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ABSTRACT

In this study l,B—bis?(tris-(hydroxymethyl)—methyl-
amino)—2—pr0panpi dihydroéhioride chelates with calecium,
manganous, cobaltous, nickelous, cupric and zine ions
were investigated.

Potentiometric titrations were performed to obtain
information aboﬁt‘the stability of the chelates formed.
Calcium and manganous ions showed little chelating
ability. Cobaltous, nickelous, cupric and zinc ions
formed stable chelates when the ratio of the chelating
agent'concehtration to the metal ion concentration
was 1l:1 or larger.

Jbb's_method of continuous variations was used
for determining the composition of the cupric, nickelous
and cobaltous chelates and it was found that these metal
ions fofm a 1:1 chelate With‘l,E;bis-(tris-(hydroxymethyl)-
me thylamino )-2-propanol dihydrochloride.

Stability constants of cupric, nickelous and
cébaltous ion chelates were detefmined spectrophoto-~
metrically. The logarithms of the stability constants
for the metal chelates are: Cu(II) - 6.45, Ni(II) - 4.86,
and Co(II) - 3.66. This order éf stability of the chelates
is in agreement with the Irving-Williams stability series

based on the central metal ion.



I INTRODUCTION

A Gereral Discussion

The chemistry of metal chelate compounds dates back
to 1891, when Alfred Wérnerl stafted a new phase of the
inorganic Chemistry with his coordination theory. He
explained the formation of melecular complexes by intro-
ducing the coordination number dépending on the nature
of the central metal ion.

A coordination compound is formed on combination
of a metal ion with an electron domor. If the combining
molecule has more than one donor group, and the spatial
arrangement permits formation of ohe or more rings, the
resulting compound is called a chelate compound and the

electron donating molecule the chelating agent.
, L
M + 2 L-L —L-¥~L

L.

where M = metal ion having a coordination number of four;
L - L = chelating agent.
Since the beginning of this century there has been
an increasing number of investigations performed attempt-

ing to ascertain the nature of chelates and the factors

(1) Alfred Werner, "Beitrag zur Konstitution Anorganischer
Verbindungen", Akademische Verlagsgesellschaft M. B. H.,
Leipzig, 1924,



influencing the formation and the stability of these
cbmplexes.

Morgan and Drewarwere the first to use the term
"chelation" for coordination compounds with ring systems.
They also proposed the terms unidentate, bidentate, tri-
dentate, etc. for complexing agents having one, two,
three, etc. donor groups, respectively. A unidentate
substance would not permit ring formation; thus chelation
is restricted to bidentaté, tridentate and higher donor
groups.
' The number of chelating groups combining with a
metal ion is determined by the coordination number of
the metal. For example, cupric ion has the cocordination

number of four, and thus can combine with two bidentate

groups, but only one tridentate or quadridentate group:

(L\\Cu¥<l> Ih:;;;kL) (L\\Cuvf )
1’ g A L;\L
I II IIT

The bonding between the central metal ion and the
donor "atom in a chelate compound is usually considered
to be ionic or covalent or of some intermediate character.

The structure and properties of chelate compounds

“

(2) Morgan and Drew, J. Chem. Soc., 117, 1456,(1920).



are determined to a great-extent by the nature of the
chelating agent. The size and the number of rings formed,
as well as basicity, steric factors and possible resonance
will influence the stability of the chelate. Also, the
nature of the donor atom and the nature of the central
metal ion has to be considered.

Size of the Ring.

Investigations have shown that five and six-membered
chelates are the most stable and common chelates. Boeseken?
studied chelates formed between boric acid and glycols and
found that the most stable chelates were formed with
o(—P—dihydrm" compounds, thus forming'five-membered rings.

Cheberek and Martell®

have investigated stabilities
of some transition metal chelates with iminodiacetic (IV)

and iminodlpr0plon1c (V) acids:

AVA «f%“‘\/ [

] \m; b, /\ B

It was found that an imcrease in the size of the rings

£3§ Boeseken, Ber., 46, 2612 (1913)
4 Se. Chabarek’ Jr. and A, E, Martell, J. Am. Chenm. SOCQ’
24, 5052,(1952).



- from five to six members resulted in a rather marked
decrease in the stability constants of the chelates.
An interesting study on the ring size was also
conducted by Irving and Williams®. They investigated
cupric and nickelous ion chélates with‘ethylenediamine,
propylenediamine and 1,5-diaminopropane. Although the
basic strength of 1,3-diaminopropane is greater, the
six-~membered ring chelates formed had lower stability
thaix the five-membered ring chelates with ethylene-

and.ﬁropylene-diamines:

Table I
cutt Nitt
EthylenedzamlneG
Log Ky(klka) _ 19.60 13%.80
Propylenediamine :
Log K (klka) 19.66 = 13%.71
l,3—dlaminopropane5 16.9%4 -

 Blightly different values were reported by Laitinen
et ali7 for ethylenediamine, propylenediamine and
diethylenetriamine chelates with cupric ion:

(5) H. Irving and R. J. P. Williams, J. Chem. Soc.,
oy k53, 2%
(6) L. Carlson, J. P. McReynolds and F. H. Verhoek,
J. Am. Chem. Soc., 67, 1334 (1945).
(7) H. A. Laitiren, E. T Onstott, J. C. Ballar Jr.
"’ 5. swann, Jr., J. Am.Chem. Soc., 7L, 1551 (1949).



Table II
' Log K
Ethylenediamine 19.72
Propylene diamine | 20.12
Diethyleretriamine. .  20.85

They suggested that the relative stabiiity“'Of
diethylenefria.mine chelate indicgte a coordination
number of six for cupric ion. However, it is: qtiestioned
by oth"erj’workers?" because: nd tendency has bgen observed
for hexacovalency of cupric ion. -

Jonassen and ".Bexter9 investigated cupric ion and
ethylenediamine complexes and prord.sen. two different
complei_ ions' fbrmed: | ‘

~ (Cu(en))* and (CuCen))*,
where en = ethylenediamine.

‘They used spectrophotometric methods and observed
a shift in the absorption maximum toward shorter wave
length when the ratio of ethylenediamine to cupric ion
was increased two to one. Their observations agreed

with the results obtained by Carlson and McReynolds "

sWho
studied these complexes by potentiometric titration

me thods.

Number of Rings.
Besides the size of thé(B5rmed the number of rings

(8% J. Bjerrum, Chem. Revs., 46, 381 (1950).

(9)H. B. Jonassen and T. H. Dexter, J. &mc:Chem. Soc.,
' %_ZL, 1553 (1949,/ ,
(10) G. A. Carlson, J. P. McReynolds, F. H. Verhoek, J.
Am. Chen. SOC., éZ, 1334 (1945)0



is an important factor in determining the stability of
the chelate. Investigations bave shown that an increése
in the number of rings in a particular chelate results
in an increase in the stability of the chelate.

11

Calvin and Bailes™™ performed polarographic studies

of cupric chelates with substituted salicylaldimines:

Qe I8 —

ém—-—d* |
/ -V-"‘O 1S

HLN ‘<P %:: O:Q

, @ - 27’_:—0.16_

€ =-0.12 _

The difference between these éhelates is in the number

3
EAL, 0. 02-

of rings formed. The reported half-wave potentials

. . . ) \
(more negative values indicate a more stable chelate)
show that an increase in the number of rings results in

a ‘greater stability of the chelate.

(11) M. Calvin and J. Bailes, J. Am. Chem. Soc., 68,
949 (1946).



Bas:z.clt,y of the Coordinating Group.
Another impcrtan’c factor determining the stabil:.ty
of the chelate is the basic streng’ch of the chela’cing

12.

agen‘t:. Calvin and Bailes investigated the- stabllltles

of copper chelates with substituted anils of salicyl-

aldehyde: A ‘ E'/
,_ -
—o. om— -No,. 0.03%
Q ol | -503Na. -0.04
| - , | ,@_ - 0.10 -
~ fi;y , —~H -0. 1=

| ~CHy -0 1§
A A —oH -0.11
o | -0CH, -0.2I
The reported half-wave potentials indicate an increase
in the stebility with the increasing base strength of
the corre5ponding substituted anilines, except for the
hydroxyl and methoxyl groups. The authors assume that
the inversion of these two groups may be due to the
uncertainties in t;he ‘measurements. This is in agreement
with the conclusions of Calvin and Wilson 15, that the
more available the coordinating electron pair, the

stronger the bonds formed with the metal ion. In this
case an electron releasing group such as hydroxyl group

(12) M. Calvin and J. Bailes, J. am. Chem. Soc., €8,
949, (1946).

(13) M. Calvin and K. W. Wilson, J. Am. Chem. Soc.,
67, 2003, (1945).



will cause a shift of the electrons towards the nitrogen,
thus making iﬁfmo:ce 'negative and ‘increasing' the “availabili’cy
of'eléctronsfor the nitrogen-;cupri’c ion bond. An electron
attractlng group, such as nitro- group will have the
opposite effect: electrons will be drawn away from the
‘nitrogen, and the strength of the bond between nitrogen
and metal ion will be"weak&ned.v

| Irving and Rosaotf:im have reported. the sf:abilities
of some metal chelates w:.’ch 8-hydroxyquin011ne and related
substances. The aim of their study was to determine the
changes in the sbtability of metal chelates with changes
in the environment of thé functional chelating groizp:

0

They modlfled the chelating powér of th:.s group by changing
the inductive effects on the hydroxyl group and the
nitrogen atom by introdﬁcing‘ substituents in the oxine
skeleton and by replacing one -~CH= in the heterocyclic
ring by -N=. |

The dissociation constants for the chelating agents

were determined and it was found that PKop was increased

(14) B, Irving snd H. S. Rossotti, J. Chem. Soc., 1954,
910.



by alkyl substitution in the 2-, 5-, and 7-positions of
the oxine system, while substitution in the 6-position
produced no change. This is in agreement with the

- expected inductive*effecﬁ.f Aza~substitution resulted
in lowering of prH’ which may be attributed to the
electron attracting power of the nitrogen atom.

Inductive effect causes an increase in pKﬁH on
alkyl substitution in the 2-, 5-, and 2:3-positions in
‘oxine, while the lowering by substitution in the 7-
position was explained as due to a displacement of the
hydroxyl group by the methyl group towards the basic
nitrogenxatom»resulting in hindering the approach of
protons. ‘

The strengths of the ~OH and )N*-H bonds in the
acids conjugate to oxine and its alkyl derivatives in
the absence of steric factors were expected to show a
gquantitative relationship between the stabilities of
the metal and proton complexes.

The authors state that for a given metal and a
series of reagents of similiar type it can be shown that
the free»energy’of“formation?f‘the-metal'complexes
should be a linear function of the free energy of
formation of the corresponding proton complexes.

Deviations from the theoretically predicted behaviour



] Q=

were caused by steric hindrance when the reagent had’
substituents adjacent to the chelating nitrogen atomn,
and also by differences in.the'coordinating powers of
“the nitrogen atoms in the various reagents. With
magnesium ion, which forms only weak links to nitrogen,
the deviations were iargely caused by steric hindrance,
but zinc and nickel chelates in addition alsc displayed
deviations caused by the inductive effect. Zine and
nickel form fairly strong metal-nitrogen bonds which
may appreciably modify the inductive effects on the other
chelating atom. This effect would be most noticeable
with copper chelates because of its great affinity for
nitrogen atoms. Thus, in cases where the metal ion is
very strongly bonded to one‘of the chelating atoms it
may cause changes in the inductive effects of the other
atom, and theoretical predictions about the stability
based upon the dissociation constants of the chelating
agent may not be justified.

Steric Factors.
Steric factors are very important in chelate formation.
A large bulky molecule will not form as stable a chelate

as would be eipected considering only‘the groups'involved
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in chelation. Chelation can also be completely prevented
by steric hindrance. , , , .
Irving, Butler, and Rz.ng15 have discussed the steric
factors involved in chelate formation between cupric ion
and substituted ethylenediamines. Cupric ion has the
coordination number of four, and foifms a one to two chelate
with ethylene diamine, N-methyl ethylenediamine and NN!-
diethyl ethylenediamine, while a binuclear complex is
formed with N-methyl (or ethyl)-N'-diethyl. ethylenediamine:

AN - o /R
yd FH\ / m\
(Cﬁa)ﬂ\ﬂ / II232
. |
Et/ Et Et/
T
where R = methyl or ethyl group,
Et = ethyl group.

Irving and Griffithsi® perfoi-med a study of nickel,
copper and zinc chelates with NN’-dimethyl ethylenediamine
and NN-diethyl-NN-dimethyl ethylenediamine. They found
that increasing substitution reduces stabilities of the
chelates. This observation can be interpreted in terms

(15) H. Irving, E. J. Butler and M. F. Ring, J. Chem.
Soc., 1949, 1489.

(16) H. Irving and J. M. M. Griffiths, J. Chem. Soc.,
1954, 215.



~12-

of‘éteric.hindranceg Also, when a metal reacts with more
highly"substitutedﬁchelating-agenxsg‘the~steric factors-
account for the preferential formation of basic or poly-

nnclear chelates.

Resonance Effect.

Substitution of a group on the chelating agenmt not
only may change the basicity of the donor groups and
‘decrease the stability of the chelate by steric hindrance,
but it also affect the possible resonance of the organic
chelating molecule. R -

Calvin and Wilsod/studied the influence of some
structural factors upon the stability of the chelates
of cupric ion with chelating‘agents‘such as‘Jﬁ-diketones
or o-hydroxy aromatic aldehydes. These organic compounds
form chelates in which the four atoms bound to the metal
are oxygen. The four g;oups of compounds studied may be
represented by the following ions: - c

CH%B RN : <;:==a\:__13_

\ -
i C/'d/
H—< | S

>C=’-O | H” =0
(JﬁbXII XIIT
Enolate ion of acetyl Naphtholate ion of

acetone 2-hydroxynaphthaldehyde-1

(17) M. Calvin and K. W. Wilson, J. Am. Chem. Soc.,
67, 2003, (1945).



\.
=0 ' , \C:::o
Phenolate ion of Naphtholate ion of

salicylddehyde 2-hydroxynaphthaldehyde -3

In these compounds there is a ﬁodification of the
nature ‘of the double bond between the two carbon atoms
of the three carboxi system forming the cén;]ugated- chain
between the‘ oxygen atoms. In acetylacetbne the two
methyl groups do not ente:é ‘into ‘the resonating system,
while in the other ions (XIII, XIV, XV) the double bond
also tahes part in the resonance of the aromatic r:.ng.

Ac cording to I&?au:l;:i.r.xg]‘8

’ numencal values can be assigned
to double bonds in a resonatlng system. If a value of
two is assigned to the double bond in the enolate ion
of acetylace'bone (X11), then the value of the double |
bond mll decrease for the other ions because of additional
resonance forms. 'I!hus, the following values are obtairned:
for the double bonds:

XII = 2.00 XIV = 1.50

XIII')= 1.67 XV = 1.33 _

The a\ithors observed that this was also the order

18) L. Pauling, "The Nature of the Chemical Bond,"
(18) Cornrell Um’.versn.ty Press, Ithaca, New York, 1941
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of decreasing stability of the copper chelates at a
constant acidity of the chelating agent.
Experimental data showed that the enolate resommnce

of the type

;C.;. 0 \”‘=-_.o
—C S and .- DR
Ne=0 Ny
/ - 7 .
VI ' XVII
does not have an equal'@i’feét on the bonding of hydrogen
and capricv ion, which leads tot%%sumptionf that the enolate
resonance plaj’s‘ a different and greater part in the
bonding of cupric ion that in the bonding of hydrogen.
Calvinl‘?‘suggested two possible explanations for this
phenomenon. Transition elemsnts are the most easily
chelated metals, because their ions have low-lying vacant
orbitals capable of accepting electron pairs to form
covalent bonds. For cupric ion these bond orbitals may
be either’ 5d14s14p2' or 48141)3 + If a covalent bond is
formed between oxygen and cupric ioh,- ‘then the following

structures are conceivable:




These charge distributions would account for the increased
energy“contrigution of the enolate resonance.

~ As a second possibility the authors suggested a
completely conjugated six-membered ring system:

\. AN

c—0 | =0
| 4¢7 ?§\++ and Cf/ -t
“/C:==C7 , (:-—-0///

XX 7 xxI

The possihﬁity-ot:suéh‘a structure would be governed
by the availability and geometry of the orbitals of the
metal ions involved in the chelate formation.

‘The importance of resonance is fully shown in natural
pigmen.tsl9 such as chlorophyll, in which a porphyrin
derivative is bound to a divalent metal ion. There are

very stable chelates with resonating structures of the
following type:

A. E. Martell and M. Calvin, "Chemistry of the Metal
Chelate Compounds," Prentice-Hall, Inc., New York, 1952.
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Nature of the Donor Atom.

:Discussioﬁ of the pature of the domor atom in a
quantitative sense is difficult because the changes in
the nature of'thetdonbr atom are usually accompanied by
changes in basic¢ strength, resonance, steric factors,
size and number of rings, etc. Nevertheless, some
qualitative trends can be observed. The most important
factor affec'bing' 'chelation with different donor atoms
is the change in their basic strength. An"interesting
Vdiscusvsion'a'bout the tendencies of various donor atoms
to complex with the metal ion was published by Sidgwick=C.
Chelation and studies of chelation have been mostly
restricted to organic chelating agents in which the
donor atoms are oxygen, nitrogen, and sulfur. Sidgwick
pointed out that ~oxyigen. and nitrogen are quite similiar
in their affinities for metal ions, because they both
form‘véry"stable chelates with many metal ions. He also
pointed out that increased substitution results in a
decrease in the tendency for coordination with the metal
ion:

| H,0 > ROHE 7 ROR
H;N > RNH, > RyNH > R,N

(20) Sidgwick, J. Chem. Soc., 1941, 433.



He divided metals into categories depending on' the
relative tendencies to coordinate with nitrogen and
oxygen atoms. Ferric and cobaltous ions show a greater
affinity for oxygen thafz%rﬁtrogen',- while ‘cupric and
nickelous ions prefer nitrogen. Of course, such factors
as influence of substituents on the acidity,ring size
and steric factors have to be considered for each
specific chelating agent. _ ,

Irving and Williamsa'attempted to correlate the
increments in stability constants for different metal
ions with the nature of the donor atom. They found
that the stability increment from metal to metal was
greatest for nitrogen type chelating agents (ethylene-
diamine), less for N - O type (glycine), and still less
for O - O type (oxalic acid). The differences between
the slopes of the stability graphs led to the following
order of stability: | N )

ethylenediamine > amino acids) salicylaldehyde.
This shows that the more ele c'brop'ositive the coordinating
atom of the chelating agent, the greater the stability
increment from metal to metal.,

22

Van Uitert and Fernelius™  plotted electronegativity

versus log K of the corresponding chelate and found :n

(21) H. Irving end R. J. P. Williams, J. Chem. Soc.,

%22%’ 3192. .
(22) . G. Van Uitert and W. C. Ferre:lius, J. Am. Chemn,
Soc., 76, 375, (1954).



a variation in the ‘slopes of chelating agents with:

~ different donmor groups, which was least for O - O
chelating agents and greatest for N - N chelating agents,
This observation is in agreement: with the previously

discussed results obtained by Irving and Williamsal.

Nature of the Metal Ion.

Another factor influencing the stability of a
chelate is the nature of the metal ion. Récently
several studies have been made on the order of stability
of various metals with a single chelating agent.

23

Mellor and Maley™  examined the results reported

by'several‘inyestigator824’ 22, ;é about the stabilities
of ethylenediamine and salicylaldehyde chelates with
several metal ions and found that the stability of

the bivalent metal chelates follows the order '

PA> CuPNiD Pb DCo>Zn >CA> Fe > Mn DMg
irrespective of the. nature of the chelating agents
involved. They pointed out that the stability of the
~ chelate seemed to decrease with increasing basicity
of the metal ion. This would indicate that the strength
of the bonds in these chelates depends on the ability

o

O

24) J. Bjerrum, Chem. Abstracts, 35, 6527 - 6534 (1941).
25 G. A. Carson, J. P. McReynolds, F. H. Verhoek,
3. Am. Chem. Soc., 67, 1334 (1945).

W e

§25§ Mellor and Maley, Nature, ;22, 376'(1947).
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of the metal ion to form covalent bonds. Thus, the
metals which form the strongest covalent bonds form the
' most stable chelates.
Irving and Williams® investigated the stability
of ferric, co’baitous; nickelous, cupric-and zinc chelates.
They proposed the-following*stabiiity series: 'Fe'“
Fe{ Co{ Ni { Cu) Zn

This series was found to hold for nearly all
chelates irrespective of the nature of the chelating
agent or the“ﬁnmber of molecules involved. Theoretical
Justification of this order~¢an be found by considering
the reciprocals of ionic radii and the second ionization

potentials of the metals concerned.

(26) H. Ierng and R. J. P. Williams, Jo Chen. Soco’
1953, 3192. |



Metals of the first transition series have an
incomplete 3d shell of electrons, which makes it available
for bond formation with donor atoms. The fact that
electrons can be rather easily removed from the metal
accounts for the large number of chelates formed by these
metals.

R. S; Nyholm(27) in his review on nickel complexes
states that nickelous ion complexes can be divided into
two classes on the basis of magnetic moments. ' Paramagnetic
complexes have a tetrahedral structure formed by 4541)3
bonds, which would give two unpaired 4p electrons, or
octahedral structure formed by 4341)54«12 bonds, leaving
two unpaired electrons in 34 orbital. There is a
 significant color difference between paramagnetic and
diamagnetic complexes of nickelous ion. Paramagnetic
complexes are usually green or blue, while diamagnatic
are red, brown’or yellow. o

Dwyer and MellorZd

found that differences between
electronegativity of nickelous ion and the atoms linked
to it in chelate compounds play an imporatant role. A

large difference tends to make bonds predominantly ionic

€27) R. S. Nyholm, Chem. Revs., 53, 263 (1953).
28) F. P. Dwyer and D. P. Mellor, J. Am. Chem. Soc.,
62, 81, (1941).



in character. They also found that nickelous complexes
with four oxygenS'are*paﬂhagnetic, and'readilj take up
two additional groups to assume octahedral eomfiguration.

Copper has a great affinity for donor groups and
readily forms stable chelate compounds. It has a ’
coordination number of four, and no stable cr:lates
copper chelates with a higher coordination number have
been reported.

Most cupric ion chelates are hydrated and are  either
blue or violet-blue in color. It has been observed that
cupric chelates have some tenderncy to form a bridged
dimer, as first proposed by Mann, Purdie,and ‘W‘ellsagfor
cupric iodine and 2,2!'-bipyridine. The following
structural formula was used by Brandt, Dwyer and Gyarfasao
to represent copper chelates with 2,2'-bipyridine and
1, 10-phenanthroline: |

PEARN
B> Cu /Zu {8
X

e D

2,2'=bipyridine 1,10-phenanthroline
X =1 or SCKN.

(29) F. G. Mann, D. Purdie, A, F. Wells, J. Chem. Soc.,

(309 19%6, 1503,

30) W. W. Brandt, F. P. Dwyer, E. C. Gyarfas, Chem.
Revs., 54, 959 (1954). - ’



Copper chelates have a square-planar ‘structure
'arrangeﬁzent, requiring dspa orbitals. Mell’or}l -
postulated a rule stating that a covalent transition
metal complex tends to assume that configuration which
involves the least possible number of unpaired electrons.
This w;nuld mean that the square~planar structure would
be most common with elements like Ni**, Co** and cu'”,
‘which have zero or one unpaired electron, while it is
- Very rare amongk ions with two or more unpaired electrons,

like Fe'* and Mn™*.

(31) D. Mellor, Chem. Revs., 33, 137 (1943).
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B‘fi‘“ ‘Nature of This Investigafion.,

The present study is a continuation of the studies
on chelation of a highly polar polyhydronamine'.'??i's-(tris-
(hydroxymethyl )-methylamino )-2-propanol dihydrochloride, .
which was syﬁthesized_by Pierce and Wotizaa. This study
was initiated by Dr. Wm. E. Trout, Jr. At the ‘present
time the chelating tené.encies of this substance with
ferric ion are being 1nwestlgated by Mrs. J. B. Gladding.

The obgect of this work was to determine the structure
and stabllltyhgfc %% 8? n{ckelous, cobaltous, zinec,
manganous and calcium ions with bls-(tris—(hydroxymethyl)-
nethylam.no)-a-propanol dihydrochloride.

The agueous solutions of the above mentioned substances
were investigated by potentiometric titration method.
Calcium, manganous and zinc ions showed very slight
chelation, and the formed chelates were rather unstéble.
Cupric, nickelous and cobaltous ions formed relatively
stable_vchelates with the chelating substance. Stability
donstants were determined by spectrophotometric studies
for cupric, nickelous and cobaltous chelates. Also,
the structﬁres of the chelate compounds formed were
postulated by correlating the experimental data obtained.

The dissocigtion cdnstants of the chslating agent

were determined by pH measurements.,

(32) J. S. Pierce amd J. Wotiz, J. Am. Chem. Soc., 66,
879 (1944).



ITI DISCUSSION OF METHODS USED

A. Potentiometric Titrations.

All chelating agents are either acids or bases,
and the formation of a chelate resuité in a change of
the hydrogen ion concentration of the solution. ~ The
greater the tendency of the metal ion to combine with
the éhelating agent, the greater will be the change in
the hydrogen ion concentration of the solution as
compared to the normal pH titration curve of the chelating
agent alone. Thus, the pH effedt can be used as an
indication of the extent of chelation of a given metal
ion with the #helating agent.

Hydrogen ion concentration measurements supply an
accurate method for the determination of the stability
constants of the chelates. A generaiized method for
determination of stability constants was developed by
. Bjerrum’’, Martell and Calvin ' in their book on chelate
compounds have discussed this method rather thoroughly.

The formation of the complexes in an agudeous
solution can be considered as occﬁring stepwise. The
stability of the different complexes formed is
chgracterized by the corresponding cons_ta.nts kl,. kaa--o

(33) Bjerrum, "Metal Ammine Formation in Aquecus Solution,”
P. Haase and Son, Copenhagen, 1941.

(34) Martell and Calvin, "Chemistry of the Chelate Compounds,"
Prentice-Hall, Inc., New York, 1953, p. 78 - 84.



kn' If N molecules are bound with approximately the
same affinity to the central ion, then the mean complexity

constant K = f/ kikyeeosk is a measure of the‘gomplexa
ing tendency of a system  in comparison to other systens,
if measurements were made under the same conditiqns.;
- The following generai aquilibrium'occurs'between
the central ion and the donor molecules:
Mo+ a2 @
where n» M = ¢egtra1 metal ion, |
L = donor mdlecuie,
N = 1y 2y Deeey
( ) represents activities.
Then the mean complexity constant is represented by
Q)
T @

The consecutive'steps in the chelate formation are

(2

represented as follows:

M + L2 ML (3
ML+ L == MI, 4)
ML, , + L= ML | ()

and the consecutive constants are expressed as follows:
(ML)

k =
L@ @

@
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(MLE)
k, = | - (8)
(L) (L)

)

kn = (9)
(I, ;) (D)
The average number of donor groups bound per central
metal jion is Ifé;p'resented by | | | |
(MII) + 2 (MIJZ) + sss0seseetd I (MI:n)

B = (10)
) + \(m.) + (MLa) + esse + (MLn)

On substitution of values for (ML), (MI‘Z)’ cess
(MLn) from equations (7), (8), and (9), the Bjerrum

formation function is obtained:

2 ‘ ‘ n
= kl(L)- + Z‘klka(I;) 4+ csesese + n'klk2"'kn(1‘)

14k (D) + klka(L)a Foaveen #gkyeens k(DR

Experimentally, the concentration of the uncomplexed

donor molecule is determined and n is calculated from tike

equation ¢, - (w) . :
8 = (12)

-

where OL = total concentration of donor substance,
cl[ = total concentration of metal ion,

(L) = concentration of uncomplexed donor substance.

If no other interfering factors are present, the ratio

of two succesive constants will be inversely proportional

)



to the number of groups attached and directly proportional
to the number of unfilled positions:

.kn . n+1l N-n+1 = (13)

where n = number of groups attached,'
N = total number of positionsavailable (coordination
number). |
Bjerrum modified this purely statistical prediction
by introducing a spreading factor x:

k n+1 N-n+1
2. =2 am
kn+l n | N - p

If the spreading fadtor has a value greater than
one, the difference between the two successive formation
constants wiil be greater than étatistically predicted.

Bjerrum has shown that the Nth root of the over-éll
stability constant is equal to the reciprocal of the
concentration of the uncomplexed donor molecule when
the degree of formation n/N = 0.5. Also, in cases, where
the spreading factor is veny’larée, the same applies
to the succesive stability constants. Thus, in a case
like this a plot of B versus 1/L o% pL will allow .
graphical determipetion of the stabilitj constants.

Also, constants can be calculated by solving N

simultaneous formation functions conmtaining N unknown terms.
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B. Absorption Spectra.

One of the most distinctive characteristics of
chelates is their absorption spectra. Thus, épectro-
photometric measurements are a valuable source for
- obtaining 1nformat10n about the chelate formed.

The composxtion of ths.chelate compound can be
determined by the method of contimuous iraf';ation;,called
Jdb' 77 method. Whén'thé'metal ién and the chelating
agent are brought together in the same ratio as they
exist in the chelate, the concentratlon of the ‘chelate
is greatest for‘a conmtant total concentration of the
reacting substances. For examﬁle, let M be the metal

ion and L the chelating agent; then

M o+ anMLn | (155
(ML) |
K = (16)
() (@)*

where ( ) = activities r;.w_, molar concentraions.

I£ (M) + (L)‘s c, where_c‘is'a constant, then the
concentration of ML is the greatest, when (L)/(M) = n.
The optical density of the soiution is proportional to
the chelate concentration in regions where the chelate

compound is the only absorbiung species. If the optical

(35) Job, Apn. Chim. (10) 9, 113,¢ (1928) as diseussed
by Martell and Calvin, op. cit., p. - 304
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density if plotted wversus the ratio of concentrations:

()
R = 17
D + (1)

the resulting curve will have a maximum at the composition

corresponding to the formula of the chelate.
Srectrophotoﬁatric measurements can also be used

'to determine the stability constants of chélates, in

which case the absorbing species must obey Beens law

and the formula of the chelate must be known.

Martel#&nd Calvin®® have discussed a method for
determining stability constants by using the optical
density of the chelate solution to determine one of
the comporents involved in equilibrium. This implies
that only one subgtame absorbs at the wave length used
or tﬁaﬁ interference from other substances present'may,

be overcome by applying a correction.
‘ For the following equilibrium
M + L &= ML,
the stability constant is represented by
- (sL)
() (@

If the chelate ML is the only absorbing substance

(18)

(36) Martell and Calvin, op. c¢it. p. 98.
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present and the solution obeys BeeNs law, then
(ML) = kX (19)
where k = proportionality constant,
X = optical density of the solution.
.If a second solution with different“concentrations |

for the metal and chelating a:gent has the same optical

density, then, since

Thus, the equation for the stability constant can

be rewritten as follows:

(ML) R O m)
X = =

(Cyp - (L)) (O - (@) (G - () (Cpp - (ML)

where Cy, and Cy, = total concentrations of the metal
; species in solution 6ne and two,
C;, and C;, = total concentrations of chelating
agent in solutions (1) and (2).
The above equation (20) is first solved for‘the
copcentration of the chelate compound (ML) and then for

the stability constant K, as the concentrations of the
metal ion and chelating agent are known.

(20)



IIT EXPERIMENTAL

A. Materials and Apparétus Used.

The chelating agent used in this investigation
was 1,5-bis-(tris-hydroxymethyl-(methylamino)-a;'yropanol
dihydrochloride will be referred to as "Disec" in the
following discussion. "Disec", prepared by Mrs. J. B.
Gladdinégaccording to the method of Pierce and Wbtiz37,
was purified by recrystallization from a water and ethyl
alcohol solution. "Disec" was dissolved in a water solution
until the solution was saturated and hot alcohol was
added. It was‘found that a purer substance was obtained
by adding approximately eight parts of alcohol to each
part of the saturated water“solutionas. The recrystallized
substance -was dried in an oven at llO°C for two hours, and
~ the melting point was determined. The pure product melted
. between 184° - 187°C , which is in agreement with the
value of 184°% - 185°¢C reported by Pierce and Wbtiza7.

The following nitrates were used as sources of
cations: cuprie, nickelous, cobaltous, zinc, manganous
and calcium. All salts were Baker & Adamson Analytical
reagent grade. Water, redistilled from a dilute potassium
permanganate solution, was used to prepare .10 M salt
solutions.

Cupric nitrate solution was standardized by the

¢7) J. S. Pierce and J. Wotiz, J. Cm. Chem. Soc.
2594 (1951) o ; eme Boon z,
de Se erce rivate communications,

(B3 I 3. BIessnlmInats copmyntcarions, Richmond, 1955.



iodometric methodm. Nickelous and cobaltous nitrate

solutions were standardized by the potassium cyanide-
silver nitrate method* .

Sodium hydroxide solution was prepared CO, free
and was standardized against potassium acid phthalateua,
primary standard analytical reagent, Mallinckrodt.

Sodium nitrate solution was prepared from dried

sodium nitrate, analytical reagent; Mallinekrodt.

Titrations were performed using a Beckman Model G
glass electrode pH meter. It was frequently calibrated
with a Beckmaﬁ'buffer solution of pH 7.00 + .0l @ 25°G,
based on U. S. National Bureau of Standards certified
buffers.

A constant temperature bath was used to keép.-sample
solutions at constant temperature.

| Spectrophotomefric'measurements were made with a
Beckman DU spectrophotometer. One centimeter calibrated
silica cells were ﬁsed>in measurements. These cells
were calibrated against each other using redistilled

water. over the spectral range used.

(40) W. C. Pierce and E. L. Haenisch, "Quantitgfe Analysis,”
John Wiley & Sons, Inc., New York, 1948, p. 247.

(41) Scott's Standard Methods of Chemical Analysis,
N. H. Furman, Editor, D. Van Nostrand Co., Inc.,
New York, 1946, Vol. 1, p.319,622. '

(42) Pierce and Haenisch, op. c¢it., p.1l27.



B. TYotentiometric Titrations.

A preliminary pH titration study was performed to
determine the chelating tendencies of cupric, nickelous,
cobaltoune, zinc, manganous, and calcium ions with "Disec".
When this compound was titrated in the presence of a
metal ion, in the reactioniﬁh%ch chelate fqrmation'occurs,
more moles of sodium hydroxide—were required to reach a
given pH value thaf in the absehcerof the metal ion.

A typical acid-base titration of the hydrochloride
of the polyamino alcohol was carried out with scdium
hydroxide and the changes inpr ﬁere determined by using
a Beckman Model G pH meter calibrated with a Beckman
buffer solution of pH 7. The concentration of "Disec"
was 5 x 10~2 molar. The ionic strength was kept'éonstant
at 0.2 molar by adding 1.0 molar sodium nitrate solution.
The sample solution was kept in a constant temperature
‘bath at 28° + .2°C until the titration, during which
frequent checks were made of the temperature of the
solution. Titrations were performed in a nitrogen
atmosphere. The nitrogen gas was passed through a
drying tube containing soda lime and then through a
pre-saturator containing sodium nitrate solution. During
the titration the solution wés kept stirred by a magnetic

stirrer.



The pH titration curve for "Disec" obtained by the
‘above described procedure was used as a reference curve’
in determining the cheiating tendencies of the metal ions.
Specifigd conditions were kept constant for all pH
fitrations.

Copper.

Solutions of cupric nitrate and "Disec" were prepared

of the following ratios of cupric ion to "Disec®" of |

- 1:1, 1:2, 1:3 and 1:6. The concentration of "Disec" was

" kept constant at 5 x 1072 molar, while the cupric ion

jcan::em:read:i.on was varied. Figure II shows that no changes

are produced in the shapes of the curves with different

ratios. This indicates that only éne complex is formed

between cupric ion and "Disec®.

| The titration curves also show that a relatively

stable chelate is formed with cupric ion. Chelation

starts at about pH 2.5 and is completed at.pH%4.

A titration was attempted in which the ratio of

- "Disec" to cupric ion was 1l:2, but cupric hydroxide

formation was observed at about pH 6. This indicates

that the chelate formed is of a ratio of cupric ion

concentration either equal or less than "Disec" concentraion.
Solutions were left standing for two weeks at pH

11, and at the end of bhis period no precipitation was

observed. This was accepted as a further demonstration
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~TABLE IIT

(L5 Potentiometric Titration of "Disec".
(Data for Figure II)
Sample solution: 30 ml .100 M "Disec®

20 ml 1.0 M NaNO
10 ml .10l M Hnog

Solution was diluted to 100 ml; temperature was
kept at 28°C + .2°. |
Titration was performed with 1.050 N NaOH.

pH nl NaOH pE ml NaOH

2.18 0.00 7 .64 4,24
2.37 0.40 . 7.93 4.65
2.61 0.62 8.16 5.08
2.97 0.83 8.49  5.60

3.87 " 0.95 8.83 6.04
4,50 1.00 9.11 6.31
4,75 1.03 9.62 6.55
4,97 1.09 - 9.95 . . 6.62
5.24 1.18 10.35 6.68
5450 1.3% ~ 10.84 6.75
5074 1.55 11.04 6.82
6.04 1.96 : 11.27 6.93
6.37 2.52 11.5% 7.21
6.62 2,91 11.77 7.88
6.84 3.25 12.00 9.36
7.08 3.58 - T 12.04 10.02

7356 3.90



TABLE IV
Potentiometric Titration of "Disec® and Copper.
(Data for Figure II)

Solutions: (1) ‘ (2)

30 ml 4,100 M "Disec" 30 ml .100 M "Disec"
10 ml .103 M Cu(NO;), 5 ml ,103 M Cu(NOg),
20 ml 1.0 M NaNO, 2 20 ml 1.0 m NaNOx

10 nl .101 M HNOg 10 ml .101 M HNOZ

Solutions were diluted to 100 ml; temperature was
kept st 28°C + .2°.
Titration was performed with 1.050 N NaOH.

(1) D (2)

pH - ml NaOH °~ pH ml NaOH pH ml NaOH
2.16 0.00 8.05 6.63 6.62 3.86
2026 0020 8.28 7.00 6081 40 28
2.37 0.40 8.56 7 .42 7.14 4,67
2.52 0.61 8.84 7.80 7 44 4,97
2.65 0.80 9.22 8.17 7.76 5.37
2.78 0.99 9453 8.36 8.03 5.75
2.91 1018 9’95 8'51 8.25 6.12
3.04 1.40 10.40 8.60 8.54 6.57
3413 1.60 10.65 8.65 8.82 6.94
3.23% 1.81 10.90 8.70 9.12 7 .24
3432 2.00 11.16 8.81 9.48 747
3.46 2.3%2 11,37 9.00 10.14 7 .63
5 .68 2.64 1162 9‘3? 10.46 ?o 70
3.99 2.85 11.76 10.00 10.86 7.75
4,52 2.96 11.27 7%
4,72 %.00 2.20 0.00 11.55 8.28
4,97 3.10 2.40 0.45 11.80 - 9.00
5.16 3.20 2.64 0.76 11.97 10.08
5.38 %437 2.96 1.10

5459 3.58 3.22 1.40

579 3.85 3. 44 1.66

5.95 4,06 3.72 1.84

6.16 4.38 4.35 2.00

6034‘ 40 66 4' 66 2' 03

6.56 4,98 5.00 2.13

6 .84 5.31 5.24 2.24

7 .04 5.53 5.47 2.40

72.27 5.76 5.67 =~ 2.61

7.59 6.05  5.97 2.98

7085 6032 6024 3‘40



of the cupric ion-"Disec" chelate stability.
The copper-"Disec" chelate water solution was
violet blue as compared to a light blue cupric nitrate

solution.

Nickel.

The same procedure as for cupric ionr“Disec“ system
was employed with nickelous ion-"Disec" solutioné.‘The'
concentration of "Disec" was kept constant at 5 i 10"3
molar and the concentration of nickelous ion was varied
at the following ratios of nickel to "Disec®: iil;

1:2;5, 1:3. The shépes of the titration curves remaingd
the same for all these titrations, and this was inter-
preted as‘én indication thét only one complex is formed
between nickelous ion and mDisec, .
, Precipitation took place at pH~ 7.5, when the ratio
" of nickelous ion to Disec was 2:1, showing that the
éompleX'formed contaiﬁs eitﬁer'equimolar amounts bf
nickelous ion and ”Diéec“ or more than one mole of "Disec"
per each mole of nickel (II). |
| " Nickelous nitrate solution shdwed precipitation
starting with pH 7.5, caused by nickel hydroxide
formation.

~ Chelation between nickelous ion and "Disec" starts

at about pH 4 as indicated by Figure III. The chelate
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TABLE V
Potentiometric Titration of "Disec®.
(Data for Figure III)

Solution: 50 ml .100 M "Disec®
20 ml 1.0 M N‘aNO3

Solution was diluted to 100 ml; temperature was
kept at 28°C + .2°.
Titration was performed with .100 N NaOH.

pH ml NaOH pH ml NaOH
3.66 0.00 7+ 54 58.00
4,00 « 50 7.68 61.00
4,32 0.60 7.81 65,00
4.53 1.00 7.98 70.00
4,70 1.50 8.14 75.00
4,83 2,00 8432 80.00
4,94 2.50 8,50 85.00
5.02 3,00 8.7% 90.00
5.17 4,00 9.07 95.00
5.26 5.00 9.27 97.00
5.43 .00 9.53 98.50
5.55 9.00 10.04 100,00
5.71 12.00 10.33 1006.50
5.8% 15.00 10.53% 101.00
5.95 18.00 } 10,78 102.00
6.04 21.00 : 10.95 103.00
6.18 25.00 - 11.16 105.00
64354 30.00 11.28 107.00
6.53 35.00 11.40 110.00
6.7% 4D,00 11.54 115.00
6.95 45,00 11.63 - 120.00
7.18 50.00 11.75 130.00
742 55.00 .
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TABLE VI
Potentiometric Titration of Nﬂgdgafnd "Disec”.
(Data for Figure III)

Solution: 50 ml .1OOM"Disec"
20 ml .101 M NiJNO,),
20 ml 1.0 M FaNo,’

Solution was diluted to 100 ml; temperature was
kept at 28°C + .2°.

Titration was performed with .100 N NaOH.

pH ml NaOH  pH ml NaOH PH ml NaOH
.60 0.00 .78 46,00 8.37  98.00
2.8? .50 2.30- 48,00 8443  .100.00

. 6. 50.00 8.53 103,00
Z-gg ifgg : g.gg 52.00 8.63 106.00
4.17 2.00 6.23 54,00 8.75 110.00
PR3 e E®  Ee I
4.26 3.00 | 644 28.00 g

9
9

4, 4,00 6.56 «20 -120.00
4.28 5.00 6.29 62.00 o 54 122.00
4,44 6.00 6.84 64.00 52 124.00
4.52 8,00 - 6.90 65.00 9.75  126.00
4,57 10.00 6.96 66,00 10.02 128.00
4.64 12.00 7.03 67.00 10.31 . 13%0.00
4,69 14000  7.10 68.00  10.5%  132.00
4,73  16.00 5.17  69.00 10.72  134.00
4,78  18.00 ?.25  70.00 10.85  136.00
4.83 20.00 7.38 72.00 10.97 128.00
4.96 25.00 7.62 76.00 11.17 142,00
5.02 27.00 7.72 78400 11,25 144.00
5.08 30.00 7,78  80.00 11.33  146.00
5.16 32.00 7.86 82.00 11.%7 148.00
5.23  34.00 7.98 85.00 11.43 150.00
5.28 26.00 8.04 87.00

5.37 38.00 8.14 90.00

5.56 42.00 8.26 9%.00

5.67 4‘4000 8032 96‘00
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TABIE VII

- Potentiometric Titration of co(N03)2 and "Disec",
(Data for Figure III)

Solution: 20 ml ,102 M Co(NO

o
50 ml .100 M "Diged
20 ml 1.0 ¥ NaNO;

Solution was diluted to 100 ml; temperature was
kept at 28°C + .2°.
Titration was performed with .100 N NaOH.

pH ml NaOH pH ml NaOH
3.65 - 0.00 - 0,26 76 .00
4,45 1.00 7.38 78 .00
ﬁ.gg , §°8g .44 80.00

. . 755 . 8%.00
5.03 4.00 - 7.65 86.00
5.12 2.00 7.77 90.00
5426 7.00 - 7.95 95 +00
5.40 10.00 - 8.12 100.00
5.48 12.00 8.28 105 .00
557 15.00 - 8.48 110.00
5.66 18.00 8,71 115,00
5.72 20.00 9,00 120.00
5.78 23.00 - 9,13 122.00
5.85 26.00 9,27 124,00
5.90 28.00 9,43 126.00
5.94 30.00 9.61 128.00
6,00 33.00 9.77 130.00
6.06 56.00 9.95 132,00
6.16 40300 - 10.15 134,00
6.26 45.00 10.33 136.00
6.38 50,00 10.52 138.00
6.53 55.00 10.69 140,00
6467 60.00 10.85 142,00
6.85 65 .00 10.97 144,00
3'82 gg-gg 11.15 146.00

. . 11.2 148.00
7015 72100 .23

7.18 74 .00
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seems to be most stable above pH 9.5.

The solutions were left standing for two weeks,
and no precipitation was obsei'ved at the end of this
periocd. This indicates that nickel-"Disec™ chelate is
rather stable in water solution at a high pH.

The color of the chelate solution was lavender,

while nickel nitrate in water solution is light Dblue.

Cobalt (II).

In pH titrations of cobaltous ion-"Disec" solutions
the concentration of "Disec" was constant at 5 x 1073
molar, and the concentration of cobaltous ion was
varied to give ‘the ratios of 1:2, 1:2i5 and 1:3 of
the metal ion to "Disec". No change in the shape of
the curve wasobsérved with tﬁe‘ change in the concentration
ratios. This suggests that'only one complex is formed
between cobaltous ion and "Disec”.

When the ratio of cobalt to "Disec" was 231,
precipitation occured at about- _pH‘8, ‘which shows that
not all cobaltous ions have formed complexes with '"Disec"
and thus are free to form cobaltous hydroxide.

Cobaltous nitrate solution showed precipitation

around pH 8.

- 8light chelation between cobaltous ion and "Disec"



starts at pH 5.5 (Figure III), showing an increase with

increasing pH values. _ } |
Precipitation was observed on the nextday w:Lth

a cobalt-"Disec" solution at pH 11. This indicates that

the cobalt;-"Disec" chelate is rather unstable in water

solution.' , 7
The color'éf the cobalt-"Disec® chelate water solution

was deep red as compared with-cobaltov;s nitrate solution,

which is pink.

Zinc, Mahganous and Calcium Tons.

With the concentrafion of "Disec" kept constant at
5x 1072 molar, solutions of the ratio 1:2 of zine, |
manganqus and calecium ions to "Disec® were prepared.

Chelation between zinc ion and "Disec" started
at about pH 6 as shown in Figure IV. The chelate
compound is most stable above ;pH 9

. Zine chelate with "Disec™ is a colorless substanc'é.
in water solution. It showed sqme‘hydi'oxi.de formation
on standing. |

Manganous ion shows to have very émall tendency
to chelate "with "Disec" (Figure IV). Only at pH 8.5
and above some chelation was observed. On potentiometric

titration the color of the manganousion -"Disec" solution
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TABLE VIiT
Potentiometric Titration of"Disec".

(Data for Figure IV.1)

Solution: 50 ml ,100 M "Disec"
20 ml 1.0 M NalNOg

Solution was dilited to 100 ml; temperature was
kept at 28°C x :2°, |
Titration was performed with 1.152 N NaOH.

pH ml NaOH PH ml NaOH

3.74 0.00 8,06 - 6,00
4,05 0.02 8.22 6 .40
4.33 0.04 8.37 6.80
) 4048 : 0006 8054 7.20
- 4.62 0.08 8.73 7.60
4.72 0.10 8.97 8.00
4,86 0.14 9.14 8.20
5.02 0.20 9.37 8.40
5.14' 0026 9086 8.60
5.25 -0.34 10.04 8.64
. 5.33% 0.40 10.26 8.68
S5.44 0.50 10.56 8.72
5.53 0.60 10.78 8.76
5.66 0.80 10.95 8.80
5.88 1.20 11.12 8.86
6.05 - 1.50 11.23 8.92
6.24 2,00 11.34 9.00
6.47 2.60 11.45 9.10
6.73 5.20 11.55 9.30
6.92 3.60 11.67 9.€0
7.13 4,00 11.78 10.00
7,34 4,40
7.50 4,70
765 5.00
777 2430
7.91 560
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TABLE IX
Potentiometric Titration of Zn(NO‘a)Land "Digec".
(Data for Figure IV)
Solution: 20 ml .10 M Zn(NO

)2
50 ml .100 M "Dised”
20 ml 1.0 M NaNO,-

Solution was diluted to 100 ml; +titration was
performed with 1.152. N NaOH.

pE ml NaOH pH ml NaOH
3.7% 0.00 7477 8.20
4.28 0.04 8.07 9.00
4.45 0.06 8.25 9.50
4.55 ' 0.08 8,45 10.00
4.6% 0.10 8.6% 10.40
4.76 0.14 8.83 - 10.80
2.90 0.20 9.10 11.20
5.01 0.26 9.27 11.40
5.08 0.%2 9.48 11.60
5.17 0.40 9.61 11.70
5.26 0.50 .74 11.80
534 0.60 9.9% 11.92
5.46 0.80 10,05 . 12.00
5064 1020 10037 120&
D74 1.50 10.53% 12,30
5.87 2.00 10.67 12,
6.03% 2.60 10.95 12.60
6.16 %.20 11.13 12.80
6.33 3.80 11.27 15.00
6.48 4.40 11.43% 13.%0
6.67 5.00 11.5% 13.60
6.80 5.40 11.63 14.00
6495 5.80 11.7% 14.50
707 6.20 11..80 15.00
7.2% 6.60 :
7436 7.00

751 7 .40

7 .64 7.80



turned from colorless to red. Precipitation was observed
about an hour later.

Calcium ion shows even less tendency to chelate with
"Disec™., Probably dight chelation takes place above pH 9,
but the chelate formed is very unstable, as demonstrated

by immediate precipitation.

C. Spectrophotometric Measurements.

It was decided to determine the composition and
stability constanﬁs of thevrélatively stable colored
chelates forméd by cupric, nickelous and cobaltous ions
with "Disec”.

The composition of the above mentiored chelates
was determined by the method of comtinuous variation.
This method was discussed on p. 28. This method is based
on having only one of the species present exhibit
absorbance at a particular wave length.

Thus,'the spectra of cupric, nickelous and cobaltous
salt solutions with and without "Disec" were investigated
to find a suitable region for Job's method.

Metal-"Disec" solutions were prepared having the

ratio of 2:5‘. The ionic strength was kept constént
| by adding sodium nitrate sclution. The pH of the solutions

was adjusted with carbonate-free sodium hydroxide solution.
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Water used in these solutions was previously redistilled
from a dilute‘potaésium'permanganate solﬁtion. Tempe rature
was kept controlled at'28°G’i .5°.
A One-centimeter calibrated silica cells were used
for the measurements. BSodium nitrate solution of the
same ionic strength As that of the sample solutions
was used as the reference liquid fdr the spectrophoto-
metric measurements.

The spectra of the metal-"Disec" soiutions were
investigated at 10 mu intervals from 320 to 650 nu.

Cupriqion-“nisec“ chelate showed the maximum absorbance

at 610 mu. The absorbance of the cupric nitrate solution
was ﬁegligible in the region from 500 to 550 mu (Figure 5).

A very intéresting absorption spectrum is exhibited

© by nickel-"Disec" chelate. Two maxima of absorption

bccurs.at 360 mu and at 580 mu. The best region for
Job's method was considered either from 340 to 360 mu
6r 560 to 580 mu (Figure 6).

Cobaltous ion and "Disec™ chelate shows an absorption
méximum at about 540 mu. The salt solution also showed
some absorbance in the visible spectral region. Best
wave lengths for Job's method were found to be from
350 to 400 mu and af 600 mu, as the absorbance of the
salt solution is rather small (Figure 7).
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TABLE X

Spectra of Cu(N05)2 and Cu(II)-"Disec" complex.

(Data for Figure 5)

Solution
1. 10 ml .103% M Cu(NO
: 10 ml 1.0 M Hano3
2. 10 ml1 .103% M cu(NO
25 ml .100 M "Dise
10 ml 1.0 M NaN05
'3, 10 ml .103 M Cu(NO
25 ml .100 M "Dise
10 ml 1.0 M Nanoa,
RoN (1)
320 .950
330 «390
340 .180
350 .130
560 .100
380 .060
400 .015
420 .003%
440 4002
. 480 .000
500 .000
510 .000
520 .000
530 .000
540 .003
550 .006
560 .007
570 .007
580
590
600 .015
610 -
620 ‘
6%0 .032
640
650 054

302

a2

a2

4.90

6.95

897

()

°
«930
«280
.120
.030
.023%

Final Volume

100 ml

100 ml

100 ml

(3)

+521
«154
.086
.007
.010
.018
043
.100
197
+266
» 340
441
.502
+600
.670
<73

780
.810
«815
«820
798
4768 )
«735
.685
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TABLE XI

Spectra of Ni(NO,), and Ni(II)-"Disec" chelate.
372

1.

(Data for Figure 6)

Solution

10
10

10
20
10

10
20

- 10

ml
ml

.101 M Ni(NO5)2
1.0 M,laN03

.101 M Ni (WO
«100 Disec
1.0 M“NhNO;
.101 M. Ni(N03)2
«100 M Disec

1.0 M NaN03~n

302

92(1)

.208
'O%
.000
.000
.000
.010
.028
042
044
.022
.007
.005
004
.003%
.004
005
007
.010
.018
.022

pH

6.50

6.04

10.00

(2)
.231
074
041

.068

041

047

.049
.037

Final Volume
100 ml

100nl

100 ml

3)

+518
«135
.080
.078
093
.087
.072
.055
039
.018
012
Q013
.«017
021
.028

037
.048
.052
049
040
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TABIE XIT
Spectra of Go(N03)2 and ‘Co(II)-Dised Chelate.
(Data for Figure 7)

Solution ; pH Final Volume
1. 10 ml .102 M Co(N05)2 6.7% 100 ml
. 10 ml 1.0 M NaNOEH .
2. 10 ml .,102 M Co(NO3)2 6.53% - 100 nml

20 ml .100 M Disec

10 ml1 1.0 ¥ NﬁNOé
3. 10 ml ,10Q M.Co(N03)2 9.00 | 100 ml

20 ml .100 M Disec S

10 ml1 1.0 M NaN’O3
A ) (2) (3
320 .2%6 1.15 o2
325 : 137 - 4985 >0
330 - .065 .850
340 #50 .011 > .47 o9
350 .000 95 =0
360 .000 «375 1.68
370 .000 .288 1.%32
380 0 L001 Co 227 1.04
390 .002 .183 .806
400 - - ' .003 .148 612
410 005 127 JU64
420 ‘ .007 -»110 « 566

- 440 .015 .100 270

460 028 .095 195
480 .03%7 .097 .170
500 004‘5 t «108 .217
520 } Nl 113 277
540 - .03%2 .099 «316
560 .015 .085 305
600 *.005 .062 224
625 .006 050 184

650 .005 041 128



| Solutions having & constant total concentration
witﬁ varying emounts of metal ion and "Disec" were
prepared. The pH of the solutions was adjusted with
carbonate-free sodium hydroxidé solution. Ionic strength
was kept constant at 6.1 M NaNOB. Spectrophotometric
measgrementS"were taken at the most favorable wave
lengths for the different chelates.
| Figures 8, 9 and 10 show the results dbtained.
The absorbancy of the solution was plotted against
the ratio of the mekl concentration to the constant
total concentration. These graphs clearly show a
maximum at R = 0.5, which correponds to the ratio
of 1:1 of metal ion to "Disec".

Job's method required that the solutions should
obey Beer's law. To test this, equimolar solutions
of metal and "Disec" were prepared and the changes
in absorbancy on dilution were measured. Figure 11
shows the results obtained at differemnt wave lengths
and different pH of the SOIution. It was found that
cupric, nickelous and cobaltous ion solutions with
"Disec™ obey Beer's law. |

These results together with results obtained by
Job's method were used to calculate the stability

constants of the corresponding metal chelates.
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TABLE XIIT
Job's Method for Cu(II)-Disec System.

(Data for Figure 8)

- (cu*™)
‘ .= (cu++3 + (Disec)

'; (Cu++) + (Disec) = 2 x 10"3 moles.

R =0, «2, 4, 5, 6, .8, 1.0 |
To all solutions 10 ml 1.0 M’NaNO3 were added and diluted
to 100 ml; the pH of the solution was adjusted to 5.00.

A O .2 o4 .5 6 .8 1.0

500 .007 .023 .O44 054 .047 .029 .00

525 .008 .056 .108 .128 .105 .059  .00O

550 .008 .}0% .204 .242 ,197 .110  .006

600 .009 .189 375  .443  .360  .205 015
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. PABLE XIV
Job's Method for Ni(II)-Disec System.
(Data for Figure 9)

oty L “ 3
R = T ' ( S s o (LT + (Disec) = 4 x 1077 moles
: ' Ni + (Disec

'Ris W0, 42, o4y 45, .5, 455, .6, .8, 1.0.
10 ml 1.0 M NaNO; were added to all solutions and then
- diluted to 100 ml.
- pH 6.00' | ’ |
SRED T .2 ol L5 L5 55 .6 .8 1.0
340 .020 .O44 .077  .082 .086 .08 .082 .064 ,038
| 345 .015 .O48  .087 .095 .097 .097  .088 ,065 029
| 360 011 .064 121 131 .137 135 .125 .090 .045
560 .004 .038 .071 .077 .080 .080 .069 .O42 .OLL
580 .006 .04% .080 .088 092 .090 .080 .050 .018
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TABLE XV
'Job's Method for Co(II)-Disec System.
(Data for Figure 10)

3

(co*). | -
(Oo++) + (Disec) = 2 x 10 “ moles

(co*h) +‘(Disec) ’ v
R = 0, 02, 04’ .45, -5, 055’ 06, 0,8, loOo
10 ml 1.0 M. NaN05'were added to all solutions &nd then
diluted to 100 ml.
pH 7.00
A O .2 e 45 .5 55 W6 .8 1.0
350 0007 . 5751]1 . 900 . . 927 . 960 . 673 . 84'1 . 600 . 026
375 .003 .267 422 434 447 406 .389 .27% .016
400 ,002 .1%6 .222 227 238 216 212 .16% .0l1l7
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IV CALCULATIONS

A, Calculatioh of A‘Dis_sociation Constants for "Disec”.
"Disec" is the hydrochloride salt of a poly-

bydroxydiamine, and thus has two dissociable hydrogen

ions. The following equilibria represents the salt form

and the free amine:

(") (@")
+4+ + +
HD =2 HD* + E ky = ) (21)
(H2D
&) @)
mt¥ —> » + H k, = (22)
= 2 (E*) |
The overall equilibrium is
EH2)

H2D++;.___.>___p'+ aut K=k1k2=m (23)

Digsociation consﬁants* were determined by pH titration
method. The free amine form was considered to be the
central molecule, and ﬁ_, which represents the average
number of hydrogen ions bound per "Disec" molecule was
determined from the equa.tion | |

bound (EY) 2 (Disec) — (NaOH) added - (E')

1 = = . (24)
(Disec) (Dised)
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The values of n calculated from equation (24) were plotted
versus the corresponding pH values.

The shape of the Curve (Figure )2) indicates that
the spreading factor between the two consecutive constants
is sufficie ntly large to allow graphical vdeterminat»\i’bn
of the two successive dissociation constant‘skl and kg.

In this case the number of donor molecules N is 't;wo.

The spvreading factor is expressed byM

k
—L .4 % 2 (25)
k,
k, = 2x K% (26)
K, = — 27)

Substituting these values in the general formation
function, get

__2x & (g*) + 2 x (8%  en)

1+2x KB (5) + E (B)2

- When n = 1, this relationship simplefies to

: 1
K = T'Hﬂ' .
When n = %, on combining equation (28) and (26) get
3 (k; (B%))2

kI(HW 3

(29)
4 x

(44) Martell and Calvin, op. cit., p. 80.

]
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R k, (%) 2
If x5>%k, (27), the term. = becomes negligible,
. 4 x ©
and
= 1/ (8.

Similiarly, at n = 3/2, by combining (28) and (27),

the following expresszon is obta:.ned'

: 3
) - =1 0
k2 () 4 x° {ky () 0

Again, for large values of x it reduées to

k, = 1/(8%).

Sample Calculation.

Sample : 50 ml .100 M "Disec®
10 ml 1.0 K NaNO,

Titration performed with 1l.152 N NaOH.

At pH 6.00: 1.57 ml NaOH used;
have .050 x .100 = 5 x 10"'3 moles ™Disec®

1.57 x 10~ x 1.152 = 1.807 x 10™2 moles NaOH

-6

(8 = 10™° molar

Substituting these valuesﬂ,in, equation (24) get
-3 -3 a6
5x 10 :
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Stability Constants Calculated by Spectrophotometric Method.
Stability constants of cupric, nickelous and cobaltous
chelates with "Disec" were determined by employing the

method used by Turner and Anderso nq'

2. This method is
discussed on p. 29 of this paper. |

The equation used is the following:

- (MKe ) - (MKe ) (31)
(G - (MEe)) (Cppy= (MEe))  (Cy, = (MEe)) (Cp o~ (MEe))

Solving for (MEKe) get

(MEe) =

Cyp Oke2 ~ Oy Cge1 , (32)
(Cyp =~ Gp) + (Ogep = Cgey) "

Sample Calculation.

For the cupric ion-"Disec”chelate have the following

data: Cpp = 674 x 107+ M
Crel = 6.72x 107 u
Cyo = 1.40 x 1070 u
-4
CKez = 6Q56 x 10 M
6.74 x 10 Tx 6.92 x 10~ - 1.40 x 10™x 6.56 x 10~%
- (MKe) =
13.46 x 10~F - 20.56 x 10~
= 6.58x 107"

(45) Turper and Anderson, J. Am.Chem. Soc., 71, 912 (1949).



6.58 x 10—+

K =

(6:7% - 6.58)x 10~F (6.72 - 6.58) x 10—+

= 293.75 x 10*:

log K = 6.47.



V INTERFRETATION OF RESUITS

The aim of this study was to determine the chelating
tendencies of Disec with various cations of the first
transition series and calcium ion. Preliminary
investigations'were performed employing potentiometric
determinations of hydrogen ion concentration. The
hydrogen ion concentration of the water solution is
directly affeghﬁby"chelatetformation, since the formation
of A'metal—"Disec"‘cheiate would result in liberation
of hydrogen ions. |

| When "Digec" was tltrated with sodium hydroxide in
the presence of a divalent cation, in the region where
\chelate'fermation occured, more moles of sodium hydroxide
were?required t0 reach a given pH value than were
réquired in the absence of the metal ion. The greater
the tendency for the metal ion to fqrm a chelate with
"Disec", the greater was the observed drop in the pH
of the solution. | |

‘Titration curves indicated that the most stable
chelate was formed with cupric ion, with nickelous,
cobaltous and zinc ions following in the corresponding
order. Manganous and calcium ions showed wery little

tendency for chelation. This is clearly shown by Figure 13.
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Wheﬁ the metal salt solutions:weére:. titrated with
base in the absénce;of "Disec", the correponding metal
'hydroxydes were formed. |

The following coiors were eihibited.by the metal
chelates: Co(II) chelate was dark red, Ni(II) chelate
lavender and Cu(II) chelate violet blue. Zinc formed
a colorless chelate with "Disec".

No precipitation was observed with Cu(II) and
Ni(II) chelates on standing for two weeks, while Co(II)
chelate solution showed formation of the metal hydroxide
in 24 hours. Mangenous and calcium ion solutions with
gDiéec“ showed formation of hydroxides immediately.

The ratio of Disec to metal ion concentration in
these potentiometric titrations was varied from 1:1 «nt
to 1:5 and qualitatively similiar graphs were obtained.
With a ratio of less that 1:] of metal ion to "Disec”,
formation of metal hydroxides was observed. |

It was decided to concentrate investigations on
cuprié, nickelous and cobéltous chelates, és these
seemed to form stable chelates and could be heipful
in determining the structure and néture of éhelateé
férmed with "Disec".. Thé behavior of ferric ion with
"Digec® was‘studied by Mrs. J. B. Gladding'45 at the

,

game time.,

(45) J. B. Gladding, Thesis, University of Richmond,
August 1955. ’



The compositions of the colored cupric, nickelous,
and cobaltous chelates were determined by the method
" of continuous vériation, which was di scussed previously
‘on p. 28, Investigation of the Spectraiof the metal |
-8alt solutions and"Disec” separatdy showed no appféciéble
;absorption at the wave lengths uséd. ”If Beeris law
»is;obeyed, the ebsorbancy is directly proportional
‘to the chelate concentration. Spectrophotometric
measurements éhowed that the water solutions of the
-metal chelates obeyed Beer's law.
| Figure l4lshows thét when the absorbance of the
metal chelate solutions at a certain wave length was
:plbtted versus the.composition ratio, a maximum resulted
at the concéntration ratio of 0.5, which corresponds
- to a 1:1 chélate compound . Thé fact tha# the experimental
 cuarves are lower than the theoretical curves indicate
that the chelates are partly dissociated. As expected,
cobaltous chelate shows more dissociation than nickelqﬁs
; chelate, while cupric chelate is the most stable.
Originally it was planned fo determine the chelate
stability constants by potentiometric titration methods, -

developed by Bjerrum#gnd further defeloped by others47’ 48.

(46) Bjerrum, "Metal Ammine Formation in Aqueous Solution,"
P, Haase and Son, Copenhagen, 1941.

“7) ggoirving and H. S. Rossotti, J. Chem. Soc., 1953, -

(48) J. C. Sullivan and J. C. Hindman, J. Am. Chem. Soc.,

74, 6091 (1952).
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Uncertainty about the number of donor abtoms forming
links to the centgal ion, and thué ﬁhe number of hydrogen
ionskliberated favored a spectrophometric determination
of stability constants.

Structural cbnsiderations led to assmption that
the two secondary“amino groups in "Disec" would chelate
with the metal ion to fbrm a 81Xhmembered ring. Also,
the pos&ibility that some of the alcohol groups could
take part in chelation was assumed.

‘ Breckenridge and Hodglngghad prepared the coor-
dination compounds of 1 B-dlamlnolsOPropanol‘w1th
cobaltous, cupric, zinc and 311ver salts. They- |
analyzed the crystallxne compounds and found the genéral
formula ((CaﬂéNZO)aco)X for the cobaltgus compound.

The following structural formula was proposed:

-—--.N —
G,
%HO —Co 0 CH

G‘\,_"" NH/ LN NH""CH‘L
X.K\/

| Cupric compound wés found to have the formula

C“X2(°3H10Né°)2,

which shows that two molecules of the chelating agent

(49) Breckenridge and Hodgins, C. A., 34, 1269%.



combine with the cupric ion. The two amino gfoups
take part in the chelate formation.by coordinating
with the cation, while no coordination seems to take
place between the hydroxyl group and cmpric ion.

It is interesting to nobte, that the zinc—amino
alcohol crystalline préduct did not correspond to any
simple formula.

"Disec" is a NN-disubstituted 1,3-diaminoiso-
propanol, and, steric factors permitting, éhould'be
expected to chelate with cupric ion through tk;é, amino
nitrogens. However, pH titration curves of the cupric
jon-"Disec" solution show almost-identically the same
buffer re:gion as Disec alone. This might be explained
by assuming that the amino nitrogens do not take part
in chelatevformation and thus will impart the same
buffering action as in absence of metal ion. Explanation
predicting that copper forms only oxygen links with "Disec"
seems rather improbable because of the rather great |
affinity of cupric ion for nitrogen.

The possibility of steric hindrance was considered,
bﬁt, though it probably decreases the stability of the
chelate, it does not seem likely that it will prevent
chelation through the nitrogen atoms.

Mrs.J. B. Gladdiﬁg(so) suggested another possibla

\oU, Mrgs J. B. Gladding, Thesis, University of Richmond,
August, 1955.



explan&tipn' by considering the stabilities of the -
metal chelate and Disec. If the chelate has exactly
the same stability as fha’c of the hydrogen ion with
the amino groups, then the same buffering action
could be accounted for the metal chelate solution.
Thus, the following structure is proposed as

possible for a square-~planar cupric ion chelate with
Disec. S OH
CH- C“‘CH cH,QH
HOCH, 1 \
HOCH, ™ cat
CH).. / \ 0 /

XX V1

Justification for the alcohol groups entering into
chelate formation is found in the ‘pH titration cﬁrves.
At the end of titration a total of four moles of
hydrogen ion were iiberated, two coming foom the
amino groups snd two from two alcohol groups.

Nickel and cobalt chelates probably have a
structure similiar to copper‘ chelate. The sapproximately
same amount of hydrogen ion is liberated at the end of
the titration with all three metal ions, while the
difference in 'Ehe shpes of the titration curves could

 be interpreted as a weaker chelating tendency of nickel



and cobalt as compared to copper.

The stability constants of the chelates formed
were determined by spectrophotometric methods. Two
separate determinations were made at different concentrat-
~ions of the reackting species - the metal ion and Disec.
The agreement of the constants calculated for both
determinations was found to be rather close. The

following values were obtained:

Table XVI
Metal Ion Log K Color Tonic Strength
gd++ 2.2§> 6.45 deep blue 0.1
nitt z.gg $4.86 lavender 0.1
cott g:gg>3.66 . deep red 0.1

These values for forination constants are in agreement
with the Irbing-Williams’' series predicting that the
chelate stability with the same chelating agent is as
follows: Cu'*> Ni**S co*”.

(51) H. Irving and R. J. P. Williams, J. Chem. Soc.,
1953, 3192.



1,3-bis<(tris-(hydroxymethyl)-methylamino)-2-
propanol dihydrothéride‘chelates with calciunm,
manganous, cobaltous, nickelous, cupric and zinc
ions were studied by potentiometric énd spectrophoto-
metric metﬁods. An increase in hydrogen ion concen-
tration was Qbsefved on chelation.

It was found:

1. calcium and manganous ions showed little
tendency to chélate with the chelafing agent regard-~
less of the‘ratib'of the metal ion btoncentration
to the chelating agént concentrationy above pH 9
some‘chelate formation was observed, but the chelate
was'tob unstablé to prevent metal hydroxide formatiomn.

2. Cobaltoué and zinc ions formed moderstely.stable
chelates when the ratio of the chelating agent concen-
tration to the metal ion~concentra£ion"w53‘l:l or more.
Chelation started sbove pH 5.5; metal hydroxidé
formation was observed on standing with solutions of
high pH. |

3. Cupric and nickelous ions formed stable
chelates when the ratio of chelating.agent‘and metal
ion concentrations was 1il or higher. No hydroxide

formation was observed on standing. Chelation of
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of cupric ion took place between pH 2.5 and 4.0.
Nickelous ion chelate showed increased stability
with increased basicity.

'&. The compositions of. cupric, nickelous and
cobaltous chelates were determined by Jdb's method,
and wwere found to be 1:1 complexes.

5. Chelate stability comstants for cupric,
nickelous, and cobaltous chelates were determined

spectrophotometrically:

Metal ion | Log K
Cu(II) 6.45
Ni.(IT) 4.86
Co(II) 3.66

These stability wvalues agree with the Irving-
Williams stability series based on the central metal

ion.
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