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ABSTRACT

Spectrophotometric atudies of solutions of 2,2,8;8-
tetrakis(hydroxymethyl)=3,7=diaga=1, 5,9=nonsnetriol,

(HOCH,) 4CHNCH,CH(OH) CHoNRC(CHO0H) 9, wAth cobalt (II) gave
evidence of complexes having metal«ligand ratios of 1:2 and 1:3.
Complexation appeared nearly complete at pH 8 or greater,
Between pH 8 and pH 11, the positions of the maxima in the
absorbance spectra remained essentially constant and no pre-
¢ipitation was observed, The 1:2 complex formed rapidly,

while the 1:3 complex formed more slowly, requiring one to two
weeks %o resch equilibrium, after which the solutions remained
unchanged over a perlod of several months, Evidence of the 132
complex was obtained using the slope-ratio (32) within one hour
of the inttisl mixing, At later times, precipitation in the
solutions containing high relative metal concentrations inhibited
measuresents,

Attempts to prepare analogous cobalt (III) complexes were
unsuccessful, Modification of the method of Laitinen and Burdett
(44) produced solutions swhose spectra changed so rapidly that the
changes could be observed while the solutions were being measured,
Precipitation followed within two to three hours,

The complexes of 2,2,8,8«-tetramethyl=3,7~diasa=5=-nonanol,
(cﬂj)j;ﬂacﬂzcn(OH)CHZEHC(CHB)y appeared so unstable under the
experinental conditions that even at high ligand ratios pre-
cipitation of the hydroxide occurred and measurements could not

be made,

(11)
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I. INTRODUCTION:

Plerce and Wotde (65) prepared a mumber of polyhydroxys-
amines in this lsboratory., Other workers have studied these
and other polyhydroxyamines as chelating agents with elements
of the transition series, (11,20,26,28,36,59)

The campounds prepared and studied a1l contained the
hydro:;ypropylenediwdne bridge structure, mmmz(caon)mzmm |
with various R groups such es: 1) HO-CHy=CHpye § 2)\_(033)263-
3) (BO-CHp)(CH4)Clie 5 &) (HO=CH,),CH~ & 5) (CH3)4C~ o
6) (HO-CH)(CH,) 0~y 7) (HOCHp)o(CH4)C- + 8) (HO-CH,) 40~ .
. . Although the principal points of attachment of these
ligands to the metal lons sppeared to be at the sites of
the two amino mitrogens, forming a six-membered chelate ring,

H,e” “CHy
(r*[ RNHCH, (CROH)CHoRER]) - ﬁﬁg H*g,ﬂn

there was the possibility of the formation of additional
linkages to the metal by the hydroxyl groups of the ligand,
especially under conditions of high pH where the removal of
the alcoholic protons might be possible, Unequivocal evidence
of the role of the hydroxyl groups had not been determined;
however, the stahility constant data for complexes with
Cu (IT) and Fi (IT) ions suggested either of the following:
1) The ligands were quadridentats such that
two of the OH groups of the ligand would
participate in chelation,
2) The chelates formed under thess conditions

would be polymuelear,

1.



It was felt that a more extensive study of the complexes
formed belween cobalt and certain of these amines was needed.
The amines chosen were 2,2,8,8,~tetrakis(hydroxynethyl)=3,7=
dlaza~1,5,9-nonanetriol, (HOCH,)CNHCH,CH(OH)CH,NHC(CHAOH) 55
hersafter called "Disech, and 2,2,8;8-tetramethyl«3,7~diaza-
Senonanoly (C,) ORE-CH ,CR(OH) G N -C(CH,) 40 hereafter called
"Syaamineln, (21)

This thesals glves the results of the investigation of
the coordination properties of these compounds with cobalt.

2.



IX. TFUNDAMENTALS:
A. Basle Concepts:

A élass of compounds knoyn variously as goordination
Sompoundg, metal complexes, or pomplexes, has been recognized
for meny years. These compounds, contain a cluster of ions or
molscules attached to a central atom or ion) usually of a metal.
Substances using "secondary valences" (electron donors) are
sald to be coordinated to the metal and are known as 1igands.

Many ccoplexes tend to retain their identities in solution,
although partial dissociation may occur. They may be charged
or mncharged, depending upon the sum of the charges of the cen~
tral stom. and the surreunding ligands, and more than one kind
of ligand may be attached to the central atam, then a ligand
ean occupy more than one coordination position, ring formation
results; the complex so formed was called a ghelate by Morgan
and Drew (56), and the ligands were called ghelating apents.
Trddentatd, bidentate, terdentate, quadridentats, quinquedentate,
and soxpdentate, were the taxms proposed by Morgan and Drew to
ihdicata the mmber of donor groups from a particular molecule
or don, The general term, multidentate, was alse used. Poly-
miclear complexss oanta'ln two or more metal atoms joined by
one or more bridging ligands, (8,68) Complexes were usually
divided into two broad classifications--normal complexes and
penetration complexes, HNormal ecmplw:oé were those which
rapidly dissociated reversibly in solution, whlle penetration
complexes exhibdted little dissocdation (srproached equilibe
rium slowly).

B. History
Just when the first of this group of compoumds was dis-

3%



4,

covered is unlknown. Prussian blue, KFe[Fe(CN)g]s produced
at the beglrring of the eighteenth cemtury by Diesbach, is
probably the earliest one on record, The é_ate of signifie
cance usually glven 4s that of the d:lswvery of hexammine
cobalt (ITT) chloride; Clcly* 6y by Tassaerbo—1798 (8)

1, Werner's ‘I‘heory (30)

‘Xhe_i’irst fnﬁ.tﬁﬂ theory as to the nature of these
compounds vas emmedated almost 100 years later (1893) by
Ali‘red Werner, Wernerfs ideas had been preceded by many
years in which various proposals were made only to be later
rejected in tavor of newer ones, Wemer utilized this pre-
‘vicms work and avem ineorporated some of 1t inbo his omn
pmposals. , _

' lStatenm‘l",‘s made by Claus in the 185015 and vejected
by other workers appeared with slight modifications as a
part of wm'e‘ theory, (51) Blomstrand and his student)
S.M. J‘Jrg.enseh‘proﬁoaed a "chain theory" based on an enalogy
with organlo amines, wich aroused contention betwsen
Jérgmsen and Werne:- and stimmlated their research (s1)

Fmdamentally Werner's fheory was quite simple, In
his words: ”Even vhen, to judge by the valence rxmnber. the
combining power of certain atoms is exhsusted, they still
possess in most Vcas‘eé the power of participation further in
the construction vof eomplem molecules iﬂ.fh the fomation of
very definite atomle linkages, _'Ihe possibdlity of th:ls action
is to be traced back to the .faet that, besldes the afﬁnita,'
bonds demignated as principal valencles, still other bonds on
the atoms; called awxiliary valences, may be called into
action®, (73)



. )5.

The fundanental postulates of the theory are:

1, Two types of valences are exhilited by most
elements: a) primary vdence and b) secondary
valence. Primary valences must be satisfied
by negative ions, whereas, secondary valences
nay be satisfied by elther negative ions or
neutral molecules.

2. Every metal hes a fixed mmber of secondary
valences (coordination nuber), .

3. Every alement tends to satisfy both its pri-
nary and secondary valence,

L, The secondary velencies are directed toward
fixed positions in space,

Two marked departures from preveiling theory were made
in the development of Wernerts theory anmd postulates,

Flrst, he discarded the "chain theory" in favor of a centrale
1zed construction similar to that proposed by Kolbe in 1860, (58)
In this construction there was a central atom around which

other atoms, moleculss or ions arranged or coordinated them-
selves, Second, he deviated from the inadequate valence theory
of his day.

Werner began with the concept of the valence of the cen-
tral atom, He pointed out that valence varies with the nature
of the slenents with which the central atom is in combination-e
volence is not an invariant propsrty. He pictured metals as
having imner and outer coordination spheres, Those groups
bound covalently he described as being held 4n an immer
coordination sphere) while negative ions wiich gave the usual
tosts wore in the outer sphere.



Coordination formulas were devised in which primary
and aecondaﬁ valences were dlstinguished. The mmber of
groups directly attached to the central atom he called the
cﬁordina.ﬁdn mmber., He proposed spatial configurations
(Figure 1), explained geometric isomers and predicted
opllcal isomers, He demonstrated gis-treans isomerism in
both tetra~coordinated and hexa-coordinated complexes
(Figure 2) a8 well as optical isomerism (Figure 3). (22,51,55)

The electronic theory of valency, proposed by Lewls in
1916, and extended by Lengmuir in 1919, sllowed chemists to
. express Werner's valence concepts in temms of electrons, (9¢)

2, Contributions of Sidgwick and Lowry (¢9,87)

Sidguick and lowry are largely responsible for putting
Wernerts theory on an electronic basls, They suggested that
primary valences were satisfied by electron transfer and
socondary valences by electron palr sharing, Sidgulck
introduced the coordinate bond for the case in which both
electrons in a chared pair originate on the same atom, He
suggested that since all molecules and ions which ean attach
15 metal ions seem to have at least one wnshared pair of
electrons, this free electron palr 1s partlally donated to
the metal ion in the formation of the bond. The resultant
bond 4= called a dative or semipolar bond., It mey be rep-
resented by an arrow, L —= ¥, indicating that the donor group,
1, has supplied both electrons to the acceptor, H.

Sldgpdek also proposed the concept of effective atomie
number (EAN), stating thet metel ions will contimue to accept
alectron pairs from donors wntll the metal in the complex has
the ESN of the next noble gas. This may be 1llustrated with
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[co(itiy) 613+

Co (TIT) contains 24 electrons
6 m3 donate 12 electrons

EAN of Co (III) 26 electrons (the AN of Kr)

This rule applies especially to the volatile metal carboryls
such as Fe(C0) 5

Although many known complex ions follew this rule, there
ars a large number of exceptions, For example, Fe (III) which
is tetra~coordinate in [FeC1,]" and hexa-coordinate in
[Fe(cH) " never obeys the ruls, In the iron pentacarbonyl
mentioned above, the oxidation state of Fe iz zero,

Modifications of Sidgwdck!s theory were necessary to
offset the serious problem of the accumulation of very high
negative charge on the metal, (23)

Presently, three more or less distinct theoretical
approaches to the bonding in complexes are recopnized:
{1) The Valence Bond Theory, (2) The Crystal Field Theory
with Ligan& Field modifications, and (3) The Molecular Orbdtal
Theory. Of these apprcaches, only the Ligand Field Theory was
designed specifically to explain complex compounds.
B. Theories of Bonding

1. Valence Bond Theory

Valence Pond Theory is attributable mainly to the efforts
of Pauling (1971) to give quantum mechamical validity to the
Lewis-LengmuireSidgwick ideas of the coordinate bond, The
theory deals with the shapes, magnetic moments and structure
of the electroric ground state of complexes,

The following assumptions are basic to the theory:

(2) The cemtral metal atom makes avallable a rmber



of equivalent ortdtals, equal to its coordination
muber, for the formatlon of tovalent bonds with
1gend ortdtals, '

(b} Overlsp of a vessnt metsl orbitsl wdth a f£illed
donoyr orbtital éives & covalent gigma-bond. (The
bond formed; although covalent, may possess cone
siderahle polardty becsuse of its mode of formation,)

(e} If suitable g electrons of the metal are present
in an orbital shich can overlap with a vacant
donoy orttal, a m=bond may be formed, A m~bond
changes charge distribution such that gima-bonds
are st:?mgfhened‘.

Dlegramatis representations are common in this approach.
For a complex such as [‘k(ﬂﬁ:;)é]’" s the following typs of
diagrem 48 used:

Energy -
3K 4s bp
t. it XX| XX = xxx | xx
figuroh. (19)

From this diagram, the following infomation may be obbained:

{1) The qualitative order of emergies of orkitals is
(4p> 48> %),

(2) A ¢%sp® hybrdd is formed and occupled by six electron
pairs.

(3) Thres g orbitals remain to be occupied by three g
electrons 4n accord with Hund!s rule, thereby render-
ing the compound paramagnetie,

Although the Valence Bond Apﬁroach is a converdent model



coneceptually, theres are sevéral defects,

(1) Valence Bond Theory is limited to a qualitative
‘explanation of properties.

(2) It prediots neither spectra nor detailed magnetic
properties,

(3) Splitting of d energy levels is mot considersd,

(4) The theory doesn't acesunt for or predict the
relative energles of different structures. (22)

2. Crystal Fleld-Ligand Pleld Theory

(2) The Simple Electrostatic Theory

Around 1930, an zpplicatiom of a simple electrostatie
theory to bonding in complexes was developed by Van Arkel snd
De Bosr and by Garrick who applied the potential energy equations
of electrostatics to their bonding model. (22)(2799)

Using a purely electrostatic model, regular configurations
nay be epected for all the possible coordination mmbera pro-
vided the ligands are identical, (¥iz. for coordination nunbers
2,4 and 6, the expected configurations would be linear, tetra-
hedral and oetshedral respectively, since these configmrations
would give the mimirmm of repulsive forces,) Hetal ions and
ligands are comsidersd rigld and undlstorted in thls treatment,

The simple electrostatic model 15 not applicable in 511
¢ases, Square planay complexes ecannot bs Justified on the basis
of this model. The theory can account for nelther magnetie,
spectral nor kKinetle propertles. Jons of the second and third
transition series often form eomplexes of greater stability than
those of the first row transition elements, vhereas thelr come
pleces would be predicted to be less stable due to the greater
size of the heavier ions.

10,



(b) The Crystal Field Theory (CFT)

Crystal fleld corrections are important in accounting
for differeneps among the transition metal complexes, yet,
the simple electrostatic nttraetioﬁs account for most of the
bond energies. Although first proposed by Bethe in 1929,the

spplication of CFT to coordination compounds is quite recent. (60)

‘ The interaction between the ceniral metal ion and its sur-
rounding ng&nds a8 explained by the Cryatal Field Ihoory is
sti1l considered an electrostatic one, 4in which the eeﬁtral :
ion and the surrounding nganda are regarded as "point &h@réos"
The Crystal Field Theory éeals uith orbitals and electrons
rather than rigld entities, As a first approximation, the
arbitﬁlé éf the central ion are considered as aéparatod from
the ngand orbitsls, 'rhé theory is primarily concerned uith :

the effect on d orbitals caused by various eleotroétatic flelds

arising from differing geometries and strength of 1igands.

| In a f:leld-free ion or atom in ie_qt_:g. the g orbitals are
degeneraté and of equal energy. Ehe?gy differentiation occurs
in an electrostatic ﬁaid created by the presence of ligands.
The entire d level is displaced to some new unknown value, ine
dicating that all d levels are repelled alightly by the ligands,
Orbitals oriented toward the ligands are then raised in energy
with respect to the ortitals oriented between the ligands,
The similarity of the field produced by the ligands to that
.experieneod by ions in ionic crystals accounts for the name,
Crystal Fleld Theory. Crystal field splitting of the d orbitals
of a central ion in regular complexes of varlous structures is
indicated in Figure 5.

The energy difference between the new sublevels is called

1l.
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13,

the crysta) field stabilization energy (CFSE) and is measured
in terms of a parameter, 10 Ig oiA. Delta s s measurs of
the crystal field strenéth—-ﬂzb stronger the fleld, the larger
A; The zero of energy for the crysta.l field effect is taken
to be that for " random occuliaﬂon of the Spﬁt d orbitals by
an electron. The CFSE is then the gain in energyl due to the
preferential fi1ling of the lower lying d levels, There is
no change in the energy of the system due to splitt‘lng if 211
five orbitals are equal]y occupied,
" There are at least two sigrificant opposing tendencies
in detemin;'mg the population distribution of g elocti-qna uwnder
the influence of a-crysfal field:

1. The tendency for electrons tomoccnpy the lowest

1ying ortdtals as far as possible.
2., The tendency for electrons to enter ’different
orbitals with ther spins parallel,

When there are only 1,2 or 3 d electrons, both tendene
cles can be satisfied when the electrons occupy differemt t,,
orbitals with their spins parallel, With 4,5,6 or 7 4 electrons
there are two possibllities dependent upon the stiength of the
field produced by the ligands: a) a maximum spin state with
a mintmen mumber of unpaired electrons, or b) a mintmum spin
state with a maximum number of electrons requiring pairing of
electrons in the t’2g levelv. For all conflgurations other than
0,25 (nigh spin) and d'°, the splitting lowers the total energy
of the system. This decrease is the crystel fleld stalkilisation
energy.

If, in a d° case, the splitting of the g levels is small,
indicating a weak field, a fourth electron would be expscted



to enter a destabilizing e, ortdtal because the gain in CFSE
from entering s t,, Orbital is not great emough to provide the
required pairing energy.

If the splitting is large, electron pairing occurs. The
CFSE iz higher by 2/5 A ,, but the gain in energy is only
(2/5 4, = electron pairing energy). (22,24)

The Crystal Field Theory is advantageous for predietion
of: (1) favorable eoordination nmbers, (2) stereochemistry,

{3) reaction paths, (4) magnatioc properties, and (5) absorption

spectra.

Due to0 its emphasis on the orbdtals and electrons of the
eentral atom, CFT bsdumes leass accurate as delocalization of
Iigand. electrons and orbitals becomes more importent, Crystal
Field Theory gives little information sbout excited states in

which there 18 electron or charge transfer,

(c) The Ligand Field Theory (LFT)

1igand Field Theory is an outgrowth of the Crystal Fleld
Theory and is often designated as the "CFT-LFI", It was found
that few of the results of CFT were actually dependent upon
the existence of a lattice, therefors, most of them could be
carried over to the basic model of coordination chemistryws
the coordination cluster. The term Ligand Field Theory has
been employed to cover all aspects of the mamner in which an
ion or atom is influenced by its nearest nelghbors., Iligand
Field Theory contains CFT as & special case,

Many of the rssults of LFT are dependent only on the
approximate symmetry of the ligend distribution around the
central ion rather than on the partionlar ligands or the
details of their locations. (24,68)

14,



3. Holegulax Orbital Theory

The Holeculay Orbital approach (M0) is the most general
of all the approaches to complex ion formation, First spplied
by Van Vlieck, the method employs the same orbitals of the cen=
tral ion as does the Pauling method, as well as the available
orbitals of the coordinating ligands which are directed toward
the central atom. (24)($9)

Since the Moleoular Orbital approach can deal with energy
levels quantitatively, molecular orbital emergy level diagrams
may be used very conveniently. (Figure 6) A group of composite
orbitals is made for the set of ligands, Then, symmetries
permitting, these are combined with the atomic ortdtals of the
metal ion to produce the desired bonding and antibonding molecue
lar ortitals. The representation of the bonds utilizes a linear
combination of atomic ortdtals, LCAO., The orbitals are then
filled successively with the avallable elsotrons, beginning
with the lowest energy orbitals,

The symnbolism used 1s based on degeneracy and symmetry of
the orbitals. For an octahedral complex, the metal orbitals
are indicated as shown: |

Table I.
Atorde orbital Notation
s Y1g
Pxr Pyo Pg tlu
a2 y2r dy3 g
Ay e’ dV:m toe

The notations g and b refer to non-degensrate orbitals,

15,
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& to twoefold degenerats orbitals and t to three-fold degen~
erate orbitals, The corresponding capital letters are used

for ‘the mspecﬁ.ﬁ energy states, Numerical subseripts may
dﬂ_.ffwmtiata among molecular orbitals of the same degeneracy
or they may have a special meaning. A center of symmetry is
indicated by the subsoript, g (gerade); an orbital for shich
there is a change of sign on reflection through the center of
symetry is indicated by the subscript u (ungerade). S and ¢
atonie brha.tals are g and p orbitals are u.

| | Combination Jigend ortdtals can be pbtained having L 'lg'
and tlu syrmetry. Fach combination orbital plus a metal orbital
having the same symmetry gives a sigma molecular orbital. The
tzg metal orbitals are non-~bonding since no ligand combination
orbitals with t28 syrmetry are available, In Figure 7a are
shown the gigmg bonds formed by atomic ortdtal overlap. The
metal 8 orbital forms a sigma bond with the 1igand orbital of
g symmetry., The wave functions of all six ligand orbitals
have the same sign as the metal g orbital. The corresponding
antibonding orbital would involve reversal of the sign of the
wave function of the ligand orbital. The d 3 and the d,a .2
orbitals combine with ligand orbdtals having eg eymmetry,
vhile each metal p orbital combdnes with s ligand combination
ortital involving two ligands. The metal bonding orbitals are
the some as those involved in d®sp® hybridization of the
Valence Bond treatment. (Figure 7 b,c and d). If the ligand
compoeite orbitals are of lower energy than the metal orbitals
with which they are combined, the electrons in the bonding
molecular orbitals will be concentrated more in the region of

space close to the ligand, and the electrons in antibonding

17.
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orbitals will be concentrated more in the neighborhood of the
metal ion, Nonbonding electrons are located on the metal ion.

In an octahedral complex, twelve ligand electrons can
enter the bonding erbltals, The metal d electrons must enter
the non-sigma=bonding tzg orbitals and the antibonding oy
orbitals, The antibonding orbitals are those into vhich elec-
trons msy be excited from the tzg ortdtals by absorption of
energy. The greater the extent of overlap of the 3d orbitals
of the metal ion with ligand orbitals, the higher will be the
energy of the antibonding, eg'. ortital.

When m~bonding is involved, the molecular orbltal treate
ment 1s the only approach glving a really satlsfactory ex-
planation of the bonding. The two types of m-bonding differ

in the source of the donated m electrons, (L-¥ or M-L), The

ligand ortdtals used for W bonding are generally the p orbitals.

The ligand orbitals are combined to glve ligand combination
orbitals of tlu and tZg symetry.
In w bonding, the t, orbitals split into bonding and

2
antibonding orbitals as shown.

Metal Molecular Ligand
Orbitals Orbdtals Orbitals
Figure 8,

The depression in energy pictured for the tzg m=bonding
orbitals increases the energy difference between the tzg and
the maffected antibonding level, therefore, the magnitude of

1s.



A 18 increased, Hence a ligand which can form a T-bond is
stronger than it would be if it could not w bond, The ine
creased energy difference betwesn the tzg and e; states
due to n~bonding 4s responsible for electron-pairing or lows
- spin complexes according to the Molecular Orbditsl Theory.

A t,,, ortitsl is obtained from p orbitals of four ligands
in the same plane (Figure 7 e) ylelding three 1 molecular orti-
tals with t), symmetry on overlap with p orbitals of the metal.
Each of the metal t,, orbitals can interact with a ligand come
Mnation orbital obtained from the p orbitals of four ligands
with a1l atoms and orbitals in the same plane (Figure 7f).
Thers are a total of six possible m-bending moleculsr orbdtals.
However, the metal t, orbltals are used for sigmg bonding
leaving only the antibonding t, * level for m Anteraction wdth
Jigends. Pi bonding involving these high energy ortdtals is
not expected to be of great importance.

Without m=bonding, the results of the molecular ortdtal
treatment are so similar to the crystal field representation
that the latter is adequats for most applications. Molecular
Orbkital Theory includes the Crystal Fleld and Valence Bond
approaches as special cases. Although Molecular Orbital
Theory is the most genersl treatment, an exact treatment for
complexes containing many atoms is still difficult to obtain. (24)

D. FACTORS AFFECTING THE FORMATIOR AND STABILITY OF COMPLEX IONS

Several physical and chemical factors influence the forme
ation gnd stability of coordination compounds. Spesial effects
are shown in chelats compourds., Some of the more important

factors are:



1, Envirormentsal Factors

Temperature and pressure exert a great influence in some
cages, Elevated temperatures may shift equilibria and change
absorbtlion intensities, A reduction in pressure often results
in the loss of volatile coordinsting groups such as water in
hydrates and ammonia in armines,
2. Concentration Factors

The stabllities of complex ions in solution may be greate
1y influenced by concentration changes which esuse equilibrimm
shifts in accord with Le Chatelier's principle.
3. Nature of the Metal Ion

The most stable complexes are often formed by the transi-~.
tion metals and the metals immediately following them, The
cations whlch serve best as centers for cocordination are those
with comparatively small sizes and high nuclear or lome charge,

The Effective Atomic Number concept has been partiocularly
successful with metal carbonyls, (61) Instability is expected
when the EAN is one or two units greater or less than the atomic
mumber of the next noble gas. (51) Exceptions to this general-
4gzation have been previously noted. (Ses page S.)

The order of stability of complexes of bivalent metal
lonss Pd ) Cu) B4 ) Pb ) Co ) Zn ) Cd ) Fe D ¥n > Mg,
has been noted by Mellor and Maley (53a). This order has been
observed to hold for all ligands studied by them. The order
for ethylenediamine and propylenediamine chelates measured by
Carlson et. gl. (14) support these data, Chaberek and Martell
indicate the same order for complexes of iminodlacetic aeid,
iminodipropionic acid, and £ - hydroxyethyliminodiacetic acid,
(15a,17) However, some deviations from this serles have been
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obgerved by Irving and Williams (37 a,b). The difference in
stabdlity for successive metals is sometimes small. (49)
k, Rature of the Yon Outside the Coordination Sphere

The tendencies of the external ions to enter the coordi-
nation sphere often affects the stabilities of coordination
compounds, External ions may enter the coordination sphere
at the expense of the material already coordinated to the
metal. Ions such ss CN", SCN*, C1°, Br", C,0,°%, and KO~
have a gi-eat tendency to do this, HNitrate and perchlorate
ions show little tendency toward replacement,

Pfeiffer and Schmitz {63b) showed that the stability of
chelates of EDTA with copper and other metals was greatly
dependent on the nature of the remaining positive ions in

| solution. For example, the disodium salt of the chelate was
gtable toward NaOH, but when Ca*2 or 20" replaced the sodium
in the salt, Cu(CH) 2 precipitated,

&, Nature of the Ligand

v Theoretically, almost any group containing an atom which
has an unshared electron palr msy act ss a coordinating sgent,
In practice the mmber of donor atoms is limited. Strong co-
ordinating groups tend to replace weak ones producing complexes

of greater stability.
The relative sizes of metal and ligand are isportant in

determining the mmber of ligands that can fit around the metsl
ion. There are several limiting radius ratios (M : L) which
determine the coordination number of the metal ion. Some of
these ratios are shown in the following table,
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TAELE 2 (51)

Formule M :l L Coordination Arrangement

Humber ‘
ML, 0,00 -015 2 collinear
HLB 0,1_5 - 0,22 3 trhngular planar
MI‘!& 0.22 - 0,41 L tetrahod.ral
MLtl 0..41.- 0.59 | | h : _squarg} planar
!@6 6.41 - 0.59 - | 6 octahedral

Fajans and Tsuchida observed that the replacement of onse
ligand by another ligand often caused a shift of the spectrum
10 elther longer or shorter wavelengths, An arrangement of
ligands in order of the magmtude of the shift ia known as
the spectrochemical series. The more common ligands are
placed in the follewing exder: I < Br < SCR™< A< ¥0,” <
F* < urea < OF" < ONO™ < HO00™ < €0,2" < Hy0 < NCS™ < glyedne ¢
EDTA ¢ Eyridine < NH5 < ethylenedismine < diethylenediamine ¢
triaminoethylamine < dipyridine < ortho-phenanthroline < noz"«
CN". The shifts to higher energies are associated with the
J14gands on the right side of the serles. (59)

6. Sterid¢ Strain

Large, bulky ligands tend to form less stable complexes
than do analogous smaller ligands because of 8teric factors.
For example, ethylenediamine forms more stable complexes than
(cnj) 21ricf12cﬂzn((n{3)2. The strain 1s sometimes due to the
geoaetry of the ligand coupled with the stereochemistry of
the metsl complex. For example, H,N(CH,) NH(CH,) NH(CH,) Ni,
can coordinate its four nitrogens at the corners of a square
but N(CF,CH,NH,) , cannot. (8,49,50,51)
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E. STABILITY OF CHELATES

Steric effects, derived from both the ligand and the metal,
govern to a large extent the interaction of metal ions with se-
questering agentb. The abdlity or inability of an electron
donor group to approach the hydrated metal ion (steric effects)
as well as thé basicity »of the group are the primary structural
factors vhich must be oconsidered when unidentate elestron donors,
such as smines, react with a given metal ion. Binding together
a mmber of such groups into a single chelating agent greatly
increases the importance of steric effeots. The stabllity of
the complex is also dependent upon other factors such as the
size and mumber of chelate rings formed. The influence of ligand
structure on the stabilities of metal chelate compounds is thus
gseen to involve properties found only in chelating agents, as
wall as effects which are coammon both to chelating end unidentate
ligands,

1. Sige of Chelate Rings

Since the early work of Ley (46) on the Cu (II) chelates
of some zimple smino acids, considerable qualitative evidence
has been reported uhich indicates that the most important
classes of sequestering agents are those shich can forn fivee
and sixemembered rings. Ring systems with more than six meme
bers have generally proven unstable.

2. Number of Chelate Rings

The stabilities of metal chelates vary directly with the
effective polydentats nature of the chelating agents. Good
examples of this structural effect for ligands having the same
kind of electron donor groups are the linesr polyamine chelates
of Cu (II) and K& (II).
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A comparison of the formation constants of the Cu (II)
complexes shomn 4in Table 3 shows that an increase in the nume
ber of chelate rings in the 1:1 complexes i-esulta in a pro-
greasive 1ncreaaé-1n log Fype The tendency to bind a second
mole of ligand also decreases uiih an increass in polydentate
nature of the chelating agent, The effect of bdnding the
electron donor groups together into a single molecule is also
shown by the table, log KHA for ethylenediamine compared to

‘ ; 3
inerease in stabllity due to formation of a five manbered
chelats ring, (16)

log + log for NH, shows approximately a thousandfold
MA] KMAz

: _ TAELE 3
Strucwro and successive formation constants of Cu (11)=-
polyamine complexes and chelates,

el

NH.: 4.13, 3.48, 2.87,:2.11

RNASN ‘“2”-
@), G N,
B, ”\{ i \2 / \ﬂ{ : ?.\4\2082)2

En: 10 720 9.
Dien: 15.9; 5.4
/Naz NH=CH,CH,NH, l}cxztz)2
2 = N
B NCH,CH_NH RE, /"“\ - (cay),
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3+ Effect of Ligand Basicity

Calvin and Wilson (12) first pointed out the corrslation
between the baslic strength of the ligand and stabdlities of
the Cu (IT) chelates of a series of salicylaldehyde and
/3 =diketone derivatives, showing that the stabilities vary
directly with the basic strength of the ligand within each
geries,
4, Steric Effects

The presence of non-chelating substituents in the
chelating ligand may intrpduce either or both of two effects:
a) an inductive effact which changes the basicity of elec-
tron donors, or b) a sterie interference which prevents the
most favorable metaleligand orientation, Bond strain suffi-
cient to prevent complete coordination of the metal ion may
result from steric factors. Basoclo!s investigation of a series
of alkyl substituted ethylenediamine derivatives serves as an
11lustration. (7,9a,9b)

N and N, N'ealkyl substituted ethylenediamine chelates of
Cu (II) and N4 (II) have basicities greater than the unsubstie
tuted ethylenedigmine chelates of these two metals. An increase
in the chain length decreases the stabllity of the complex and
an inerease in the size of the substituent replacing hydrogen
decreases stability. Disubstituted materials show greatest
steric hindrance. Experiments using Ne-alkyl substituted gly-
cines showed similar effects. (6)

F., ABSORPTION SPECTROPHOTOMETRY
Whenever a molecule is exposed to the alternating elec-

tromagnetic field of a beam of radiant energy, and the free
quency of the incident radiation corresponds to one of the



natural frequencies of the molecule, the radiation may be
absorbed entirely or in part, increasing the energy content
of the molecule, and an electrormic transition to en excited
state may result,

In Figure 9, is shown & schematic energy~level diagram
for a simple diatanic molecule., A mmber of the ground state
vibrational levels are populated at room temperature dus to
thermal motion, However, the énergy differences between elec-
tronic levels are much larger, therefore, only the lower elec-
trorde levels are occupled under normal conditions,

Absorption of energy 1ldépmdemt upon the moleculsr
structure of the absorbing material. For a structure with
loosely held or mobile electrons, the energy difference be=
tween the ground state and the exelted state ia small, snd
the frequency of the radiation absorbed is consequently low,
In polyatomic molecules, the mumber of vibratlonsl sublevels
becomes large and thelr spacings small so that disorete peaks
tend to coalesce into broad absorption band& or band envelopes.
This tendency is even greater in the liquid state shere physi-
cal interaction between neighbors and chemical solvation causes
damping of the vibrations,

Absorbing groups, among inorganic compounds, may involve
several atoms, (1.9. Hw; snd Cr207.). or single atoms with
incomplete outer d-electron shells, where closely spaced, un-
occupled energy levels are available. Absorption spectra for
these are thought to result from charge transfer processes in
shich electrons are transferred from cne part of the ion to
another., Changes in the complexing groups considerably alter
spectra.

Incident reciation msy be affected in different ways vhen
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it contacts a substance. It may pass through with little
absorption or energy loss; the direction of the beam may be
altered by diffraction, refraction, reflection or scattering
from suspended particles; or the energy may be absorbed wholly
or partially.

The technique of photometry is based upon two fundsmental
laws: 1., The Bouguer or Lambert law states that, for a plane-
parallel beam of monochromatic light entering an absorbing mede
fun at right angles to the plane-parallel surfaces of the mede
ium, the rate of decrease in rediant power with the length of
ight path through the nedium is proportional to the radiant
power of the beam, Thus,

- .2.2: (1)
S kob

where P 1s the radiant power of the beam and b is the length
of the light path. On integrating, changing to loglo. and
putting P = P, vhen b = 0, the expression becomes

2,903 log (P,/P) = kb (2)
2. Beer'# or Bernard's law states that the radiant power of
a beam of parsllel monochromatic radiation decreases in a
similar marmer as the concentration of the light-absorbing
constituent increages, Thus,

2,303 log (P,/P) = k¢ (3
svhere C 1s the concentration of the light=-absorbing constituent,
3. The two laws are often comtined and written with a single
constant as:

log (P,/P) = abC (%)
where a 1s the absorptivity and C the concentration in grams
per liter. Absorbance is defined as the product of absorptivity,
optical path length and concentration, A = atC or A =£&BC
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shere € is the molar absorptivity and 'c 1s in noles per liter.

Several factors may cause deviations from the Beer-Lambert
Law, Dlssociation or association of the absorbing solute in
solution changes the nature of the absorting species with changes
in concentration., fTemperature chenges shift the equilibrim.
Stray light in the detector, scattered light or fluorescence
wlll also cause a deviation from Beer's law. (49,76) ERortum
and Seiler (44) indicate limitations in Beer's law which make
it applicable only to solutlons of low concentrations,

Ley (46) was one of the first to recognmize that color was
an important and distinguishing characteristic of chelate com-
peunds. He used absorption spectra to distinguish between
free motal ions and thelr chelates, which he called inner-complex
salts, Pfeiffer (63) later used the same principles in his studies
of alizarin derivatives and o,o'~dihydroxyazo compounds.

Often quantitative energy calculations and physicai and
chemical properties can be correlated using Crystal Fleld Theory.
The visible absorption spectrum of a complex can be correlated
with the diagram of crystal fleld splittings. The colors of
‘compounds of the transition elements are due in many cases to
transitions of electrons between incompletely fillled ¢ orbitals
resulting in the absorption of quanta of light energy. Transi-
tions between the grownd levels of coordination clusters and
the excited levels correspond to frequencies from the far
infrared to the far ultravioclet, Skeletal vibrations of the
coordination cluster as well as electronic transitions not
essentially within the d shell of the central ion present
difficulties in interpretation of spectra such that the range
usually considered is restricted to the optical, near Mr#red;



and ultraviolet regiona of the spectrum. Ligand field spectra
are usually in the range between 5000 and 30,000 em” T,

The spectra of coordination compounds may de classified
into Jigand field bands and gharge transfer bands. The ligand
flsld bands are essentially concerned with the transitions be-
tween ¢ orbitals separated by the application of the ligand
field while charge transfer bands are produced by transitions
between levels corresponding to different electron distributions
smong the metal and ligand atoms in the ground and excited
states, (22)

Ilse and Hartmarm (36) called attention to the value of
the Crystal Field Theory in the study of the absorption spectra
of complexes when they applied the theory to the single wesk

absorption band of the d! system [i(80) 633"

Ain £
10 L T T Y
5L
0 1 1 [ T
35 3 25 2 15 10

(9 1n e x 2073)
Absorption of [n(azog ]3* ~=Figure 10,

Three features of the absorption band are important--its

position, intensity and width, The width of the peak is caused
by the fact that the electronic excitation is aceonpam.ad by a
group of vibrational excitations spread over a range of several
thoﬁsand wave numbers., The intensity of the band is very weak,
indicating a *forhidden” traneition. The position of the band

glves a A, value of 20,000 ™! or spproximately 57 keal. per

31¢
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The mmber and types of camponents into which an octahedral
field will split a state of given L is the same regardless of
the d° configuration from which it arises. The designations of
the gtates of the ion in the crystal field are the Mulllken
symbols; thelr origin is in group theory, but they may be re-
garded simply as labels,

TAELE & (19)
States of free ion tates in Crystal Fleld
8 M
d 1
D E+T,
F Lz + Tl + Tz
G E+2T +T,

The Co (IT) ion, with d7 electron configuration may have
an octahedral ground state configuration of either tzgs esz
in ﬁeak fields or tzg6 eg 1n strong fields., Figure lla shows
a portion of the energy level diegram for Co (II) in an octa-

- hedral field. At sufficiently high octahedral field strength,
2 2E state originating in the -G state of the free ion will
become the ground state. Rather high values of ligand field
strength (Ao > 15,000 cu -) are required to produce low spdn
octahedral Co (II) complexes=sthe high strength ligand field
providing the pairing energy. High spin octahedral complexes
have magnetic moments from 4.7 to 5.2 Bi.

Octshedrally coordinated Co (IX) should have three spine

L W 4 L
T{(F) to T A and T (P).
allowed transitions: 1( ) Ly Ao lg( )

The hexaquocobalt (II) iom, [Co(H‘zo)st'; -has the visibla



absorption spectrun shown in Figurs 12. The absorption 1is
wepk and in the blus region accounting for the pale pink

color of the aquocobalt (II). The strong absorption band

LN L
'rlg(F-) - A,

transition, the shoulder on the high frequency side being a

shich 48 ssen has been shown to bs due o a

consequence of spineortit coupling 4n the h,rl g('r") state,
The leg(F) - "ng transition occurs at 1200 mp and is not .
shown,

The free Co (III) ion has a §6 configuration and ﬂma
has the energy level diagrm shown in Figure 1lb, The ‘lg
state originating in one of the high energy singlet states
of the free Co (III) ion drops very rapidly and crosses the
512; state at a very low value of A . Nearly all Co (ITT)
complaxes known, including [Co(A,0),] >*and [ootum,) P
have diamagnetic ground utatea.

The visible absorption spectra of Co (IIX) e&plexea
nay be expected to consist of transitions from the lalg
ground state to other singlet states. The two sbsorpticn
bands found in the visible spectra of regular ovctahedral
Co (III) complexes represent transitions to the upper states
11y, and 11,

A table showing visible absorption maxima for selected
Co (II) and Co (III) complexes may be found in Appendix D.

Several spectrophotometric methods are available for
the determination of metaleligand ratios in complexes. The
nmethod of ecmtinuaus varistions, introduced by Job, and its
extended nppnca_t:\on, developed by Vosburg and Cooper as well
as the methods of Yoe and Jomi. Harvey and Marming, and Bent
and French are often used. ’

33.
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1, Job's method of contirmous variations (38)

The method b:t‘ contimous variaﬁons is a simple,
rapld method for deternining the formila and relative
sta'bd.li.ty of a compmmd provided the cmponmts in ques=
t'n.on form only a single compound The method is readily
app]:!.cable to complex lons. The procedure involves the
vardation of absorbance in a series of sclutions containing
different ratios of metal ion, [M], and chelating agent, [L],
shile the sum of [M] and [L] are kept constant.

When the metal fon and chelating agent are brought
together in the same ratio as they exist in the chelate,
the concenn-atlon of the chelate is greatest for a constant
sum of the concentrations of the rescting substances. For
example, let ¥ be the metal lon and L the chelating agent:
then: (1) ¥ + L& ML

28 = ] where xbﬂ‘n is
?  mMor
the fomation constant.
1t [U] ¢ [L] = C, vhere C s a constant, then the concen~
tration of ML, 1s greatest vhen [L)/[®] = n. The sbsorbance
of the solution is proporticnal to the chelate concentration
in regions vhere the chelate compound is the only atsorhting

specles.,
If absorption due only to these specles in solutlien 4s

considered, the gbsorbance can be expressed as:
(3 A=b(€yM] + €[] + € paD
shere b equals the path length and € represents the various

absorptivities.
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A factor; B, can be introduced to represent the differ-
ence in the absorbance, A of equation (3) and the corresponds
ing absorbance f no reaction occurs when ¥ and I are mixed.
This gives the expression

) Ba=bfeM] + €f1] + €]~ ey, + € ,_[_ng}' |
where Dﬂt and [L], are the total molarities of species con=
taining ¥ and L. Assuming the ligand to be optically transe
parent and a cell length of 1 om., differentiation gives

(5) dB/dL, = (&4 - €4) oML, ]/a[1,]
shich is the basis of Job's method, It can be seen from
equation (5) that a maximwm 4in [MLn] corresponds to a maxie
mum or minimum 4in B and & plot of B versus the composition
of the solutions expressed in mole fractions will give a
maximum or minimm value corresponding to the ratio of metal
to 1igand in the chelate.

To determine the metal=ligand ratio, solutions of metal
don and ligand are mixed in varying proportions and the ab-
sorbance 1s measured at the wavelength of maximun absorbance,

A plot of sbsorbance versus mole percent metal or mole
percent 1igand gives a straight line which reaches a maximm
at the mole percent metal or ligand in the complex and then
bresks sharply and decreases linearly beyomd the mole ratlo
of the complex. The "sharpmess” of the peak depends on the
stability constant of the complex. For complexes of low
stability, the "peak" is rounded. Figure 13 shows idealized
curves for Job's method.

2. Slope Ratio Method of Harvey and Mamming (34)

In the reaction, nL + ™ = IMp, if the concentration
of M i1s constant and in sufficient excess to meke dissociaﬁm
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negligible, the equilibriun coneentration of the complex I.Mp,
W11 be esaentially proportional to the analytical concentra-
tion of L.added to the reactioni therefore,

1) [LM)=c/n
where the brackets indiecate the esquilibriwm concentration
and C the analytical or total concentration. From Beer's
law,  (2) A= €v[1M]
where A 13 the measured absorbance, € the moler absorptivity
and b the thickness of the ¢ell in centimeters. Substituting
equation (1) into equation (2) gives

(3) A=¢b CL/m

If A is plotted against different analytical concentra-
tions of L with the concentration of M eonstant end in excess,
over the straight line portion of the curve, equation {3) is
valid and the slope,S, will equal € b/m. Similarly, if L 4s
in constant excess and the econcentration of M wvaried,

(W) [1Mn] = Cy/n .
Flotting A sgainst Gy and taking the slope of the straight
1ine portion, §, = € b/n. The ratio of the two slopes then
gives the ratio of m/n,

In the derivation for the slope-ratioc method, the assumpe
tion was made thet the equilibrium concentration of the colored
complex is essentially proportionzl to the analytical concentra~
tion of the component not in excess, If the complex formed is
highly dissoclated, the degree.of dissodatian.muzt‘be taken
into account, Letting « represent the degree of dissoclation,
equations (1) and (4) are rewritten

(5) [Lg,]=(1 =) c/m



(6) [1p]=0~cl) g,/n

Whensver there is no appreciablé dissoelation, o{may be
neglected, Whenever ok camot be neaeetea. 1t must still
be constant over any range 1n) which the sbsorbance s a linear
function of the concentration of edther component, If A and

oAl are equal, they wi1l cancel giving the retio of the slopes,
3,/8, =nfn. and ol are equal 4f the constant concentras
tion i&s the same uhexi elther I or M is in excess.

The slope ratio method is relisble as long az linearity
of the curves shows that the absorbanece is directly proportional
to the concentration, provided that the concentration of the
exvese component is identical in the two serles of measurements.

The slops ratlo method will establish the ratio of color
forming ndicala to metal lons ‘o.nly.

3. Harvey and Mamming modification of the method of

Yoe and Jones (34)

Yoe and Jones found that for a very stable complex, a
plot of absorbance versus noﬁf ratio of metal to néand. M:1,
with [M] constant, rose from the origin as a straight line and
broke sharply to constant aBsorbancé‘ at the molar ratio of the
components in the complex.

In the cage of a complex that undergoes sppreciable dise
soclation in solution, a continuous curve is obtained which
becomes approximately parallel to the molu- raﬁo axls only
in a large excess of the variable component. Results obtained
under these conditions are uncertain,

Harvey and Manming suggest careful contrel of ionie
strength by addition of unrescting electrolyte to make the
curve bresk sharply at the correct molar ratio by suppression



of the dissociation of the complex. This modification has
been found quite effsctive in many cases..

k. Method of Bent and French (34)

In the method of Bent and French two sets of solutions
are used, In one set the concentration of the ligand is held
constent and the concentration of the metsl varied; in the
second set the concentration of the metal is held constent and
that of the ligand varied, The fonic strength in both groups
must be held constant by use of a nonecomplexing electrolyte.

For the following reaction mM 4 mL -M1,, the slopes
of plots of log absorbance versus log concentration of M and
L gives the values for n and m.

This method 1s only apblicable to soluticns in which the
complex is highly dissociated.

G, DIAMINES AND POLYHYDROXYDIAMINES o

Few literaturs references to polyhydroxydiamine chelates
are avallable; however, a study of selected references to the
chelation of ethylenedigmine and substituted ethylenediamine
proves helpful.

Substitution on the basic sthylenediamine molecule. csuses
several effects:

1. The magnitude of the :Steric hindrance increases

with the size of the alkyl group replacing the anmino hydrogen
in N-alkylethylenediamines, i.2., in NCH,CH,NHy, the more
bulky the R group, the greater the ﬁteﬂc hindimce. (éb)

2. Generally, carbon substitution in ethylenedimmine
has 1ittle effect on the coordinating tendencles toward copper

and nickel; .0.¢ in Hzncn(a')cxzmz. the size of R' has little



offeet. on emplex fornation, Substitution of this type also
causes anly slight dacreases in basic atrength 23

3. Alkyl groups attachod to nitrogen in ethylenedimine
1mr ’c.ha stabdlity of the complexes formed. (59)

a. Keller (41) found monosubstitution of alkyl groups

on rdtrogen showed "no ueepﬁongl changoaf’ :h: the
x‘!ropa:}ti‘gs of the new bouplax with respect to non~
mhau.mm eﬂvlémdiain@. The alkyl groups
atudj.ad wore: methyl, ethyl, propyl. hydroxye
ethyl, 3-hydroxypropyl and 2-hydroxypropyl.

b. The atam.lity of the chelate did decrease slouly
with increasing chain length of the alkyl group
except in the case of the nebutyl group studied by
Basolo. (9a)

¢. Basolo and Murmann suggest that the inorease in

stability of the N-n-butylethylenediamine is possibly
'dueﬁtheabilityof&fourmhonchainto coil
and shieldv the central atom, (9a)

ds éraneh'ed alkyl substituents were also found to be

less stable than straight chaln substituents due to
steric hindrance. (7,9b)

e. Mono- and disubstituted amine complexes of copper (II)

were found by Hell to be of lower stability than
those of rickel (II). (0)

The investigation of polyhydroxysmines as chelating sgents
has been slow in developing. Few compounds have appeared in
the literature a8 datailed studies., Trends noted by Q'Rear (59)
in his compilation of stebility constant data include: 1) Che=

lates with 2-hydroxypropyl groups are more stable than those

n.



k2,

having 2-hydroxyethyl groups. 2) Copper complexes with one
or two Neglkanol substituents are more stable than those with
four. The converse is true for other metals.

Jean Harvey (35) has shown the presence of chelates of
Cu (II) and FL (IX) containing hydroxyethylenedismine in the
following compositions: [Cu ml*, [m(_hgzj*a; [m(l_mgf);,]“a;
[ 7%, ema [ra(em) 7%,

Bertsch, Bloek and Fernelius (10) investigated the re-
action of 1,3=~diaminow2-propanol with copper (II) and found
8 1:1 chelats in which the 1igand was thought %o be terdentate.
Oxygen of the hydroxyl groups apparently take part in chelation
in this instance.

The cobalt (III) complexes of several substituted ethylene-
diamines, including Ne(hydroxyethyl)ethylenediemine, stol~en;
Ne({ 3-hydroxypropyl) ethylenediamine, prol~en; and Ne(2«hydroxy=
propyl)ethylenediamine, iprol-en wers prepared and studled by
Keller and Edwards (b1), They found that [Co(etol~en);1X5 was
very inert toward most common reagents. The hydroxyl group
wag attacked only by sodium hydroxide. Possible intermolecular
hydrogen bonding was proposed as the reason for this behavior,
The reactivity of the [Co(iprol~-en) 3]x3 was intermediate between
that of [Co(etol-em)5]X; and the unsubstituted [Co(en) 31X,

Yoneda and Kida (82, 83) studied frisethenolamine cobalt
(IIX) complexes and found evidence of the following compounds:
(1) [Co(NH,CHACH-0)4] (2) @ 111 mixture of the following
(o (e, CH,CHA0H) 5 (NECH,CHZ0) 1K, and [Co(HR,CH,CHOH) (RH,CH,CH0) 5 T,
and (3) a triol coumplex,



oo > o< o e miicrionion
HOCHpCHpMH2 <~ "N OH—" \NH,CH,CH,0H
Kida (42) worked with sthanolsmine and 1,2-diphenyl= |
sthanolsmine complexes of Cu (II), Co (II) and M (IX).
The following compounds were found: [Co stat'(eta), 10,
Cu(sta'),, and [BL eta'(eta),]C10,, where eta 18 NH,CH,CH,OH
and eta’ is (NH,CH,CH,0) . Evidence was found for two types
of alcohol coordination, ROH end RO™ to metal., The typs of
coordination occurring was greatly influenced by the pH.

The stabllity of eopper complexes of mono-, die, and
triethanolanine was found by Kirson (43) to increase with
the mmber of hydroxyl groups in the ligand.

Uhlig (72) found that Ke( B -hydroxysthyl)= 4 -slamine,
2«( 3 =hydroxyethylamino)=terephthalic acldd and 2,5-bis(,8 =
hydroxyamino)=terephthalic acid all behave as terdentate
ligands with ealeium, rickel and cobalt (IX). The non-
aromatic complex proved to be the least stable,

Gondck (29) worked with 1,3-diamino=2-propanols 1,3-di=
sminopropane and 2,2-dimethylel,3=propanediamine and found
that the hydroxyl group was not active in coordination with
Ag (IX), Co (II), M (II) and Zn (II).

The activity of N,Nedibydroxyethylelyeinats,

22:) Ncazé) 0, with divalent copper, rickel, cobalt, iren,
manganess, sine, cadmium and magnesium as well as iron (IIT)
was studied by Chaberek (17,18). Definite involvement of the
hydroxyl group in chelation was suggested. Work was also done

with substituted iminodiacetic aclds, R-N(CH,COOH),, and the



following divalent metals: Ca, Mg, ¥n, Pb, Cd, Zn, Co, Ki,
and Cu., The stability of the chelates was found to be greatly
increased by the replacement of the gmino hydrogen | with
hydroxyethyl groups, The hydroxyl oxygen has much less affine
ity for the metal ion than the carboxylate oxygen.

The chelates formed between the rare sarths and Nehydroxyw
ethyliminodiacetic acld were studied by Thompson and Loraas (7).
Their data indicate coordination of the hydroxyethyl group in
both the 1:1 and 1:2 chelates,

Martell ﬂ.g.(%é@ésc),'have considered the question of
alkanol hydroxyl groups in coordination and have concluded that
the weight of evidence is in favor of dirsct coordination of the
metal ion by the hydroxyl group. The ligands studied were:
N-hydroxyethylethylenediamine, N,N'=dihydroxyethylethylensiiamine,
N-hydroxyethylaminodiacetic acld; and Nehydroxysthylaspartic scdd.
The more stable chelates of the above ligands wAth Cu (II) showed
lower acidity of the proton attached to the coordinated oxygen.

Hall and his coworkers (30,31,33) have noted the following
trends in their work with alkanol amines:

1. Quadrel; N,N,N! .B'-tetrald.m(z-hyd;-mpropyl)-eﬂwlme.
dlamine, forms 1:1 and 1:2 complexes wdth Cu (II). The hydroxyl
group shows appreciables acldic character in coordination,

2. The hydroxyl group is coordingted in the 1:1 and 1:2
complexss of Cu (XI) and hydroxyethylethylenedlamine.
tcu(hn-o")]ﬂ undergoes slight dismutation to [(':u(hn)]’2 and
Cu(OR) o Jonassen and Dexter (29) have shown that dismutation
is complete with Cu (II) and ethylenediamine, This difference
in behavior is accepted as additional evidence of coordinstion

of the hydroxyl group.

b4,



3¢ Greater stabdlity was observed for 2-hydroxypropyl
substituted amines than with hydroxyethyl substituted amines.

&, Copper (IT) was found to form both 1:1 and 1:2
complexes with N,N'«bis-(2-hydroxyethyl)=sthylenediamine,

The pH range over which the 1:2 complex was stable was found
to decrease with the degree of alkanol substitutions 1:1 com=
plexes became more stable dus to the increased opportumty
for ring formation involving the hydroxyl oexygen.

5. The divalent ions of copper and nickel were found to
form 1:1, 1:2, and 1:3 complexes with HZHC(CBZOH) 3 The
copper complexes reacted with sodium hydroxide to give coordie
nation of the oxygen., Above pH 10, the stable species in
golution was the Cu{A0™) 2.10:1.,

Jonassen and his coworkers (39,40) have studied complexes
of copper (II) and cobalt (IT) with ethylenediamine and tetra-
ethylpentamine respectively., Gradually increasing the concene
tration of the ligand was found to produce spectra in which
the position of the maxima shift toward the shorter wavelength.
A sudden chenge was observed in the shape of the curve after a
1:1 ratio was eacqoedet{: no change occurred after a 1:2 ratio
was exceeded,

Cobalt (II) formed two complexes with tetraethylpentamine.
A green 1:2 complex was formed which exhibited maxima at 320 mp
and 35 mp, This complex changed within 72 hours to a red 11
complex with maxima at 510 mp and 460 mp,

The bathochromic shift in the positions of absorption
maxima a8 successive steps occur in chelation has aleo been
observed by Roberts (66) and Basolo (4) who also indicate that
the more stable of several complexes will absorb at the shorter

L5,



wavelength{s), except with the Co (II) oxalate complex
studied,

Wood and Higginson (77) found In their work with ecobalt
(III) and hydroxyethylenedtaminetriscetic acid; Ha(IOH), that
the spectra of CO(YOH)HZO and Co(YOH)OH™ were very similar to
those of Co(HY)H,0 and Co(Y)0HZ", Sexddentate complexes with
the oxygen of the hydroxyethyl group of the ligand coordinated
to cobalt were postulated as well as quinquedentate mono-aquo
ccmplexeé.

Hall end his coworkers (30.31;33) have done ruch work
using ligands with hydroxyl groups in order to determine
vhether the hydroxyoxygen enters into chelation. Most
of this work has been done with copper (II). With respect
to spectra, the following observations have been made:

1. For solutions containing Cu (II) and hydroxyethyl-

ethylenediamine, in which the concentration of amine is

two or more times greater than the concentration of metal
ion, additional amlne causes the right branch of the
éme to increase in absorbance and causes the maximmm

to shift 'to longer wavelengths.

2, N N'=bis=(2~-hydroxyethyl)-ethylenediamine and Cu (II)

show absorbance maxima of 0.53 at 60 mp for the 1;2

complex and 0.65 at 615 mp for the 1:3 complex. Further

increase in the concentration of amine decreases the in-
tensity of the maxima and increases the wavelength of the

maximum absorbance. Addition of NaOH to. preduce a

1:2:0.4 mixture causes the maximm to increase. Addition

of more NaOH shifts the wavelength to 640 mp, The spectra
of the 1:1:0, 1:1:1 and 1:2:0 mixtures are all different,



showing that the actlon of the second ligand moleculs on

the 1:1 complex ig different from that of NaOH.

3. Copper (IX) and Hanc(won)B give nearly identlcal

spectra vhen combined in a 1:3 complex and when mixed

with BaOH in the proportions, 1: Zslw oOH)"* The fact
that there is little change in the spectra is taken to
indicate that the colored compound in solution is {dem~
tieal in both cases,

Yoneda's work (81,82,84) with Co (III) complexes indie
c¢ates the following trends:

1. The stablity of both [oo(en) ;" and [cothen) PP,
whers hen 15 hydroxyethylethylenediamine, is high in concen=
4trated HC1, HNOB. acetic anhydride and aqua regls, The spec-
trz obtained are similar before and after treatment with these
concentrated reagents.

2. The position and shapes of the curves for tetramines
and pentermines, [m(m)(ms)uxzjx. and [co(m)(ma) }sz’
shere X represents carbonato, sulfito, chromato and maleinato
groups, are almost identical, The second band for both tetra-
ammines and pentarmines appear in the same position except in
the case of the malelinato compownds,

3. Hexammonia snd tris-ethylenediamine complexes of
cobalt and ehromim with KOS, 505 S0 + and €0, have

3
spectra with glmost the same maximum positions,

k7,



H, OBJECTIVES, METHODS AND RESULTS

The purpose of this project was to study the visible
absorption spectra of various mixtures of Co (II) and Co (III)
solutions with 2,2,8,8-tetrakis(hydroxymethyl)=3,7=disga=1,5,5=
nonanetriol, ("Disec"), (HOCH,)4CHNCH,CH(OH)CH,NHC(CH,OH),, Atid
2,2,8,8~tetramethyle3, 7=diaza=S=-nonanol, {"Symaminol®),

(CHy) 5CNE-CH,CH(OH) CHNH-C(CH4) 5. ang 4o Anvestigate the
complexes formed a8 well a3 the effects of pH and time on
their formation and stability,

Yaricus methods were used to invostﬂ.ggto the metale
ligend ratios of the complexes; 1) Job's method of centinuous
variations, 2) a modification of the procedure of Yos and Jones,
and 3) Harvey and Mamning's slope ratio method, These and
other methods were discussed in detail in Section F,

The spectra obtained indicate the presence of one or more
complexes formed by Co (II) and "Disec". There were indications
of rapldly formed 1:1 and 1:2 complexes as well as a slowly
formed 1:3 complex,

The formation of the complexes was observed in solutions
of-dbout pH 8 or greater,

Attenpts to study complexes of Co (III) were unsuccessful
a8 were attempte to study complexes of Co (II) and "Symaminoln,

The following suggestions are made for further study:

1) Further work should be done with Job's method on
the solutions of Co (II) with "Disec” using mixtures shich
w11l give more data in the 1:2 = 1:3 range of mataleligand
ratios; This vdll help clarify the positions of the ;112
and 1:3 peaks.

2) Attempts to obtain stability constant data should be



by,

made,
3) Studies of the effects of the presence of €0, and
other ions which may cause interference should also be made,



JXI. EXPERIMENTAL

Solutions contairdng cobalt ion;, [Co(H,0),1°%, with
the fres bases (1) "Disec" and (2) "Symaminol™ were studied for:

(2) The effect of pH on the absorption spectra.

{b) The metal~ligand ratios of the complexes formed,

{c) The relative rates of formation of the complexes,

(d) The relative stebilities of the complexes formed.

(e) Tho}applicabuity of Beer's law.
Ereparation of the Eree Bases:

The samples of the hydrochlorides of the two bases used
were prepared in this laboratory by Briel (11) and Davis (21).

The free base was obtained from the hydrochloride salt
by means of ion exchange, using Rexyn 203 amion exchange resin
in the (OH) form. An aqueous solution of the hydrochloride
was passed through the column at a rate of one drop severy
3 = 5 seconds, An 2liquot of the eluant was titrated poten-
ticmetrically to determine the molarity of the free base,
Details of the titration are given in Appendix A, page 99,
with a sample titration curve.

A standardized solution of dobaltous mitrate was used
as a source of metal ion, Nitrie acid snd sodiwmm hydroxide
solutions were used to adjust the pH. Solutions used for
absorption spectra were approximately 0.01 M with respect to

Nam3.

Details concerning standardization procedures and the
preparstion of solutions are glven in Appendix A pages 3 -

29.
Heasurements of pH were made using a Beckman $101900
Research pH Meter and a Sargent Model LS pH Meter,



Absorption measurements were taken with the Beckman Model
DU Quartz Spectrophotometer and a set of matched silica cells
hﬁing a ons centimeter 1ight path,

‘A. Effect of pH on the Absorption Spectra.

SpécmphotMetﬁc measurements were made on a series of
solutions with metsl and ligand concentrations as follows:

Set [co (11)J2on  [Ligand) M:L Ratio
s 9.98 % 10°3 u 9.3 X 10~ M 1:1

B 9.8 X107  1.88%107%K 12

¢ 1.88 X 1072 4 9.3 X200 x = 22

The pH was varied from 3.5 to 9.5.

In set A, ML = 1:1, precipitation was no:t obaeiied at
PH 3.5 = 9.5. A specisl solution, in which the pH was adjusted
to 11.5, showed pmcipﬂ,taﬁon on standing._

In zet B, M:L ailzz. precipitation was not observed in
any of the solutions.

In set C; MiL = 2:1, precipitation was observed within
36 hours inv a1l solutions in which pH was sbove 8,

Absorption measurmments were made over the range 400 mp
to 700 mp. The spectra obtained are shown in Figures E-1 to B-5,

A1) the solutions having a pH below 6.5 ghow a maxioum at
approximately 515 mp which is characteristic of the saquated
Co (IT) ion., Solutdons with pH 8 or greater showed constant
maxine at 550 mp,

On standing, the maxima of solutions with intermediate
pH values undergo s gradual change such that only two positions
for maxima remain, All solutions having pH values below 8 have
finsl maxime st 525 m and thoss having Pl sbove 8 show maxima
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at 550 mp,

B, Metal-Ligend Ratlos,

Several methods were used to study metaleligand ratios in
the complexes, These have been discussed previously. (See
pages 35-40,)

1. Job's Method of Continuous Variations,

Meagurements were made uxing solutions containing Co (II)
ions, first with the ligand salt and then with the free base,

Measurementas on solutions containing the hydrochlorides
were errstic and inconclusive,

Solutions using the free base having a maximum cobalt
concentration of 9.4 X 10™ molar wers prepared. The ionic
strength was adjusted by adding a non-reacting electrolyte;
namﬁ”.m the solutions were 0.01 molar with respect to
sodium nitrate. The pH of the solutions was adjusted to
approximately 8 and absorption measurements were tsken at
550 mp. Readings were made after 1 hm;r; 2 days, 5 do&s‘.

10 days and 53 days with the pHE readjusted to between 8 and 8.5
before each spectral meassurement. Adjustments of pH were made
using 12 ¥ NaOH added in very amall qusntlties from a hypodermic
syringe, The reésults of-:these measurements are shown in Figure
E~6.

Initially high absorbance is observed for metal-ligand
ratios of 1:1 and 1:2, With time precipitation becomes evident
in the 1:1 solutions and the resultant high absorbance is due
to the increasing opalescence of the solution,

The intensity of absorbance in the 1:2 solution increases
slouly as the amount of ligand complexing increases, There is
2 possibility of & 1:3 complex also forming, but there were
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insufficient points to glve unequivocal evidence in this instance.
2, The Method of Yoe and Jones
Total iomie strength end pH were adjusted as for the method
of continuous variations, The Co (II) ion concentration was
kept at 5 X 10> molar. The metal-ligand ratios were varied
from 1:5 to 3:1. The pH was adjusted before oach spectral mease
urement as in the method of continuous variations. The results
are shown in Figure E-7.
Note that:‘ (a) Absorption intensity in the 1:2 solution
remains ess’enﬁally constant after 24 hours,
(b) Absorption intensities tend to level off
in the 1:3; 1;4 and 15 solutions after
11 Qdays.
These data are interpreted as indicating the presence of
8 1:2 complex vhich forms rapidly and a slowly formed 113

complex oécnrring sherever the ligand concentration is sufficiently

high. The eventual leveling of the sbsorbance intensities in the
1:3; L4 and 1:5 cages is taken as an indication of the slow
formation of the 1:3 complex, |

3. Method of Harvey and Menning

Two groups of solutions were prepared, Group I having
excess "Disec” and Group IT having excess Co (IT) ion in the

concentrations shown,

Solution Group M Cone, "Disec’ M Cone, Co (XT)
. I 2.67X20"%H 50X x
b T 2.67X10°28 10X x
o I 267 X10"% M 15Xy
d I 2.67X10°2 4 2520 n

LIBRARY
UNIVERSITY CF RICHMOND
ViRGINIA



Solution Group M Cone, "Disec" ¥ Conc. Co (II)
a o1 5.% X 1073 ¥ 2,67 X 207% i
b s 4.68 X102 2.67 X 1072 K
e o 6.01 X203 1 2,67 X 1072 ¥
4 I 6.68 X 2077 1 2.67 X 1072 i

The iomte strength end pH wero‘adjuatod as for Job's
method,

After one hour plots of absorbance X concmtraﬁonL versus
concentiationh and sbsorbance X concmtuﬁ.onH versus concentra-
tiomn gave the following multa:

S 2,
ope 4 = 2.33 5 L
s, M

Slope , =1.11
Pe 2 111 T

This indicates the immediats formation of a 1:2 complex. The
plots of the curves are shown in Figure E-B,

After a longer period of time, the evidence was incon-
clusive, Precipitation occurred in all of the Group II solutions
within 48 hours.

&, Method of Bent and French

Two sets of solutions were prepared=-Group I wdth [Co (IT)]
constant and ["Disect] varisd, and Group II with ["Disec"] cone
stsnt and [Co (II)] varied as shown below,

Group I Group IT
Co (IT) concentration constant "Disec™ concentration constant
st 2.5 11072 at 2.5 X 207 ¥
"Dl sec™ Co (II)

2 2.9 X 1072 ¥ a 940X x

® 21221072 ¥ b 1.88X1070 N

e 1.86 X 10”2 ¥ e 2823103

a 1.06 X 1072 d 5.64X1073M
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Plots of log A’bserbancoL versus log (:onomtraﬁ.an and |
log Absorbanceﬁ versus log Concmtraﬁ.o% d1d not give linear
rolationships; therefore, this method could not be applied.

The failuve to obtain sigmficant data 4s interpreted
as indicaﬁ.ng that the eomplexes of Co (II) and "[isec" are
not Mghly dissoclated; since the method is designed for sube
stances vhich are highly dissoclated, |

C. Relative Rates of Formation of Complexes.

The solutions used for determining spectra were kept for
geveral months and the absorption measurements wers repssted
periodically. Precautions were taken to prevent evaporation.
The Antensity of absorption showed an inerease toward a meximm
in all cases. |

D. Relative Stabilities

Stabllities of the complexes were observed relative to
the time required for formation and the length of time the
complex persisted.

A 1:2 complex was observed to form rapidly and was obe
served to remain in solution up to several months.

In solutlions where the ligand concentration was sufficently
high, a 1:3 complex was observed which took approximately three
weeks to form.

No precipitation was observed in any of the above solutions
over a §ix month period,

Cobalt (IIX) Complexes

Yarlous mixtures of Co (II) and "Disec (1:1; 1:2, 113;
2:1 and 3:1) were prepared and oxidation of the Co (II) to
Co (III) was attempted by & modification of the method of



Laitinen end Burdett,

The ebove solutions were combined with equal volumes of
epproximately 0,2 N H,50y. Sodium bicarbonate was added wntil
the solutions tested ’nentral and an additional 5 gram excess
u2s added to each sample, Five milliliters of 0§ H,0, wes uéed
to oxidige each sample, The characterisiiec dark green color
which appears when Co (IIT) is in the presence of bMicarbonate |
ion was observed, (26) When the evolution of co, was complete,
the pH of all solutlons measured greater than 8.

Attempts to take spectra gzave maxima which were observed
o shift position even as measurements were being made,

Within one hour all sclutions had turned yellowish and
after fo hours some were turbid, Precipitation occurred in
almost 211 cases within 24 hours, The same type of difficulty
wes encotntered with Co (IT) and "Symeminol{ and alse with
solutions of "Disec" having a very high peréentage of Co (II)
jons, Absorption curves for the yellow solutions are given in
Figures B-9 through E-12,

Michal and Dolezal report yellow-brown solutions obtained
shen [Co(en) sz’ms oxidized at PH 10 to [Colen) 3%, metr
maxing also disappeared in a short perloed of time.

Two possible explanations of the yellow solutions are
1) the material which precipitated is "cobaltic hydroxide"
or 2) Vﬁvxa yellow material is a complex negative ion previously
observed by Michal and Tolezal. (54)

Ihe Hycrochlorides as Ligands

Measurements made on solutions containing the ligand hydro=-
chlorides were inconsistent at low ligand to metal ratios,

However, among the solutlons having a high ligand to metal ratlo,
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the curves were similar,

Crystel Field Splitting Ferey

The position of the absorption maximm in s_the chelate
spectrum was used to calculate a A o vaiue for the erystal
field splitting in the complex. Since the complex is not
syrmetrical, the theory does not strigtly apply; therefore,
the value obtained iz used for comparison only. A value of
18,182 ot was obtained from the spectra and one of 18,43 st
from the Orgel diagrems of Tanabe and Sugano given by Cotton and
Wilkinson. (19)

E. Beer's lLaw

The applicability of Beer's Law qver the concentration

range used was checked, Fifty milliliter samples of the follow=

ing compositions were used:

I I x Iv
Vol, Stock ‘

Co (IX) 20,00 m1 15,00 m1  10.00 ml 7.5 ml
Cone, Co (II) 0,02 M 0.015 M 0.010 M 0,0075 M
vol. "Disec" 0 ml 2,67 mx7 %5.33 ml 6.66 m1
Cono. "Disec" 0 0.005 ¥ 0.010 M 0.0125 M

v Vi ViI Vi
Vol. Stock
Co (IT) 5,00 ml  2.50 ml 1.00 ml 0,50 ml

Cone. Co (II) 0.005 ¥ 0,0025 M 0.0010 M 0.,0005 M
Vol. "Disec” 8,00 m1.  9.32ml 10.12ml 10.39ml
Conc. "Disec" 0.015 H 0.0175 M 0.,0190 M 0.0195 M
The solutions were allowed to stand one hour after which
absorbance readings were made at 5% mp. Readings were repeated
after 9 days. The intensity of absorbance continued to increase
and the linear portion of the curve shifted toward lower concen=
trations om standing. As the intensities increased, the curve
no longer passed through the origin; however, the linearity of

69.



the curve held over the concentration range used in the experis
nental measurements, Figure E=13 shows the initlal curve.
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IV, DISCISSION:

A. Effect of pH on Absorption Spectra

The maximum wavelength characteristic of the aqueous
cobalt (II) don, [Co(A,0)g]°%, sbout 515 mu; shifts to a new
value, about 5% mp, that becomes steady at pH values of 8 or
greater,

In the 1:1 solutions, the final maximum was at about
560 mp.

In the 1:2 solutions, the final value of the maximuom was
at 550 mp for pH sbove 8 and remained so on standing. This
is interpreted as an indication that the complex was well
formed at pi 8 and above.

B. Metal«Ligand Ratios

1. The method of continuous variations shows s pesk at
about 60 mole-percent ligand, which is interpreted as indicating
an ML, complex, The gradual inorease in absorbance on standing
4dndicates that s 1:3 complex forms slowly. It is assumed that
& 1:2 complex firast forms, then slowly adds a third ligand; shen
available.

The pesk at 50 molempercent apparently indicates the bew
ginning of precipitation,

2. The method of Yoe and Jones, modified by Harvey; might
be interpreted to indicate the immediate formation of an M.

2
ecomplex followed by . the slow eddition of a third ligand to form

HLB.

3. The pethod of Harvey and Marming indicated the immediate
formation of an ML, complex. The precipitation occurring in
most of the solutions prevented the further application of this

method.
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4, The method of Bent and French by its inspplicability
indicates that the complexes formed are probably not highly dige
soclated,

C. Rate of Formation of Complexes

The changes in the sbsorption curves of the solutions with
tine appear significant.

A rapidly formed 1:2 complex was spparent; however, for
those solutions in which the proportions of reagent were favore

able, evidence of a 1:3 complex which formed slowly was obtained,

Reference to the data teken by the method of Yoe and Jones ine
dicates that the 1:2 complex appeared and reached maximmm intenw
sity vithin 24 hours,  In solutions with higher proportions of
ligand a leveling to constant absorbance values was observed
after 19 days.

D. Beer's Law

The sbsorbance of the solutions varied linearly with cone
centration of cobalt ion over the ranges studied, even in solue-
tions which changed on standing., The linearity remained, but
of course, the method could not be used for quantitative anale
yels because final maximg were not readily recognized.

E. Relative Stabilities

The data appear to support the existence of two complexes,
a 1:2 complex vhich forms rapidly and a 1:3 complex which forms
more slowly., The complexes formed were stable enough to prevent
precipitation over a six month perlod.

F. Complexes of 'Symaminol®

Solutions of Co (II) and ¥Symaminel" in the ratlos 1:1
and 1:3 were not stable enough at pi 8 to prevent precipltation,
The initial green solutions changed color as thelr spectra were

73.



belng taken, Within 24 hours the solutions were opalescent and
precipitation cecurred in all within 48 hours.

Sinee no Co (II)«"Symaminol™ complex was formed which was
stable enough to prevent precipitation, under the same conditions
used for "Disec', this 1s tsken as en indication that the hydroxyl
groups present in "Disec" increase the stabilitlies of the complexes

in some manner.

.
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V. BSRMARY:

1. The effects of pH and time on the spectra produced
in solution by Co (IT) and "Msec", (HOCH,)CRNCH,CH(OR)CH,NHC(CE,0H) 40
were studied, In solutions containing two moles of ligand to
one of Co (II) with pH of 8 or greater, the maximus absorbance
ocourred at 550 mit and was relatively constant in this range,
For the 1:1 solution the maximum gbsorbance was about 560 mp,

On standing, with pH controlled, the absorbances gradually
increaszed over as many as 53 days. The maxima apparently ree
mained at 55 mp.

2. Job's Method of continuous variations indicated the
presence of & 1:2 complex of Co (II) and "Disec” at a pH of
about 8. |

3, ‘The method of Yoe and Jones gave evidence of a rapidly
formed 1:2 complex of Co (II) and "Disec" followed by the slow
formation of a 1:3 ocomplex whenever the ligand concentration was
favorable.

L}, The method of Harvey and Maming supported the evidence
of a rapldly formed 1:2 complex. Precipitation occurring in most
of the solutions of one group prevented the further application
of this method.

5, The fact that the method of Bent and Fremch gave no
usable dats is interpreted as indicating that the complexes
formed between Co (II) and "Disec" are mot highly dissoctated.

6., Attempts to form Co (III) complexes with "Disec" by
3202 oxidation gave solutions with rapidly fading ma:dna.{ Pre~
cipitation occurred within 24 hours, No complex stable emough
to prevent precipitation was obtained by the above procedure.

7, Under the same experimental comditions as thede used



for "Disec", "Symaminol" appeared to form complexes too weak
to remain in highly basic solutions.

8. Beer's law plots gave linesr relationships over the
concentration ranges studied.
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VII. APPENDICES
Appendix Ae--Standardizations
Standardisataoh of I, Solution
Reggents:
1. mmm o:d.do | A3203
Code 0061 Lot 32125 Baker Analysed Reagent
J.T. Bsker Chemical Company
Phillipsburg, New Jersey
2, Todine, Resublimed I2
Code 1800 - Lot Y243 Reagent ACS
Allied Chemical Company
Hew York, New York
3. Sodiwum thiosulfate Fa,5,0, *5H,0
Code 2307. Lot Y279 Reagent ACS
Allied Chemical Company
New York, New York
4, Sodiwm bMcarbonate )hHCO3 |
Code 2202 Lot Y137 Reagent ACS
Allied Chemical Company
New York, New York
5, Sedium hydroxide NaOH
Coda 3722 Lot 22482 Baker Anslysed Reagent
J.T. Baker Chemical Company
Phillipsburg, N.d.
6. Hydrochloric acid HC
Code 9539 Lot 32065 Baker Analyzed Reagent
J.T. Baker Chemical Company
Frillipsburg, N.J.
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Procedure;

An Zodine solution was pfapa'red by dissolving 12,7 grams
of I a in a2 liter of distilled water containing 25 grams of KI.
The riormality of the resultant solution was determined by
titrating it against prinary-standardegrade arsenious oxide

according to the methed “givm by Pidréo'ﬁ.g. (k)

Experdmental data:
Sample £ wt. A8203 Vol. I,  Normality I,
1 0.2411 g. 57.93 m1, 0,1017 K
2 0.%653 5.  72.05 ml. 0.2024 N .
3 0.275% g. 54,40 nl, 0.1023 ¥
Average 0.1021 ¥
Laloulptions:
Sample 1 31 = (241.1 mg)
2 = 0,1017 W
(47.93 m1)(49.46 mg/meq)
Sample 2 HIZ = (365.3 ng) = 0.102% N
(72.05 m1) (49,46 ng/meq)
Sample 3 B = (275.4 mg)
2 = 0,1023 N

(54,40 ml)(49.46 ug/meq)

Standardization of Sodium thiosulfate
Reagents:
1. Sodium thiosulfate 8125203'51120
Cods 207 Lot Y279 Rsagenbt ACS
Allied Chemical Company
New York, New York
Erogedure:
A sdlution of sodium thiosulfate was prepared by dissolving
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25 grams of reagent in one liter of distilled water., The
nomality of the resultant solution was determined by titration
against a stgndardized Jodine solution sccording to the method
given by Pierce at.al., (64)

Experimenta] data:
Sample § ~ Vol, 5323203 Vol. Iz Normality Razsz%
a 25,00 ml. 26.32ml.  0.10758
" 2 25.00 ml. 26.32 m1, ‘0,10'75" N
3 25.00 wl,  26,65ml. 0,108 N
4 25,00 ul. 26,50 ml. 0.1082
Average 0.1080 ¥
Laleulations:
1. Hormality = _(26.32m1)(0.1021 ) _ 4. 1975 §
(25,00 m1)

2. {Same as above,)

3, Nomality = _(26.65m1)(0.3021 R) . o,1088
(25.00 ml1,)

b, Normality = (26.50 m1)(0.2021 ¥) _ ¢ 3082 §
(25.00 m1)

Standardigzation of eobaltous ritrate golution:
Reagenta:
1. Cobaltous nmitrate Co(NO3)206H20
Code 1597 lot V095 Reagent ACS
Allied Chemical Company
New York, New York
Erocedure:
A solution of cobaltous nitrate was prepared by
dissolving 14.5 grams of reagent in two liters of distilled
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water, The solution was assayed by the method of Laitinen and
Burdett. (45) Co (IX) 4= oxidized with 3262 and KI is added;
12 Iiberated in the acidified solution is then titrated with
standerd thiosulfate.

Experimental data:

Somple ¢ Vol. Co(XT) Vol., Na 5.0, Vol. I N Co(II)
223 added 2

1 35.00 ml 16,20 w1l 0.00 w1 0.0499 K
2 40,00 ml 18,95 ml 0.40 ml 0.0501 N
3 45,00 ml 21.33 ml 0.45 w1 0,051 ¥
Average 0.0500 N
Calonlations:

1. Meq I, = {15.20 »1)(0.1080 H) = 1.750 meq
B, = 1.750 meq/35.00 m1. = 0,04899 N
2. Meq I2 = (18,95 m1)(0.1080 ) = 2.047 meq
Meq I2 over titrated = (0,1021 N)(0.40 ml) = 0.0408 meq
Foo = 2,006 meq/l0.00 m1 = 0,0501 ¥
3. Meq I, = (21,33 m1)(0,1080 N) = 2,304 neq
Meq I, over titrated = (0,1021 N)(0.45 ml) = 0.0459 meq

o, =2.258 meq/45.00 ml = 0,051 N

Standardization of Nitrie acld

Reagents:

1., Sodium earbonate Ha2003

Lot 1.946 Baker Analyzed Reagent 99.8%
J.T. Baker Chemlcal Company
Phillipsburg, New Jersey
2. Nitric acid moa
Code 9601 Lot %0615 Baker Analyzed Reagent
J.T. Baker Chemical Company

Phillipsburg, N.J.



Erocedure:
A solution of nitric acld was prepared by mixing 15 ml,
of concentrated reagent with enough distilled water to make
two liters of solnﬂ.on. The normality of the solution was
determined by titration against primary-standardegrade sodium
§§rbcnatc according to the method given by Pierce,gt.g. (6%)

Experimental, dats: |
Wt. N32003 Wt, pure nazooj Meq Na2503 Vol. HHO3
101952 g  0.1948 ¢ - 3.676 +33.00 ml
#20.1992 g  0.1988 ¢ 3.7% 33.52 ml
$30,2720 g 0.27b g 5.122 15.75 ml
#0246 g 0.2459 g 5,918 81,05 m)
Average
Galewletions:
1. (0.1952 g)}{0.998) = g pure Na 004

2.

3.

(0.1948 g)/ 53 g/meq = 3.676 meq

2,676 meq/ 33.00 ml = 0N K

(0.1992 £)(0.998) =0.1988 g pure Na,(04

(0.1988 g)/(53 g/meq) = 3.750 meq

9,750 meq/f3.52 ml = 0.1112 ¥

(0.2720 g)(0.998) =0.2714 g pure Na,C04

(0.271% g)/(53 g/meq) = 5,122 meq

5.122 meq/s5.75 ml =0J1118 B

(0.246k g)(0.998) = 0.Z459 g pure Na,00,

(0.2459 g)/(53 g/meq) = 4.918 meq

4,918 meq/il, 45 ml = 04118 §
Standardization of free bases (Disec and Symaminol)

Reagents:

1.

Rexyn 203 (0H) Amdon Exchange Resin

NEN03

0AL4 R

01118 N
0.,1118 N
01116 ¥

87.
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Research Grade Cat, # Re202
Fisher Scientific Company
Fairlawn, N.J.
2. Disec dihydrochloride and Symaminol dihydrochloride
Prepared and purdified in this laboratory by L.I. Briel.(11)
Exocedure:
Four and one~half grsms of Disec were mixed with enough
distilled water to effect solution and diluted to 100 ml.
The ealt solution was then passed through an fon exchange
colwm containing Rexyn 203 snfon exchangs resin in the OF
form at & rate of a drop each 3=5 seconds. Distilled water
was ﬁsed to wash the free base from the colum. One liter
of eluant. was collected and samples were asuyod by potene
ﬁometric titration with nitrie acid.
Two grams of Syum.nol was treated in the same manner
and 500 ml of eluant collected. ~Titration against mitric
acid was sgein used to assay the sampie.

galewlations:
1., (10.75m1)(0.1116 B) « 0,1200M
(10,00 m1) -
2, Qim0 W = 0.1358 M
(12,00 m1) o

3, (12,92 m1){(0.1116 K) = 0,14 M
(10,00 ml)

Average Molarity = 0,1336 ¥
4 titration curve cobtained for Msec follows.
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Appendix Be~Solutions for Spectral Study

1. Solutions for Spectra
co (IT) Finel molar concentration = 9,38 X 10~3 M
Disec Fingl molar conecentration = 9,38 X 103 i

Metal : ILigand = 1:1

Preparation: (Sample)

10.00 ml of 9,38 X 10™2 M ‘stock Dises solution

18,76 ml of 5 X 10~2 M stock Co (II) solution

10.00 ml of 1 X 1071 ¥ stock Hal0, solution

The above solutlons were mixed, the pi adjusted and the

solution made up to 100 ml.

2. Solutions for Job's Method

Co (II) Finel molar concentration =9,28 X 1073 ¥

Pisec Final molar concentration =9.38 X 10"3 M

Prepsration: (Sample)

5.00 ml of 9.38 X 10”2 molar Disec stock solution , 5.00 ml NakO ,

9..38 mlof 5X 102 molar Cobalt stock solution
The above solutions were mixed, adjusted for pH and made
up to 50 ml.
3. Solutions for the Method of Yoe and Jones
Cé (IT) Final molar conecentration = 5.00 X 107 K
Disec  Final molar concentration = 1.5 X 1072 ¥
Metal ¢ Ligand = 1:3
Prepapation: (Sample) |
5,00 nl of 5.00 X 10"? M cobalt stock solution, 5.00 ml HaNOs,
8,00 ml. of 9.38 X 102 ¥ Disec stock solution
The above solutions were mixed, adjusted for pH and made up
to 50 ml.

3
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4, Solutions for Beer!s Law
Co (II) Final molar concentrstion 5.0 X 103 n
Disec  Final molaf concentration 1.5 X 1072 M

Final total concentration 2.0 X 1072 ¥
tion: (Sample)

5.00 ml 5 X 102 M Co (II) stock solution

8.00 ml 9.38 X 102 M Disee stock solution

5.00 ml stock Na.EIOB solution

The above solutions were mixed, the pH adjusted snd the

solution made up to 50 ml.,

5. Solutions for Method of Harvey and Manning
Co (II) Finsl molar concentration 5,0 X10"3 M)
Digses = Final molar concentration 2167 X 1072 H} arow T

Preparation: (Sample)
20.00 ml of 5 X 10”2 M cobalt stock solution
20,00 m) of T.3% X 10™1 ¥ Masc stock solution
10.00 ml of stock Ram3 solution
The sbove solutions were mixed, adjusted for pH and mede to
100 ml,
Co (II) Final molar eoncentration 2.67 X 10"
Disec Finsl molar concentration ‘5.9 X 10 }Group "

Praparation: (Sample)

538 ml of § X 10°% M cobslt stock solution

5.00 ml of 1,34 X 1072
10,00 m1 of stock Na!!OB solution

The above solutions were mixed, adjusted for pH and made

M Disec stock solution

up to 100 nl,
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5. Solutions for the Method of Bent and French
Co (II) Final molar concentration = 2.5 X 10~ M |
«p Group I, [Co] constant
Disec  Final molar concentration = 2,39 X 10 2H
Ersparstion: (Sample)
50.00 ml Cobalt steck solution (5 X 1072 )
25.43 ml 9,38 X 20°2 M Disec stock solution
The above solutions were mixed, the pH adjusted and the solutlon
made up to 100 ml.

Co (II) Final molar concentration = Q.4 X 10.'9' M :
| ' ‘ Group II,
Disec Final moler concentration = 2.5 X 1072 M [Disec]] constant
Preparstion: (Sample)
2.66 w1 9.38 X 10™2 M Disec stock eolution
1.88 ml 5.0 X 10”2 M Cobalt stock solution
The above solutions were mixed, the pH adjusted and the solution

made up to 100 ml,
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Appendix C=1. Oxidation of Co (II) to Co (III) 4n the
Presence of ‘Disec”
2. Spectrophotometric Measurements
Reagzents:
1. Stock Co(04), solution
2. Stock "Disect solution
3. Sodlum tdearbonate Kcho3
Code 2202 Lot Y137 Reagent
Allied Chemicel Company
New York, New York
4. Eydrogen peroxide (30%) 2,0,
Code 1808 Lot Y1245 Reagente="gtahiilized"
Allied Chemical Company
New York, New York
5, Sulfuric acid H,50;,
Code 9681 Lot 1UB5 Reagent
J.T. Baker Chemical Company
Phillipsburg, M.J.
Erocedure:

A 1:1 solution of Co (IX) and™Disec" was prepared hy
combiming 2.0 ml of stock Co(N0,), solution wth 1,07 nl
of stock "Disec" solution. The solution was made up to
60,0 ml, Other solutions having 1:2, 1:3, 2:1 and 3:1
netal-ligand ratios were also prepared.

The above solutions were combined with equal volumes
of gpproximately 0.2 N stob. Sodium bicarbonate was added
mtil the solution tested nentral and an additional 5 grams
were added, Five milliliters of 0% H,0, was added and
oxidation allowed to accur. The characteristic dark green
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knowm as Durrsnt's Bichrbonate Green (26) was observed
durdng the"oﬁdaﬂon‘ process, ' The pH of all solutions
measured greater than 8,

Within one hour, all solutlons had turned yellowdsh
and after two hours some were turbid, Precipitation occurred
in almost all csses within 24 hours.

Attempts to teke spectra gave maxima which were ohserved
to shift position even os measurements were belng made,
Saleulptions;

1. Volmme of Co (IT) stock solution
Beo(m) X Veotm) * Fsolutton*  Veoiutaon
(0.0500 )V = (2.0 X 103 ¥)(50.0 m1)
¥ =2,0ml
2. Velume of "Disec” stock solution

Nptsee ¥ Vpisee = Vgolutton ¥ ",giuﬁm
(0,098 ¥) (V) = (2.0 X 20™3 ¥)(50.0 m1)

V = 1l.07ml



Appendix De«Table of Absorption Maxima

Compound Solvent Wavelength Reference
Co (II) 3=12 ¥ KOH 535585625 mp (28)
W(Rﬁ(’!ﬁ)é Water 510 mp (28)
Ceotit, 00T Water 513 510 wp (79 (66)
[colc,0,) ;1 Water 5% mp (79)
[cotm) T°* | Vater 196,609 my (79)
ffb(en);]z + Water 356,48C mp (79)
[Co(o=phen) 332“‘ Water 30!;58 3;31. 33, )
Co (II) 1ilswith
tetracthylenepentanine Water B&o, 510 mp (40)
Co (II) 1:2 with
tetraethylenepentamine Water 320, 350 mp (40)
Co (III) compounds
(o), (HO,) a1 (ote) !é:tu;nol- 238, 327, LB mp (k)
" (trans) " 255,356,440 mp (1)
[m(m)z(mz)zjlms (cts) m 240, 325, 438 mp  (4)
! (trans) " 250, N7, 433 mp  (4)
[co(pm) 5(K0,) 11 (trans) 2505 0, 435 mp (W)
[co(em) 2,001 (cia) " 200, 390, 50 mp (W)
" (trans) " 252, 385,
450, 625 mp (#)
[co(pn) ,c1,]C2 (trans) n zgg: ggg;np )
[Co(en) ,c1scnTseN (cis) ¢ 00; 510 mp )
n (trans) ¥ 335, 520 mp (&)
[co(en) c1r0,Tc1  (cts) " 337, 465 mp (k)
[Co(en)c1NO, IHO, (trans) v 245, 0, 466 mp (W)
[Co(en) HH,CL]S 06 (ci8) 360, 512 ap ()
" (trans)
355, 407 mp )



[Colen) o(NH,) 2]013 (cis) Water

[colpn) (NH3) ,]C1 (trans)
[Co(wH 4) 1020, M0 5-H,0
[Co(t ) £C,0), N0+ 21,0
[Co(NH,) ;Cr0;, 0,

[co(en) 3]3*
[Co1=m) 5 (K0,) ,310,,*H,0

114

338, 470 mp
338, 470 mp
356, 512 mp
500 mp
385, 546 mp
320 then 360 mp
B0 mp

)

(&)

(66)
(66)
(66)
{54
(75)

%.
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