metal



perchlorates of Ni(ll), Co(ll), Mn(ll), Zn(ll), and 
Cu(ll) were used to prepare the complexes of ETDA.
III. PROCEDURE

A. Solid Complexes of ETTA: Solid ETTA was dis
solved in hot water and an equimolar amount (to 
make the ligand-metal ratio 1:1) of the metal car
bonate was added for the desired complex. Bubb
ling of CO?(g) occurred in the solution and when 
it stopped the complex precipitated out of solu
tion. (if this did not occur immediately, evapor
ating the solution to near dryness enabled the 
complex to precipitate.) The complexes were fil
tered, washed with methanol and water, and di
ox ane and water. They were dried at 50°C in a 
vacuum oven.

The 2:1 complexes were made in a similar way 
except for increasing the amount of metal in order 
to precipitate the 2:1 complex. (Note: The 
Cu-complexes decomposed and burned past 50°C.)



ANALYSIS

%C
Mn

found 22.
theoretical 2?.5H2 0 2 2 .

ETTA - 1«1.

Fe
found 24.
theoretical 2?•
2H20 25-

found 22.
theoretical 26.
6H20 21

found 24
theoretical 26
3H20 23

Zn
found 22
theoretical 26
5H20 22

?<£>

4.13 25.25 
2.73 28.92 
3.78 24.05

2.99 27.19 
2.72 28.87  
2.95 26.81

4.27 24.15
2 .7 0  28.66 
3-99 23 .09

4.21 26.84
2 .7 0  28 .68  
3 .6 3 25.67

4.29 24.50 
2.67 28.26
3.71 23.58

6608
52

61
01
11

11
84
62

19
83
97

35
47
09



ETTA - 2:1

foC foK fc£>

f ound 21.01 3.14 22 .70
theoretical 23.81 2 .00 25-43
to2° 20.7? 3.14 22.18

Ni
f ound 19 . 20 3-55 21.45
theoretical 23.81 2 .00 25.3^6h 2o 19.54 3 .61 20.81

Gu
found 20 .19 3 .6 3 21 . 06
theoretical 23 .39 1 .9 6 24.97
5HZ0 19 . 83 3 . 3 3 21.18

Zn
found 21 . 99 2.44 21 .62
theoretical 23 . 22 1.94 24.79
2H2° 21 = 63 2.54 23 .10

(Notes The complexes were apparently not 
dried when sent out, so also shown are 
theoretical %’s based on a small whole 
number of HgO's in the formula. )
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2: T'J A - 1 ; 1

Co
found
theoretical

Vrprp  ̂ _ 0 ; 1

foC

2 6
2 6

Co
f ound
theoretical 23

Ni
f ound 22
theoretical 23

found 72
theoretical 23

(Note : The:
sent out a

lo

% H fAS

2-95 28 .68
2 . 2 5 28 .80

1 .07 25 .28
1 .93 25 .43

2.3O 24.02
1-99 25.45

2 .17 24.84
1.93 24.80

es were dried and 
time for analysis.)

ANALTS

85
97

69
82

71
84

72
22

e s ampi
second
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B. Solid Comdexes of BTDAs Solid ETBA was dis
solved in hot HpO and an equimolar amount of the 
desired metal perchlorate (for the Ni complex 
NiClp'6HpO was used, and for the Zn complex 
Zn(NO^)p was used). The complexes precipitated 
out of solution, were filtered and washed with 
methanol« The complexes were dried at ltO°C.
(Note; Only Zn-ETDA was sent out for analysis,)

% C foil fS
found 26 .39 3 .11 23.2I
theoretical 26 .33 2 . 9 2 23.43

C. Solid Complexes of SMTGA: The complexes of 
SMTGA were prepared from the metal carbonates in 
the same manner as were the ETTA complexes.
SMTGA is a liquid, so a slurry of the metal car
bonate with water was added to an amount of ligand 
calculated to prepare a 1 : 2 metal-ligand complex. 
The complexes precipitated from solution, were 
filtered, washed with absolute ethanol, and dried 
at 110°C. (Notes Only Ni-SMTGA and Co-SMTGA
were sent out for analysis.) 
i ;2 Metal-ligand ratio

Ni
foC foH faS

found 26 .89 4.05 23.98
theoretical 26 .79 3.74 23,87
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foC foH ;<S
Co

f ound 26 .88 p op 23.6I.
theore'tical 26 .67 3 .7 0 23.70

n yzpiv ♦ I V .DX Discs : KBr discs were made from Harshaw
Infrared Grade potassium bromide which had been
dried at 11.0° C and stored in a desiccator.
T? t Q g  J Discs ! Csl discs were made from Harsh^w
Infrared Grade cesium iodide which had. been dried 
at 110°G and stored in a. desiccator.
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INTRODUCTION
The magnetic properties of substances can be devel

oped by supposing that each atom or molecule possesses 
the properties of a magnetic dipole, a sort of micro
scopic bar magnet. The magnetic dipole may be intrin
sic or induced by the applied field. In the presence 
of the applied field these dipoles are quantized so 
they take on one of a limited number of directions rel
ative to the field. Therefore, the process of magnetic 
polarization involves the tendency of the magnetic di- 
xpoles to achieve the state of lower energy which is 
allignment with the applied field. Using this model 
one can get a picture of magnetic susceptibility. The 
magnetic field alters the energy/gram, weight, of a 
substance and it is derived that

Substances in which there are no interactions be
tween adjacent atomic dipoles are said to be magneti
cally dilute. Two types of behavior are found in mag
netic dilute substances, diamagnetic and paramagnetic. 
In each type 'V- is independent of the applied field. 
DIAMAGNETISM

Diamagnetism arises from motions of electrons
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treated as charged particles, in the applied magnetic 
field. It can be pictured as arising from the circu
lation of electric currents in wires which represent 
the electronic orbitals. The interaction between the 
current and the magnetic field causes the orbits to 
precess, thus setting up a small net orbital moment in 
opposition to the applied field. Diamagnetism is a 
very small effect, but since all material contains 
electrons, it is always present. Diamagnetism is of 
some importance here because of the diamagnetic effect 
of the atoms of the ligand which make an appreciable 
contribution to and must be corrected.

If the ends of a long uniform cylinder are suspend
ed in magnetic field and H?, then a force is exerted 
along the axis of the cylinder due to interaction with 
the magnetic field.

F = i(K1-K2 )(H1 2-H22)A 
Where A = cross-sectional area of cylinder;

and are volume susceptibilities of 
the substance and surrounding medium.
When H2 is negligible, in other words, when 
the weaker field is much less than the 
stronger field the

(Note: top of sample is out of field)
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F = dw x g = i(K1-K2 )H12A
Since Ki = ̂ g  x P

Kl= K2 +
2<jw x g

2H ^ A

let K-V = a (volume x magnetic susceptibility of air)

2,:j1 = b (Cell constant)
h 12a

a + b(dw)
TJJ

Paramagnetism arises from the angular momenta of 
ions, which may be angular or spin momenta. It is usu
ally associated with the presence of unpaired electrons, 
and is found in the "d" electrons of the transition

therefore

%  =
PARAMAGNETISM

series metals.
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Measurement of the magnetic susceptibility of a 
substance involves the following relationships:

B = Hr + Magnetic moment per unit volume

B = 1 + ¿4T)c B
Hq h o

= Magnetic permeability of a 
substance

X= Magnetic susceptibility per 
unit volume

x M . W .

Gram susceptibility

= Molar susceptibility



I. APPARATUS
The apparatus used was a Gouy balance consisting 

of a permanent magnet of about 7500 oersteds with a 
narrow pole gap, a cylindrical cell of uniform dia
meter, and an analytical balance. The cell is sus
pended from the analytical balance so that when the 
magnet is moved into position one end of the cell res 
in the center of the pole gap. The cell must be hung 
so that the top of the substance is effectively out 
of the magnetic field. To prevent movement which 
could destroy the sensitivity of the balance, the en
tire apparatus was placed on a shock resistant plat
form.
II. REAGENTS

The solid CoHg(CNS)^ used to calibrate the cells 
was prepared according to Figgis and Nyholm (35)*

The solid substances whose magnetic susceptibil
ities were determined were the transition metal com
plexes of ETTA, ETDA and SMTGA described on page 24.

The cells were made of 9mm glass tubing by 
Mr. Stanley Gross of the Chemistry Department, 
Creighton University.

EXPERT' .TENTAL
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III. PROCEDURE
The balance and magnet were turned on and cold 

water was turned on in order to cool the magnet.
A. Calibration of the Cell; The empty cell is 
weighed inside and outside the field and the dia- 
magetism of the cell itself is measured. The dw 
must always be corrected for the diamagnetism of 
the cell itself. The cell is filled with dry 
CoiIg(CNS),, $ tapping gently to insure uniform 
packing. The cell is then weighed inside and 
outside the field. When constant dw is obtained, 
the cell constants a and b can be calculated.

B. Unknown Substancei The empty cell is weighed 
inside and then filled with the unknown solid to 
be determined. The volume of solid used must be 
the same as in the calibration of the cell. The 
unknown is then weighed inside and outside the 
field and the gram susceptibility of the substance 
can be calculated from

a = volume x susceptibility of air 
_ Y n d o . U t  for CoHe-(GMS)/i)-aw

a + b(dw)10 ̂ g w
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The molar susceptibility is then calculated from 
jig • Mol.w+ =fofiol.

Then the number of unpaired electrons can be es
timated from

Yn(n+2 )‘ = 2 .83 y (^Mol)(T)”’
C. The magnetic susceptibility data had to be 
corrected for the net diamagnetic effect of the 
ligand itself.

Corrections t
ETTA ETDA SMTGA

C: 10x6 .0 0 60 . 0 6x6 .0 0 36 .0 3x6 .0 0 18.0
H* 14x2.93 0T-1

-d- 10x2 .93 29 . 3 6x2.93 17 .6
0 : 8x4. 6 36 .8 4x4. 6 13.4 2x4.6 9.2
S 2 4x15 6 0 .0 2x15z 30.0 z 1x15 1 3.0

197.8x10™° 113.7x10 0 5 9.8x10™6





STABILITY CONSTANTS
In order to calculate stability constants by the 

potent!ometrie method, it is necessary to have accu
rate values of the acid dissociation constants for the 
ligands being considered. These values are helpful in 
establishing the relationships between the basic char
acter of the ligand and the stability of the complexes 
it forms. The acid dissociation constants determined 
for the three ligands are listed below. (Note* In 
order to adapt the computer program to the computer a- 
vailable, certain approximations and assumptions had 
to be made.

1) In ETTA the four carboxylate groups come off 
at a single pK.
2) In ETDA the two carboxylate groups titrate as 
one group.
3) In all three ligands, due to the addition of 
an excess of HCIO^, the sulfurs are protonated 
and are titrated as an acid group.

pKt pKp at 25°C
ETTA 2 . 00 4. 54
ETDA 2.40 4.42
SMTGA 2 .10 4,40
The experimental titration data along with the (n)
(pR) values appear in Appendix I in Tables X to nr
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The chelate formation constants determined, from the (n) 
and (pR) values in this investigation are tabulated in 
Tables I to IV. The computer program which was used 
to calculate the (n) values and (pR) values is given 
in Appendix II along with an explanation of terms and 
a sample of the input data used.

INFRARED SPECTRA
The infrared spectra of the metal complexes of 

ETTA (1:1 and 2:1), ETDA, and SMTGA are reproduced in 
Figures Vila to Vllr. The various assignments of the 
stretching and vibrational bands are tabulated in 
Tables Via to Vie.

The main feature in the near infrared spectra is 
the definite shift in the carboxylate stretching fre
quency from 1700cm™1 in the free ligand (ETTA)» 1720cm 1 
for ETDA, and 1710cm""1 for SMTGA to frequencies rang
ing from 1560-1590cm**1 for complexes of ETTA, 1560- 
1575cm**1 for complexes of ETDA, and 1575-1600cm**1 for 
the complexes of SMTGA. The methylene stretching fre
quencies remain essentially constant from the unbound 
to the complexed ligands, i) (C H ^ at 2960cm™1,

1) tCtî sxiyi au 2 9 2 0cm“1.
The far infrared spectra show the metal-oxygen 

and metal-sulfur stretching bands, which are tabu-



lated in. Table Vie
MAGNETIC SUSCEPTIBILITY 

The gram magnetic susceptibility, molar sus
ceptibility, effective magnetic moment, and num
ber of unpaired electrons were calculated from the 
data gathered with the Gouy balance for the solid 
complexes of ETTA, ETBA, and SMTGA. This data is 
tabulated in Table V.
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STABILITY CONSTANTS
For ETTA and SMTGA, stability constants could not 

be obtained for all the ions studied due to the fact 
that the high acidity of the solution caused by strong 
chelation between the metal ion and the acid anion made 
the potentiometric method almost impossible. The (h) 
values were very high at the beginning of the titration. 
This would indicate that the ligand coordinated almost 
completely to the metal ion and the concentration of 
the free ligand anion was almost negligible. The 
^summary of the stability constants illustrates that 
as the acidity of the metal ion decreased from 
copper(II) to zinc(ll), the pH of the solution in
creases , (n) values were calculated and appropriate 
formation constants obtained.

When considering the stability of complex ions 
in aqueous solution, one can look at the replacement 
reaction of the ligand displacing H^O.

jjv[(H20 ) ^ n+ + pL -> [ > ( H 2C)aLp] +(6-q)H20 
in which a certain number of ligand molecules expel 
an equal or greater number of water molecules from the 
first coordination sphere around the metal ion.

The stability of the complexes are dependent on 
the ligand-field produced and the other factors
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mentioned in the introduction. The ligand-field 
effects promote reactions if the ligand-field pro
duced by the ligand is greater than that produced by 
water, and if the metal is sensitive to crystal field 
stabilization (Mn2+ and Zn2+ are unaffected by
ligand-field splittings; Fe2+, Co2+, Ni ' . and Cu/ + 
are all affected).

Ligands which coordinate through oxygen only usu
ally produce crystal-fields quite similar to those of 
the H?0 molecule and so stability of the complexes will 
not be much affected by ligand-field effects, but com
plexes formed by amines and sulfur-ligands which pro
duce large fields may be strongly stabilized. This 
is demonstrated by looking at the stability constants 
of transition-metal oxalates (3 6 ) (which coordinates 
only through oxygen) and those calculated for the 
complexes of ETTA, ETDA, and SMTGA. There is a defi
nite increase in the stability of the complexes indi
cating the probable participation of sulfur in the 
bonding.

As seen in the Stability Constant Table, the sta
bility of the complexes increases from SMTGA to the 
ETTA 2*1 complexes as would be expected with an in
crease in stability with an increase in the number of
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rings formed. Going from SMTGA which forms a lt2 com' 
plex and two five-membered rings

to ETDA which forms three five-membered rings

to ETTA 1«1 which forms three five-membered rings
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to ETTA 2*1 which forms six five-membered rings.

The SMTGA is the least stable due to the fact that 
two molecules of ligand must coordinate with a metal, 
displacing four molecules of Ho0 which is not as 
favored from an entropy standpoint as one molecule of 
ETTA or ETDA coordinating and displacing four mole
cules of H^O from the metal ion.

As was noted in the results section there were 
certain approximations and gross assumptions which were 
made in order to get the system into a form which could 
be put into the Creighton University computer and (n) 
values obtained. In the program (Appendix II) there 
is a control number K which causes the program to exe
cute the proper calculations for the type of ligand 
used. The program was executed for a ligand with one 
acid and one basic group, one of which is too acidic 
or weakly basic. For ETTA there are four carboxylic
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groups which are weak acids and assuming the four sul- 
furs are protonated, they would be strongly acid groups 
or very weakly basic groups.

In order to determine the acid dissociation con
stants, titrations were performed and only two values 
were obtained for each ligand, indicating that the car
boxylic groups probably titrated as a single grourj, so 
this approximation was also used and this allowed adap
tation of the computer program for use in the IBM H 30 
computer.

The stability constants which were obtained, there
fore, are only approximate ones, but they do show the 
stability trends which are expected in considering num
ber of rings formed and basicity of metal ion.

In the order of increasing stability the following 
general order was found;

Zn> Fe> Ni) Cu) Co) Mn 
INFRARED SPECTRA

NEAP INFRARED
ETTA has been studied spectrophotometrically in 

only two literature references (3 ) (4). Partial assign
ment of the Fe-ETTA complex ligand bands has been done 
by Longo and his co-workers (3)» and also the spectrum
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of ETTA itself has been recorded (37)• The bands of 
ETTA itself will first be discussed and. then the com
plexes will be considered. Also the free and complexed 
ligand bands of ETDA and SMTGA will be discussed. 
0^00-18C0om-1

The bands observed in this region are strong and 
broad. The 0Ho stretching modes occurs at 2975cm 

(l).SyiyP an^ 2920cm "* ("̂s y m  ̂* These modes are almost 
covered completely by the broad OH stretching frequency 
ranging from 3500-3000cm-"*. In ETTA the T/(CHp)^gYM 
occurs at 2980cm-"*" and 1/ (CH 0)QV... at 2920cm-:*. A.lsoC. J. 1*1
present is the broad ’O(OH) band at 3500-3000cm-"*.
SMTGA the CH? stretching modes are almost wholly masked 
by a broad "lj(OH) band ranging from 3500-2800cm-'*'.
1 200-1.600cm" 1

In ETTA there is only one sharp peak in this region
— 1the 0=0 stretching mode, which occurs at 1700cm , not

unusual for a carboxylic acid (3 8). In ETDA there is a 
double peak “J (C=0).QV.., and v(C=0)QV1,. at 1720 andAO X i'i IlVi

— 11.680cm respectively, while SMTGA like ETTA has only a 
single sharp peak forV(0=0 ) at 1710cm-'*'.

Branch and Bellamy (39) have plotted the 0=0 
stretching frequency against the stability constant 
(log K,K„) for a series of bis(salicylaldehydato)



48

complexes of divalent metals and have obtained a 
linear relationship. The C=0 stretching band is 
shifted linearly to lower frequency with increase in 
stability constant in the order of metals.

Zn(ll)< Co(11)< Ni(ll)< Cu(ll)
This order is in good agreement with the well-known 
stability order of divalent metal complexes (2 3 )«

Mn(ll)< Zn(ll)f=Co(lI)< Ni(ll)< Cu(ll)
In the metal complexes of ETTA the order of sta

bility cannot be looked at because the stability con
stants could not be calculated.

For ETDA, the only complete set of stability con
stants, the order of increasing stability agree except 
in the cases of Co(ll) and Mn(ll) with the shift in 
C=0 stretching frequency.

For SMTGA only one stability constant could be 
calculated so no real order of stability could be dis
cerned.

0=0 bond order decreased as the C=0 stretching 
frequency decreased as the M- 0 bond becomes stronger. 
Sharma and his co-workers (40) also noted a linear re
lationship held between the stability constant and the 
NH stretching frequency of bis(A-alanino) complexes
of divalent metals.



1600- 1000cm"’'1
In this region there are five sharp bands in ETTA.

-1 -1Two of these bands occur at 1410cm " and 1380cm " and
can be attributed to the CH? bending mode and the OH
stretching mode with some overlap. There is a broad 

-1band at 1185cm ' which can be attributed to OH stretch
ing bands with possible coupling of in-plane bending

-1of OH and C-0 stretching. A sharp band at 1285cm 
is attributed to C- 0 stretching.

ETDA shows many more bands in this area due to a 
decrease in the symmetry of the ligand structure.

-1 -iThere are three bands from 1430cm to 1390cm ' which 
can be attributed to <f(CHp) and v(0H) which again over
lap. In the region from 1000-1300cm*" ‘ there are a num
ber of medium sharp bands which are probably due to 
coupling of OH bending, C-0 stretching and CH? twist
ing vibrational modes.

SMTGA has three broad bands and one weak band from 
1000cm to 1600cm . The band at 1430cm is an over
lap of <f(CH?) andl)(0H). The broad band occurring at
1300cm L can be attributed to *l)(C-0) andlJ(OH). At 

-11150cm ‘ the OH bending frequency occurs coupled with 
CĤ , twisting and rocking.
ICOO-COOcm""
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In this region ETTA showed many bands of varying 
strength and width which can be attributed to various 
modes of CH0 in and out of plane deformations. Strong

— i —ibands occur at 820cm and 645cm . In order to con
firm that these bands are due to CH0 vibrational modes 
deuteration could have been attempted, but was not due 
to the difficulty of deuteration of such a ligand.

ETDA and SMTGA show the same type of bands in this 
region which again can be ascribed to Clip in and out of 
plane deformations.

Any C-S stretching occurs in the region from 600- 
-1700cm but due to the variability and weakness of the

bands it is not useful for assignment purposes (6 ).
Clark and Errington {jM) have assigned C-S stretching 

-1modes at ?35cm and at lower frequencies for the metal 
complexes of 1,2-dimethylthioethane. They have also 
recorded*0(C-S) for trans and gauche conformations 
of the complexes. Walton and Edwards (9) have assigned 
bands at 739cm ' and 680cm in a dithiohexane to C-S 
stretching. In ETTA there is a medium band at 645cm

„-Iand a sharp band at 730cm ' which could be C-S stretch
ing. In the complexes of ETTA there is a medium broad 
band at 700cm which could be a shifted v(C-S) mode 
due to coordination of the sulfur with a metal ion.
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ETDA shows a weak doublet at 690cm and a stronger 
doublet at 655cm- . SMTGA shows a moderately strong 
doublet at 675cm . The ETDA complexes show a sharp
medium band at 685cm , and a strong sharp band at

- 1

and
- 1670cm . While the SMTGA complexes have a doublet in

___ .... nnn.rtthis region at 720 and 700cm
The spectra of the complexes were generally the 

same as the free-ligand except for the expected shifts 
in v(C=0) frequency due to complexation. The act 
v(0=0) values are tabulated in Table VI. Also con
spicuously missing were the OH stretching bands both

-1 -1in the 3500-3000cm region and In the 1000-1100cm
region. The 1*1 and. 2:1 complexes of ETTA are con
firmed by their spectra in which the 2 :1 complexes 
have no OH stretching or bending modes and only one

show the -v(0H) bands and both a free "V (0=0) band at

The complexes of ETDA and SMTGA also show the expected 
absence of lJ (OH) vibrations and the shift in ^  (0=0) 
due to complexation.
EAR INFRARED

The 1*1 complexes do 
a free "V ( 0=0 ) band a

1700cm-1 and a complexed

Due to mechanical problems the 621 spectrorhoto-
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meter was unable to be used until recently and so the
far infrared data is incomplete and only a few of the
metal complexes were looked at. Among these were the
ETTA and ETDA complexes of Ni, Zn and Co, along with
the til complex of ETTA with Niqp. The spectra of ETTA-

-1complexes in the 400-20Ccm region is very complex.
Adams and Cornell (3 0) have assigned far infrared

bands for metal-sulfur stretching frequencies in the
region from 298-205cm"*1". In the ETTA-metal complexes

-1there are six bands occurring from 600-200cm ", One 
would expect at least two bands for symmetric and asym
metric N-S stretching and two bands for M-0 stretching 
somewhere in this region.

Chaston and Livingston (41) have assigned the M- 0  
and M-S stretching bands of bis(monothioacetylacetonato) 
complexes of Co(Il), Ni(II), and Cu(ll) at 500~485cm“’ 
and 395”335cm~ , respectively. In the ETDA complexes 
of Ni(II), Zn(ll), and Co(II) which were run, there are 
two bands from which could be assigned to
M-0 stretching frequencies. Other bands at 218 and 
203cm”"1' could be S-M-S and O-M-O bending and/or lattice 
vibrations.

The complexity of the ETTA spectra in this region 
is probably due to some lattice water in the complexes.
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Even after several days of drying at 1.1C°G, the spectra
still showed some water V(OH) vibrations in the 3500-
3000cm""1' region although the H0H bending vibrations

. „1which occur from loiO-loOOcm were absent.
In looking at the one isotope of Ni^g (Table VI) 

there are slight but definite shifts in all the bands 
which indicates the probability that they do arise from 
coordinated metal vibrations, both with oxygen and 
sulfur.

MAGNETIC SUSCEPTIBILITY
The magnetic susceptibilities of the metal complex

es of ETTA, ETDA, and SMTGA were obtained in order to 
try to confirm the structural configurations of the 
complexes.

In looking at only ligand-field stabilizations in 
tetrahedral and octahedral environments
Number of "d" Octahedral Tetrahedral

electrons Complex Complex
1,6 -2/5 A -3/5 A
2,7 -4/5 A -6/5 &
3,8 -6/5 a -4/5 A
4,9 -3/5 ̂ -2/5 A
o,5,lo 0 0

the relative stability of octahedral and tetrahedral 
complexes should vary smoothly through a series of high-



spin transition-metal complexes. This, though, is not 
the case as can be seen by looking at the following 
metal ions; Co2"1", Ni2-r, Cu2+, and Zn2+. The Zn2+(d l0) 
has a very strong tendency to appear in tetrahedral en
vironments as is shown by the formation of a tetrahe- 
drally coordinated zinc oxide and the tetrahedral 
Zn(NH^)^ 2+ among others. The Gu +(d') ion on the 
other hand occurs in a tetrahedral environment only in
the (CuCl^)~ ion and in a few mixed oxides. The

2+ 8Ni (d.‘ ) ion similarly forms only a few tetrahedral com
plexes such as NicrO^ and (PPh?)^NiCl^. However, the

2+ 8Go (d' ) ion forms tetrahedral complexes quite readily
(41).

From the table, the ligand-field stabilization of 
the octahedral complexes of these ions rises to a maxi- 
mum at Ni , but the stabilization of tetrahedral com
plexes has its maximum value at Go2'1* and this falls 

. 2+going on to Ni " . Thus the steady increase of the 
tendency to form tetrahedral complexes which is apparent 
from a comparison of Mn2+ with Zn2”", neither of which 
is affected by crystal fields, is interrupted on going 
from Coz'4 to Ni2"*".

For ETTA, the magnetic susceptibility values and 
the (n) values (number of unpaired electrons) show that
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the complexes can either be octahedral or tetrahe- 
drally formed except in the case of Fe ' , the (n) value 
indicates the iron-complex has to be in a low-spin 
tetrahedral configuration. This could indicate that 
Co and Zn which are stabilized by the ligand-field in a 
tetrahedral environment are also tetrahedrally bound.
As for Ni, its complexes normally occur in an octahe
dral configuration and the magnetic moment of 2 .83 B.M. 
appears to support the fact that the Ni is octahedrally 
complexed,

The SMTGA-complexes show the same magnetic be
havior as the ETTA-complexes with the addition of the 
Cu" complex exhibiting magnetic behavior which could 
indicate either a tetrahedral or an octahedral complex 
with a magnetic moment of 2.09 B.M.

ETDA appears to have complexed differently from
the other two ligands as evidenced by the different

?+magnetic behavior of its metal-complexes« The Fe" 
still shows a tetrahedral low-spin configuration but Ni 
is now diamagnetic indicating a probable square planar 
configuration. Also Co has a magnetic moment of 3 «59 
B.M. which is very unusual and is similar to that found 
by Carlin and Weissberger (33) for Co(C10^)Q”(DTH)9. 
They concluded that the Co-complex is neither
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tetrahedral or octahedral but could involve Go in more 
than one stereochemical arrangement.

Nyholm (^3) gives a summary of probable stereo
chemical arrangements for the transition metal series
in which he states that!

6 7d , d will give a slightly distorted octahedran.
,5 .8 A O  .d , d , d will give a perfect octahedron,
qd' will give a tetragonal of square plane.
5 7 10d , d. s d may give a tetrahedral.

So it appears feasible that all the ions studied 
with the exception of Ni(II) could be in a tetrahedral, 
tetragonal, or a distorted octahedral type of arrange
ment with the ligands studied. In order to confirm 
this an X-ray crystallographic study could be carried 
out to determine actual bond lengths and angles.
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Figure II
Structural Diagrams
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Titration Curves
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Titration Curves

KOH (ml.)
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Chelate Formation Data for 2:1 ETTA with Co(II) 
in 50% v./v. 1,4-Dioxane and. Water

Temperature = 25°C.
0 . 1 0 7 0  millimoles of ligand.
10.0 ml. of water
11.0 ml. of dioxane
2.0 ml. of 0.0100M Co(C104 )2 
Concentration of NaOH = 0.0905M

TABLE la

NaOH ml. pHcorr n -Eg__

1.0 1.7929 0.3190 5.5496
2.0 1.8619 2.0826 5.6602
3.0 1.9639 3.1342 5.7020
4.0 2.1149 3.5221 5.5918
6.8 3.7919 3.8555 3.9034



Chelate Formation Data for 2:1 ETTA with Cu(Il) 
in 50% v./v., 1,4-Dioxane and. Water

Temperature = 25°C.
0 . 1 0 7 0  millimoles of ligand
10.0 ml. of water
11.0 ml. of dioxane
2.0 ml. of 0.0100M Cu(C10^)2 
Concentration of NaOH = 0.0905M

TABLE lb

NaOH ml. pH n PRcorr.

5.8 2.6900 3 . 0 5 6 8 4.8035
6.0 2.7869 3.2086 4.7278
6.4 3.0770 3.5070 4.4890
6.6 3.2890 3.7679 4.3439
6.8 3.4299 4.4002 4.4321
7.0 3.6139 5.0937 4.8325
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TABLE Ic

Chelate Formation Data for 2:1 ETTA with Ni(Il) 
in $0% ve/vo 1,4-Dioxane and Water

Temperature = 25°C.
0 . 1 0 7 0  millimoles of ligand
10.0 ml. of water
11.0 ml. of dioxane
2.0 ml. of 0.0100M Ni(C10^)2 
Concentration of NaOH = 0.0905M

Vol. NaOH ml. pH n pR------------- corr. ---—  —  —

5 . 8 2 . 8 6 1 0 1.9203 4.4360
5 . 9 2.9359 1.9408 4.3593
6 . 1 3.1159 2.0355 4.1863
6.2 3.2129 2.1554 4.1054
6.4 3.4049 2.5637 3.9794
6.6 3.6170 3.1054 3.8780
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TABLE Id

Chelate Formation Data for 2:1 ETTA with Zn(Il) 
in 50% v./v. 1,4-Dioxane and Water

Temperature = 25°C.
0,1070 millimoles of ligand
10.0 ml. of water 
11.0ml. of dioxane
2.0 ml. of 0.0100M Zn(C10^)2 
Concentration of NaOH = 0.0905M

Vol. NaOH ml. pH n dR------------- corr. ----- — — —

1 . 0 1.7929 0.3190 5.5496
2.0 1.8760 1.6992 5.5900
3.0 1.9939 2.4233 5.5358
4.0 2.1679 2.5285 5.3282
4.5 2.2859 2.4405 5.1673
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TABLE Iaa

Chelate Formation Data for 1:1 ETTA with Co(II) 
in 50% v./v. 1 ,4-Dioxane and Water

Temperature = 25°C.
O0 IO7 O millimoles of ligand
1 0 . 0  ml. of water
1 1 . 0  ml. of dioxane
1 . 0  ml. of 0 .0 1 0 0 M Co(C1 0 4 ) 2  

Concentration of NaOH = 0.0905M

NaOH ml. pH n PRcorr •

6.0 3 . 0 6 1 9 3.5243 4.1930
6.2 3 . 3 3 2 9 3.5717 3.9255
6.4 3 . 5 8 6 9 4.3207 3.7359
6.6 3.8179 5.5004 3.6237
6.8 3.9769 7.1876 3.6676
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Chelate Formation Data for 1:1 EfTA with Fe(II) 
in 50^ v./v. 1,4-Dioxane and Water

Temperature = 25°C.
0.1070 millimoles of ligand
10.0 ml. of water
11.0 ml. of dioxane
1.0 ml. of 0.0100M Fe(C104)2 
Concentration of NaOH = 0.0905M

Vol, NaOH ml. t>H n t>R------------ corr. ----  — K--

TABLE Ibb

1 . 0 1.4760 1.5015 6.1085
4.0 1.7109 4.3702 5.9643
5.0 1.8090 4.5065 5.8417
6 . 0 1.9110 5.1006 5.7508
6.6 1.9830 5.2196 5.6651
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TABLE Icc

Chelate Formation Data for 1 $ 1  ETTA with Cu(II) 
in 50$ v./v. 1 ,4-Dioxane and Water

Temperature = 25°C.
0 . 1 0 7 0  millimoles of ligand
1 0 . 0  ml. of water
1 1 . 0  ml. of dioxane
1.0 ml. of 0.0100M Cu(C10^ ) 2  

Concentration of NaOH = 0.0905M

NaOH ml. pH n Dficorr.

5.9 2.9289 3.8464 4.3520
6 .0 3.0079 3.9740 4.2781
6 .2 3.2059 4.2947 4.0990
6.4 3.4450 4.9105 3.9119
6 . 6 3.6710 6.0014 3.7 969
6 .8 3.8990 7.4060 3.7587
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Chelate Formation Data for 1*1 ETTA with Mn(II) 
in 50$ v./v. 1 ,4-Dioxane and Water

Temperature = 25°C.
0 . 1 0 7 0  millimoles of ligand
1 0 . 0  mlo of water 
1 1 o0  ml. of dioxane
1.0 ml. of 0.0100M Mn(C104 ) 2  

Concentration of NaOH = 0.0905M

Vol. NaOH ml. ^corr n pR

TABLE Idd

9.8 2.7690 3.4501 4.5945
10 .2 3.0199 3.5819 4.3366
10.4 3.1599 4.0788 4.2264
1 0 .6 3.2699 5.0981 4.1916
1 0 .8 3.3779 6 .3186 4.1957
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TABLE lee

Chelate Formation Data for 1$1 ETTA with Ni(II) 
in 50 % v./v. 1 ,4-Dioxane and Water

Temperature = 25°C.
0 .1070 millimoles of ligand
1 0 .0 ml. of water
1 1 .0 ml. of dioxane
1.0 ml. of 0,0100M Ni(C102+)? 
Concentration of NaOH = 0.0905M

NaOH ml. pH n pHcorr.

1.0 1.7740 0.7733 5.5685
2 . 0 1.8819 2.2549 5.5010
3.0 2 .0 2 6 0 2.7735 5.3412
4.0 2.2040 3.3449 5.1489
4.5 2 .3 2 0 0 3 .5 2 1 8 5.0172



TABLE Iff

Temperature = 25°C.
0 .1070 millimoles of ligand
1 0 .0 ml. of water
1 1 .0 ml. of dioxane
1.0 ml. of 0.0100M Zn(C10^ ) 2 
Concentration of NaOH = 0.0905M

Vol. NaOH ml. pHcorr n pR

Chelate Formation Data for 1:1 ETTA with Zn(Il)
in 50/6 v./V. 1 ,4-Dioxane and Water

6 . 0 3.0609 3.5323 4.1946
6 .2 3.3270 3.6034 3.9334
6.4 3.5619 4.4216 3 .7 6 6 0
6 . 6 3.7989 5.5664 3 .6 4 5 6
6 .8 3.9699 7 .2077 3.6757
7.0 4.1280 9.2049 3 .9 2 8 2
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Chelate Formation Data for ETDA with Mn(II) 
in 50$ v./v. 1,4-Dioxane and Water

Temperature = 25°C.
0 .2156 millimoles of ligand
1 0 .0 ml, of water
1 1 .0 ml. of dioxane
loO ml. of 0.0100M Mn(C104 )2 
Concentration of NaOH = 0.0905M

Vol. NaOH ml. PHCorr " n PR

TABLE Ila

1 0 .6 3.7090 1.2843 3.1245
1 1 .0 3.9229 2.9921 2.9918
11.4 4.1300 5.0747 2.8995
1 1 .8 4.3140 8.1439 2 .8 8 1 8
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TABLE lib

Temperature = 25°C.
0.2156 millimoles of ligand
10.0 ml. of water
11.0 ml. of dloxane
1.0 ml. of 0.0100M Fe(C104 )2 
Concentration of NaOH = 0.0905M

Chelate Formation Data for ETDA with Fe(Il)
In 50% v./v. 1,4-Dloxane and Water

Vol NaOH ml. pH. ri n pH-------- corr. -----

1 0 .0 3.3029 0.3042 3.4827
10.2 3.3849 1.1106 3.4196
10.4 3.4739 1.9515 3.3536
10.6 3.5669 2.8571 3.2890
10.8 3.6719 3.7362 3.2170
11.0 3.7719 4.7587 3.1593
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Temperature = 25°C.
0 . 2 1 5 6  millimoles of ligand
1 0 . 0  ml. of water 
1 1 o0  ml. of dioxane
1.0 ml. of 0,0100M Co(C104 ) 2  

Concentration of NaOH = O.O9 0 5 M

TABLE H e

Chelate Formation Data for ETDA with Co(Il)
in 50$ v./v. 1,4-Dioxane and. Water

NaOH ml . pH n pBcorr •

5.8 3.3220 0.7468 3.3753
6.2 3.5650 1.8641 3.1695
6.4 3.7189 2 .2276 3.0425
6.6 3.8619 2.7241 2.9375
6.8 3.9619 3.7703 2 .8881
7.0 4.1440 3.6980 2 .7603
7.2 4.3369 3.1749 2.6342
7.4 4.4790 3.6142 2.5764
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Chelate Formation Data for E'TDA with Cu(II) 
in v./v. 1 ,4-Dioxane and Water

Temperature = 25°C.
0 . 2 1 5 6  millimoles of ligand
1 0 . 0  ml. of water
1 1 . 0  ml. of dioxane
1.0 ml. of 0.0100M Cu(C104 ) 2  

Concentration of NaOH = 0.0905M

Vol. NaOH ml. Pticorr n pR

TABLE I Id

5.8 3.3169 0.8025 3.3816
6.2 3.5^79 2.0395 3.1895
6.4 3.7290 2.1170 3.0312
6.6 3.9149 2 .0522 2.8797



97

Chelate Formation Data for ETDA with Ni(Il) 
in 50% v./v. 1,4-Dioxane and Water

Temperature = 25°C•
0.2156 millimoles of ligand
10.0 ml. of water
11.0 ml. of dioxane
1.0 ml. of 0.0100M Ni(C104 )2 
Concentration of NaOH = 0.0905M

TABLE H e

NaOH ml. pB n PRcorr •

5.8 3.2989 1.0037 3.4045
6 .0 3.4149 1.5406 3.3029
6 .2 3.5209 2.3147 3.2214
6.4 3.6519 2.9379 3.1185
6 .6 3.7919 3.5314 3.0147
6.8 3.9419 4.0224 2.9097



TABLE Ilf

Chelate Formation Data for ETDA with Zn(II)
in $Q% v./v. 1,4-Dioxane and Water

Temperature = 25°C.
0 , 2 1 5 6  millimoles of ligand
1 0 . 0  ml, of water
1 1 . 0  ml, of dioxane
1.0 ml, of 0.0100M Zn(C10^ ) 2  

Concentration of NaOH = 0.0905M

NaOH ml. pH n nRcorr.

5.4 3.0720 0.4107 3.6284
5.8 3.2680 1.3520 3.4444
6.2 3.5050 2 .4 7 6 1 3.2404
6.4 3.6579 2 .8 7 6 3 3.1117
6.6 3.8129 3.2977 2.9914
6.8 3.9429 4.0100 2.9086
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TABLE Ilia

Chelate Formation Data for SMTGA with Mn(II) 
in 50% v./v, 1,4-Dioxane and Water

Temperature = 25°C.
0.4135 millimoles of ligand 
10e0 ml. of water
11.0 ml. of dioxane
1.0 ml. of 0.0100M Mn(C104)2 
Concentration of NaOH = O.O9 0 5M

NaOH ml. pH n dRcorr.

10.8 3.6560 0.4145 2.8438
11.0 3.7369 0.9068 2.7835
11.2 3.8229 1.2273 2.7198
11.5 3.9320 2.0437 2.6490

i-i 1-* CD 4.0180 3.4063 2.6066
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TABLE I H b

Chelate Formation Data for SMTGA with Fe(II) 
in 50% v./v. 1,4-Dioxane and Water

Temperature = 25°C.
0.4135 millimoles of ligand
10.0 ml. of water
11.0 ml. of dioxane
1.0 ml. of 0.0100M Fe(C104 )2 
Concentration of NaOH = O.O905M

NaOH ml. pH n pH___c°££jl
10.8 3.5079 3.0379 3.0057
11.0 3.6129 3.2698 2.9171
11.2 3.7239 3.3168 2.8551
11.5 3.8340 4.3612 2.7521
11.8 3.9689 4.7174 2.6576
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TABLE lile

Chelate Formation Data for SMTGA with Co(II) 
in 50$ v./v. 1 ,4-Dioxane and Water

Temperature = 25°C.
0.4135 millimoles of ligand
10.0 ml. of water
11.0 ml. of dioxane
1.0 ml. of 0.0100M Co (C104 )2 
Concentration of NaOH = 0.0905M

NaOH ml. pH ñ pHcorr0

0.0 1 .6 6 9 0 12.8734 5.1774
0.5 1.6920 15.1029 5.1925
1.0 1.7239 1 6 .7 0 2 0 5.1835
1.5 1.7580 18.1742 5.1704
2.0 1.8010 19.0992 5.1331
2.5 1.8600 19.1428 5.0530
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TABLE IHd

Chelate Formation Data for SMTGA with Ni(II) 
in 50% v./vo 1 ,4-Dioxane and Water

Temperature = 25°C.
0.4135 millimoles of ligand
1 0 . 0  ml. of water
1 1 . 0  mlo of dioxane
1.0 ml. of 0.Q100M Ni(C10^ ) 2  

Concentration of NaOH = O.O9 0 5 M

NaOH ml. pH n . pH

0.0 1.7350 8.5179 5 .0 0 2 6
1.0 1 .7 8 8 0 12.5960 5 .OO87
2 . 0 1.8840 14.1717 4.9099
3.0 2.0139 14.3988 4.7399
4.0 2 .1 9 0 0 13.3834 4.4419
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TABLE I H e

Temperature = 25°C.
0.4135 millimoles of ligand
10.0 ml. of water
11.0 ml. of dioxane
1.0 ml. of 0.0100M Cu(C104 )2 
Concentration of NaOH = 0.0905M

Chelate Formation Data for SMTGA with Cu(II)
in 50$ v./v. 1,4-Dioxane and Water

NaOH ml. pH n PR..corr.

0.0 1.6460 14.4862 5.2426
0 . 5 1.6800 15.9315 5.2271
1 .0 1.7079 17.7854 5.2304
1.5 1.7469 18.8967 5.2027
2 . 0 1.8010 19.0992 5.1331
2 . 5 1.8540 19.4967 5.0698
3.0 1.9149 19.5836 4.9885
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TABLE 11 If

Chelate Formation Data for SMTGA with Zn(Il)
In 50$ v./v. 1,4-Dioxane and Water

Temperature = 25°C.
0.4135 millimoles of ligand
10.0 ml. of water
11.0 ml. of dioxane
1.0 ml. of 0.0100M Zn(C104 )2 
Concentration of NaOH = O.O9 0 5M

NaOH ml 0. pH n pHcorr.

0.0 1 .6 7 2 0 12.6669 5.1691
0.5 1.6849 15.5845 5.2126
1.0 1.7100 17.6468 5.2244
1 . 5 1.7500 18.6985 5-1938
2.0 1.7999 19.1618 5.1360
2.5 1.8580 19.2604 5 .0 5 8 6
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TABLE IV
Summary of Stability Data

ETTA 2:1 ETTA 1:1 ET DA
Mn — — 3.14
Fe — 6 .2 5 3.42
Co 5.75 — 3.32
Ni — 5.53 3.40
Cu — — 3.34
Zn 5.12 — 3.55

(Log K) 
2 5°G 
SM'i'GA
2.75
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TABLE V
Magnetic Susceptibility Data

ETTA g Mol exp (n)

Mn 2:1 29.55ta0"6 14.985x10-*3 7.969 7
111 28.140 12.543 5.510 5

Fe 2 il 17.237 8 0 6 5 6 4.545 4
I H 8.390 3.700 3.056 2

Co 2 11 42.167 23.712 7.562 6
1 H 15.943 7.165 4.191 3

Ni 2:1 15.691 9.664 4.870 4
1 U 7.065 3.174 2.836 2

Zn 2:1 -.442 - . 2 3 0 -1 .0 1 0 0
111 1 . 0 Vx o\ —. 026 0r 0

ET DA
Mn 19.319 3.150 2 .7 8 8 2
Fe 18.797 3.083 2 o7 6 0 2
Co 31.338 5.298 3.590 2
Ni -5.712 -.953 -1.591 0
Zn - 1.682 -.292 -.976 0
SMTGA
Mn 52.823 14.010 5.796 5
Co 34.993 9.420 4.754 3
Ni 13.981 3.761 3.020 2
Cu 6.495 1.779 2.095 1
Zn -l.804 -.497 -I.1 5 0 0



TABLE Via
Infrared Frequencies (cm-1) and Empirical Assignments for ETTA, ETDA, and SMTGA

ETTA ETDA SMTGA ASSIGNMENTS
3500-3000(b) 3400-3000 3 5 0 0 -3 0 0 0 OH str.
29 75 2980 CH2 str,ASYM
2920 2940 2940 CH2 Str*SYM
1700 1715 1700 C=0 str.16801410 1430 1430 OH str.
1380 1390
1285 1260 1300 CH2 bend.
1185 1185 1205 C-0 str.

1165 1145 OH bend.
8?0(s) 850 910 CH^ rock.
820(b)
730(s) 690 675 C-S str.
645(b) 655

¿0
1



TABLE VIb
Infrared Frequencies (cm ^) and Assignments for Complexes of ETTA, ETDA, and SMT GA 

ETTA 1i1
Mn Fe Ço Ni Zn ASSIGNMENTS
3070 3100 3080 3100 3080 OH str.
2950 2960 2960 2960 2960 CH2 str-ASÏM
2900 2910 2910 2900 2910 CH2 str,SYM
1690 1710 1700 1705 1700 C=0 str.f
1560 léOO 1570 1565 1560 C=0 str.c
1400 1420 1400 1380 1405 CHp bend.

OH^str.
1275 1290 1290 1285 1290 C-0 bend.

1175 1190 1180 1180 1180 OH bend.

8 75 890 890 880 885 CHg rock.
790 800 780 780
700 700 710 700 710 C-S str.
640 650 640 650

108



TABLE Vic
Infrar’ed Frequencies (cm'

ETTA 2 * 1
Mn Fe Co Ni
2910 2920 2900 2920
1560 1587 1560 1570
1380 1400 1370 1380
1220 1225 1215 1225
930 950 925 925
890 885 880 89577 0 790 770 770
700 690 700 700

ET DA
2960 2980 2980 2960
2920 2930 2930 2920
1575 1570 1570 15651390 1380 1390 1385
1235 1240 1240 1220
930 940 940 920
910 910 910 900
785 785 765 765
670 685 685
625 620 620 690

) Continued

Cu Zn ASSIGNMENTS
2920 2905 CH2 str.
1580 1550 C=0 str.
1380 1385 CH2 bend.
1230 1220 C-0 str.
925 935 CH twist,
890 890 ctd rock.
770 780
700 700 c -s str.

2960 2960 CH- J ^ ’ ASYM
t r , SYM2920 2920 CH2

1560 1570 c=o str.
1370 1390 ch2 bend.
1240 1235 C-0 str.
910 940 CH twist.
880 905 CH2 rock.

780

690 680 C-S str. 109



TABLE Vld
Infrared Frequencies (cm”'*")

SMTGA
Mn Co
2980 2 9 8O
2920 2920
1575 1600
1390 1390
1230 1230
880 875
790 780
725 690
690

Ni Cu
2980 2980
2920 2920
1580 1590
1390 1395
1225 1230
880 880
790 790
720
700 700

Continued

Zn ASSIGNMENTS
2980 CH2 Str*ASYM
2920 ch2 Str,SYM
1575 c=o str.
1410 CH2 bend.
1230 C-0 str.
880 CH2 twist.
790 CH2 rock.

c -s str.
700

o



TABLE Vie
Far Infrared Frequencies (cm *)

ETTA '1:1 ETTA 2:1
Zn Ni Ni 58 Co Zn Ni Co ASSIGNMENTS
152 359 358 350 364 358 350 M-0 str.
290 286 288 277 277 270 277 M-S str.
2?8 271 276 277 277 270 277
2 66 260 265 266 265 259 266 0—M—0 bend
254 249 252 253 253 249 253 and/or

lattice
vibration

245 240 243 238 243 237 238 S-M-S bend
221 214 21.7 218 225 214 218 and/or

lattice
vibration

ETDA
Zn Ni Co ASSIGNMENTS
573 573 M-0 sir.
495 487 490

400
323 343 338 M-S sir.
255 268 260 0-31-0 sir.
218 240 247 S -M-S
203 215 205 and/or lattice

vibration

111





PROGRAM FOR CHELATE S T A B IL IT Y  

PAGE 1

/ /  JOB T

/ /  FOR
-“-IOCS (CARD, 1 1 3 2  P R IN TER ,D IS K ) 
* L IS T  SOURCE PROGRAM 
»ONE WORD INTEGERS

DIMENSION V B A S E (IO O ), P H (IO O ), V O L C (10 0 ) 
DIMENSION T L (IO O ), O H (lO O ), SO D (lO O ), A(tOO 
READ ( 2 ,  4000)K 
WRITE ( 3 ,  4000)K 

4000 FORMAT ( 1 1 0 )
READ ( 2 ,  200) T IT L E  
WRITE ( 3 , 200) T IT L E  

200  FORMAT (40A2)
READ (9 , 10 0 0 ) CMET, VMET, V O L I, C L IC  
READ ( 2 ,  10 0 1)  CKW
READ ( 2 ,  10 0 0) TEMP, P H F, CORPH, CORV 
WRITE ( 3 ,  10 0 0 ) CMET, VMET, V O L I, CLIG  
WRITE ( 3 , 1 0 0 1)  CKW 

10 0 1 FORMAT ( E l 0 .2 )
WRITE ( 3 , 10 0 0 ) TEMP, PHF, CORPH, CORV 

1000 FORMAT ( 8 F 1 0 .4 )
M = K
GO TO ( 6 , 6 , 6 , 7 , 7 , 7 ) ,  m

6 READ ( 2 ,  10 0 0 ) P K 1, PK2 
w r it e  ( 3 , 1 0 0 0 ) P K 1 , PK2 
OKI = l . / E X P ( 2 .3 0 3 * P K l)
CK2 = t . /E X P ( 2 .3 0 3 * P K 2 )
GO TO 9

7 READ ( 2 ,  10 0 0 ) PK2 
WRITE ( 3 , 10 0 0 ) PK2
CK2 = l . /E X P ( 2 .3 0 3 * P K 2 )

9 READ ( 2 ,  1000) V A C ID , CACID 
WRITE ( 3 , 10 0 0 ) VACID 
READ ( 2 ,  10 0 0) CBASE, XN 
WRITE ( 3 , 10 0 0 ) CBASE, XN 
N = XN

)

DO 1 1  I  = 1 ,  N
1 1  READ ( 2 ,  10 0 0 ) V B A S E ( I) , P H ( l)

DO 22 I  = 1 ,  N
PH(I) = PH(I)»PHF + CORPH
H ( I ) = 1 . / E X P ( 2 .3 0 3 » P H ( I ) I )
V O L C (I)  = (VO LI +  2 . »VBASE( I ) ) »CORV
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14

TL ( I  ) = CLIG /VO LC ( I  )
O H (I) = CKW /H (I)
T M (I) = VM ET*CM ET/VOLC(l)
S O D (I)  = C B A S E* V 3A S E(I)/V O LO ( I )
A( I ) = cacid*vacid/ volc(I )
S = T L ( I ) + A ( I ) + O H (I) -  H ( I ) -  S O D (I) 
BARN = ( T L ( I ) -  S * ( H ( I) * ( C K 1  + H ( l ) ) + 

C K 1*C K 2)/ D )/T M ( I )
R = S*CK1CK2/D 
PR = (ALOG(1 ,/R))/2. 303 
WRITE (3, 3000) VBASE(I), BARN, PR 
FORMAT (2F10.4, FIO.4)
DO 24 I  = 1 ,N
BARN = ( T L ( I ) -  S * ( l .  + G K 2 /H ( I) ) ) /T M ( I)
R = C K 2 * S /H ( I)  '
PR = (ALOG( 1 , / R ) ) / 2 . 303

24  CALLEF X IT  3000) V B A S E ( I) * PHd )  • BARN, PR 
END

22
3000



DEFINITION OF SYMBOLS
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BARN™-1^  concentration of acid from the HCIO4 added.
CACID = molarity of acid 
C3ASE = molarity of base 
CKW = Kw, in 50% v/v/ dioxane
CLIO - millimoles of ligand used 
CNET = molar cone, of metal ion soln.
CORPH = correction for pH in dioxane 
COR/ = volume corr. for dioxane system 
n(I, = molar hydrogen ion cone, in soln.
K - control number which causes the program to execute 

the proper calculations for the different types of 
-igand; (1 ) one basic and one acid group (2 ) two 
basic groups (3 ) two basic groups in 2HC1 form.
(U  one basic and one acid group, one of which is 
too acidic or weakly basic. (5 ) two basic groups 
one very weak. (6 ) two basic groups in 2HC1 form, 
one .00 weakly basic. (7 ,8 ,9 ) will cause program 
“to execute calculations for * (K~l and 4);
(K=2 and 5); (K=3 and 6 ) respectively.

N - total number of data cards containing titration data only.
NRUN = a number used for identification 
Gnu) = molar cone, of hydroxide ion
PHF = factor which corrects observed pH readings taken

at temps, beyond the range of pH meter's temp, compensator control.
PK1 = is acid dissociation constant 1.
PK2 = is acid diss. const. 2.
PR = -log R
R = molar cone, of free ligand in soln.
™ i I‘) 7 molar conc' °f sodium ion in soln. (Na+)TEMP = temp, of the run

\ ~ total molar conc * of ligand 
TM(I) as total qaolar conc. of metal ion.

= m°l. of acid added to titration soln.
VBASE(I) - mol. of base added to solution at various point 

m  titration.
VOLGfT Tetal i0n 1Soln- added to titration soln.VCTT - volume of soln. in ml.myrnyp _tota! initial vol. of solution in ml.
11iLE - the ligand name given to the titration



NPUT DATA FOR STABILITY PROGRAM
Card 1 . NPROB
Card 2 . TITLE
Card 3* CMET, YMET, VOLI, VLIG
Card 4. CKW
Card 5* TEMP, pHF, Voi. correction, pH corree
Card 6 , VACID, CACID
Card 7• CBASE, N(Number of Data Cards)
Card 8 . FIRST DATA CARD (VBASE, pH )

EXAMPLE!
1

NI-2PA
OoOlOl 5 . 0 0 0 0  1 0 0 . 0000  0 . 4 1 0 5

0.72E-16
2 5 . 0 0 0 0 1. 0000  0 . O7 OO O .9 7 9 O
2.7160 1 1 . 6650

5 0 . 0 0 0 0 0.0104
0 . 0 9 9 7 2 5 . 0 0 0 0
0.0000 2.5770 -O . 2 9 04 I I . 8 2 5 8
1.0000 2 . 6 9 6 0 - O . I 239 1 1 . 6 5 9 12.0000 2.8420 0.0193 I I . 4 6 0 6
3 .0000 3 .O 3 9 O O.O9 I I 11.2020
4.0000 3 . 3 3 5 0 0.1189 10.8430
5 . 0 0 0 0 3 . 9 9 3 O 0 . 1 8 8 9 10.1229
5 . 0 0 0 0 4 . 1 2 3 0 0 . 2 2 9 9 9 . 9 9 0 3
5 . 2000 4.2740 0 . 2 9 3 6 9 . 8 3 8 8
5 . 3 0 0 0 4.4549 0 . 3 8 2 0 9.6954
5 . 4 0 0 0 4.6820 0 . 4 9 0 1 9.4362
5 . 5 0 0 0 5 . 0 3 6 0 0 . 6 1 6 8 9 .O 876
5 . 6 0 0 0 5 . 6 7 IO 0 . 7 7 1 5 8,4609
5 . 7 0 0 0 6 . 4o6o 0.9585 7-7374
5 . 8 0 0 0 6 . 8 6 8 0 1 . 1 5 4 3 7.2882
5 . 9 0 0 0 7 . 4 1 6 9 1 . 3 5 0 9 6.7524
6 . 0 0 0 0 7 . 9 9 4 0 1 . 5 4 7 1 6.1890
6 . 1 0 0 0 8 . 5 7 2 0 1 . 7407 5 . 6 2 5 0
6.2000 8 . 8 9 7 0 I . 9 3 2 7 5*3144
6 . 3 0 0 0 9.1400 2 . 1 2 2 7 5 .O 862
6.4000 9 .3509 2 . 3 0 9 7 4 . 8905
6 . 5 0 0 0 9 .5970 2.4872 4 .6 6 0 4
6 . 6 0 0 0 9 .9540 2 . 6 2 6 7 4 .31976 . 7 0 0 0 10 ,3 6 4 0 2 . 6606 3.9164
7 . 0 0 0 0 11.0470 2 . 3 9 0 8 3 . 2 9 6 98.0000 I I . 7 9 60 1 . 6 9 8 0 2 . 7 8 3 6





118

1

2.

4.

5.

6.

?■

8 ,
9.

1 0 . 
11. 

12 . 
1-3.

14.

15.
16.

Urzendowski, Sister M. Rosalie, Polargraphj c: r 
~t3.ome oric and Calorimetric Studies i n 

.Aqueous Dioxane Media. Dept, of Chemistry. 
Notre Dame, Indiana, 1964.

Riter, J. J. Lover, M. J., J. Am. Chem. Soc.,
21, 5576 (1952).

L°n£0 , F. R., Ventresca, A., Drach, J. E.,
McBride, J., Chemist-Analyst, 34, 101 (1965).

~>aini, . , Ostocole, G. , Cornpi, E. , Cibrario, N. , 
Gazz. chirn. ital., £1 , 904 (1961).

Shindo, Hideyo, Brown, Theodore, J. Am. Chem Soc. 
37, 1904 (1965).

McAuliffe, C. A., Quagliano, J. V., Vallarino, L.M., 
Inorg. Chem., 1996 (1966).

Li, Manning, P. , J. Am. Chem. Soc. , 7 7, 522 3
(1955). ^  D

Lenssing, J. J. Am. Chem Soc., 80.» 4180 (1958)
• -il 1,0 n, R. A,, Edwards, D . A., Snectrochimica 

Acta., 24, 833 (1968).

BUSâ ;  °57Ï1 (19M)?ailar' JOhn’ J- Am- chem- So«-.

BUS28’ 716y(®956) Bailar’ John-J- Ara- Chem.Soc,

dodlander, G., Eherlin, W ., Z. Anor. Chem., 39,
197 (1904). ’

O-Ilander, G. , Starbeck, 0. , Z. Anorg. 
458 ( 1 9 0 2 ) .

Chem.,

Hollander, G ., Fittig, R., Z. physik. 
Leipzig, 21, 597 (I902).

von Euler, H., Ber., j6, I854 ( 1 9 0 3 ) .

von Euler, H., Ber., J7 , 2768 (1904).

Chem.,

11,



119

17.

18.

19.

2 0 .

21.
22 .
23.
24.

25.

2 6 . 

2?.

2 8 .

29.

30.

31.

32.

33.

Bjerrum, N., Z, anorg. u. allgem, Chem., 119.
179 (1921).

Auerback, F. , Smolczyk, E., Z. physik. Chem,, 
Leipzig, 110, 65 (1924).

prytz,^., Z. anorg, u. allgem, Chem. , 1?2. 147

° a l 2oS’ ( W 5 ) ! S°n ’ K> W"  Am" Chem' S o c ,  62, 
Ley, H, Z. Elektrochem., 1 0 . 9 5 4 (1 9 0 4 ).

' » P* p*» pal ley, L . , Nature, 55Q, ^70 (1947) î1 6 1 . 4 3 6  ( 1 9 4 8 ) .   ̂ v *

living, H,, Williams, J. P., Nature, 162. 746 (1948), 
Ramberg and Tiberg, Ber. , 4t_, 733 (1914), 
Van^Uitert,(L^G. , Haas, C.Ç. , J. Am. Chem. Soc. ,

Bjerrum,_ J», "Metal Ammine Formation in Aqueous 
Solution," P. Haase and Son, Copenhagen, 1941.

Rossotti, J. C., Rossotti, H., "Determination of 
I9‘5l111 ty Constants"> McGraw-Hill, New York,

Van Uitert, L.G., Ferneline, W. C., Douglas, B.E.,
J. Am. Chem. Soc. , 25, 2736 (1953).

ChBbuîgi (1050) Ph* D* Thesls» University of Pitts-

MaTt ’ 884 ^1967 )fne11 * J * B *’ J * A m * Chem- S o c ,

ijakamoto, K., Fuji ta, J., Condrate, R. A.
Manmoto, Y., J, Chem. Phys., J_2 , 423 (1 9 6 3 ).

Cotton, F. A., McCleverty, J. A., Inor/- , Chem 
2, 1398 (1964). unem*’

Car6ll'(l964)’ WsissberSer» Inorg. Chem., J,



Mark, J. H., Errington,
6 5 0  (1.Q6 6 ). '. , Inorg. Chem. , 2>

Figgis and Nvholm, J. Chem. Soc., 4190 (1958).
Yatsimirskii, K. B., Vasil’ev, V. P., "Insta

bility Constants", Academy of Sciences, Moscow, 1. 959 *

Sadtier Index.
Conley, R. T., "Infrared Spectroscopy", Allyn and Bacon, Inc., Boston, 1972.
Bellamy, L. J., Branch, R. F., J. Chem. Soc., 448? (1.9 5 4 ).
Sharma, V. S., Mathur, H, B., Biswas, A. B., Spectrochim. Acta., 12, 8 9 5  (1 9 6 1 ).
Chaston, S. H. H., Livingston, S. G., Aust.J. Chem., 2 0 , IO6 5  (1 9 6 7 ).
Orgel, L. E., "An Introduction to Transition- 

Metal Chemistry", John Wiley and Sons Inc., i9 6 0 .
Nyholm, "The Ligand Field Theory", Unpublished Notes..


	TABLE OF CONTENTS
	INTRODUCTION
	HISTORY AND THEORY
	PART I: POTENTIOMETRY
	INTRODUCTION
	EXPERIMENTAL
	APPARATUS
	REAGENTS AND SOLUTIONS
	PROCEDURE AND CALCULATIONS


	PART II: INFRARED ANALYSIS
	INTRODUCTION
	EXPERIMENTAL
	APPARATUS
	REAGENTS
	PROCEDURE AND CALCULATIONS


	PART III: MAGNETIC SUSCEPTIBILITY
	INTRODUCTION
	EXPERIMENTAL
	APPARATUS
	REAGENTS
	PROCEDURE


	RESULTS
	STABILITY CONSTANTS
	INFRARED SPECTRA
	MAGNETIC SUSCEPTIBILITY

	DISCUSSION
	STABILITY CONSTANTS
	INFRARED SPECTRA
	MAGNETIC SUSCEPTIBILITY

	APPENDIX I
	FIGURES
	TABLES

	APPENDIX II
	DERIVATION OF COMPUTER PROGRAMS

	BIBLIOGRAPHY

	TABLE OF ILLUSTRATIONS
	FIGURES
	I. DIAGRAM OF POTENTIOMETRIC APPARATUS
	II. STRUCTURAL DIAGRAMS OF ETTA, ETDA, AND SMTGA
	III. TITRATION CURVES FOR ETTA
	IV. TRIATION CURVES FOR ETDA
	V. TRIATION CURVES FOR SMTGA
	VI.THEORETICAL STRUCTURE FOR METAL^+-ETTA COMPLEX
	VII. INFRARED SPECTRA OF COMPLEXES

	TABLES
	I. TITRATION DATA FOR ETTA
	II. TITRATION DATA FOR ETDA
	III. TITRATION DATA FOR SMTGA
	IV. STABILITY CONSTANT DATA FOT ETTA, ETDA, AND SMTGA
	V. MAGNETIC SUSCEPTIBILITY
	VI. INFRARED SPECTRA





