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S UMM ARY

Studies have Dbeen ade on the association in agucoius
solution between divalent alkaline earth umetal lons aal The
anions of N-icthyliminodiacetlic ecla and glycine.

The thnesis is divided into waree parts. Pert 1
aescrives a Nuclear agnetic Hesonance situdy of wmagnesiun,
calclum, strontium and barium N-i.etnyliminodiacetate couplexes.
Protonation schewes have dveen esitablished for These complexes
and evidence Ifor binding sites obtained Irom variatioas in

the resonance positions of The non-labile protoas oa tie

“

comperisons

ligend. rthe results have been discussed axn
with other similar systems have been wmade,
Part IT deals with the determination of the dissoclation
constants forbglycine end for the mono-protonated Forz of
N-methyliminodiacetic acid. ~S8sociation constents LIy vae
divalent wagunesium, calciun, svtronvium and barium uono- &ad
di-li-nethyliminodiacevate complexes and for tne magrcsiun
mono-glycinate complex nave also been obtained. All meacurce-
sents were nade at 25°%C. and a constant ionic strergih of 0,1
wging a cell incroporating a palir of glass electrodes and a
0.1l calomel electrode. ‘he activity coefficient for the

hycrogen ilon was calculatea Irom the Vavies equation,



strength of 0.1, of the heats of formation, AHy, of the
mono-uethylininodiacetate complexes of magnesium, calclui,
stroatium anc barium and of the 2:1 complexes of This anion
with megnesium and calcium is described in Part ITI. Lliso
inciuded in this section are Al values for the magaecium

znd calcium nonoglycinate compléxes. Twin adiabatic
calorimeters were used which employed as sensing elements

2 palr of natched thermistors walch were incorporated in

two arus of a Wheatstone bridge. Veriations in sitructure,
coordination number, degree of hydration end steric properties
are discussed in terms of the thermodynamic properties oI the

complexes. thermodynemic functlions for the reacwdon,

— r,
wetal(IDA),2™ + EDTAYT == ketol EDRA®™ - 21Da%"
have been derived for divalent magnesiun, calciuwa, zinc and

cadnium ions and tnese arce discusced.
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GoiBRAL INTRODUCTION:

in solutions of electrolytes it is desirable 1o ke
able to craracterise the species present. In the case of
a solid crystal, X-ray crystallozraphic metiods can ylield
absolute structures of the molecules. Unfortunavely in
tne case of electrolyte solutions, there is nd suci un-
equivocal method available for the determination’of the
structures of the species presenv. In some cages, it 1is
clear that the structure of the sclid can be used tTo des-~
cribe the species in solution. The similarity of the
visible zbsorpiion sgectral of aqueous solutions of transition
metal cations such as nickel (I1) with those of aydrated
salts, e.g. N1 S0 .7H20, provides strung evidence that the
ion in solution ii in the same immediate environwent of six
octahedrally co-ordinated water molecules as in the s.lid
hydrate. In other cases, This assumption has been shown
10 be unjustified. Chepman et alz, have shown, by spectro-
scopic techniques, that a number of X-amino-polycardoxylic
acids are sresent as the zwitterion form in solution while
they have the "normal" acid structure in the solid. Some
newer physical'methods like those used by Chapmen come close
to yielding structures of specles in solution in giving
information about the sites of binding of a ligand to &
metal ion and these will be discussed later.

Bjerrum3 and others have showa that complex Idcruzvion
involving a metal ion and a ligand is a stepwiuse process

which in aqueous solution can be represented by cquilibria

N



~-,,-n+ ,'lf‘.—- —— M A n-m /i' ________________

1--aq 'l' naq pr— -.l:.a\i ( 1 )
LA n-m ) Ll— > ara (N=210 )4 ~
lAé _)+ Ao = ;.;Aé“ao“) - ———— (2)

.

, In—- (N—l )x]-!- A e A[(n-—-h*x;_)]-l-

.L..t& ~ £ V-l
(i-1)ag aq ~ i oag

where 14+ znd 4B denote the metal ion and the ligzand ion

(l 2,...1.)"-!-

,otJ.

e various complexn Lpecies

O

resvectively, i [(
forumed and I, the maximum number of ligands that can bina 10
one meital ion. {iith chearged ligaunds, Af‘, progressive
neutralisation of the cherge on the metal lon vakes place
and there 1s a smaller probability factor arising from a
decrease of the number ol available co-ordéination cites of
the metal. With bulky ligends there may also be consider-
able steric hindraance to thae entry of successive groups.
Equilibria such as (1) can be described by an

equilibrium constent, the stability coastant, written,

atee)] -.
KI\'IA - E,V.Ln.ﬂ [Am.ﬂ —————————————— (3)

where square brackets denote concentrations. KNA.is valid

at the particuler temperature studied and at the lonic con-

ceniration of the solution in which it was measured.

Stability constents are usually measured at constant lonic

strength and can be compared only with others obidined unaer

N



the same conditions of temperature and ionic strengin.
In order to be able To coupare different systeuns iv 1s
desirable Vo obtain the thermodynamic association constent

for reaction (1) given by,

~,

i-uA(n_mlg [ (n—m)] (n... )

K=
. f_mn'*'}i A““} [ 1] [A‘“'J £ n+ . £pn-

lr.rA
S (4)

where braces enclose activities and f's are the corres-
vonding activity cociriclents. For the evaluation of X,

it is necessary o elther calculate oxr eliminate the zciivity
coefficients term. Either, Ky, cen be calculated at a
nunber of ionic strengths and extrapolated tTo zero lonic
sirength at wrich the activity coefficients become unity,

or else the activity coefficients call be calculated frou
some sultable extension of the Debye - Huckel eguation.

The first of these methods is very tedious since at low
constant lonic strengths it is sometimes necessary to make
the experiments by a series of successive apiroximations

in order vo ensure that the ionic strength is hela constant.
the calculation of activitly coefficients can sometimes be
rendered aifficult by nigh charges on the species and under
such conditions it is advantageous to mzke neasuremenis at
constant ionic strength and obtain stability constants which

are valid at this particular ionic sirengtin. In order <o

i



be sure that the activity coeficients are held constant the
concentrations of reacting specles must be small and contribuie
only to a negligible extent To the total ionic strength. This
is oftern difficult to achieve, .iowever, especially when study-
ing reactions between highly cherged ions forming complexes
vwith relatively low stability constants (<lO'3 litre mole-l).
In such cases, succesgive approximations must be nade for I;
the totel ionic streagth, since a lmowlecge oi the stability
constant is required ‘before the concentrations of ionic species
and their contribution to I can be calculated.

A number of methods are available for measuring

association constants for the formation of complexes in

.

solution. These can be divided vroadly into two cliasses
(1) indirect wmethods in which the activity of a single ionic
species 1in the solution is weasured whose concentration is
controlled by a well defined eguilibrium and (2) direct methods
in wnich the concentration oi the new species, The complex,
is cdirectly indicated by a change in some propcrty or the
solution. 4 few of the more inportent methods will be
discusced briefly here. |

Many important ligands are anions of weak aclds and are
thus assoclated 1o a varying degree with hydrogen ions.
Complex formetion with a metal ion resulis in the displace-
ment of these nydrogen ions with a subsequent reduction in
pH. The measurenent of pH lherefore may be used to aetermine

the assoclation constant for the formation of the complex.



rhe use of an electrodac reversible with resgect to nycrosen

ions yilelds hydrogen ion activity in the solution and thus
it is necessary to lmow the activity coefi.clenw, I of

+7
the ZT ion. In experiments at constant ilonic strength,

bl oL I

however, 1t is desirable to calilibrete tae rodes as

l,._l

ot

concentration rather than as activity srobes since fH+
values, even at donic strengins as low as 0.1, cennot be
reliably ecstincted. It is thevefore prefevabie ©o callibrate

the electrodes in dilute sclutions oi strong acld or base

adjusted to the requ.red ilonic strength with & "neutral®
electrolyte such as sodium ycrohlorate4’5.

A great deal of work using cells without liguld
o (&)

Junction of the tType
Ho(l atm.), Pt / Hi, Nah, NaCl / 4501 / ig

nes been done by Larned aand coworhers6. Very precise
e.u.f.'s can be obtained for the calculation cf dissociavion
constanvs.

The glass electrode is probvably tThe most freguently
used e.ectrode for studles of cuasdlex Iformet-on in solution.
Tue cells normally incorporate glass and caloumel electrodes
connected through a potassium croride salt bridge. Glass
electrode weasurements have been used ©To determine the
assoclation constants for sonme aikaline carth monoacevates
for which the extent of association is rather smalll.

The general treatuent for the determination oI stcHvilse

stability constants from measurements of this Tyce is

Ch



-y S . . 1 c oA o
described by 3jerrun”, wiose work in the elucidavion of

svecies present in wmetal sumnine solutions i1s & clascicel

Since the invtroductiion of well-characterised
rgenic lon - exchange resins sore 20 years ago, they
rave found increasing apolications in cosslex formation

studies., The egulilibrium established when a cation

excnange resin in, say, the sodluwwm forwm, LKaR, 1g in

convact with a soluvion containing B iong, uay De
written
. ,n+
nraR 4 i — iRy + nNatem (5)

end the equilibrium quoticat at cunstant ionic strengtha,

n+] E,a+

]
T [’l"] [Na"_’]

vl ——~ ac a4 .
viaere [ ] revresents {he resin-phese concentrations in

- e (5)

wole/g. dry resin.  Addition of an anion, X7, capable
of complexing with WP will cause a redistribution of free
2 1ons between the resin end The solutlon by an amzount
which is gquantitatively related To the extent To which .

(¢}
bound by the anions. Tronscus’ developed a graphical

2 N e

solution for systems of the vType Met 4 X7 waere N and

the first compiex, MX*, are taxzen up by the catlon excheanger.
By assuming that higner compdlexes with zero or negative
charge do not taie part in The exchange, he obteined

association constants for the formation of the Cul(i:x



acetate species CuAc+, Cukcp, and CuAc; and the niciel (IL)
acetate complexes wilAct, and Niicop, which agree closely with
notenviometric values.
The steblillity quotienis obtained by lon-eichange
metnods arc necessarlily rather ay.roximate owing to a lack
of :mowledge concerning the variation of activity coeificicnts
s e

witn compositiva rcerticularly in fthe resin phase. The wethod

is useiul, however, for indicating the sigan of the electrical

charge reolding on a speclies in solution.

(@]

The formation of a wetal complex 1s often accompeanie
by a cunenge in the light absorpiion of the complex rclative
to that of the free metal ion or ligand. Where the new
specles absorbs in the visible or ultraviolet The crange in
the absorption spectrum can yield directly the concentration
0 tThe specieslo’ll. A great advaniage of the speciro-
photometric method is that 1t can be used in very ailate
soiutions so that the calculation of acvtivity coelirficients is
facilitated. 1% is also much more direct then the
potentiometric or ion - exchange methnod and &t Iirst sight
has a considerablie nwaber of advantages; However, an
additional quentity, the exvinction coeificient of tae
absorbing species is introduced so that it is sometines
difficult to separate the assoclation constant from tae
extinction coefficient of f.ae complex swoecles.

In certein favourable cases, the halfwave gyoteatisl

of a metal ion is shifted to more negative values as Tae
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o

&}

jod]

s increacsed. The

[

-

concentration of the assoclating ligand

magaitude of this shift of half wave potential cen be ucscd

to calculate both tThe stebillly and the composition of lhe

complex species in solutionlz’lg. Norially, since the ionic
strength of the solution is maintained at a relatively nigh

value with neuvral electirolyte to ensure that the curreat

is purely diffusion controlled, tae stabilitvy congtants

obtained are valid only at the particuler ionic strenzin

used. However, some studies have been made by polarographic

me‘thodsl4

of systems at a series of constant lonic sirengths
and the resulis extrapolated to zero conceantration in order
to evaluate The thermodynamic ascociation coanstants.

Other important methods that can be used include,
conductivityto 16, so1ubilityi7s18,19 winetic®974t) ana

22,23

solvent extraction Leasuremenvs "7, In addition, new

,g

physiéal measurements such as, nuclear magneivic esonGQCGZ
Raman spectr oscopj25, and sound absorption™~, have been
used, giving in many cases, a more detailed picture of the
species in soluvion.
ne free energy change, AG, for a reaction such as
(1) is defined by,
~AG= RT In K.m—mmm e (7)

To zain a better insight into the factors which control tze
equilibrium, 1t is more useiul to regard the free energy
change as being & consequcace of the changes in heat, A,
and entropy, AS of compzlex formation. The +three funcvions

are related by the equation,

AG = A - TAS.- ————— (8)



50

£ X in equation (7) is a stability comstent at a pariicular
ionic sirength then; the AG derived from this relationshin
will refer To these specific conditions of temperature aad
lonic strength. Consequently, the thermodynemic nropcriies
will refer to the standard states at the particular iloanic
strength used.
The representation of Tthe complex formation by

reaction (1) does not take into account The changes in the
nusbers of water molecules associated with the ions. It

is therefore better written,
H(H0 )Y 4 A(HRO)E == wa(Hp0 P 4 (s-y-z )HyOm—mmmm (9)

where x, y and z are the water molecules associated with

the metal, 1igand and complex respeciively. ‘he entnalpy
change accompanying complex formation is a wmeasure oI iuie
nurbers and sirengths of bonds made and broxen during the
reaction. vhe entropy chenge is a measure of the change of

\
randomness and the driving force i1s the Teadency for the

system to go to the most probable, that is the most randon
state. ravourable AG values may Dpe ecssisted by negative
enthelpy or positive entropy changes. LThere are endotaerinic
reactions wihich are wmade possible by favourable entropy cranges,
znd thnere are exothermic reeactions which do not taxe place
because oi unfavourable envropy changes.

If we consider complex formation as represcnted 3

equation (9), it is seen that the nuwmber of species is



reduced during the rormation of the complex. Yhe change

would therefore be expected L0 be accompanied by a wmoderately

)

large and negative entropy reflecting the disappearance of
one of the specles, nowever, the free ions are assoclated
to varying degrees with water molecules and tune overall
complex formation 1s accompanied by release of some O0f these
water molecules. Since the water molecules bound vo cavions
or anions are highly oriented, an increase in entropy will
resull when tThey are released from this type of restraint.

“m

“hus assoclation reactions involving small highly charged

O

ations take place with relatively large ovosivive values of

It

. A large cation such as T1l*, on the other hend, which

[ 47

has a comparatively high agueous entropy value aand which is
not extensively hydrated, oroduces only a very suall AS when
1V is complexed.
Some ligends have more tuan one potventlal coordinating

atorn in thelr molecule so that chelate rings can be Icrmed

in thelr associatlion with a uetal ion. Such cielates are

|

gernerally considerably more stable vian tne complexes involv-
ing unidenvate ligands. The replecereant of two unidentate

o

; i A o 21— .
ligands, 2= by a chelate, (4-A) may be written,

( 2 ) 2.“ A (L’l“dl >.,
Hho (H,0) 87200 ¢ (4t ag’ (hoo)vm A) - (10

Tnis reaction will be expected to vake place with an increase
in entropy since tunere is an incrcase of one species in

solution in zocing from lelt o right. It nas becn sugrested

127,28

e
&

by Schwarzenbac

|
l..‘l



chelatves compared with enalogous unchelated compleics, naned
the "chelate effect" by him, is due o an cntropy efiect.

These considerations ¢o of course involve the assumpiion

.

that there are no changes in aydration.

29

Willians has pointed out, however, that the heats

of formetion cannot be ignored ancd thet the cnelate eifect

)

0}

is, in pert, an enthaalpy eflect. This can be seen especlally

in formation oI complexes with uvnchorged ligands where tie
entropy change is not so large. The Cevourable entnalpy
changes accomparying chelate formation Ior complexes of this
type heve been ascribed by Williams to a ”builtlin" effect.
Once one donor avom of The ligand molecule is coordinated

Ve
to the metal lon, the other donor clous are held in plece

vy the rest of whe molecuie. In forming a complex with a

monocdentate ligand, on the otiier hand, muitual repulsions of
? b

]

the polar groups must be overcome wien bringing up the secon
ligzend molecule so that this stage of the reaction will be
more endotaermic. Both enthalpy and catropy effects cppear
0 contribute o ine chelate eflfect, thelr reletive lmportances
depending upon the system being studlcd.
In general, 1t is best to supplement taermodynenic
data with more direct data about the structure of the-sgecies
which can sometimes be obtained by spectrosconic uethods.

In theory, it should be possible to devise a spectral

)

technigue wnich would enable every aspect oI a molecular
entity to be studied. Fach tecehnigue has its limitations,

s~

novever, and 1t is necessary to employ as many &8 DIOSSLDLC

J

F
©
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if o reliable composite vicoure of Tthe chceclies unGer

] ~oaan

observation is ©to Te establisned. A bried discucsion oL the

(‘)

principles involved in thrce of tiese technigues will be
Siven in the next section.
Lbsorystion of radiation in the infra-red region of

tne spectrum cccurs due to chenges in (ipole wmoments in &

olecule arising Irom bond siretcining or bending. If no
chaage in digole moment ta tlace there will be no abgorption.
In uweny cases where absorgtion doeg occur as with C-m bonds
these are oiten so numerous and Tthelr enviromments 80 siuiler
that it becoues impossible to sign absorp tlon bands <o
specific vibraviouns. The group occurring most freguentliy

/ .
in cemplexes which beﬁ" lends itself to investigetion by I.R.
ey o

o

speciroscopy is undoubtedly the C-0 group. Being a functional
croup it is usually involved in bonding tTo the netal lon ond
mnany workersso’Sl have cerived useful inforumation about
structure and honcing in complexes from changes in the I.R.
soectrum oX this group.

Rauen specutroscopy caa be considered tTo ve supple-
mentary to I.R. in that 1t is sensivive ©0 syumeirical
nmolecular vibrations during which there is no dipole woment
chenge. “he Rezon effect’? is a radialion scatiering
phneronenon, arising due 0 & ciaenge in poiarisapility
within a molecule. The cGifference in Ifreguency bvetween
the incident =nd scatiered wave may corresyond directly ©o
the frequencies of vibration and rotation f the atous

within the molecule. Reman specira reflect mainljy



covalent intveraciions betwecn species in salution and Chaniry
end Plane’” nave studlied the complex cyanides of gome grou)
Io and group IIb metals using thls technigue.

N.i.R. is enother technigue which has recently been
widely applied ©o struciture deteralnations in solution?%r32,
A spinning proton acts as o small magnet which can be caovn,
from guantum mechanical considerations to have two posslible
orientations in a magnetic field. By suitable adjustuent
of magunetic anc electiromagnetic fields 1t 1s possible ©o
inauce protons ©o go from the low to the high energy state
with a subsegquent abscrption of energy wihich can be detected.
Protons in cifferent environments absorb aiffercat amounts
of eneryy and can therefore be distinguished. A chenge ln
cavironment of the protons on an o;ganio ligend, for ecxaun_ie,
will occur on complex formation from which information about
structure and bonding in the complex can be derived. Cnly
non-_abile proitons are useful for studies of <This Type since,
if a proton is coatinually chenging its locatlion only iTs

average environument will be recoraed. The protonation

schemes of & aumber of complexes have been studied by
D 3 ~ 36 o N TR )7 - -]
Reilley N4 saviyer oy obscrving clhanges in chenmical

cuifts of non-lubile protons as the pH 1s varied.

In Part I of the preseanv work, provon magnetic
rescnonce studles nave becn wade on N- methyliminodiacevic
i—wIDA) acid cumplexes. Protonation scihneimes nave bein
establiéued for wthe comolexes formed bvetween Tut &cid and

divalent magnesium, calcium, strontium and bariuw ions i



[
U1

acuecous solution aud winere possible binding sites have beun

In fart IT, a cell incorporating gless and calomel
electrodes has been used Lo determine the svabllity coastaats
o the 1:1 and 1:2 alkaline ceorth wetal complexes with - IDA.
The stability constant for the magnesium monoglycinate comllex
nas also been esitablished using the above tecmnique.

Part IITI is devoted fto the calorimetric deverminatio

n
0f the neats of formavion of these complexes. Tne ligend 1is
of interest since it represeats one helf of an cethylencdiamine-

tetraacetic acid molecule and can thus be used directly in a

discussion of the chelate effecs.
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NUCLEAR AGHITIC REESONANCE

The conditions necessary o cause a proton to
regsonate are dependent vpon its chemical environment.
iinen exposed 1o a magnetic field the diamegnetic electrons
surrounéing the proton are induced o set up a smeil
magnetic field which always opposes the main field.
The effect of this is that a slightly larger applied field
1s reguired to bring the protons into resonance than would
have Dbeen necessary in absence of the electrons.
Consecquently, protons surrcunded by different electron
densities will give proton magnetvic resonance signals at
Gifrfereant applied fields. Also, & cunenge in the resoncnce
position of any one grofton will be observed 1f ites electronic
environment 1s disturbed.

The electron density surrounaing a proton is
degsendent upon the eleciron afiinities of the chemical
groups in its vicinity. An esectron atiracting group like

IS

Thne carboxyliate group will tend to decrease the eleciron
density around a proton vn a neighbouring carbon aton
vaereas the tencdeacy of a group sucnh as wmethyl To donate
electrons will cause it to have the reverse effect; these
cffecis result in & desnielding and sunielding oI The proton
respectively. 1ne Gesnielding of & proton results 1in it

bein, brought into resonence av & sligutly lower apillied



fiela. In contrast, & higrly shielded proton will reguire
& Sreatver aabklea field since a larger oyposing field, due

Tu tune greater deasliiy of electrons, has to be overcone
velfore The rescngnce conditlons for the proton can de
established. These are short ran_e effecvs which tend ©o
niluence, to an appreciable cxtent, only those grounc
attached to a carbon atom waich is adjacent to the funciional
Zroup. They mey be trenscitted further, however, if
inductive grouds such &as oxygen or anlitrogen atous or

double bonds are present in tne molecule.
If {the anion of N-LIDA is considered %o be as shown
in Figure I,
CipC00 @
CHz - [ b = 4,
Nciacoo ©
a CHpoCO0
Ev‘IG'c I
then due Vo free rotation of groups about single bonds Tuae
three wethylene, a, protons and the four ethylene, b, protons
will e equivalent but protoms a will have a different
eavironment from protons b. The b protons will Dbe expected
to absorb at the lower field sitrength of The two sets since

leshielded to a Zreater exten G by tie carboxy.ate

£,

ney will be
Lroups. Tre anlon hes Three functional groups, the niitrosen
and the two carboxylates, which may be utilised in vdondling.

Complex formation would be expected To change the e€leCiron



Gistribution &round the protons causing a shift in theirx
Josition of resonance. Bonding through tae nivrogen siould
nervarb & and b protoas to the sae extent but boad formetion
involving tae carboxyliate jroups should only alfect tae D
Jrotons apsreciably. Observed chenges in the proton
sepnetic resonance of fthe non-lia protons in a ligund

e

ca

vacn 1t becouwes conplex

can yield

much information aboutd

oure of the coordination.

In a solution in whrich vhere exists an equilibriuam
between Iree ligand ana complex, 1if Tthe exchange of metal
ions between ligands is bid (7100 c.p.s.) then only one
peal, representing the average of tae two situations, will
be obgerved for eguivelent protons. If this exchanze is

slow, however, a broadening

peaiis will be scen resrese:

of the peai or two separate

N

TWO proton environnents

Useful kinejic data can be obtained from ©tals eflfcct.

Dey and ReL__e*BS have devermined quelltetively the
labilities of individual metal-ligand bonds fr.m thae efrfects
of the various nossible symuwetry states anc tnelr iifetimes
on the W.i.R. spectra of the complexes. tne longer lile-

tiles of the wetal-niltrogen

bonds with some ligends &re snown

to be due to steric effects wilch inhibiv The eatry of tac
incoming group necessary to Treplace the nliyrogen.

If a strong complex is foruea giving rise 1o ler_ e
electronic perturvations, ©tiac cheuical siniflv between tuc



anion end the complex will be larg

(o
<

e and a siepwise variation
in tne position of tae average peax will be observed as tue

raetio of complex To free anion changes. 4 staqy uf tue

voriaevion of the cheuical siifit with mole ratio for the

}J
I¢
©
T
—

1) and bismuth (III) tartrate couplexes has been
n)

Brennan ana bawyerJg. A brealiz in the groph v a

lecd (I1) to tartrate ratio of 1:2 is considered To be

indicative orf Two stable chelate syecles being formed.
Frow a study of tae chemlcal shift differences

vetween complexes ana grotonaved specles for a large
nunber of metal-ethylenediaminetvetra-acetic acla compPliexes
ula et 3157 vere able To establish that the Iirst Two
srotons combine with the nitrogen atoms. From the

veriation of chemical shift with hydrogen Zon conceatration

D

relative meval to ligand vond streanglths were establisihe

tisfactory statility constants for the

R

J
comslexes were obtained.

In the vresent work, a proton megnevic resonance

study of sowe alkaline eartih complexes of H-IDA nas been

"
3

wade in an attespt To obtain information about The sites
of bonding. Protonation schemes of the ligand have been

established and relative bond strengtas compared.



m—.etnyliminoldiacetlc acid: N-iethyliminodiacevic scid,

a=lDA, was prepered following the method of wchwarzenbach
et a1l . he recrystallised product decomnposed bevween

- . o . . C
225 aad 227 °C. The following are the analysis {figures

for the acid.

Cgig0,s  Theoretical C,40.82 K,6.17 %,9.52%
6

(K% 147)  Found C,40.62 H,5.91 u,9.6%%

Potessivm Hydroxide: (ashed sticks of analar potfeassium

o

hycroxide were dissolved in boiled out distilled water
unaer an atmosphere of nivrogen. The carbon dioxide
Irec solution was stored in the pyréx convainer of an
avtoratic burette and was at all times protected from
The atmosphere by soda-lime tubes. Lhe solution vias
standeardised by titrating ageilnsv w¢c~hea serples of

-~

otasgsiun hydrogen phthalaste uatil the results oI

el

duplicate exgeriments agreed within 0.1%.

Metal Crlorides: Stocik solutions of analar magnesiumd,

calcium, strontium and bariux chlorides were prepered
using carbondioxide free distlilled water.

The maznesium end calclum solutions were aralyscd
by weans of an EDTA titration using wsriochroume

. A . T
as 1nalcator4l. In the case of calciun the mohr

ny

3



AN
~N

srocedure for caloride Gevermination was also used.
sneliysis of tue stronviun and barium solutions was
achiceved by a gravimetric technigu eI in which the metal

3

lons were precipitated and wei,

inhates.

puffer Solutions:

s
vlie

. - - 4
resared according to ﬂateS'z,

o

rade

(8]

hydrogen phthelate, U.05u, pa 4

ned as

glass eiecirodes were N.B.o.
using
without further puriiication.

.008, potassi

thelr insoluble

all analyses agreed to within 0.24%.

"he buffer solutions used 1o standerdise

tancard buffer solutions

reagents of enelar
They were poiassiun

iun dihydrogen

3

phosphate, 0.008695k plus disodiui: hydrogen phosphate,

0.03043i,

A1l water used had been

nr

been rendered carbondioxide

by bubbling out with nitrogen.

cliecned before use with alcoholic potassium hy

pH 7.413, sodium borate, 0.0, pH 9.180.

once ard

SJ
pus

distilled at lcc
free elther by boiling or

Glassware wes thorouzhly

droxide

foliowed by chromic acid aud where possible steamed for

thirty minutes. ihere necessary, apparatus was dried
using analar acetone which was evaporated off with dry

T
quality. Oertling and kettler

used to welgnh reagents.

A1l volumetric apparatus was of grade'al

single-pan balances were



rxnerimental

The H-methylimincdiacetic aclid wac converted to its

saldt since sodiunm !

on n&s been shown o couwplex

I

tc a certain extent with lisends of Tks nature? . I

was necessary to use fairly councentraved solutions, zreatver
than 0.2, in order T0 obtain sultable N.Jil.X. signcls.

vas introduced in to the sanple tube as an extvernal
reference stancaerc. As & chieci, some exyeriments were
run with an ilavternal standard, 0.04 M tetramethylammonium

Solutions containing the anionic form ol the acid
vere prepared and thelr pX was varied irom abws 12 o O
by adding dropwise a 5N sclution of aydrochloric acid.

1sferred TO

S)
3
el

l_.l
©
0}
E'_’g
o
ot
H
o)
in

Lvproximavely 0.5 milliliter seam)

Neit oRe Tubes after each addition of hydrochloric acid zané

thelr spectra recorded. For zolutiong in the high »H
region, the pH of tze bulk the solutvion was “aken waile
tne spectrum was belng run to take account of any variction
due to carbon dioxide absorption.
In solutions containing wmetal lons, especlally
nognesium ion, care nad to ve teken to avold metal Lydrozide
precipitation. The potassium ahydroxide wes added to the

solution of metal chloride plus F-MIDA to achieve The

highest pi attainable without precipitation.



no

NJieRE. spectra for gll the solutlons hove tae

- I3 . N K

senercl Forwm showa in Pigure 2. Pealr (Z) is due to the
smotons of the beazene reference while the taree me
and four ethylene protons of Tie N-iIDA are resjgonsidle zor
absorpition peals (A) and (B) respectively. The lar,e
absorst.on at (D) is due Vo water, the solvent.

& typical plot of the variation of cihemical siifi,
o(o.p.m. relavive to bengene), with pH of the solutions for
both a andé b protoas, 1is shoﬁn in rigure 3. in tables I
to V are the results for the free anion and <the mgz+,

Galt, orft ang 52%F complexes of w—.IDA from waich the
above graphs were construcied.

The regions PQ and P'Q' of the S sunaped curves in
Tigure B'Which were almos® horizoatel
and tre masznesium and calclum complexes vended TO saow &
Gecrease in © with decreasing oh for the barium and
stroanvium complexes. This decrease vwas atviributed to soze
contribution To tae bosition of The wvezx ironm the free

-—
-

anion, A" , and its mono-protonated form, HAT.

12 B

The associatlon constants for the couplexes were
xnovn end in order To calculate values for these concteants
et the high ionic strengths used in the N.Ji.R. exgeriments
the Davies equation wac used 10 calculate an approzinate

activity coefficient. The concentravions of the ionic



srecies were obiained by solving the cuadratic eguati

(1);

To = [ 'j + [_:'\.2'] + [ y ————————— - (12)
totel metal,
T =— E2+! + mA] y e e e e e e e e (13)

-

second dissociation cons'cﬂt I The acid,

R 17—

In the cases of berium Lnd svtrontium The absorntion

e

peak for the complex occurs at higher fields than either

A= or HAT, the mono-protonated anion. Since the recorded

ilebile

peak represents the average situation of the non-

e

protons botn 52" eng HAT will tend to suift the peak
dovmriield. The anount ¢f Ttaigs effect which is due To0 tiae

HA™ can be calculated from ccuation (5),

. ﬂ
ar — oA X

- ——

(@]
(2
B=N
-
l
|
1

m
ra



PO
Y

Viere X In p.p.m. is the g£.z2ll decrease in chemical saift

and 0.64 p.p.n. is tie Total crhexmical shift (zreviously

secsured ) arising fronm complete wono-uvrotonatiion of the

IZ x 1is now cdéled to the achtual chemicsael chif

s

<l

chted average

< <

ovltained the new value represeats the wel

-
of the vroton enviroameats in AT and LA. Screnztically,

The positions of De congidered to bey

IS SR N T . . -
v pelus can

a  be J
CFIELD INCPEASING >

WACre a 1s Ui A2' ezk, ¢ represents the rtosition of

1
S

The complex peak «nd b is the obtained value corrected for

EAT. From the relavionship,
b - a [__1 - r
—— T D — (J.{)
C - & Te : -
the absorption pezk for the complex, ¢, can be determined.
The results of this calculetion are shnown 1u iable VI,

T on

In table VII chemical shift aifferences between the free
anion and The complexes are compared for this systen cnd
for the two sets of corresponding protons of ethylene-

dieminetetra—acetic acid, XIDTA, and d&i-(2-aminoethoxy)-

ethanetetra-acetvic acid, DGTA, ¢ and 4 in Figure 4.
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TABLE IT

Veristion of chemical shifts of lethylene (A) and

masmesium

PH 9.76 9.20
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Stuylene (3) orotons of L-IDX snion with nH

10.45 10.24 10.08 .76 9.52
5.20 .25 S.21 5.13 2.92

4£.12 4.07 £.04

L2
-
NG
A
\GN
.
-3
WUl

2.6 1.92 1.55 1.20 0.95
2.b2 247 2.30 2.25 2.26
30‘-‘6 3.18 5.45 D'lrU 3.40

TABLE II

==l

Bthyicne (3) wrotons of T-IDA in its

compnlex wivh pH

8.01 7.83

~J
L]
(S}
WU
-3
ul
(@]
-3
*
=
[\

3414 35.10

W)
.
o
N
N
.

W
(62
nNo
.
O
O

3092 3088 3081

wl
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2440 2.16 1.96 1.66 1.46 1.16
5.47 347 3 .46 542
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pid
B(p.p.m.)

A(pep.ma.)

g
by
k

B(pepom.)

A(p.pe.mes) 3

pid
3{p.p.m.)
A(p.g.m.)
pH

B(p.p.m.)
A(p.p.m.)

T L BL Y

° chemical shifts of isethylene (L) end

111

S.96

3.42
4,26

2.67
2.64

3.52

2.16
2.56
3.48

6.86

3.13

3.99

Celciun

1.65
2.45
5443

L ABLE

IV

Veriation of chemical shifts of iiethylene (A) an
o trontiy

O
.

5N
N

~
e

N Ol

W~

2.44
2061
3.51

9.00
3.29
.12

1.78
2.47
5.46

8.79
%.26
4.08

1.51
2.41
3.45




SONT TN, s s o
i -'.-‘.'.I_L/.r'. il 17US

6.5% 5.42 6.%32 6.20 €.02
2.96 2.9% 2.39 2.85 2.7
5.82 3.79 374 3.69 5.673
1.48 1.21 0.38 0.55 0.29
2.43% 2.38 2.28 2.25 2.19
3443 Ze4l 2.28 3.36 2.34
TABLZI IV

Bthylene (B) .rosons of N-1IDA in its
complex with pid

8.55 8.29 7099 7'72 F/"ATB
3.17 5.09 2.98 2.90 2.84
3.99 .95  3.82 Z.71% %.66

5.82
2.73

3.58

3.41
2.70
3.55

50



Veriction of cnemical shifts of lMethylene (4) and

pl
B(p.pem.)
A(p.p.m.)

pH
B(p.p.u.)
A(p.p.a.)

7.80
2.84
3.67

9.71
3.35
4.21

6.90
2.74
3.58

9.52
334
4‘.19

4.28
2.70
3.55

T

Berium

9.46
3.351
4’-17

4.13
2.70

3.54

ABLE VI

Corrected Chenical Shifts for (A) protons of W—-iIDA

Metal ion
Strontium

Bariun
/

T™n.10
1.249
1.249

1

Ta.10
1.176
1.176

1

pE  K.10~2 ¥k.10%° [AZ—] .10°

9.50 5.74
10.20 2.56

2.94
2.94

0.710
1.470




o<

" PABLE V

Bthylene (3) ovrotons of N-ilIDA in its

comvlex with pH

(63]

9.29 9.16 9.00 8.84 3.65 8.46 .19
%429 3.27 .22 317 5.1l 5.04 2.93

4.14 4.11 4.06 4.01 3.96 %.88 3.76

3,02 2.%6 1.88 1l.%4 .33 o 42
2.66 2.60 2.50 2.%6 2.283 2.2%
3,52  3.51  3.48  B.44  3.39  3.38

TABLE VI

in Barium and Serontium Complexes.

[ﬁAi].lOz [QA].lol b(pepem.) x(p.p.m.) bEx(pe.p.u.) a(p.p.s.) c(p.g.m.
11.023 1.003 4.22 .06 4.28 4.20 4.30
0.399 0.989 4.25 .02 4.27 4.20 4,28




T ADL 3 VII

Cnewical dShif+t Differences

A~ figh Cad Sra
(Sp2- = i) A=(Sg2- - $in)
wIDA
a singlet ~-0.64 -0.1¢ =0.06 $0.10
b singlet -0.64 -0.15 =0.12 +0.10
Hph<T 42" cas-
(844-"= 5y 42-) A= (5j4- -
LDTA
¢ singlet -0.91 +0.01 +0.08
d singlet -0.65 -0.03 -0.01
ZGTA
¢ triplet -0.69 -0.10 -0.0%

d singlet ~0.62 -0.173 -0.05

40.08
+0.10

$+0.16
4+0.04 ~

+0.10
+0.06

ol
ol

Bai"”

40.20.
+0.06

+0.16

+0.08
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Discussion

For all alkaline earth complexes with the
N-methyliminodiacetic acid anion, the nuclear magnetic res-
onence spectra showed Two sharp singlets corresponding to
the a and b provons. This is in contrast to the findings of
Kula et a137 for the alkaline carth complexes of the
eéhylenediamine tetra-—acetate anion where the resonances
for the Ca, Sr and Ba chelates all snowed a broadening
effect at intermediate pH regioms. This was attributed
to a slow exchange between metal ions and ligends at tunese
hydrogen lon concentrations and the absente of any such
broadening with N-LIDA complexes indicates that the metal
ion-ligand exchange'is rapid. Under these conaltions
only the average situation of the non-labile protons was
recorded.

The variation in chemical shifts, 8, with pH for
both the free anion of N-iiIDA and the four complexes
followed the general pattorn snown in Figure 3. The
plateau regions at intermediate pH values, RS and R'S' in
Pigure 3, are the chemical shifts of the a and b protons
fespectively of the monoprotonated ligand. Since the
decrease in 8 in going from the free anion (regions PQ
and P'Q' in Pigure 3) to the monoprotonated species is
the same for both a and b hydrogens then this first

proton must become atitacned to the nigrogen atom. The

Ll

CHy



second protonation of the ligend occurs a much lower pH

and since only the chemical shift of the b hydrogens is
appreciably lowered, S'C!' in Figure 3, +this second proton
is assocliated with the carboxylate groups. Rapid exchange
of this _roton between the two carboxylates must occur
since no splitting or broadening of the b proton resonance
is observed. Protonation schemes of this nature have been
found for a number of aminocarboxylate ions which have
previously been studied36 and these have been coniirmed by
infra~red studies??44,

The pH range in which inflection I in Figure 3
occurs depends on the stébility of the complex. iore
stable complexes requiring a greatver concentration of
hydrogen ions in the solution before appreciable protonation
can occur. From inspection of the curves, the pH at which
this inflection occurs for different metal ions is seen to
follow the order of stability of the complexes. Variations
in the position of inflection I are also observed when the
metal ion concentration is varied. L% high contrations
of metal ions, however, the change in the position of the
infection with wmetal ion concentration is swall comparea to
the variation brought about by chcnge of metal ion so that
qualitative comparisons of stability are valid under these

conditions. Inflection II in Figure 3 occurred at the
same pH for all systems indicating that the meval ion was

no longer associated with the ligand.

o7



Sawyer and Tackett44 have shown from infrea-red
studlies of the carbdxylate group ror alkaline earth rDTA
complexes that the specira of these couplexes undcr basic
conditions are virtually identical with.the s;ecitrum of the
LDTA anion suggesting ,redominantly Zonic bonding for these
5r6ups. I+ has been suggested by CGrigor'ev et al45,
however, that the shift %o a higher value of the C=0
stretching frequency in the kg2t ion complexes of
iminodiacetic acid, IDA, and nitrilovtriacetic acid, LTA,
is indicative of covaient -0 Dbonding in these complexes.
From variations in the absorption frequencies of C-H, C-N
and N-H groups in the IDA complexes the above authors
conclude that the oovaiéncy of the metal-nitrogen bond
increases along the series Ba{< Sr<Ca<iig; +the spectrum
of the Ba conplex belng almost identical to that of the
free anion.

There is little correlation of the wvalues in
table VII with factors such as charge-to-radius ratvio of the
metal iohs. The non-labile vrotons, a and b on N-MIDA and
¢ and d on =DTA and EGTA in Figure 4 are deshielded to a
greater extent by Mgé+ than by Caft which suggsests stronger
bonding in the magnesium complexes. The desnhnielding of
the a protons indicates that nitrogen-metal bonds are
formed in these complexes. The predominant inductive
effect of the positively charged metal ion would be expected

to produce deshielding of protoans on the ligand but in many

Wl

co



cases an increase in shielding is seen in tadble VII.

¢ 1s clear that other factors must also infliuence tae
broton chemical shifts. One of these is "lung-range"
shielding caused by the electron distributions of
neighbouring groups. This effect is the average of a
number of different interactions end is highly dependent

on the anisotropies of the distributions and on the various
angles and distances iavolved. the magnitude of the effect
will be sensitive To changes in the geometry of the complex
and thus is different for different metal ions. ‘he net
chemical shifts are a combination of all these factors,

so that in order for a systematic variation of chemical
shifts with the electronegativities of different metal ions
to exist, the inductive effect would have ©T0 ouitweight changes
in the long range shielding. This has been shown to be
‘the case for the Mg2+ and Oa2+ complexes but not for complexes
with the Sré* and Ba2+ ions which have small inductive effects
due to the low charge density on these large iouns. In these
complexes, inductive and long range shielding effects are of

equivalent importance.



BART II

Associlation Constants for Ii—.IDA and Glycinate

coaplexes of the Alkaline ZFarth hetal Ions.




ASSOCIATION CONSTANTS

Introduction

A humber of complexes of metal ions with the anions
of aminopolycarboxylic aclds nave been cnaracterised vy
the determination of stability constants by Schwarzonbach46,
Anderegg47’48 and their co-workers at a constant ilonic
strength of 0.1. The determination of activity coefficients
would be inexact for many of the highly charged ligand ions
involved in these complexes and although the association
constants are valid only at an ionic strength of 0.1,
useful couparisons can be made with otiier constants obtained
at the same ionic strength.

Tne wethod most used for the determination of
association constants is “the measuTement of hydrogen ion
activi%y by means of a glass electrode. A knowledge of
the activity coefficient, fo, of The hydrogen ion is
necessary for the conversion of hydrogen ion activities
to concentrations and at constant ionic sireangith, not
greater than 0.1, it is possible ©To use the mean aciivity
coefficients of hydrochloric acid at the appropriate
concentration. Alternatively, the activity coefficients
can be calculated using the modified form of the Debye -

Huckel equation proposed by Davies49,

2.
I%
-log fpt = Azz (_5;.1—',3— - 0.31),mmemm— (18)

and this is the procedure adopted in the present work.



The dissoclation constants for glycine and for the
Wonoprotonated form Of N-iIDA have been measured at 25°C.
and an lionic stren_ th of 0.1. Association constants for
the divalent magnesium, calcium, strontium and bariun
mono— and di-N-methyliminodiacetate complexes and for the
magnesium mono-_lycinate conmplex have been obtained under the
same conditions of Teuperature and ionic strength. An
accurate kmowledge of these assoclation conslants was
necessary for the analysis of the enthalyy results to be

described later.
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L.m.f. measurements were made using the cell,

Ag/AgCl, HCL(0.21)/ glass/ solution (I 0.1)/1/10 KC1,Hg,Cl,,Hy.

For experiments with N-IiIDA a palr of glass electrodes
of the screened type (E.I.L. type G.G.33.) were used and
these were replaced by two Beclman General Purpose glass
electrodes (Type 42, 41263) for the studies with glycine.
With two independent glass electrodes in the cell, any
irregularity in the behaviour of one of them was iumediately
detectable. These were used in conjunction with a calomel
electrode‘and salt bridge of design shown in Pigure (5). A
small quantity (0.5 - 1ml) of triply distilled mercury was
placed at the botlow of vessel (G) in Figure (5) and tuis was
covered with a layer of caloumel péste Jrepared by rubbing
together in a mortar, calomel, mercury and a few drops of
N/10 potassium cnloride solution. he apparatus was then
completely filled with N/10 pofassium chloride solution
from reservoir (D). Tube (F), having a platinum wire sealed
througn the tip, was placed in position as shown by weans of
a rubber bung (E), the joints being coated with paraifin wax
to prevent stray potentials. The capillary *tip (4) was bent
%o minimise the flow of solution from the salt bridge invo
the cell.

Titrations were made with an 'Agla' micrometer
syringe which had a total capacity of 0.5 ml. and from

which 2 x 10~F ml. additions could be made with accuracy.
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Lither a Pye potentiometer with a Vibron electrometer
(E.I.L. model 33B) as nuil detector or a Beckman research pll
meter were used to umeasure the e.m.f.s. All readings were

reproducible to * 0.1 m.v.
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Ixperimental Technigue

Thne cell is shown in Pigure (6). A movn volume of
solution was introduced and the electrodes placed in the

o

ground glass sockets. Nitrogen was bubbled through the
capillary tube, A, to remove carbon Gioxide and 1o siir the
solution, and an outlet bubdbler, B, prevented diffusion of

alr back into the cell. A cepillary attachment from <the
micrometer syringe entered the cell by socizet, C. When
solution was initially put into the cell at least one hour

was allowed for equilibration, but during a titration 10 to

15 minutes aftcr each addition was all that was necessary.

In the determination of the dissociation constants
of the acids, potassium hydroxide was acded to a solution
containing a xnown weight of the acid togetaner with suriicient
potassium canloride to establish an ionic svtrength of 0.1 at
the mid-point of the buffer region. The results of
measurements for wihich calculations showed that the ionic
strength was not within 2% of the reguired value were dis-
carded.

The complex formation exgeriments were made in Two
ways: (1) a solution containing the liganda, potassium
hydroxide, and potassium chloride was titrated with the
alkaline earih netal chloride solution, (2) the metal
chloride, together with potassium chloride and ligand,
was titrated with potassium hydroxide. In this way, a

comprehensive range of both acid and metal concentrations
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could be covered.

the electrodes were standardised before and after
each titravion using N.B.S. standard buffer solutions
prepared according to Bates42. Buffers were chosen with
pH values within the range of those to be studied in the

complex formation experiments.



Results
N-methyliminodiacetic acid, HpA, dissociates in two

steps,

HoA == HA” 4+ HY - - - (19)

and HA™ == EY 4+ A°- ___ (20)

The ftitration curve is showa in Figure 7, and the
first and second dissociation constants are suificiently far
apart for each equilibrium to be studied independeantly.
Equilibrium 19 has been studied extensively by otvher workers,
but it was necessary to obtain a reliable value for the

second dissociation constant (reaction (20)) given by,
[H‘r] [AZ']
k - .
: T

In solutions containing the acid, potassium chloride

- (21)

and potassiuum hydroxide the concentrations of the ilonic

species were obtained from the equations for total acid,

va = [m] + [Az_] ——- (22)

and electroneutraliiy,
[H+] + [U] = EiA-] + 2!:&""] -’t-[OH‘l ——————(23)

Results of these calculations are shown in table (VIII).

An exactly similar method was used for the titration of glycine,

EG, and the resulis are given in table (IX).
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The complex formation involving alkaline earth
metal lons and N-methyliminodiacetate anion can be
formulated in the Ifollowing way,

Wt 4 pBm == _— (24)

MA 4+ AT == aan-. - (25)

The concentrations of ionic species in such solutions

were obtained from the equations for total acid,

—EiA']+-[ ] [ ]+2 A2 ] - (26)

total metal,

™m = [},{24'] + EJI:I. + [MAZZ‘:] ———————————————————— (27)

electroneutrality,

]+ e ol = B o o] B

and the dissociation consvent, kp, Ifor the acid.

From these equations, a graphical solution, similer

to that of Gelles and IIaaco.:.lus5O, was used in the determination
of
Kl = [MA] / [M?{] [AZ"] ------------------------ (29)
[’:IA 2- ] /[mA . —— -(30)

The derived equation,

=X, 4 KK, - e (31)

where X o— E‘l‘m - Ta +EbIAJ I:A :B

Ex ]Ezmm - Ta [PA'] [Azjg
v fre - [w] IAZB

[A ]2 EZ"‘m-Ta + [ [A2 ]3




was solved graphically. Data for the alkaline ecarith complexes
of N-l1IDA are given in tables (X-XIV). Typical plots of X
against Y are given in Figures (8-11), frowm which K7 and Ko
were calculated from the slopes and intercepts of the lines
respeciively. The interpretation of these plots was such
that the points at higher Y values were weighted more heavily
in the determination of Ki and points near the Y axis for which
the concentration of the species LA22“ was learger wviere regarded
as more important in the determination of Kpo.  An Zaglish
Blectric Leo computer model KDF9 was prograsmed for the
determination of Kj and Ko by the method of least squeres.

'he small degree of association between tue
magnesium and glycinate ions resulved 1n a relatively high
concentration of free magnesium 1lons in the solutions. ‘he
plots of X against Y for these experiments showed a distinct
curvature in regions of high pH. Tinis could be eliminated
by mekin; allowance for the presence of ligOHY ions in the
solutions. The calculation Iinvolved the following steps.

Prow the equations for, total metal,

,.12+] + l-_1»1G+] + [MGQ] ¥ [1\101—1"‘] (32)

total acid,

', —[m’rj F z[mez:l + [HG + [G’:l (33)

electroneutrality,

2 Mz*‘] + [MG*] + [H+] + [K"'] + [moH‘“]= [G_] + [OH-:[ + ch:] ——(34)

the dissociation constant for glycine,




and the first and second association constants for the

Ko

glycinate complexes,

[1 G+] E G2]
Kl: e "7 (36), K2= ----- (37)
@12@[@-] EJIG‘f] ’é“:l '
the equation
o= xx + KK, ¢ :))

was derived in which,
vl _ fra -[ee] - [e] 4 z..ngH’rB
]2 & 2tu-tar [ne] + [¢7] -2 I-:lOH‘EB
and -

Xt~ fr-tesfue] + [o] -2 [.osf]3
[6-] ¢ 27u-an [a¢]+ [e-] -2[uon]3

The concentration of HG, frou which G | could be calculated

(35), was obtained from the eguation,

’ [HG] = Ta{-[OH-] - [K"':l - [H"] + [}.'IOIiﬂ (59?

in whioh MOH{] is the only unknown. I71 was necessery,

therefore, to use a reiterative proceedure by assuning as a
first approximation the absence of 1onT. An appro:dmate
value of K; was obtained from which the concentration of
u2+ could be calculated, and hence the concentration of
MOH* from,

E&OH’;_]

Kye= E&z'f'-[OH-J , — (40?




Tne approximate value of OHEt was then used in order to
obtain a better appraﬁmation}

Results of this calculation are given in table (XV)
end Pigure (12) is a typical plot of X+ against YL showing
the first approkimation and tne corrected line. Since within
experimental error this line passed through the origin it was
assumed that the concentration of HA, was too swall to be

significant.



TABLZEZ VIII

k2 Detvermination for' N-iIDA

Run 1.

ra.10° [k .10° -log[n] (4] .10 [Az‘].lo3 x,.1010

4.297 6.000 9.48% 2.631 1.665 2.67

4.299 5.575 9.296 3.048 1.251 2.66
4,295 6.241 9.619 2.202 1.993% 2.67
44294 6.511 9.682 2.139 2.155 2.68
44294 6.596 9.715 2.058 2.236 2.63
4.293% 6.681 9.746 1.977 2.317 2.70
4.293% 6.766 9.777 1.896 2.397 2.71
4.292 6.851 9.809 1.816 2.476 2.71
Run 2.

5.853 9.284 9.696 2.504 34349 2.69
5.860 8.285 9.411 5477 2.38% 2.66
5.858 8.603 9.505 %.166 2.692 2.66
5.857 8.83%0 9.5%3 2.944 2.913 2.69
5.855 9.057 9.6%6 24723 3,132 2.67
5.857 8.717 9.568 5.053% 2.804 2.69
5.853 9.398 9.726 2.395 3.458 2.71
5.856 8.944 9.599 2.833% 3.023 2.69

liean k, == 2.68 (£.01).10%0



TABLZIE IX

k2 Determination for Glycine

Run 1.

Ta.10° [}ﬁ] .10°  pH [ .07 [¢] 107 k,.100
15.285  6.59% 9.379  10.2%1 5.054 2.64
15.254  7.402 9.479  9.397 5.857 2.65
15.22%  8.208 9.572  8.566 6.657 2.66
15.195  9.011 9.666  7.741 7,452 2.65
15.163  9.810 9.759  6.923 8.240 2.65
15.132 10.607 9.854  6.110 9.022 2.64
Run 2.

Ta.107 E{’f] 107 pHE [n(}] 10° [er].10%  x,.20%0
9.630 4.915  9.694 4.780 4.850 2.6%
9.615 5.519  9.803 4.177 5.4%8 2.62
9.644 4.306  9.586 5.387 4.257 2.6%
9.659 %.696  9.474 6.001 3.658 2.62
9.601 6.123  9.915 3,584 6.017 2.61
9.586 6.725 10.0%2 3.000 6.536 2.61

Mean k,== 2.6%(%.02).10

=10
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TABLZIE X

lagnesium N-llethyliminodiacetate, K; and Ky

Run 1. '

Ta.10° .07 ] 107 pH
5.330 2,918 8,611 9.287
5.327 3.565 8.607 9.164
5.325 3.888 8.605 9.111
5.324 4.211 8.602 9.057
5.327 4,534 8.600 9.012
5.320 5,017 8.597 8.946
5.%19 5.340 8.594 8.900
5.317 5.823 ' 8.501 8.839
Run 2.

5.206 4.211 | 9.176 9.440
5.205 4.5%4 9.173 9.391
5.204 4.856 0.171 9.345
5.202 5.179 9.168 9.293
5.201  5.501 9.166 9.251
5.196 6.145 9.161 9.168
5.195 6.788 9.156 9.098

5.195 74430 9.151 9.039



2_ ‘ -f
[}.m] 10° [N;AQ :l .104 Y.107° ¥.10"%

1.929 | 2,437 0.999 1.745
2.217 2.063 - 1.465 3.290
2.341 1.823 1.717 4.184
2.434 1.687 2.025 5.176
2.532 1.444 2.298 6.185
2.640 | 1.222 2.786 7.839
2.671 1.266 | 3.234 9.123
2.719 1,247 ” 3.886 11.087

lean Ky= 3.08 % 107 end K,== 1.52 x 104

2.781 | 2.107 1.142 2.6%3
2,917 | 1.83%4 1.328 3.306
34032 1.605 | 1.535 4.0%3
3.098 1.624 1.8%2 4.879
3.176 1.489 2,097 5.740
34279 1.396 2,727 7.664
3.363 | 1.273 | 3.381 9.713

3.448 1.055 5.996 11.775

lean K== 3.14 x 107 and -Kp=1.19 x 10°
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Run 3.

Ta.10°

5.485
5.483
5.482
5.480
5,479
5.477
5.474
5,471

Run 4.
4.5%2
4530
4.527
4.525
4.523
4.521
4.520
4.518

TABLE X

4.695
5.017
5.%40
5.662
5.984
6.466
7.109
Te751

3.242
3.888
4.534
5.179
5.823
6.145
6.466
7.109

Ecﬂ .10°

19.745
9.74%
9.740
9.738
9.735
9.751
9.726
9.721

8.035
8.031
8,027
8.022
8.018
8.016
8.014
8.010

pH
9.436
9.434
9.388
9.341
9.299
9.239
9.170
9.099

9.601
9.494
9.388
9.296
9.216
9.177
9.145
9.083
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[mA] .10° I’i‘vIAgz’] .10° ¥.107° ¥.1072

3.294 5.966 0.872 2.650
3.396 5.705 1.050 3.228
34495 4.597 1.2%2 3.856
5.568 4.409 1.448 4.558
3.642 3.452 1.659 5.290
5.718 3.150 2.028 6.500
3.814 1.806 2.522 8.191
5.828 4.082 ) 3.191 10.196

L

lieen K1 = 2.99 x 10° and Kp = 2.8 x 101

2.255 14.772 0.797 1.948
2.553% '10.610 1.1%6 5210
2.743 5.196 1l.624 4,830
2.882 T.715 2.184 6.713%
2.985 6.43%3% 2.798 8.792
3,007 7.020 3.184 9.972
3.054 5.810 31479 11.049
%6107 5.290 4,190 13.414

liean K1= 2.99 x 10° and K,= 8.0 x 10%



Run 5.

Ta.10° m.10° #1202 pE
1.666 2.433 2.987 9.400
1.664 3.565 2.984 9.225
1.663 4.211 2.982 9.14%
1.662 4.856 2.981 9.075
1.662 5.179 2.980 9.046
1.661 5.82% 2.978 8.992
1.660 6.466 2,977 - 8.941
1.659 7.109 2.975 8.894
1.658 8.072 2.973 84831
Run 6.

2.053 6.467 3.171 8.504
2.052 6.788 3,171 8.485
2.052 7.110 3.170 8.465
2.051 T.431 %.169 - 8.448
2.050 74752 3.168 8.430
2.050 8.073 3.167 8.410

2.049 8.393 3.166 84387



[m] 102 E&Azﬂ .10 v.10~7 X,10™7

0.986 “5.290 0.739 1.797
1.114 2.798 1.187 5.124
1.145 2,538 1.490 3.959
1,171 2.128 1785 £.791
1.184 1.8%9 1.926 5.201
1.204 1.364 2.209 6.025
1l.214 1.313 2.523 6.891
1.218 1.510 . 2.862 7.794
1,220 1.807 3.382 9.165

liean K;= 3.50 x 10° and Kp=13.05 x 102

0.971 4.047 2.257 7.275
0.982 3,617 | 2.347 7.643
0.991 3.312 2,447 8.026
1.001 2.924 2.535 8.390
1.009 2,640 2,633 8.768
1.007 2.858 2.785 9.234
0.999 | 3.367 2.975 9.762

lean Ky= 2.84 x 10° and K,= 3.20 x 102
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Run 7.

Ta.10°

2,015
2.015
2.015
2.014
2.014
2.014
2.014
2.014
2.014

TABLE X
Tn.107 (k%] 103
9.956 2.81%
9.955 2.860
9.955 2.906
9.954 2.953
9.953 %.000
9.953 3.046
9.952 3.093
9.951 3.140
9.951 3,186

T

pH
8.022
8.066
8.106
8.147
8.188
8.230
8.268
8.309
8.351



[14] .10 l;mf‘] .10% v.1077
7.164 2.682 5.598
7.587 2.817 5.245
7.959 3.214 4,996
8.335 5.591 4,763
8.728 5.871 4.527
9.140 £.058 4.292
9.457 4,732 4.165
9.818 5.175 4.004
10.206 5.479 3.831
liean K] = 2.92 x 10° and Kp==12.7 x 10°

X.10~%

1.790
1.678
1.5838
1.506
1l.427
1.35%
1.298
l.241
1.185

Average K, from runs 1, 2, 3, 4, and 7 =3.02(£0.07).107
= 2.25(X0.87).10°

Average Ko from runs 1, 2, 5 and 6
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TABLYE XX

Calcium N-iiethyliminodiacetate, K1 and Ko

Run 1.

1.547 '2.075
1.546 2.488
1.545 2.901
1.544 3.314
1.544 3.726
1.543 4.1%8
Run 2.

12,107 Tn.10”
1.748 5,166
1.743 | 7.21%
1.741 8.232
1.740 8.639
1.739 9.351

1.736 10.567

[k*].lOB
2,411
2.409
2.408
2.407
2.205
2.404

[t]20%

2,973
2.965
2.961
2.959
2,957
2.952

pH
8.735
8.644
S.554
8.491
8.426
8.367

8.577
8.409
8.348
84326
8.287
84230



E.EA] .10% MA22'] .10°

7.503
1.890

7.938
8.155
8.162
8.113

14.194
2.569

6.423
0.000
1.998
6.870

liean K= 6.96 x 10° eand Kp = 4.89 x 10

[a) 102 B.iAQZ“] .10°

l.127
1.145
1.160
1.163
1.165
1.170

2.556
2.226
1.629
1.492
1.455
1.254

llean K;= 6.76 x 10° and Kp= 4.78 x 10

Y.10-7 X.1072
3,731 4.918
4,712 6.380
6.071 8.130
7.058 9.656
8.427 11.438
9.952 13,329

2

y.10°8 X.10-4
0,737 1.042
1.130 1.514
1.304 1.884
1.377 1.995
1.514 2.195
1.740 2.5%2

2
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TABLE XX

Run 3.

2.75% 19.930
2.7%3 9.929
2.733 9.928
2,753 9.927
2,732 9.926
2,732 9.925
2,732 9.923
2.731 9.922
nun 4.

2.541 8.029
2,540 8.354
2.539 8.639
2.5%8 8.944

24537 9.249

[k*] .107
3.839
3.885
2.932
£.025
£.118
4.211
4,304
4.397

2.820
3.818
3.817
3.815
3.814

pH
7.673
7.705
7.738
7.802
7.865
7.928
7.990
8.053%

7+990
T.971
7.955
7.939
7.921



[1:4).20%

1.059
1.100

1.147
1.2%4
l.521
1.407
1.485
1.564

1.196
1.195
1.201
1.204
1,202

EMA22’|.105

1.495
1.703

1.659
1.931
2.161
2.424
3.097
34746

v.107°8

2.246
2.150

2.042
1.874
1.725
1.596
1.499
1.410

lean K1 = 7.44 x 107 and Kp= 9.68

2.800
2.899
2.638
2.469
2.618

1.772
1.860
1.936
2.015
2.106

X 102.

2
Mean K= 6.94 x 10° end K,= 5.91 x 10 .
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x.10"4

2.951
2.798
2.662
24437
2.239
2.068
1.927
1.801

1.267
1.333
1.381
Ll.432
1.500
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Run 5.
Ta.107
2,522
2.521
2.520
2.520
2.519
2.518
2.518

TABLE XX

Tn.107
9.261
9.464
9.667
9.870

10.07%

10.276

10,479

k] .10°
%.781
3.780
3,779
5778
3.777
34776
34775

pH
74955
7.943
7.931
7.920
7.907
7.898
7.886



[ 103 v.10-8 X.10-4

1.397 1.253 1.945
1.39% 1.296 2.004
1.7238 ' 1.%341 2.065
1.585 1.%6% 2.124
1.376 1.4%9 2.193
1.379 1.469 2.242
l.372 l.522 2.309

liean Ky = 7.32 x 103

Average Ky from rums 1, 2, 3, 4, 5 =7.08(%.23).107
Average K, from runs 1, 2, 4 = 5.19(1.50).10°



Yx 10’
\LF

e

12 i
Xx10™
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TABLE XIT

Strontium N-llethyliminodiacetate, Kj and Ko.

Run 1

Ta.10° .10 [x*].20%
2.334 8447 34504
2.333 8.796 5.503
24392 9.146 . 3,502
2.332 9.495 3.501
2.331 9.844 34500
2.331 10.193 3.499
2.329 10.890 %.498
2.329 11.238 3.497
Run 2.

a.10° .10 k] 107
2.338 19.864 3,277
243%8 9.863 %370
2.338 9.863 34417
2.558 ' 9.862 34463
2.557 9.861 3.510
2337 9.861 3,556

2.337 9.860 3.603

pH

8.769
8.751
8.737
84720
8.705
8.692
8.662
8.649

8.531
8.605
84641
8,678
8.715
8.750
8.783



[mg. 10°

0.821
0.901
0.939
0.980
1.022
1.059
1.093

[14] 107 [:MA22":| .10° ¥.10"° X.107°
1.007 6,193 3,093 3.248
1.011 7.071 3,257 3,393
1.020 4.448 34536 3,517
1.021 6.662 3,499 3,672
1.028 5.265 3.613 3.803
1.034 4.067 5729 3.935
1.040 5.309 4.014 4.225
1.043 5.170 £.146 4,365

1
liean Kl=-' 9.40 x 102 and K, = 4.25 x 10 .

EﬁAf‘] .10° Y.107° X.107°
0.663 4,423 4.783
0.782 3.961 4,300
0.928 3.803 44097
0.902 5.613 3.897
0.831 3433 3.711
1.047 3,303 3.558
1.404 3,198 3.423

Mean Kq1= 9.10 x 102 and Kg =7.47 x 101
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Run 4.
7a.107
2,610
2.609
2.609
2.609
2.609
2.609
2.608

TABLE XII1

[x*] 207
4,021
4.114
4,161
4.207
4,254
£.300
4.393
4.579

S
jas]

|

3.587
8.652
8.685
3.716
8.745
8.777
8.837
8.958

pH

8.606
8.671
8.702
8.736
8.770
8.802
8.872



[a] 107 ¥.10-6 X.10-3

1.078
1.168
1.215
1.258
1.297
1.340
l.421
1.570

0.939

1.067
1.102
1.146
1.188
1.225

3,547 | 3.606
3.017 3.279
248060 5.128
2,741 3,001
2.642 2.889
2.533 2.775
2,358 2.580
2,094 | 2.267

[ia] 20° [118,2-] 108 ¥.107°
6,635 3397

8.006 5.108

11.361 3.008

9.073 2.856

8.130 2.730

9.878 2.635

14.289 2.450

1.706

2

= 5.42 x 10

Mean K1= 8.86 x 10 and K

2

Nean K= 9.04 x 10° and Kp =2.88 x 10T,

X.10~2

3,777
34450
5.519
3,167
3.034
2.921

2.699
1
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Run 5.

Ta.10°

2.620
2.620
2.619
2.618
2.618

9.838
10.186

TABLE XIT

K

3,932

3,951
3.930
3.929
3.927

.10°

8.775
84759
8.744
8.729
8.714



Lee] .20 12,27 205 Y.10-0 X.1072

1.109 1.508 2.565 2.8%31
1.117 1.447 2,666 2.946
1.123 1,419 2.769 %.063
1.129 1.346 2.869 3,178
1.134 1.345 2.975 3.296

lean K, = 8482 x 102 and K, = 8.05 x 107,
Average K, from runs 1, 2, 3, 4, 5= 9.04 (i.16).102
Average K, from runs 1, 2, 4, 5 = 6,30 (iZL.A,).ZLOl
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TABLE XIII

Barium N-liethyliminodiacetate, Ki and Ko

Run 1.
3.107 8.456 4,667 9.024
3.107 8.651 4.666 9.017
7.105 9.041 4.664 9.00%
5.104 94430 4.662 8.989
3.10% 9.819 4.660 8.974
Run 2.
2.752 9.806 3.733 8.714
2.751 9.805 3,826 3.782
2.751 9.803 3.919 5.84%
2.751 9.802 4.012 8.902
2.750 9.801 4.104 8.964
2.750 9.799 4.197 5.021
2.750 9.798 4.290 9.078
2.749 9.797 4.382 9.138
2.749 9.796 4.475 9.199

2,749 9.794 4.568 9.261



[ij] .10” E;EAZZ—] .10°

1.15%
l.161

1.182
1.196
1.210

0.739
0.811
0.876
0.938
1.007
1.065
l.124
1.183
l.244
1.301

2.581
2.289

1.766
1.576
1.417

2.160
2.104
2.519
34137
%.187
3.973
4,712
5.316
5847
64561

Y.10~°

6.390

6.5006
6.665
6.892
T.124

2

11.184
9.997
9.199
8.575
7.857
T.425
7.020
6.625

6254

5.949

X.10™2

1,336
1.363
1.410
1.463
1.517

and K, = 2.69 x 102

2,487
2.237
2.046
1.889
1.737
1.623
1.520
1.425
1.339
1.265

Meen K1== 4,16 x 102 end Kp=1.68 x 10°

81



TABLZIE XIIT

Run 3.

va.10° 1:2.10° 4] 107 pE
2.674 '9.802 4.012 8.972
2.674 9.801 4,058 9.001
2.674 9.801 4.104 9.031
2.674 9.799 £.197 9.090
2,673 9.798 4.290 9.152
Run 4.

2.503 8.662 3.803 9,057
2.501 9441 3.800 9.029
2,500 9.701 3.799 9.019
2,499 9.961 3.798 9.009
2.499 10.220 3,797 9.002

2.497 10.738 3.794 8.984



(4] .10%

9.055
9.711
9.59%
10.127
10.684

3806

(6]

9.038
9.111
9.156
9.259
9.356

sverage K, from runs 1, 2, 3,

mean K1= 4.1% x 10

mean Kl=

7.763 8,161
84345 7.948
8.751 . 74693
9.754 7.269
10.5%6 6.843

2

5.708 . 7.205
5.495 7.682
5.413 7.836
54499 8.044
5.189 8.125
5.232 8.498

2

and K2=l.96 x 10

X.107

1.781

Ll.721
1.661
1.555
1.456

2

1.615
1.756
1.775
1.820
1.853
1.939

5.91 x 10° and Kp=2.28 x 10°.

= £.05(£.10).10°

Average K2 from runs 1, 2, 3, 4 = 2.15(1.33).102

>
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TABLE XIV

Ky and Kp Values for Alkalinc Darth-N-ilethyliminodiacetate

complexes at 25°C. and Ionic strength, O.1.

Mg - Ca Sr Ba
3,02 x10°  7.08 x 10° 9.04 x 102 4,05 x 10°

2.25 x102  5.19 x 10° 6.30 x 105 2.15 x 10°

1547



TA3L L XV

Determination of Ky Ior Magnesium Glycinate

Rua 1.

92.10° m.107 ] 103 pE
9.698 3,312 4.306 94550
9.707 3.315 3.902 9.475
9.717 3.319 3.495 9.400
9.727 3,322 2.881 . 9.275
Run 2.

92.10° .10 [x4] 107 pH
15,157 15,090 5.739 94431
15.142 5.085 6.143 9.480

15.127 5.080 6.545 9.528



2.528
2.304
2.099
1.751

liean Kl= 2.26 x 10

5.068
5.381
5.692

E.zozz*] .10°
1.970
1.670
1.400
1.100

1

[ront] .10
2.30
2.50
2.80

iieen K== 1.90 x 10%

¥.107°

1.196
1.328
1.487
1.818

X.10~2

0.905
00843
0.788

37

¥.1077
1.684
1.570
1.456



10.230
10.220
10.210
10.194
10.164

Tn.10”

10.257
10.221
10.211
10.201
10.190
10.175
10.145

)it

19.090

g.221
9.297
9.371
9.443
9.543
9.742



£.074 2.20 2.464(2.47) 6.130(6.24)
5.000 2.90 1.966(1.98) 5.051(5.15)
5.269 5.51 1.740(1.75) 4.589(4.79)
6.170 4.10 1.546(1.56) 4.109(4.27)
6.71S 4.80 1.397(1.41) 3.802(%3.98)
T.474 5.90 1.223(1.24) 3.513(3.74)
8.860 9.10 0.973(0.99) 5.010(3.40)

(Brackets include X and Y data before correction for LEOH*‘.)
liean K1 = 2.07 x 101,

Average Kq from runs 1, 2, ’3’=2.08(t0.16).101
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The alkaline earth metal cations were designated
"Class A" wLetal ilons according to the classification of

- . o1 s
chwarzenbacih . In This group are included the cations

S
for wnlch purely clectiroctatic bonding predominates. The

assoclation constants of complexces formed witn these umetal
ions will be expected to increase with decreasing cationic
size. fdowever, since the radii of the hydrated ions,T 0’
way decrease Ifor a particular series as the crystallographic

£
3
-

redius, Topygt +» iucreases, the trends in K for a given

series oi cations may be in aifferent directions with

[}

different ligands. Irrezularities will be expected
depending on the extent of hydration of the complex or
ion-pair’~, Values of Kggg- for the alkaline earth uetal

53

ion complexes of the weakly associa

L

ting lodates, intreates,
sulphates and thiosulphates increase as rh_increases but vith
&

strongly associating ligands such as, oxalate, malonate,

clycinate and aspartate, Kggs. increases as Toryste increases.

In the case of the inorganic oxy-aclid ligands, the measured
vaelues are undoubtedly related to the radil of tThe hyarated

1G not the bare cations whereas wita the orgenic ligands

g
fol)

the couloubic forces of assoclation are strong enough for
then to co-ordinate directly with the cation.

I+ is secn in the present work that the association
constants do not follow the eclecirostatic potential of Th

cation for N-HIDA. This <rend is also found with other

91
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uultidenvate aninopolycarboxylate ions. It is not poscible
To decide whetner this benaviour can e a‘cﬁributed to
differ cices 1n hydration without consildering the addlitional
therpodynemic nropcriies, To this end, A and AS values
for +the foruation of the alkaline earth complexes of N-IIDA

&'

and glycine have been obtained in the following section.



PART III

Caloriuevric Heats of Foruaiion of Alkoline Zerth-i’— IDA

and Glveinete Counplexes




CATORIMITRY

The great intercest in the axinocordoxylate ions
lics in tThelr ability to form very stable comvplexcs with

& wice variety of metal ioas. Ynis has regulted 1n taeir

&}

freguent use as analytical recagents for the determination

T oL

of metval i1ons in soluvion. wucn of the work, stlmulated
0y tae application of the ligend-field theory, has been
done with the transition metal complexcs, particularly with
the =DTA molecule, whereas thae alikaline earth catioas have
reccived less attention. The latter form a particularly
suitable serics for stuly and, if the vondiny were vurely
electrostatic, the order of svability would be cxpected

to follow the inverse order of ionic radil. It has been
shown in the vrevious sectvion tuav this is oftea not the

case, the stability of the magnesium couplex being

anomalously low for a number of aminopolycarboxylate ligands.

ial

To gain a greater insignt into facto

H
O]
o
Hy
L)
(o]
Q
ot
[
in
(08}
ct
:)
[¢))
®
Q
<
l.-
|

-

librium it is necessary to odtain aeal and entropy data for
the formation of these complexes in solution.
liany ettespts have been made To calculate AH form
the variation in equilibrium constants with teuperature.
The variation can ve descrived by an equation of the form,
log XK= a + bT + oT2 cesesey
in which the parémetefs a, b anda ¢ can be cbitained by

substituting values of K at three teumperatures and soiving

94



turee simultaneous eguations. Values of AH can then be
calculeted by differentiating log K with respect to teun-

eraiure anud while these values can be rell

)

(B

ble 1f a lar

enoush tewmperature renge is covered the accuracy obtained by
54,55

E o

=s Ireguently very poor

<

thls wetno

Hos)

There ere, trere-
fore, cbvious advaniages in uzeasuring The heats of connlex

- a

formetion by a direct caloriuetric method

o -

A nuaber of ca_crineters have been developed Zor wne
weasuresent of heavs of solution and heats of complex form-

ation. most of them are of tThe constant enviromment itype,

(el

the “Temperature of which is controlled such thet & measure
thermodynamic property can be-essigned to This teupcreiure.
A calorimeter, whose deslgn has become the stand
for many subseguent instruments was developed by Pitzer5
for sensitive measurecments at low counceatrations of reaciasnis.
Tris calorimeter had a cowver resistance thermouneter (~ 100-1)
incorporated as one aru of a D.C. Wheatstone bricge. The

calorimeter was kept at constent teugerature in & water

bath. The internal heating ele.ent coasisted of inculated
copper wire protected by a tiin silver sheath. An c¢lectronie

timer was used to recurd the duration of the aneaving currcats
to 1/200 of a second. dixing was effected by urealiing a

glass phial on the blade of a rotary stirrer, cana tempderature
cnanges of 3 x 10'4OC. could be detected. A calorizeter of
similar design has been used in recent worx by Staveley57 in

which the mixing device was a glass Dbottle with ground glass



r'.

(o]

stop.ers 1op and bottom. Both gstoppers could be release
a1t tae se..e tine, A te;pofatxre<sensitiVity of 5 = 10-27°C.
wags reported for wTunis calorimeter.

Lenge and Robinson?® in 931 swTudliec neats o
ailution with a gysvew of twin adiabetic celoriwciers in an

tThenpt vo eliminate citernel disturbances, vio gyui.etrically
ccastrucield calorimeter vesscls vwere vlacea vnder cimiler
condivions in a thernally homogenedus wedlunm, whncreby any
renaining thermal disturbances betwecn outside and incide were
duplicated in both vessels. The siall zeat cifects accoupany-—
the reaction were'then procuced in one of tae caloriieters
ene the tewperature differences before and after tae reaction
» “ :

were measured as accurately as ..ossible. Zach calorimeter
conta.ned a section of a 1,500 juntion thermépile cad the
reat change was derived frow the cuange of e.m.l. with time,

Lore recently automatic recording oi teupcrature

.

changes heve been introduced and. ca metric work nhas been
‘ 59 "0.
resorted by Cobble ang Lzati in walcn the ocutuut fracn a

D.C. Wheatstone bridge wac aplified and fed to a cnart recorder.

oy

hl [P -
Jle ariu Lévne

-

Thermis.ors have veen develo,cd wilch are very sta

a large temperature coefficient of recigstence cnc Taese have
. 60,61
been inoorporated into & nunber of caloriueters 777,

In the _resent work, a puir of twin adiabatic
calorimeters are described in walch vhermistors werc euployed
as tiie sensing elexzentis. Us-n; these calorimeters, neats of
foruation of alkaline earth k-uwetayliminodiacetates and [lycinates

Lave been determined.
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ADDCITOTAC S

Tne Gifferential thernistor calorimesers arc chova in
and Plate I
£ 1 of

Pipure l?x They consisted of two gilivered Dewar Iflasxs, L,

500 wl. cepacitly, cemented into brass cmiainers, 3. Tre

rubber O0-rings, C, vetween Uhc tops of these contolners oad

7

the screwed-dovn lids, D, casurcd a woter-tight seol. To
acihleve efflcient tieruzal insulation, a solid cylindrical
tefion bung, =, 4 ci. in length, was cenented tTo the uncerside
of eacn 1id. Four noles in the 1id of each Dewar acconmodated
a platinum:wir heater, of mown resistaace, £, a vivro-stirrer
diephragm, G, a thermistor, H, and a nixing device, I. In

o oo

orGer o reduce to a minimum zany heating effects

(@)
&)
<
]
(o]
o,
2
e

uncgual stirring, both stirring rods were driven frorn the
tatory motor, (Vibro-.ischer, i.eccrs. Shnendon and

Co. Ltd., Ingland) by means of a svecially decigned chuck, J.

The bress COHE&LP@”" werc bolt

immersed in a thermostat &v 25
The nheater design is shown in Figure 14. 17 cuasisted

of a hollow pyrex gleasc tube, 4, 1 cm. in diaieter anli € cu.

in length atiacned vo a similar tube, B, 0.7 ci. in ditl.cter

cnd 12 cm. in lengin. The wicer tube was clused &t thie bottom

) -
M ~ 117

ené excep’t for a small hele, C, through which Tae plavinu
heating wire, D, (42 s.w.5.) woes led. The wire wos taen
wound round this tube and passed through another siall nole, C,
near the junction of the tubes. At both holes, crnemciled
opper lead wires, E, werec attached to vhe platinum, seacled

in The holes 2nd led outv of the calcrimeter throuli tne norrov

tube. The heating wire was insalatcd Yy pMLrLLng witn &
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PLATE I









suscension of araldlite in etnonol.

Tue heating circuit was similer to thet of 71%20256,
aad Ls shown ln Figure 15. A veriable resistancc, &, WLs
used o regulate toae curreat wiiich was meeasurcd by deternining
the voltagse Aroy across & sianderd 1 onn resistonce, D, usiag
a Canbridge slide-wire potentiocucter. By wmeans oi a aumny
regisvance, C, equal <o Thav of tne neater, B, the 12 vol%d
battery was allowed to settle dowan vo minimise fluciuations
in Tae currcnt tarough the ncater during heating periods.

The mixing device is shown in Flgure 16. It consistved
of a glass tube of woout 5 rml. capacity, A, walch could be

sezled at Dbo

discs, .
C, which wer
supporting t

The mixing G

on the aylon

3

C
(.a

f'\

erature coef

th ends by rubdber bungis cewented on 10 perspex
The perspex discs were &atiached o nylon ihreads,
e led out of tue calorimeter Tarough tihe glass
upe, D. During en experinent, the contents of

evice could be empiied invto the Dewer by pulling

P JApiy n
cAreacsS.

of matched thermisvors, H, in Fi-ure i3,
voe F 15 1P) of resistance 100,002 ohms, (Zewmp-

ficient of resic

sensing elcuents. These were incorporated in the two &arus
of a Wheatstone bridge, as showa in Iigure 17, the ovther two

armis of simi
voteaviomnete
TWO

. -~ o
uweernsc oL

the Helipots

ler resistance, being high quality helipot
1S, Capacity effects werc valanced outv Dy

5-50pF. Lc condensers in garailel with
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Yne bridge was canergised by a stabilised L volt a.c.
signel of freguency 800 c.o.s. ‘he out-of-balance signal ves
anpliried by means of a hizh C“LA &.c. anglifier incorporating

& phaese cpnsoious synclhronous detector and the output was

rectified end fed to a.d.c. amplifier coupled toal L.v. fasi-

response chrart record A Dlocik alaprawm of the circult is
snovm in Pigure 17. Tne seaxsitivivy of the bridge could be
veried by means of an awjustable gain conorol. Lo west the

limearity of the recorded signal, cluse itolerance 100,000 onm
resistors togetner with a high quelivy variablc resigiur was
suvsilitated in place of the thermistors, and Pigure 18 shows

tyoical plot of outvut signal versus resistance change.

-

)

Over vhe range studied, the output was proporvional To the
resistance aifference between the wwo arms of the bricdgce and
50 the signal could be used ag & direct meacure of the vTemd-

eratare Gliffercnce hetween Tie calorimeters. "ie noise

level was sufficiently low To enable tewperature differences
~50 . _7 . L.
of 10 2 C., corresponding vo 3 = 10 7/ cclories to be detected.

The calorimeters were placed in a large vater Iillcd

. CPRY Kt e S - b} KN o+, b . A A e -
thermostat which was melntained at 2 *5.01°%. 0y means OF

a large capaclty mercury-ioluene regulator in conjunciicn
with a Sunvic progoriionatving head. The heating eledent was
a 250 watv bulb. & cooling coll was included in the sy sen
througn which a slow flow of cold watcr was maintained.

The current was tised by manually operating & Pye

- ot

) o - EERTRINPUNE PN
stop-clock which was shovm 1o be accurate o within —J.1j0
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when the heating circult was cesligned such thot en eleeuric
timer , (COricson Interval Yimer), was synchronised with the

heater on-off switch.

06



wxperimental Procedure

Zqual volumes of solution, 300 ml. at 25°C., were

wavroauced into both calorimeters. The solutions were

o == s P o ol l a4 T A Y e L T . -~ - 1 Fal ~~Y
Svarlred zoxr av leastv two mours in Tae tnermostet before each
run To ensure equilibration. when a steady chenge of e.i.f.
was established, represeanted Ly stralght lines on the chart,
heat was invtroduced by switching the heater into the circuit.
current wes passeld through the heater for about 60 seconds.

The voliage drop across the standard lflresistance gave =z

oy

N

irect measure of the heating current. after the heater had

©s -

been switched off and vhe e.m.f. had setiled down to another
sveady rate of ohange-the mixihg device was opened. A
rapid chenge of e.n.f. was observed at This point reflecting
the rate of the reaction and when the change in e.m.f. 2ad
once again become steady, the water equivalent was again
determined by heating electrically.

Calibration of Calorimeters

There are a number of chemical reactions with well
authenticated heat changes wnlch have been used To checki The

calibration of solution calorimeters. Auong the most comnmon
.
- o . ] . . oz o .02
are (1) +the heat of solution of crystalline potassium czloride ",
(2) the heat of reaction of tris-(hydroxymethyl )-amino-nethane

o

with hydrochloric acid6) and (3) +the neat of ionisation of

oter56s 60, 64, 65, 66, 67

The neat of ionisation of watcr was used to tcot Tae

sensitivicy of the calorimeters. The classical wmethod of



4t
(@]

be o

determining AH for the reaction, .

= -
ot + 0OH ? H2O e e e et e e e e e s e e ( L1 )

i1s to measurc the heat of neutralisation of a sirong acid with

a strong base end values in the literature refer to a variety

of ionic strengths and temperatures. Rossini64 ana Pitzer56
corrected these values to zero ionic strength and 2500. and

recent esvimations were carried out at low ionic strength with
2 refined correction for heat of dilution68. It has been
shown6o that the AHy value is independent of the salt formed
in the aclid base reaction, an identical result having been
obtained with hydrochloric and perchloric acids.

Sodium hydroxide solutions were sez.ed in ihe mixing
device and the experiwental heat change when this was sized
with dilute acid solution in the caloriueters was Leasured.

A stolichiometric excess of base was used to avold any heat

effects from the neutralisation of carbonate in tne base.

Determination of the Hects of Complex Formation.

For measurement of the neat of complex foruction e

Dewars contained solutions of the uietal salt. m=rethylimino-
diacetic acid was accurately weighed into the mixing device
end this was dissolved 1n sufficient potassium hydroxide
solution to convert the acid to its di-anionic form, & .

In the case of the glycine a stock sclution of The potassiuu

sult of the anion was prepared anc the required voluie of

this solution was pipetted into the mixing device. £11

()



solutiions added to the calorimeters or mixing devices werc

iransicerred under en atmcsphere of nitrogen. vhe heat oF

69

dilution of the uetal solutions was assumed To be zero -,
but it was necessary 1o determine the heats of dilution of
the solutions containing the potassium salts of the lirands
for each run. This was done by uneasuring the heat obiained
on mixing the sawe volune of potassium salt of the li;and
into a solution of the same ionic strength as that of ine
meval solution, but without Tthe wetal present. The pxd of
all solutions were weasured at the end of each run using a

-

Beckman Research pH meter.



Hesults

Results of thé calibration exgerinments arec
table XVI. The mean of the values is comparable to tnose
ob*ﬂlnod by -other workers whose resulis are summarised in
table XVII. From heats of formation of water at =zn ionic
strength of 0.1, AHp, the thermodynamic heat of formation,
Ay, was derived from the equation’O,

DHo = AIII ¥ 2.303 872 3(1¢ 1) 1og £12,—mm—mmmm (22)
Dam t '

in which the wvalues of D, the dielectric constent of watcr,

71

P
3\?]
18

b

were those of Akerlof

f an eppreciable excess of metal ion was usea in the
experiments with N-MIDA coiditions cculd be chosen such that
only tne 1l:1 complex, kA, was forued. Thc concentiravions of

ionic species were calculated from the guadratic equaiion,
2 [ 2 Il o
E&z‘] EKl(l- + Léf;j) 4 [‘"‘]6‘ + Egg + Kl(Tm - Ta)}:fa, ————————— (4%)
=2 Lo .

derived from equations for totel acid,

=[] o+ [22] o+ [aeemeee e (42)
total metal

wo= (2 o+ [ “- - (43)

ko for %the acid, equation (21), cnd Ky for the conplex,

equation (29). For these solutions in which the wetal idn

concentration was higa | 110HY was formed in exverimente involving
nagnesium and calcium ions. iiodifying equation (44) to include
a teram in [:m0h+ and mmowing the association constent for L.OHY

couation (40), for this ion The gquadratic equation,



22, (- 1
[A ] Zml(ﬂ + k2 % + [Az ]{1:21&1(% - T2) 4 [_*] (1 4 1 [0 %

+ k2(1 - kp [ozz-]) = Ta.kp(l 4 kp.[ou"] Jommmmem (£6)

was derlved and solved for A” from which the concentrationg
14 be cderived.

In solutions in which two comuvlexes, LA and ;AZZ',
existed fogether, a cublc expression aerived from eguatioas

(21),(26), (27),(29),(30),

2 T {h Kol + ﬂ)g [2F EK K (2T~ 7a) 4 K3 (1 + g%
+ A2]Kl(m - Ta) + 1 +%+ :

resulted. The concentrations of specles were obtained by

solving this.equation. Results of these calculations for

N-liIDA are given in tables (XVIIT-XX11l) and for similer

calculations for glycine in tables XXIV snd XXV. A 7044

"Fortran'! computer was grograumed for carrying out thnese

calculations.

Evaluation of heat Chnenges

The iethod used for the eveluatipn of water equivalents

) LS o 2 =
and the heats of formation wag that of Hluel7 In Pilgure 19,

o water eguivalent determination, chart reading ls plotied
azainst time. This was divided into three periods, the

interior, the Lxperimental and the Rating periods. The first

reading was designated 8, at time To, and at Ty, waiere the
reading was ©i, the heater, was switched on. The rate of

cnenge, Va, was given by (8o - ©1)/(Ti = Ty)divs. t~+ and



}—
[
no

average reading in this period was 853 #(8p + €1 )dive.  The

heat chenge was given by a change in chert recading Irom &5 U0

1

B¢, where 8¢ merks the coummcncenent of the Rating period and

€4 1ts terminatvion, the corresponding times Lelng Te and R

g
2

The rate of change, Vp, and tnhe average reading 9, ia this
period were given by (8e - 61)/(01 - Tg)dive. =1 and L(6e + 61)
Givs. respectively. - |

The Reynault-Pfazundler formula was then epuwlied ©o

£}

correct the experimental heat change for aay variation in

sloves of the Anterior and Rating perilods. Tne correcvion

avpliecd to (&g — ©1)divs. was

m. =1
- ie
Se =T,V + (V. - Vg )/(8, - Ga).g"(ee + 61) +2_6 =18,
. - I3

and the corrected heat change was given by,

08 = (56 + 8¢ ~ 85 )divs.
Lultiplicetion of A® divs. by the water egquivalent (in cals/-
chart div.) gave the exwerinmental heal change, -Q cels.

The measured heat change, Q, was expressed by,

Q= Q'+ (@) +a@) + al3) s (43)
where Ql was the contribution frow the heat of complex fortatidn,
q(l), the heat of dilution of tne potvassium salt of <the acid,
q(2), the heat due to foruain.n of water and q(3), the heatl
contribution from changes in the ligand/ proton eguilibriuam.

The value of q(l) was obtained from a blenk run carried out
for each exyeriment.

Knowing the pH of the blenk solutions, dily, concenvrifgions
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of wne ccid speciles [Az‘-‘} B aid [uAi] B . for N-LIDA and [C’—_]
anaG [Hé]B for glycine were calculated frow the dissocisilon
cuigtants for the acids, egquations (21) and (35) rec. citively,
and from the xpression for toval acid, equation (22). The
corresponding concentrations in the uwetval comslexing ewperiuents
were celculated vy the method described previously. deat
contrioutions, q(3) were evaluated. from the appropriate heats

of orotonation,

2

AT ot = HA™, AHAss.= - 6.8 k.cal.mole_l .

for N-{IDA and,
¢” + H' = HG, AHpg5, = - 10.80 k.cals.mole ~ .

for glycine. .
The heat contribution, q(2), was calculated fronw PHp

and pHp (the pH of the solution containing tae complex) using

a value 13.36 k.cal.mole—l recommended by Staveley5/, for whe

heat of formation of water.
With a lmowledge of q(1), q(2) and g(3) the experimeantel

heat due to complex formaiion, Ql, was calculated fro: equation

(47). The heat of complex formation,'AHj k.cal.mole‘l, vies

then calculated for an ionic streagth of O.1. In cases viaere
coth LA and MA,, were present, theAHy and AHp were oblzined

by solving simultaneous‘equations. The enthalpy of
of HgOH* hed not been previously detcimined but froz a consgider-

ation of the values for Ca, Sr and Bal2 and a imowledse of th

P

trends shown by other anions with these metals a valuc of 2.3

b

k.cal.mojl.e.":L was assumed in order to egvimate tie oSuadll

75

currectlons required.  Glublett ond [onk 's'” value of 1.25
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}:.cal.mole_l. for vhe cnthalpy of furmation of Ceont v
used vo make corrections in experiments in wnlich tolgs ion-
pair was formed.

Results of thesc calculations for H-NIDA cre [Aven
in tables (XVIII-XXIII) and for glycine in tables XXIV cad

XXV,
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TABL=® XVI

Calorineter 1.

;gl. ﬁk.gal.%ole-l.) fiiii. /géggl.mole—l.)
5.47 13.10 78 1%.06
5.56 13.31 38 1%5.27
5.57 1%.34 %6 1%.30
4233 13.8% 3% 13.80
5.54 13.27 36 13.23

Mean AHy = 13.33 * 0.19 E.cal.mole T,

Calorimeter 2.

gagl.z | (k.;g§¥mole’l.) Sfii. zﬁfgal.xole‘l)
4.5 ©13.25 ' 52 13.23 '
4.28 13.68 53 13.62
4.12 13.12 . 32 13.06
5.57 13.34 36 15.350
5.60 15.40 36 12.36

-1
Hean-AH,= 13.32% 0.14 k.cal.mole .



Reaction

IC1l 4 NalIl
HCl 4+ WalH
HCLl + Nald
HC1l + NaOH
1C1l0,4 + NaOH
30104 + NaOH
HC1L + NaOH
HClO4 + NaOl

TABLE XVII

Heat of Ionisation of

Weter

-Allo

l.)

(k.cal.mole”

13.763
13.320
15.336

This wo

Tk,
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TABL I XVIIT

ideat of Formation of the larmesium li-licthyliminodiccritotc

Comnlex, NA.

2un .10 Te.l0” on  [ig) 2107
1 2,756 3.159  9.628  3.070 1.883
2 2.758 3.154  9.619 . 3.065 1.849
3 2.758 3.154  9.654  3.068 2.004
4 1.931 3.161  9.757  3.046 1.688
5 1.9%51 3.159  9.806  3.050 1.890
6 1.951 3,161 9.671  3.03%6 1.390

Ser QY (on. -Q ~Qt G
Run (ml.) (units unit=+) cal.) (cal.) mole—l
1 300 15.60  .153 —2.392  =2.937  2.87
2 300 ~9.55 .226 -2.185 -2.759 2.70
3 300 12.25  .188 ~2.303  -2.874  2.81
. 300 10.90  .210 —2.292 . -2.83%  2.79
5 300 12.70 195 ° -2.470  =2.959 2.91
6 300 . 10.70  .220 -2.357  =3.026  2.99

wean DI = 2.85i.08 k.cal.mole™",
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TAB3L% XIX -

Zeat of Formation of the Calcium H-lethyliminodiccesete

Comolex, I:A

Run 7,102 75,107 pH u4) 107
1 1.973 2.508 9.777 2.767
2 1.9753 2.802 9.329 2.728
3 1.973 3,156 9.878 5.11%
4 1.480 3.159 9.874 5.101
5 1.973 3,150 9.878 3.106
6 1.480 3,152 $.958 3.095
7 1.973 3,152  9.861 3.108

ot A® @l -0l
Run (nl.) (units) unit ") (cal.) (c2l.)
1 300 8.50 161 1.372 0.929 ~1.12
2 300 6.00 157 0.939 0.856 ~1.05
3 300 9.05 .166 1.504 1.267 ~1.36
4 300 6.55 .197 1.288 1.0%3 ~1.11
5 500 15.35 .102 1.56 1.219 ~1.31
6 300 14.75 .103 1.512 1.239 ~1.33
7 300 15.33 .101 1.345 1.088 ~1.05

lean AFp = -1.19¥ .12 x.cal.moie™t.



2TABILE

vy

I

deat of Formation of the Strontium N-illethyliminodisacctate

2y

(SN R e e

3.289
2.000
2.000
2.000
2.000

Total
Vol.
(ml.)

300

heanl)Hi == —.83t.06 k.cal.mole .

Complex, LA

Ta,10”

2,963
2.981
%.019
5.019

A©
(units)

11.80
11.50
9.10
9.00
7.80
8.25

“g.E.
cal.
unit=t)

.100
.104
.0938
.105
.105
111

1

2.777
2.784
24749
2.750
2.748
2.754
G G
1.135 .3%3
1.195 . 789
0.395 664
0.941 . 722
0.815 570
0.916 <117



TABL S

T

Heat of Tormalion of the Barium if-rethyliminodisacciotie

Run

| $2 BN S S g [

o

j2g)
<
VB

[ 2NN &2 BN SR WY N l-——’.l

.10

2.000
2.000
2.667
2.667
2.667
2.667

Total

.Vol.

(nl.)
300
300
300
300
300
300

Lean AH = -1.06%0.10 k.cal.mole ™.

Comnlex, IA.

3,019 10.171
5.024 S.991
%.016 10.0382
%.016 10.150
5,022 10.23%1
3.019 10.104
8B (cai.
(Units)  wniitl)
11.03 075
8.00 .106
5.75 .126
6.55 .125
6.45 148
6.70 145

-Q
(cal.)

953
974

1

12

—Ql AE;CQW
(cél.) ngie:I:)
0.841  -1.10
0.739 -1.05
0.618 -0.78
0.548 -1.07
0.954  -1.23
0.909 -1.15



TADLZEZ XMIT

ifteav of Tormation of the 1:2 o nesium s-itetnylininoaicccioic

Complex, MA22"

Ren  Te.107  Ta.20?  pE [us]10? [:252] .10°
1 2.758 8.277 10.763  1.362 1.262
2 2.758 8.286  10.737 . 1.384 1.260
3 3.310 8.279 10.736  1.768 1.370
4 2.758 8.274 10.684  1.385 1.259
5 5.510 8.288 10.665  1.769 1.369
Total W.E. i 1%y
Vol. AN _9 (cz;.l.,_l -Q. -Q- -( k. CEI .
Pun (ml.) (units units™")  (cal.) (cal.) mole™™.)
1 300 33.45 .090  —3.024 =876 2.31
2 300 27.80 087  ~2.699 ~313  2.15
3 300 17.90 150 —-2.692  -.747  1.82
4 300 19.95 .145 ~2.89% =1.013  2.68
5 300 17.70 .146 ~2.582  -.805  1.96
+ 1

iiean OHp = 2.18-.27 k.cal.mole .



TABLE XXIIT
licat of Formation of the 1:2 Culcium N-iethyliminodiccetaic

.- o

Complex, iAo

un T 107 Ta,10”

pE [i24] 0% [2,2-] 207
1 2.960 8.272  10.655 9.7717 1.938
2 2.960 8.273 10.660, 9.839 1.971
5 5552 8.290 10.590 1%.720 2.099
4 3.552 8.272 10.598 13.750 2.096
5 2.565 8.279 10.670 T.721 1.76%
6 3.552 8.276 10.613 13.720 2.100
7 2.565  8.270 10.662  7.739 1.761
Total .. ~ . AE:
vol. A 9 (091 1 - -0~ (L .ccl.
Run (ml.) (units) wits™)  (cal.) (cal.) mole’x.)
1 300 12.10 124 1.505 1.465 -2.52
2 300 9.65 .127% 1.190 1.184 —2.04
3 00 12.80 124 1.582 1.1726 -1.81
4 300 11.60 123 0.396 0.972 —1.55
5 300 8.80 .122 1.074 1.060 —2.00
.6 300 11.65 . .l28 1.488 1.185 —-1.88
7

300 7.70 .128 0.986 0.916 -1.73

lean NHy = -1.93%.22 k.cal.mole™
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PTABLE XXIV

Run Tr.10° 5,107 pi

1 1.695  3.752 10.172

2 1.017 %.752 10.520

3 0.509 3.752 10.395

L 2.758 %.000 10.1%4

5 1.379 5.000 10.235
Total W.IE,
Vol. S (cal.

tun (21.) (vaits) wnit=L.)

1 300 3.55 103

2 300 1.73 234

3 300 2e44 .098

4 00 8.50 103

5 300 4.50 .106

lean Aﬁi —

et 20%

of Tormation of the :arnesium Glycinate Comnlcx,_uG+

7.07%X0.27 k.cal.mole”

1

7.189
4.933
2.699
8.233
5,024
(oer.) (Zgi.)
~0.359 =1.737
~0.419 -1.145
~0.239 =0.694
~0.876 =1.847
~0.479 -1.146



TAB

LE X

XV

Heat of Pormation of the Calcium vlycinate Comnlex, LG+

Run  Tm.10°  Ta.10” pi
1 1.973 3.000  10.400 3,800
2 1.973 5.000  10.410 3,804
3 1.973 3.000  10.406 3.800
4 2.960 3.000  10.35% 5.280
rota Wewa
Vol. iy (cal. -Q
Pun (ml.) (units) unit=t) (cal.)
1 300 3.30 069  -0.229
2 300 1.40 .10% -0.145
3 300 2.00 .103 ~.207
4 300 0.80 .103 -.083
1 k.caﬁL.mole"l

lean AHI = 1.25-0.64

[ont] .10

5,430
2.590
5.540
7.380
—it (135&1.
(cal.) mole~t.)
-.947 2.31
-.542 0.72
-.623 1.46
-.362 0.51
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DISCUSSION

The thermodynemic functions for the 1l:1 allzlirc
carth complexes with N-methyliminodiacetic acid and glycinc
ere given in table (XXVI). Since this work was done,
calorimetric results have been published by Andere““76 at
20°C. for a number of HN-iIDA complexes. The values are
civen in brackets in “able (XAVI) and the greecment, in
most cases, witn the present work is seen 1o be satisfactory.
The table also includes values for iminodiacetic aoiérénd
ritrilotriacetic acid’8 and, in order to facilitate
comparisons, the data are plotted as a function of atouic
number in Figure (20).

The entroby‘éhange accompanying vthe reaction,

H(HRO )2+ A(H0)y%” = 1A(1~I20)Z + (5=y=2 )00 e (29)

can be considered to be made up of two perts, a decreacse in

entrony due to the recduction of the number of solute ciyecles

in solution and en increase due to vhe greatcr mopility of

solvent molecules brought sbout by charge neutralisziion.

Prank and Evans79 have suggested that ions in soluiion

orientate the water molecules around them so as to forn an
effective "iceberg", the process being similar to partial

freezing of the ligquid. The removal of ions from the soluvion,

as in the process of compléx formation, will lezad to & break-

down of this structure and a resulting positive entropy chauce,



Inermodynomic Functions for letal Comolex Forugtion.

TABLYILE XXVI

Reaction

o)
17 r‘.‘-+
Lub

calt

nget

Mg

HIDAS™

LIDAST

LIDAST

LIDAS™

gly

It,cal.m

G'.
Aole'l)

4.78 (4.62)

5.25 (5.03)
4.02 (3.82)
3.56  (3.47)

1.80
1.31

3.94
347
2.99
2.24

7.25
8.60
6.68
6.44

AH

(z.cal..ole™t)

4+2.85 (43.12)
-1.19 (~-1.64)
-0.83 (-1.23)
-1.06 (-0.79)

+7.07
+1.25

+2.94
+0.30
4+0.10
+0.10

$4 44
~1.36
~0.54
~1.44

vy

12.6 (11.38)
10.7 (8.85)
8.4 (9.17)
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ne
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AS, favouring the reaction. vince whe cnirony cffect will
oe related to the ionic charges and the degrece of nydration ;
of the ions, a large positive AS will be expected in reactions
involving metal ions with low hydration cniropies which
undergo efficient charge ncutralisation in forming complezcs.
Tne entropy change accompanying the ion association

reaction (49),

AS = SO(MA) -8O(ut) -s50(ac-), (50)

\ ~0 )
where o is vThe svandard agueous entropy of the species

nclosed in braclkets, can be wriiten as a sum of aydration,
AShyd, and gas phase, Sg, entroples, resulting in <he

~

equation,

AS + SO(Mz"') = Sg<I\IA) - Sg(Az")] + [jAShyd(I.lA) —Ashyd(AZ—) ——(51
- _ “ II

Values of 45 + S°(e) are given in table XXVII for the
complexes involving H-:IDA and glycine at 25°C. and for all
the other aminocarboxyléte complexes for which accurate
calorimetrié data are available. for The most paryv the
latter have been obtained from calorimetric measurements a
20°C. but the temperature difference between 20 and 259C.

will not affect the following arganents.



T 45D o XIVII

Velues of A@ + S (“¢+) for 1:1 Metel Aminocerborylzie
‘ uOhat—).v.C:{eu
ctel Ton LIDE  gIvc.  IoAll Tpasc0,8L e 7O
M32+ -2.6  41.6 —4.7 2.3 11.6
calt +0.4  —4.61  -0.5 15.4 11.5
Spo+ +1.3 1.1 16.2 11.5

Bl Fllod 11.0 21.7 20.1

(51), werm I reflects The change in
oonfig“rétional and ii“rational‘entropy of tue ligeand
molecule when it enters into cowmplex Lformation. The
tronslational component of this term will be szell, and,
since the ligand loses some of its mobility, in forming a
more rigid complex, term I will be expected 1o be ncezative.
Ter:m II on %he other hand will be positive ulnce‘ApmJQ(f2‘)
will be more negative ﬂmnlAShyd(MA) in which <thie charge nas
been neuvralised. For a series of'complex formation
reactions involving the sane ligand, Sg(HA) will nov vary
appreciably so that AS + SO(M2+) will reflect the hyaration
entvropies of the complexes. The absence of any large
diffcrences in the values of AS 4 SO(U 2%y for negnesiui,

Tucture Ifox

cl

calcium and stroatium, indicavtes a sin ilar s
thelr complexes. A coumon feavuire of tThe data, however,

ig the relatively high AS + SO(:2+) values for the barium
complexes. The large barium ion has a suall charge acusity

-

end will Toad less effectively to fhe ligonc thus ailowing

oV Y

“re ladter to retain some oX its librationcl cnirony in e



compleX., Consequently, ternm I will be sucller Thon for
couplexes involving other wctal iong. In addivion ke
barium ion in its complexes might be eAicctea to relaln

L1

some of The structure of the free iom due to The incoility

the ligand to completely surround the large metcl ion.
ILf this is the case the SO of the complex will be scimilar to
Tae So for <he Ba2+ ion wiilch is relatively high.

Where AS ¢ SO(M2+) has large positive values,
Tterm I1I is more important: This is scen To be tThe casc
with ethy¢enediaminetetra-acetic acid (EDTA) and
nitrilotriacetic acid (NT4A) where the high charged aniong,
A@.or 3?" respectively, have very small hydration eatronies
compared‘maAShyd(MA) since a large degrec of chargc
neutralisation will have occurred in forming the coudlei.
In wost of the other cases in table XXVII terms I ana 11
are about equally important.
Since the divalent alkeline earth ions have inert

gas electronic configurations they will be expected 1o
form essentilally ionic bonds in their complexes wivth ligands,
Tnere 1s soue evidence45, novever, which suggesvs that a
certain degree of covalency is prescent, especially in bounds
between nitrogen and the magnesium lon. It igc clear Zrom
the W.i.R. evidence, presented in Part I, thav the mogacesium
znd calcium ions bond to the nitrogen coordination cenwsre of

N-MIDA end it is difficult to conceive of a strong dond

whiéh is purely ionic in character. Further evidence for

151



nitrogea bonding may be seen from the enhanced siabiliiy
of «-MIDA end IDA complexes over those foriwed with ihe
analogbus dlcarboxylic acid having a CHp grouy in place of
the nitrogen. If electrostatic interactions were the
oaly factor to be considered vthen the magnesium complex
would be expected to have a greater stability then tha

of tire calcium. This is not the case for the i-ilIDA end
#TA complexes in table XX and a nuwmber of other voly-
aminopolycarboxylate ligands are imovn which show the
same behaviour in thelr complexes with magnésium end
calcium iouns.

It is preferable to comsider vThe free energy
change as being a consequence of heat and eantropy chen
and to discuss both of these functions. It is seen in
table XXVI that all the magnesium complexc:z form with an
endothermic heat change and a large posltive entrogy chenge.
vhis large increese in eniropy is a result of the high
charge density of the small megnesiun ion waich causes it
to have a relatively small agueous entropy leading to a
large AS when it associlates with negatively charged ligends.
?he endothermic heat change is probably a result of two
effects: (1) +that the energy required to break the
relatively s%rong megnesiun-water bonds outweighs the
energy returned to the system when the metal-ligend bonds
are formed and (2) +the endothermicity involved in the

formation of strained 1i-CHp-C00™ chelate rings around the

-—

2



suiall magnesiun ion. wolecular models indicate that thc
strain 1s greatest for the masnesium ion and sasllicss for
the calciunm ion. The stability of these complexes which

absorb heat when they are for..ed i

6]

thus a consequence of
the very lerge increase in eniropy accompanying the process.
whe effect of introducing a uetnyl group on The
nitrogen'for N-IIDA as compared with IDA is secen Ifrom the
neats of formation .f the two series of counlexes in table
LXVI. The greater exotherulcity of tne N-wIDA complexes
can be attributed to the inductive effect of the umetiayl
group in enhancing the bonding of the nitrogen tO the
~wetal ion. In contrast To n-jiIDA the magnesium comnlexes
of iDA are more stable than the calcium. rihe calcium
complex of IDA is formed with a more endotnerumic heat caange
then is the W-MIDA complex wioile the heat change for vie
formation of the magnesium complexes is aluost The same
for both of the ligands. +hese resulis can be explained

a relatively stronger covalent bond is formed beiween

H

i
the magnesium ion and the nitrogen atous than that involving
tie calcium ion. This would be expected to be less enhanced
bty the inductive effect then is the calcilum-niirogen vond
and N...R. results apyear o supportv this idea.
iihe stebilities of The calcium, stromiiua end veriunm

complexes of K-1IDA decrease in tne order CajSrpia ec

expected from the elecirostatic yoventials of
In table XXVI however, it can be seen winat whe heav of

 formation of the Ba complex is ..0re exoi_eriic Ttnon viat of



the strontium complex. Anderegg's values show the reverse
effect but these are contrary to results obtained For TA
in table XXVI and other polyaminopolycarboxylates78’50’52
T.iis relatively large cxothermic heat of formaition of Sa
complexes, 1s probably due to incomplete denydration of the
large ion when it forwms cowplexes resulting in less hcat
being absorbed in breaking ietal-water boads.

Heat 1s absorbed in the formeition of both the i.g
and Ce monoglycinate complexes; the foruation of wuie
magreslum complex belng much more endothernmic. The general

trend in this respect is therefore Tvhe sawe as for

-

iganis. The greater endothermicity for formation of both
of <These comglexes as compared with those of N-uIDL or IDLA

.J_‘I/\

reflects the difference in dentate character of the lijands.

The heat absorbed in dehydrating the Mgt and Ccact

lons must
be wore important than the heat regained by bond forietion

10 the bidentate ligand. Additional evidence for exvensive
denydration of the Lg 2+ iop in formation of its Zono-comyleies
is the fact that the formation of ig(il Ju)z from Lg(lIDh)
tazes plabe with en exovhermic heat clhange. This indiceaves

thet most of the water is released from the hylirztel inagreciun

i

ion in the mono-IDA complex. It is interecting to note that
vhis AH value is almost the sawe as thet accompanying formation

of the magnesiuu EDTA complex. The large entrony change in
the foruation of mdgne81au LONO-g lJc;nute es compared with

the other ligands, may be cdue o the sizeller gas cairody oI
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the gilycinate ion in meking term I less negative. Ye ITA
" constitutes one helf of zn SDTA molecule and as such 18
igeal for discussion of the chelaete effect. The Tnerio-

lynarnlc properties Ifor ke reaction,

5 (:-.~.IDA)22" ¢ womat = ymm? . 21-.1113};2', ————————— (52)

]

in wnlch two ligends are replaced by EDTA are given in toble
XXVIIT which also includes deta for Znct and 0at obicunecd

recently by Anderegg76.

Thermodynanic Funcviong for ..etal Comvlex Foruation

~

Reaction (k. caf§§uie ~1) (K.éég.mole‘l) (cel.des—irmole
g IDA § MIDAS- 3.22 ~0.67 5.6
CalIDA + MIDAS™ %.,8% -0.74 10.3
Zn2t 3 LIDAST 10.28 —2.17 27.7
ca?t 4 wIDA®” 9.08 -1.3 24.5
SMiIDA + KIDAS™ 3.62 ~3.68 16.7
GEIIDA + KIDA®™ 7.72 ~5.38 5.0

The outer electronic configurations for zinc andcacmium are
3d104s2 and 4d10582 respectively so That the dlvaient ions
have o filled & shell. I+t would therefore be expecied taat
these ions would form wvredominantly ionic bonds. The lonic
radii, as given by Pauling83, 0.742 for Zn2+ 2110 97“ £
Cd2+, are sufficiéntly similar to those fox 752+, O.65i, and

Caz+

O 3 e \on o
, 0.99A, for comperisons ©o be wade.



176

27 -

Schwarzenbach defined the chelate effect of

reaction (52),

Chel = log K1(EDT4) - log K1Xo(ii-LID4i) ——-(33)
Tace evailabllity of precise heat and entropy data nakes i3
ocssible to exanine the source of tue chelate effect in more
deteil than is possible from a consideration only of the free
energy changes. The entropy change accowpenying reaction (52)

DS.yey = 28°(HIDA) + SO(MEDTA) - SO(LDTA) - §° L(MIDA)é]———(54)

Aschel = Asi(EDTA)3 -m@mwmg - _ (542)

Tae changes in thermodynamic propervies on chelatvion are
listed in teble XXIX.
TABLE XXIX

The Chelate oSffect Thermodyramic Functviong for eocolon (S)

-AG AE AS

(.:IDA)p » =DTA (k.oal.mole"l) (k.cal.nole’l) (cal.ic,~=mole™t)

T 3.65 $1.31 $17.2

cast 5.27 . $2.7
702t 3.23 10.98 L

(Xo)]

1% can be seen that in the cases of Tne Mgz+, IneY and Cdz+
¢omplexes, chelation is accompanied by a fairly large cnirony
change and a small change in enthalpy. The endotneruic nca
changes for Mg2+ and znet complexes are.due To the greaver

\

strain involved in fitting another cielete ring around uaese
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sinell 3 P ~ 3 e w3 i
sizell ions. The larger endothermicl Ty for the cuallcs
2+

g ion cmphasises this point. Poselble structures Iow

A

the H-.1DA end EDTA comblexes ere shown in rigure 21 assuning
ocvanedral syunmetry. The cnelate effect for these threec
mevals is therefore largely an entropy effect which caa be
ascribed to the increase in the number of free solute particles
accompanying couplex formation with a coaseguent increcse in

Lo Sorie imcreased ordering of solvent mvlecules mizsht be
expected for the Two free ions comparcd o the siagle ion
but 1f this is the case the effect 1s overshadowed by the
release of an extra species inivo the solution.

In contrast to these ré&sults, it is seen Jro:s table

XXIX that the chelate effect for tThe calcium comwle.es 1is
grincipally one of entualpy. Tnig can ve explainea by the
strain free structure for Ca(‘f‘l )L- a8 coupered wo vhe

-l

conplexes involving the smailer cavions and 1i7v is seen Tuet

-

the cadmium comolex elso follows thais geaneral trend. It is,

however, Gifficult Vo exslain tne extreuely snall increcse

1 -

From the structural point of view Tiaerc nave beea no

de

X-ray studies of the alkaline eerth eminopolycarboxylatc
comvlcxes., Using X-ray crystallogranhy, Hocrd and co-

workers heve establishel the structures of the IZDTA comple

U)

' o) - - 8 - O -' r 8 e
of Co(lll)o4, Ti(11) 5, Pe(1l11l) ~ and ¥n(ll) 7, Mmile wnese
A-rey studles have provided considerable ineight into tue

~ \ - - S Y PNt
probiem & danger exists cAurapolau;ng chese resulite

agueous solutions aad esgecially to other sysvteis in solution.
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Ny e 1m0 Tttt A matr o R P ) I "~ o T

velaacluTa.. SFULe Iy as snovn Ln Miguare 21 for cowmplceiese of

ER T U PN dtn mea YTV A ER S o A R R . -
il Lid ovaer wDTha-like ligends with the cmell wmasmcoiun

T Ata T ata m a - e - S A o~ A < - T K O [ P

101 Litposes a greaw acal of surain upon e lL;a;u RV SRV AICIN

oL 1. PR B I [C Y L . S S PRI SO P T R T N s 2 WA

L UCH OX tnls stradn is rewovea il e tetrancaral suruct.re Lo
e = J SN ~ Ton ey 2 A LI PP I S Tay e, o B ] SR
gavLsaged and .u e basls of tue Tesulis ovialncd Lo Kol L

oo cholce

TACSC BoussLoiliivies.

-

is a0t .o0ssivle fto make

LN - D e e - -7 . OV e o K NERER
Lning, Lee frow vae recults of X-ray suuadliec with

B

loishanun oDTA complexes heve shown that the »redouincnt

heg ¢

species 1is [?a(OH2)4EDTA]H which

e

structure leaving room for water t0 be retaincd

cn the metal ion. The heat and srescented in

tiie present WOrk sude

ests tnat .siuwller strucvures ucy exlst
for the aminocarboxylate complexes of the barium ion which 1S

o+,

even larger taan La

e

N Py

— 5 - AN M\CH/ >CH1
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