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SUMMARY .

Three gencitive celorimstors bave been used to
mpezure the hoate of formation of complexss 4im ageecus solution.
#ith o kuowledge of the occompanying free ensegy changoe, the
corresponding antrepies of associghioz have been cslculatod.

A kmwlaﬂgs of em;mpy ,aﬁ&f' smfi’mlm .eshmgeﬁ provideé &
cleawsr ingight intc the vature of the clwwmicnl proecesses
than does the freso omsrgy changes sloms.

The thosis is divided m"bze hres pariss
A gereral introduciion precesds Part T which describes the
dsvolopmont and oelibration of the caloriweters and the use
of ons of thenm in measuring the beate of formation of
complozes of some divalomt $ransition welal ions with tbe
giyaimm anion.

| A calorimstric investigeiion of ths heats of
Pormetion of dlvelent slkalive earth and some olher wstal lons
ws.ﬁl e&i.-(?:o-ammaf&hmy ) othanstetrascetic soid, (EGTA), and
- dlaminoethape W, di-lohydroxyphenylasetic soid), (DHEG),
iz rdeséri’ba& in Part II. Ko walues for the heagis of
protonstion of EHFG heve been reporied and thess have been

determined colorimotrically. The theymodynamic data ave

N
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somparsd with those of similar complewee with ofher
polyaminocarboxylate and polycsrbozylate ligands.

Attempte to messure calorimeirically the heats of
hydrolysis of the thallic fom, T1(111), ere described
in Part IIL ‘

211 investigstions were carried out at o consiant
ionié strongth of 0.1 If; and data wore pmwae@d‘ on an

Englich Electrio KDFO computer.
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AL TNIRODNCTION

’i‘he_;n%am%im bebween a hydvrated motal iom
and on anion or meutral ligand in aguecus solution may be

ropresented by, .

- g Am‘_";-_-}(ﬁm

= S £
aq 8q %,A&Q)(...(Wﬁzoa )aq*x}_xza,

— {n-m)+ , : ,
g ( j1:y )&q L {x'r'f)ﬁzo QOOOf&-uoycnc.o(?)

in which o muaber of solvated emd partislly selvated species
partisipate in 2 series stf eguilibria. By &p@?ﬁ@@‘b_ﬁm of the
‘law of Mass Actien $o 45 formadion of & 11l spbeies, 8

“4hermodynamic asseoiabicn sonsbsnt mey bo definsd g,

P Rt R O ; IR
K= Z‘IA{ ’ }f {E,'{né.}{ﬁxﬁ—} ea—uvuyoeoececaaaoweoa(Z}
in whieh the Dreces snoloss asbivisies. The fres

onergy change, /G, for the ssscolation is them glven by,
AG”"RT iﬂg . “ nooaoovro,.otoogeobno«ono\..voooeoo(})
It can be seen im (1) that the sssesiatiuvn betwsen

 iéns in soluticn noed mot result in ldentical lom pairs being

formed, amd & formsl distimetion can be made bebusen outer -



and imner - aphere spovies. In the former, one or ab mosd
two, m‘&ve:aﬁ mlawlews are interposed betwosn the m%mzf%za@g
ione whnlst in the latter, the ions ave adsmeem to ono
mo*éhem In the dstermimation of ussociaticn oomstants
woet mothods wsed are incapable of distinguiching betwesn
these alternatives smd it is lmpordant to rosogries that
dif‘i‘@mm mothods way respord to differemt %ypes of species.
maéreas conductance amd eleotromotive force measuremsnis

will detect disizat iom yelirs, agaaﬁ;mph@’@cmetﬁa

neas: wemamesg asm@&any in ths visible spec‘m‘mg mn be
oxpected to deteot miy those twn pairs with the assmia%mg
4ons in clese pr@mmxme @hmgsa in the uléra - viole®
however, may also reflect the prosenmse of species formed

in lgss clese intersoticns and so, in px*inéipla, the mothod
is capable of dlztinguishing betwaen outer - and imner-sphere

ion pairs. For treusition metels 1% haz bsen suggested L
that outer - spheve ion-pair formation will be cxzpected o

have very litéle effect om the low - :‘amemity &bmrpiém
bands in. ‘*&Bzé visible spesirum. These aro due to forbidden
d - d transitions, ¥ L’ie wavelongth dep&mmg upen the
geparation of the d - d siaies whiach, -m turn, 18 o funceltion
of the polarisstion of the catien ﬁy ‘these sesecinting ligand.

Outer - sphore infersction will have only a very smsll influence

£

n 4he d - & splitting bossuse of the lePge separabionm of

the iomse



VWith spsotrophetometric measurements it Liag been
poasivle to oonclnde, en this basis, that the iﬁteractieas
in cobaltous sulphate and thiosulphate are outer - amd
imner ~ sphere rospestively, oven though their
thermodynamic assogintlon constents are sboul equal 2.
TuPormation on the rolative amounts of inner - and
om%@r - gphere cpesies im the associstion of a mumber of jons
has zlso been obitained using similer visidle and ultrs - vicled
spectroscepio approaohos.

Some worikers have replacsd the toxms oudter - sphere
and inner - sphere with "ion - pair " and ° complex
rospectively to distinguish between the two types ¢of spocles.
A better desoriptivm, however, of ionic interscitioms ie
obtained &f the terms outer - and imner - sphere are used
to deacribe the type of assooiation im quostion and an
Uion -~ peir® is regarded as a species im vhich the bonding
is aimost entirsly due to long -~ range cleotresitavic forces
between the oppositely charged ioms. Attaching %hiaAwidef
meaning to the term “iom - pair®, solveut moleculss may or
may not'ﬁe interposed between the ianscb In complexes,
on tho other hand, there will be a contribution %o the
stability by short-range or covalent forces, end this will
certainly involve immersphere interaction with the
eliminatiocn of one or more solvent molesules from the

ce - spheree of tho ions.



The gwictenos of fmmer ~ and cuter-spheve
seeociations is very cloarly demonstreted im the witresecnis
absorphion spesira of certain elcetrolyte solubionse
If a resstion is subjected 4o a pericdic pressure disturbanse,
8o in an ultresonic wave, obsorpiion maxime may 'smv obteined
at certain fraguencies whem the pax‘ioﬁio time ia.
comparable with the relszetion time of ihe roastion.

The absorpiion ourves for the bivaient metal swlphates
showed two distinot maxima which could be attrivuted to
spesifioc wnterastiens betwsen the lons after they had
spproached olose emough by diffusion (precess X below )

ﬁ.n the reachion sc&izem 3a

28 &= + gy &1
Elgq + SO@@Q — LEZ {E:?@;g&&n‘g & jse g
. , &
@ @

o
3 i gy 6=
= 'Emgs% gm

gmz" (5,0)%0 f"‘?

8d

v’mxe b:l.ghez' - fmquemay mimm,, Imving a ﬁ’mwm@y almast
m&epemienﬁ of %the madurs: @i’ the cmfsﬁ,omg sowrld: ba &%z:‘ibuted
$0 precess {2) where %he; jima Temain separated ‘2@"% so_l.vemt
mﬁlseuleé« The lower - £requsncy mximm wae. sem’zi‘éiw o
" %the nature of the @aﬁmf‘sﬁaﬂ @Wx@ﬁp@ﬁad te pﬁéﬁ@@ﬁ{(})

whore the last intervening molvent molesuls im ‘m‘,@am@&a



The ratio B;B ; 3 waus found o be spproximately 0.l
for all cations which ‘indiceted that only asbeut lof of
the iom « pairg were of the immer - Sphero BYpSe

The oquilibriun botwoen oubter - amnd iuner - éph@m
epeciea in soludlen is uswally rapidly established but Fogel,
Tai and Yarborough wers able‘ %0 sepavats the imner - and
outer - sphere ohromiwm (111) momosulphate complexcs on am ‘

4 The trivalent metal icm and the

ion - exchange columm.
outelr - mphére ion paire in equilibrium witk it are hold
preferentially by the cation exchanger and the simgly charged
imner - sphers sgpecies are allowed %o pass throughs | !Ebe

authors deducad %he equilibriuvm constantse,

) = 12,

+ Y pe o | B
E( Cr30 aq):;;s end K{ C» (Kzﬂ)ﬁ% %

4

- vwhich imply %hat the »atis of the nmexem;m%is}m of dnne? -

%o ouber - spheore specios is aboud Jsi a¥ equilibrium.

As is %o bs ezpected, this is much higher than the carresponding
ratio, 1 3 10, for tho bivalent metal sulphatss.

In some cases it is pessible to debewrmine
axioerimemally whother ien - pairs or complezés are belng formed.
.‘Ehe seasurement of Ramen ops¢ira 3£‘:ﬁ?0m5 & pwerﬁn}. Amthcﬁ
for doteoting specifio inmberactions but euffers from the
disadvantege of baimg reatricted to rather conesmiraled soluiicns,
when most interest is in the speolss prosent im dilute solubtilons.

Bjerrum , from purely elestrestatlc ommsideraticna,



iQ

definsd a distames hetween oppositely chawrged ions within
which they are %o Be comsidersd as being assosiated into
ion ~ pairs 5- This distamce, g , the iomic separation
at which the mmtual potential emergy is equal %o the
thermal emergy, ¥¥ , represents the position of minimwm
‘ prébability of £inding em Lon of @@poéii;a chargs enywhere
on 2 spherical shell of radius q surromnding the ecmtral
ien, and is given By, -

g= z'}maea?/eék’l’ ’
wheve Z_and & are the charges on the Seas, € iﬁ' the
dieleotric comsvenmt of the 'mm;am apd & 4s the Boltzmama
cons%amo The assceigtion constant for sn iom pair can Yo

- weibien, - v
{2
K = %%% g%zgs {%%,vm&}y o,

where » is the 'ﬁ:la‘%m between the oentres of the two iome.
Introdusing ths value, u{r) o wz+3_aé/ E€r, for ﬂi@,
electrostatic work required to bring an emion frem infinity
%0 a distampe ¥ f£rom a caticnm, gave the clasaicsl

Bjeriun equation,

2
7 .-,3-?»:4-»0 LR W 2" P coeccsncansid

Tn this treatment Gwo oppositely obarged jeons between a8,

the distance of winimum appioach end g, the ninfmum value of



i1

the integral in equation (4) ave conmidered to form an
ion - paire By substitubing K = 5.5 x 10 3 1. mole =
for lanthanim ferricyanide into equaticn (4), the olosest
amm, of approach 18 7.2 £ 6.  In contrast to this,
impossibly small distances are caloulated for PbC1* emd
Cac1™ (which are simply first stages in tho formation of
higher halide complowes), and for thallous ien - pairs,
and this has been used as evidence for covaleumt bond
formation. Bjerrwn’s theory, however, predicts ion - pairing
for a large olesz of 237 slsotrolytess; such as the alksline
oarth hal ides, btut iocn - pairs cannot be deteoted exper~
imen%auy in these eoluticus and Devies has suggested that
definite classifiocation into iom - pairs snd complexes om this
basis should not be made ?o

Por a series of reactions ir which the ligand is
kept constant the dependencs of the ovex;all \_fz'ee energy changes
on %he standard free energies, G@[ﬁ} aq of the motal ieme
38 indicative of complez Permation, whereas for iom - pairs,
vhen the two ione inlcract without dismfaing their hydration
sheaths, the energy will depend on the ionio charges and the
distance betwoen them, amd this distance, beimg a funoition of

8
the hydration radius, will not vary eppreciably .



Sinocs mammmﬁally flotermined assooiation
consiants osn vary ever a very wide range of values, some
attempts have basn made to clessify the motal ioms f‘m terms
of their complexing abilitys To consider them %o bo rigid,
non - polaricable particles is to over simplify the problem
and in practice, the deformebility of the metal 4om and the
way ia véfaich the sisctromie structure io wedified b}'
 interaction with the ligand @aﬁ: be taken iﬁta agsownte
Schvarsenback proposed shes the metal i be divided up into
thres classw 90 Cless A imcluded the catioms with a noble
gas configuration, ouck as the alksali amd alkalime eawrth
mai:%ls, for which purely electrestatio bonding predominates.
In this group, the association comstants wili ‘Be expeoteod
to iuémase with decreasing oationic size smd .moroaaing
oharge. Fluorine smd oxygen donor atm are most strongly
bound by theso cations and water is more str@gly bound
then ammonis on account of its greater dipoie momsut. Thess
cations hwe little %mdemy to form oomplm with eyanide
ion cince the latter exists umder alkaline conditions whioch
favoui the formation of hydroxyl .oomplexeg. Clags B
inoluded metal oations with completely filled d subshells,
such as Gu* o Ag"' g Zn® and Ca™* o which underge
prodominately covalent interastions, aud $he Pactors governing

iz



43
ion - pair formabion im Clwes A uo longer hold. Instesd of
a&wx@a and Fadius, the diffevance in the cluotronegedivitics
of the wotal ion and the domor atom of the ligand beoomes
ROYe impbr%;mﬁ in inflvencimg the extent of the complex
formation. Thus the azsosiation oconstant  Ivorsases with
$he oase with whish the motal Som scospts and the donor atem
doenates aleotrons. Since eleotroncgativities daex'éme
in %he order F>0 >N >Cl 2B» >I a8y
the values of $he assoclation comsiamts with a giveh group B
motal ion follow the roverss ordere Awmonis ie wmore ré#dﬂy
co-prdinated than water, amfi oyanide morve is!manv hydroxide.
The t:ausi’cicn mei:ai joms with incomplete subshells constitute
Glass 0, in which $he characteristios of both olasses A and B
can be distimguiched. Tho divalent metsl loms U, Fe, Co, Wi
and Cu have been most extemsively imvestigated smd im this
series the ionis raéiua doorsases amd the ienisation
potenﬁal inoreases uwp %o eoﬁpeé. Thess foastors sé%isé‘aaﬁurﬂy
| ""méonm% for. tﬁgw observed imoreese in essosiatien fmm
menganese 0 COPper and the 8equence éf 3t3b11i%y, |
Fin <F@<Co‘{z€i <Gtx ?Zn, ‘ | |
forms the well kmowa Irving - @illiums series 1° .
The meqmaﬂéa ie Wti@u}a:cly pronounced when the co-ordinsting
a%ém is mi%mggeng sarhon op sulphur rather '&m QEyEeno



The latter meubors of the group, such as Ca(ll), which
have almost completely filled d subshells reseble
olass B metals, wheress Ma(11) and Fe(11) are more 1ike
elass A metals.
The a‘bo#e classification serves as s useful guide

as to the behaviour of mtél' ions but, in a more detalled
dlsoussion 1% is noscessary %o talke imte écaomt other factors
such as the possibilidy of 17 - bonding =md the spplication
of ligand - field theory.

 Sinos tho electrostatic Pields cet up by charges
megare,%ed by distsnoes on the atomic geals are @? enorRous
ﬁténsi%y, it is mosessary %o taoke mocowmt of major
perturbations of the olsctron charge cloud snd of the‘ elootron
energiess The basis for suoh e.' treatwent was provided by the

11 opd ven Vieck 2. I¢ a complex is considered

work of Bethe
- to be & symmetrioal ‘aaeembly of anions or dipoles around a
central metal cation with the charges on the ligamds, or the
negative ends of their as.poiéa; directed towards the central
atom, ligand - Picld theory 13 attempts to capladn, for

8 given steric arrangement of the ligands, how the electronlo
aystem of fhé central meéal stem is perturbed and how far this
perturbation stabilises the positulated atruoture. The essentisl

physical idéé of the theory is that the sleotrons of the cemtral

i4



ior will temd ‘e wveid those regloms of sgmﬁ in which %hs
field due %o the attsohed mgaﬁively charged ioms or dipoles
is largest, 1In the oage of an outabedral complex, the five
d orbitals ( Gugr Bps dyo (1?2, and 4,3 o )
of the metel oabioen, degencrate when the Loz is uncomplexed,
will be perturbed By imteraction with ligends lying alemg
the e 4 ¥y~ end ¢ axes. Tho elecivootatic repulsicn
votween these ligands snd the electrons in 4he dxa««ya and 4.2
orblials will Be comsidsrably greater thanm that with the
eleoctrons in tho other thres ¢ orbitels. Henee the five-fold
degenaracy of the 4 orbitals is split in%o a ﬁqublet,,egs o
of higher emergy and a triplet, ?’28 s 0f lover cnergy.
The energy separation betwoen the two levels, designated 4 ,
osn be determined from spesiroscopio measurements ond depemds
primarily upon %the meture of %he ligend and tho charge om the
cation. Since the emergy riseo of 'tm' Swo oy orbitals must
equal the emergy drop of the theee &, " orbitals, the values
0.4 N and  40.6 &N czn be aseignod o the %Eg aund
eg levels resp20tively.

| Tho distribution of d eloctons mmongat the t, wnd
) g or’éi‘éals is of grest importsncee, and complications ariss
when more tham three d eleotrens ave involved simos there is &
choice either of putting as many as possible imite the lewsr
onsrgy %2 " erbidslie or of distribulting them 59 as %o mslntain the

185



maximan mumber of parallel sping. If the fiecld set up
by the ligands is strong, the mr@ of zn eleotroam in the eé
orbitals may be raised so muoh thet the emsrgy for s state
in which 811 the eleotrons ave paired up in the $og triplet
mey be lower than that of a state in shich elestrons are
80 &iatrih@g@ botwoen the o . and {"2 g erbitaels Yo give the
magimem aumber wipsired, in sooordence withk Hmd's rule.
On this basis the same me%al ion may exist in ootshedral
complezes with the slectiroms in the & orbitele d:lmribateﬁ to
glve sither the meximm nunber of parallel spins eor the
maeximum ameunt of spin pelving, depending on the £isld straugihs
produced by the ligamds. The Pervic icm, B‘e(lll),é_whiah has
five 4 elestroms, illustrates this wvery clearly im its cemplexes
with the cyanide iam, CF~ , end the flouride iom, ¥ .
The magnetis mwém, /A » of %he complex iem Fe(cw)é" is 2.35
vhereas that of the ion Fe Fy~ is 5.92 which 48 indicative of
therg ﬁeing five unpaired elestroms im the latter and only ome
in the former, due to the greater fisld etremgth px*éducsd by tho
oyanide iome.

The torms inmer - orbital, or leow -~ spin, and
ouder - orbital, or high - epin, are applied respectively e the
cyanide and the flouride ccmplexes end in gemeral to complemes.of a
siéilar type. Although the megnetic moments, whlch are @ funsblon

of the number of umpaized clesctrons, for e series of complexcs



11
of the vame webul mf& uay chenge Siscontimously at cerbsin
ligand - field strengiths, this does nos covresuond 4o a
discontinuous c¢hargs in the natﬁm of the cenbral .‘mn - ligané
foress at any slage.

Ions with electronic configurations a® s & 2

end &0 will be sssentinlly sphericelly symmotrical amnd the
gas phase hoats of formation of their complez joms, é}-ﬂg #
will be expected %o vary amoothly with aiomic .nmhef;l 3»

2, &, &, &' and ‘d? electrons

In high spin cowplewes, the d.g‘, d
will oocugy the lower %y, orbitals snd stability will be gained
in exgess of the aamnuﬁh change {rom &° Hhrough 65 to‘.,iz-;am@

| ) | |
For the iope with & 4, &, & , and 40

2 eieetrcm’s, -%he
extra electrons sye forced into the upper e % lawel aﬁd the extre
stebilisation is. at leasty parily lost 14 « The orbital '

stabilisation may be expresssd by

S’E&biliﬁaﬁiun = ( Oodn,g Lad 0065’39 )A '?_1-00'00004.:-000(5}

2z
where n and n. ove the mmbers of electrons in the &
‘?,2 @ " 28
& &g
and %% levels regpectively. For low - spin snd telrahedral
complexen, different evmumenis mush be used but AN , semin
has o node et the 4° mebsl ion ™.
For ocomplex wyeactions in which waber moleciles ars '
digplaced by ligend wolecules; L » the sdditional ligend - field
G ' 10 w
sbabilisation for lons intermediste betwosu zﬁ‘%- ﬂ§ and &7 wey b

At e iy l:” ROV, Jp I
salenlabed frem an ewpression similar Go (B} with (D, <O 1,



1.8
the dififevence ir snevyy soparabions m«ﬁw@éﬁ by water end the
other ligand, ia plase of £\ , Holmes and Uelluve studied
the obsorption spectra of evyutalline bydrates of theo
transition metal lons emd calculated the oryetal - field
stebilisations by the shove mothod }’5, Vhen theme torms were
subtracted from tho Rydratios energies, the covrscteod values
foll on the predicted smeocth CUTVE.

igend - £i0ld offects ihus produce contributionz to
the hoats of compleox formation and in wost cases the theory
aconunte satiofactorily for wuch of tho cbeerwed ONH daba,
while, at the mave %tims, a nuwber of ancomalies ¢roated by ths
Irving ~ Williewms treatment ovs aleo selisfactorily explainred i4 9,16‘,

Until recent yoars the limited smount af host deta
available bes lod mamy werkers o consider only the free enexgy
changeo, NG , whon desoribing the type of ica smsociation
without considering the scoompasying cathalpy, AE s Gad
entropy, O\S ., comtributions. Ths these funetions eve related
by the oxprescion,

I3 s AN = TAS, cosavenscosccasosacssssl(B)

and, in order to guin en insight into the facters which affent
the equilibriwm, it is more useful io regard the freo enevgy
change as beoing » convequence of tho shanges in heat and entrepy.
The enthalpy chenge o the preperty moot dirwﬁly related to 4he

chanses in the mubers wnd stvengtbe ¢f bends es tho syster



paszes from pesviants ¢o prodacis. The eniropy chenge i @
messure of the chenge of rendouwnese, and the dwiving foros in
this procesz is the tendency for the system $o go to the most
probable, the moat random, state. There are endothormic reactions
which are made possible by fevourable eatrepy changes, and thave
ere exvthormic resotions which do mot take place besause of
unfévoumbl& entropy changes. Any comparison of K walues for
a sevies of sescciation roaciions in vhiech one ion is kopt
constand invoives the assumpiion that variations either im
ODE or AS  throughout the series mey Yo neglected. It is
claaﬂy dosirable $0 meagure AH and thic cen be done either by
studying the asszociation cézm'l:aﬁ'& over 2 ranse of temperaluros o
olee by direct calozimetric mebhods.

The variatien of log ¥ with temporsture cza be described
by on eguatiop of the Lfomm, '

10g8 = 8 4 B4 0T 4 eeseens

The paraweters o, b, and ¢ can be obtained by svbsiituting velusw

of K at three tomperatures and solving three simulisncous squations.

Values of AE can thea be caloulsted by difforemtiating log K
with respect to 'Bempwa‘%wé and while theso values can be rsliable
if & lavrge enough lemperaturs rangs is goversd, there ars obvices
advantages in measuring the hoalts of acmplez formation by a
direct ea?.omm‘ério methode

During the course of the jwesent work, féi‘ﬁma AiPPomans
differential colorinsters were conviructed amd Gawted. In ome,

& thermecouple wae inoprporebod as the eonuing olssout while in

19



the other iwo, thaxm%@m were useld. The calorimsters ave
demcribed in Pary T of thie thesis vhich siso deals with the
celorimetric determination of the heats of formation of the
complexes formed between oobalt (11), copper (11) emd sine (11)
with the glycinate anion. The vesulta obteined are compersd
with those of the corresponding dicarbozylate complexes %o
evaluate the effect of weplacing an oxygen by = mitrogen
so~ordinating abtom in a ligsnd. '

Part 11 is devoted to the calorimetric dsterwimation
of ihe heats of f@m;ﬁ;é@ of the complexes of the ulkal:lﬁa
garth ions Mgh'ﬂ}g €e{1l), Sr{11) end Ba{l1) with the anienm
of di~{2waminosthony j-sthanetotraacetic aoid, (EGTA), and
tiaminoethane N,0° 41 - ioshyﬁrmmahewlmmia aoid), (BHPG).
The eomplex@ of %he transition metal iens C&(11) and Zn(11)
with EOTA have also besn studied. The great interest in
tfw aminccarborylate ione lies in their ability to form wery
stable compleres with e wide wariety of metal ioms duwe %o their
miltidentate neture which enables cholutes te'b@ formed. This
hae resulted in their frequent use aw onalytical reagents
for the determinction of metal ions im solution. Luch of the work,
stimmlated by the application of the ligand ~ field theory,
has Loen done with the ¢ransition metal complexss, partioularly
with the EDTA molecule,wheress the alkaline earth cations have

Z0



reseived loss attention. The resuils ﬁ?ﬁ;a:? tho heals of Povmabion
vof the EGTA complezes heve besn sccepied for wmicatmn m the
Journael of the Chemical Jeciety. ‘

| Part 3'.}:_‘1;. ﬁewﬂh@@ attempis o mémiiﬁ ‘%:nw hoat of
bydralgeis of the $hallie iom, Ti{111). |

AIl weasurensnts 4n perds 1 end 13 mz'é dons a$ an
ionic sﬁ;smng@h of 0.3%in ordar %0 compars with other data.
| An activity coefficients in this vm'k mé

oaloulatad from the exbended form of the Deliya ~ filoksl equation 99
ympoaeé 'b;y Devies 50
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PART T

The Heats of Formation of some Transition Yetal

Glycinate Complexes.

2



IITRODUCTION

lgny sttempta to unravel tho natwre of the complexes
formed betwoen metal ions and amino mcids, poptides and proteins
are %o be found., To study these systems a variety of methods
buve veen employed, dirscisd mainly towards the determination of
squilibrium constants, although in the last fov yeors more
attendion bas Losn paid Yo calomimedric determinstions of
thermodynamic funclions, - Since many such complezes are found
in animal end plant tisoue ao engymes ots., their sludy is of
fundemental importence in underctanding natural precesses.

It has been ghown, for instance, that the ecmcma of oertaln
diceazos iz indtimetely related %o %he amounts of mﬁpsr complexes
pregent in certain systenms, as in fruilt iress 17.'

Although there have besn compsvalively few enthalpy
determinations for aystems of shis type, mwswﬂvé calozinoters
have boon designdd, and have been im use for meny years. Lange
studied heats of dilution with a eystem of twin adisbatic
calorimeters, one of which was used ao a conabent temperature
reference. Hach calorimeter conteined & seotica ef a 1,500
sunction thernopile, and one of the calorimstsrs desoribed in the

preaent work was of similar deeign.

18
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Pitger 19,' wito mensured entholpy values for the bisulphite
iony used a mou-igothermal ecmlorimetar, and modificstions of this d
heve boan used by Staveley 20200 22 04 others 23 for etudies
vith emine and ethylencdisminstetrascstete cosplemes.

Weers the emounis of pasterial evailsble are extvemoly
meall, such as Sthe truncuranius elements, micrscelorimptors have
boer wsed An the otudy of hests of solubion. Wenbrum snd Hyring 4
studied the dissoiuiicn of neptuniwm in hydvecholorie seid, uming
a repisbance thermometor 3¢ messurs {erperature chunges of
aprroxinately 2 % 1%’3"5@ Ce linro m@mﬁy there has bren gm
imm@:i&zg uge of ihepmisiors in calovimeioes, mﬁ twe such
calorimsters sre describod in this part of the thosis.

. The association of the amino seid, glycina, with
metel ior® is o system which has besn aﬁteaaimly studisd 235 25@

leilor snd Maley 2 and Nancollss 28

have used potentiemsiric
measvrements af constant, end ab verying lonio slrengthe, and
thermodynamic constants have bsen obtained by Home from pH
measurements -2. Davies 30, Keofer * and Lonk 32?33 have also
caleulated thexmodmanic functions from the results of stebility
meesurenents of sparingly soluble mstal iodates. Christensen has
measured the heats of formation of the oopper glycinate complezes

culorimetricelily by s thermometric titration procedurs M,



The work desowibed iy this part of the thesim
consiste of the eaM%mo determination of the heats of
formation of the complexes formod vetwoen the divelent metal
sons m’b#i%; copper and zine and the glycinabe anion.

As was done by Loak 2232 3% uue asswmed that enly two
complezes BAY @ad M, weve Sormed wizh 4hese joms, undoy the

conditicns of otudy.

28



EXPLRIMENTAL

Preparation of Boagentse
Glycine s AnaleR glycins was usod without fnﬁh@r
purificasion. |

Potoseium Hyrdoxdde : A smmple of a saturated solution of

potassiun hydroxide, prepsred from woshed AnalalR sbicks and
boiled = cut diebtilled wator, was diludsd with cerbon dloxids
freo distilied water in s nitvogen stmosphere. The solution
was stored in a pyrez comiteiner conmmecied, via an sivr-tight
Quickfit Joint, %o an subtomadic bureile suitebly protocisd
with soda - liwe %tubes. It woes standsrdised by titrating
against wolghed samples of potassium hydrogen phthalate, and
the results of duvplicete exzperimonts asrecd to 0.14.
Potageium Glycimate 3 Carbonate - Free potassium hydroxide
was added %o a woighed sample of glycine eoaﬁe.&nad in 2 standard
flask uader an atmoaphsve of nifkrogen. The solution was made
up o tho mark with boiled -~ cub distilled water. | A slight
stoichicmatric oxcess of pobtassium hydrozide was addad %‘

ensure that the glyocine was completoly comverted to the A form.

20
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COBALY CHLORIDE:  Sloek selutions were prepared from the

AnaleR salt a,:mi were plemdardissd eithor by gravimetrie amalysis
of the ohloride; as silver chloride 33 of by using an ion -
ozchange colum. In the letter method, 10 ml. portioms were
passed through s coluzn of Amberlite Y.R. 120 resin, in the
hydrogen form, and the oolum washed ﬂth distilled ia‘k'.ar un'&il
free from acid. The eluled hydrochloric acid was ecetimaled by
$itration with stopdard sodium hydrozide.

CUPRIC PERCHLORATE

Amala&yemhloric 26id was sdded to an
emees‘ of cupris eride im e pyrex flask and the solution was
hesgted, at approzimately 8890,5 Zor twelve hourse The remalning
oxide wes then Filtered off nd the copper solution was analysed
with potessium iodide szd sodiws thissulphate 2 and by using
an fmberlite I. R. 120 ion - ezchemge column. Both methods of
snalysie sgreed %o withim 0.27%.

ZINC PERCHLORATE: Usimg zime ozide, stook eolubions were

prepared in a similsr mamnsr to 'khoée of auprié perchlorate.
and anelysed weing an iom - oxthange coluam.

Potessiun chloride and potassium hydrogen phthalste
were of AnelsR grede and were used without further purification.




A8

All ‘vo‘mmatrie apparatus was of Grads A quality.
Glassware was olesned with ethanolic ﬁofassim hydroxide
and chromic acid, and flasks were steamed for thirdy |
minutes. Samples of resgente wore weighed out from pyrex

weighing bottles on an Oertling singlé«pan balance, f




APPARATUS .

The differential thermooouple calorimeter is shown
 4n Figure 1 . Tt comsisted of two silvered Dewar flaeks,

_of 1500 ml. capacity, cemented imio brass containers.

~ The rubbsr O-rings between the tops of these coatainers and

the sorewed down lide emeured o water-tight sesl. Perapex
disos of s helf imsh thickuess, were Gezsnted to ke undersids
of the 1ids in order %o reduco %o s minimwm the air space above
tho solutions in the Dowar vessels. Four holes in the 1id
of the Tirst Dewar avoommodadted s nichrome wire Reater, of
tmown repistanca, z vibro-etirrer disphregm, a B 24 socket,
for one cnd of & 60 jumoiion coppor —oomstantsn theormopile,
and a mizing dovics. Two bholes im the 1id of the second
Dewar ccecommodaied a vibro-stirrer dizphragm znd 8 B 24 sccket
for the other theormocouple jumctiom. In order to reduce %o a
minimum any heating offeots caused by umequal stirring, both
stirring rods ware driv}eﬁ from the seus vibrerotatory motor,
(Vibro ~ Misher, Hessrs. Shandon and Co. Ltd., Emglamd) by
means of a séecially designed chuok. The brass éontamerg
were bolted togother and were completely imersed.in a

thermostat.
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The thermopile oonsisted of sixty junctions of
20 s.weg. constantan wire and 34 s.w.g. onamelled copper wire.
The constantan wires were imsulated to within 4 of an inch of
their ends with P.V.C. slesving and the copper wires were wownd
on thess. The Junetioms were made by soft scldering the ends
of the wires and were arranged %o Ys ab regular iniervals of
depths when placsd in the Dowsr vessels. Araldite cement was
used _'E;n insulate the junctioms and the thermosouple wes
securely bound with nylom thread. The wirss were placed iuésids
»l a Tubber tube whichk hed B 24 cones sealsd %o each cmd. fhen
the comse were fitted e the lids of the calorimstors the
thermoplle was at the corrsot heigh® inside the Dowars. A water-
tight seel wae oblaimed bé goating the B 24 joints with silicons
Brease.

The thermopile e.n.f8. were measured using a Pys
Precision Dacé,de potentiometer (type 7600}, which had an

oversll ranmge of 2.0 volts $o Q.1 microvolts in eix ranges.

It was standardised using a 5 disl decade system in the battery
eirocuit and the stamdard cell voltage was preset with a divider
callibmted from 1.01800 3o 1.01900 volts in steps of 10 microvolts.
A switoh incorporated in the cirouit ewsbled intormal checking




of the voltage of the stendard ooll. Any spurious
thermoelectric e.m.f.s. could be detected and eliminated
by means of a veversing switoh, although these were in all
cases negligiﬁle. ~ A

A Scalamp galvamcmeter, {type 7904/5), was used as
a mull detector in conjumetion with 2 Pye galmomfer pre-
amplifier, {bype 11330), and ohemgas of 0.1 microvelts were |
easily de%eci:eﬁg esorresponding o & heat change of about 0.l
calories.

The heater is shown in Figure 2 « Two platinium
wire loops wers scaled imbo the flaticned wmad of g pyrexz glass
tubs and copper leads were soft soldered %o the platinium.

To the constricted end wes secaled 2 small glascs former,
approximately 1" z 1}", rewnd which was wound about twemty
windings of nichrome wire, (8 ohms per foo$), the emds being
spot welded %o the platimivm loops. The heater was insulated
by dipping in a solution of formvar in ethyleme dischloride.

The heating cironit ves similar to that of Pitwr 17,
and is shown in Figure 3 « A varisble resistance, A, was used
to regulate the current whioch was measured by determinimg the
voltage drop aoross a standard 1 chm resistance, B, using a
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Canbridge slide-wire potemticmeter. By weame of a dwmmy
registance, equal to that of the heater, the 12 volt battery
vas allowed %o seftie down before "ba.'mg used in the heating
sircuit. |

The pizing device is shown in Flgwwe 4 « It
sousisted of & glass tube, ef ower 10 ml. capacidty, whish
could bo sealed ab Bolh ends by wdtber Dungs comenbed on %0
perapexr disoa. The persper dicoes were atiacksd $o nylonm
threads which ware led out of the gslorimcter through the glass
tube supperting thy mizing dovice. Juring en experiment,
the eombemts of the mizing device could bo emptied imto the
Dewar by puiling o the nylen threads.

The Ziret differemtial thermistor calovimeter is shown
in Pigure 5 « Aldhough muoh smaller, it wes sesembially the
, same in design as the ‘themoooﬁple calorimaters. Tho Dewar flasks
ware of S500 ml. capacity and again were cemented into brass
containers. To achieve better thermal insulation, a solid,
oylindrically shaped teflon bung, 4 ome in length, was
comented to the underside of each 1id instead of perspex.
The mizing device and heater were ezactly the samwe in design es
these proevicusly desoribed. To facilitate ils sovcmmedatlion
into the muoh smeller Dewar, the heater was slightly modified
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Thermistor Calorimeter

Fig. S
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by bending the gless Former sush that 1t was parallel with the
valls of the flesk. In %his wey the hester could be posisioned
very olose to the Dowar thereby leaving the maximm smomnt of
Bpase o aosonmodate the other piogss of apparatus.
In place of the thermooouple, s pair of matched thernistors

'K in figure, (Siantel, Type P 15 ¥P), of resistarce 100,000 ohm,
(temperature coefficient of vesistance 4% per °C.),
wors used as the sensimg elements. These were imceorporated in
two arms of & wheaistomo tridge, ss show im Figeve 6 N
the q'ahex* twa arms of gimiler resistance,being high quali%y
Helipot potenticmeliers. @&p&aiﬁy offocts wore balanced oul by
means of two 5 = 50 pfe variable-condenssrs -ia parallel with
the ﬁelipm’cm

| The bﬁ&@ﬁ was energised by o stablised 1 volt a.c.
ai@al of frequency 1000 s.p.s. The out - of -~ bslames signel
was amplified by means of a high - gain emplifier and the output
was fod €0 8 d.0. amplifier coupled $0 & 1 Me¥e Fast - respenee
chart recorder iﬂm&mii Controls). The sensitivity of the
bridge could be varied by means of an adjustable gain conirol.
Sinoe the high - gain 2.0. smplifier did not imecrporats a
phase — oonscious synohroncus deteotor; the out - of - balsuce

signal was always positive with respeot to the balance-poiné signal,
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and the ’reoorﬂed signal passed through a minimws &t the
balance - point.

To test the limearity of the recorded aignsl,
high quality 100,000 ohm resistors togsther with high
quality varizble resistors were substituted im place of the
thermisters, and Figure 7 shows a typical plot of cutput
signal ve. resistance changs obtained during testing.

Within the regicn AD the oculput was proportiomal %o the
resistance differcnce betwsen the two azms of the bridge amnd,
therefore, the signal in this region could be used as a direoct
mezsure of the tempaerature difference hetween the calorimeters
when the thermistors were imsorporated in the bridge.

Position A corresponded to the bridge beimg about 6 uV. ouf

61’ ialanc:e. All heat measurements were carried out within the
output range A B.

Although the noise level was suffiociem$ly low %o
enable temperature differemces of about loéoc,c@maeﬁmﬂmg
%o 3 x 1073 calories, to be doteoted, tho wost sensitive rogion
of the bridge, which is theorstically at the balames - point,
could not be utilised es & result of the sbove mathod of
signal amplificatiom. To overcoms this problem a second bridge

waa congtruoted inm which %he high - gain as.c. ampdifier .
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incorporated o phase - conseious synchroncus deieotor.
In this oase the bridge was emrélmﬂ by a si:abilise& 1 volt a.c.
signal of fmq&enqg%.pm. The aomspm plot of output
gignal vs. resistancs change dgring testing is sghowmn in
Figure 8 , illustrating hew 4he bridge could be used throughous
its range, including the region arewmd %ho balames - pointe.

| To melte full wse of the bebtter limesridy offered
by this bridge & third calerimeter wes constructed siwmilar %o
the geocand exsept for two medificaticns. To izprove the
Ticw charasterintics within ¢he calorimeter, 2 Rew heater was
constructed amd ¢this is shown in Figwe 9 . It comsisted of
8 hollow pyrex slaoss %ube, 1 €0 . in disveter and 6 @@ . in |
longth attached to a slimilar ms:é,, QT O m ﬁiaﬁ@*’aer and
12 om. in length. The larger tube wes closed at ‘&he. bottom end
exospt fmz" a spall hole Through which the platimium heating
Wirs, (42 B.W.g.), was lode. The wire was thenm wmé Tound
the largsr tube and z:aﬁéed through aﬁ%&w@ gxall hole near the
Junction of the tubes. A% both holes epomelled copper lead
wires ware abinched to the platimium emd were then led up
ingido the hoator smd out of the calorimetor. The holes wors
aoaled with sraidite and tho heater insuviated by peinting with a



(0-

[
<

&
Z Lo~
Q
i
& gO-
=~ .
&
g
QO 20-
[O-
"2:0 o] zfc !.:0 0 SO
ResisTance CHange ()
-‘o‘

Fagﬁ. 3.

43



HEATER

gggv‘%gw,
Desien

3

ﬁ%gr

i
e
st

CorrER
LEAD
WIRES

HEATING
WiRE

4 4



solution of araldite in othamol. The sccond modification
was to incorporate a heater and a mixing device into each iﬂ.d.
Thie enabled cash calorcuster $o bo used in furm to obain
poat mossurcments, the other Being used =8 the reference.

It was found mocessery, in the case of the
thermistor celeromoters %o fix the mixipg devico, header ets.
to the 1ids with placticine and %o edjust their pesitions,
until opbimum stirring comditions inside the calorometers
were obbained, hefore msaling them permauncantly with amidi.%a

Por eash of the differentisl thetmister calorometers,
the heating circult was designed such that an elasoiric timer,
(Brieson Intervel Timer), could be synchromised with the heater
on - off switoh. An altermetive method of timimg the currsat
was fo mamually epsrate a Pye gtop-olock. Tests were carried
out using both methods simmliansously, congoouiive results
. being shown in Tseble 1.
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Meruel Timing  Timer

(mcs,_) . (sees.)
(8) Clock hand initially
moving through zero

| o 120 - 120,094

120 120,091

60 60,047

60 59.955

6 60015

0 . 60.055
(b) Clock hand = |
initially stationary

o 5.9

60 60.000

60 59.962

120 119.975

120 120,010

The acouracy limits of approximstely = 0.1% wben -timing
mamally were considered low emough to enable this more

ceuvenient method to be usads
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The calerimsiers wore completely immersed im
& thermoutat which was meintaized at 25° X 0.01°C ueing
a large capacity mercury - tolusre rogulstor fitted
with a Bunvie proporiiousting hoad(Type Fol 3B) end
an A.E.I. elootronic relay (Tﬁ;pe EA4T).



EXFERYUEETAL PROCEDUN.

Thormooouple Calorimotsr.

The sensitivity of the eglcr_inua‘eerb was tested by
doternining the heat of solution of potsssium chloride inm
water. Distilled watsr at 25"0 was weighed :inté ‘he
calorimeter amd two o threo grams of potassiumm chloride
wore woighed into the mixing device, which wae them sealed.
The lide were screwod down and the hermopile imsorted imto
the greased B 24 s@‘g}m%s. The calorimeter wes them placed ia
the thermostat. o

After sbirring for at loast two hours, and sometimes
overnight, rsedings were takén every minmate. Whan & stoady
ohiange of o.m.f. bad been obbaimsd, hoat was imtroduced by
evitching the healer iato the aireuit. Tiie voltage drop
across the standard I ohm rosistaase was mamad evexy |
mimite %o onsuve a steady heating current.;." Aftgie the heater
had boen turncd off zmd $he @.mef. had mﬁ%&.lad down %o another
steady rate of changé, the mizing device was Qpemﬁ and two %o
three mimben wore i‘zsualiy pacossary for the potassium chloride
to diesolve completaly. When the change im e.m.f. hed omce
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more become steady, the waler equivalent was again determined

by heating electrically.

Thermlstor Galarimtéra.

The aemi‘aivity of the first calorimeter m# teoted
by dotermining the heat of sclution of potassium chloride
in water ia s mannor eimilar to thet already described.
As 2 result of the inoreonsed sensitivity offered by this
calorimeter, it vas only necessary to add epproximately 0.05 gms.
of potassiuvm chloride from ﬁza mixing device.

The heat of jomisatiom of watar wes nsed to test
the sensitivity of tho second thermistor calorimster. The
clﬁssicml mathod of dotermining /A\H for the reaction,

H.' <+ QB” gﬁ 320 eo&o-ooo;g‘ooﬁoooe(e)

iz to measure the heat of nsutralisation of a stz'png acid with

& strong base. Sodium Hydroxide solutions were ssaled in ths
mizing device and the experimentel bosi chamge measured when

‘they were mized with dilufe acid solutions contaimed in the Dewar.
A gtoichiomotric excass of base was ussd to avold any heat effects

from the neutralisaticon of carbonate in ths base.
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Dotormivation of tho Bosts of Complez Formatiom.

In order to dotormine the hoots of complex
formation, potassium glycinate solutions were pipetted into the
mizing dovice aaﬂ.aaaad to the metal solutions in the Dewar.
Suiteble final pHs. were obiaincd by adding known volumss of
atanﬁarﬁ bydrcchloric cr pershlioriec acid to the Déwar aolﬁtion,
- The heat of dilution of the metal aelu%ion&_wﬁe é@suméd to bo
Z8T0 23, but it was nessesary 4o doteymine tho heat of dilution
of the polassium glycinate solutions for eaéh-run.  . This was
done by measuring the heat obtained on mixing the sams volume
of potassium glycinets into a solution of thé,sama ionic stfeugth
as that of the metal solution, but without the mstal present,
containing the seme swount of scid. The pH of 11 sclutions
woro measured at the end of csch run using as E.I.L. Direct
Reading lUater (Modsl 23A). :

Pracautions were takén in all @iperiments_té':k
exelude carbon dioxids from the goluﬁiqus¢ A'Eitrcgea vas
blown into both the mixing devics and the Dswar while they were
boing ?illod. [INitrogen was alse blown imto the calerimeter ehile
the 13d was boing sovewed dosn and Vhs open end of the tube,through
which the mylon threads from the ﬁiﬁing‘ésvida protruded, was

sealed with plasticine.
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Evaluation of Heal Changes.

The method used for the evslnation ef water
equivalents and the heats of aolution aud formation was that
of Eitel 36. In figurs 10, which is a graphicel reproduction
of part of on2 of the experimenis, e.m.f. is plotted against tims.
This was divided into three pericds, the Antorior, the
Ezperimomtal and the Rating pericds. The first roading wae
designated @o at time ’1’0 o and at Ti s vhere the roading was ei 9
the hoater vas swviichsd on or miwing was affected. v
Tho rate of change,¥, , was given by (6, - €, ) / (B, - T ) ;Q,wa"l,
and the averase reading in this period was 8, = & (eo + ei)/bw._

The exporimental period stretched frem ’l'i to Te’
the corresponding reedings being @i and © 6 ° The heat offect
was exhausied by ‘}?e ‘oand the curve entersd the rating pericd.

The rating peried was itreated in ithe same manner, the
rate of chawmge Vg ~ and the aversge reading, @rg ware given
by (6, - 8,) / (B, = 2,) o v 1 and & (8, + 0, kv.
reopoctively, | |

The Regnault - Pfaundler fomla was then applied to
correct the expemmnéal heat change for any variation in slopes

of the antorior and rating pericds. The correction applied to
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T -3
. 2
§0 = TV + (Vv ) e-n ).E%{eea,ai} +5e “Tx@a}
'3

vk";,anrl the correctsd hsa‘»e}:ng& was gmen by Aos (b8 6, - i)}&?h
© Mmltiplication of A9 /“"’ by tho water ee;uivalenb (in cals. fov. )
gave the experimsnisl hoat change,-Q oals, o

For the theemistor calorimsters shart waiéingﬁs wors
suhs‘i;i.‘hi‘sad for @.m.f. readings, othorwiss the 'gt'ﬁa:éﬁmsnt was
identisoal. ‘

interior end rating periods were of the order of
5 to 10 mimuies and the experimental period was from 2 4o 3
minutea for the dissolution of potassium chl&i_de and 2 minutes

for complex formation.
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Roanlin,.

Data available for the heat of solution of
potassium chleride have been reviewsd by liishenko and
Kaganoviteh 3T ana Rossini 38. . Direct comparison wiws
resulte from other workers is made difficult beosuse of
the wide variety of conesntrations and tomperatuzros used.
Davies, Singsr and Steveley 20 hava corracted previcus data
30 & standard dilution of 1 mole of potessium ohlofida
to 167 moles of water ab 2596. In this study, the z;eaul’sg
were correcied to Stoveley’s ratio using Rossini's tables 39.

The results for the thermopile calorimeder are listed in

Table Il and for the thermistor calorimeter in Table Iii.

PABIE II.
Run Wt KC1L. Wte H,0 ~Q -AH
(emss) (e  (Cals))  (kecal.wole™l).
1. 2.3487 1,181.39 131.7 4,21
2. 2.9994 1,1689.92 165.7 4012
3. 2.8924 1,172.04 18,7 4.10
4e 2.9975 1,186.90 170.0 423

Woan ~AH = 437 % 0,07 kecalomole™™,



D piend

PABLE 1}
Run Wt.Kol. W0 -2 =AE
{ems.)  _(gms.) (Cales) (kooal.mole™t).
o 0497 29438 298 4.7
2. 0476 322,38 2,65 415
3. <0456 287.56 255 4.6

Mean ~AH = 4,16 £ 0.01 k. ocal. anle ~I,

Tho mean values of 417 and 4.16 k. ocal. mole™> compare well

with those of Staveley 20, 4.134,' end Rosednt 3%, 4194 K.cal.
mole ~I,

The veluss in the literature for the heats of
ionieation of mtsr rofer $o & wvariety of isnio strengths
ard temperaturss. Roseini 40( end Pitzer 19 coryected these
valuss to gero ionio strength and 25%C. Resently estimations
ware oarried out at low ionmic sirength with & refined eorrection
for hieat of dilution 4 and 3t has been chown 2 that the AE_
value is indepemdent of whother bydrochloric or perchloric scid
was used. In testing the thermistor calorimeter the hest
changes were limited to apprbxi_nmély the sawe es these expected
in sebaequent complex formetiom exparﬂmm%, The recults are

shown in Table 1V«

§5
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PABLE 1V
Bun =g - {Hy & cal. eﬁﬁ@
{os1.)  (k.oal.mele™l) (icepalomole™™)
3e 547 13.10 - 13.06
4o 5456 13.31 39 13.27
5, 815 13.%5 32 | 13.23
8. 4.12 13.12 32 13.08
Te 4033 13.83 33 13.80
8. 4028 13.68 38 13.64
9. 554 13,27 36 13.23

100 5 eﬁ’? 13034 35 13' 30

Moan AB = 1333 % 0,20 kiosl. mole™
Whero &Hx and Aﬁo are the heats of water formation at the
ienic strength studied end et sero ionic sivenmgth respectively.
Phe moen of the values is compavebls %o thous obisined by

most workers, whose results are sumuarised in Psble Ve
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TABLE W
SRR

Heat of Jumimation of Watex.

Reaotion -4l Rofs
— (k.081.m010"L) —==
HC1  + FalH 13.363 19
HCGl + NaCE 134320 43
HCY  + HaOH 13.336 44
HCL  + RsOH 13,336 20
BO1O, + HaOH 134334 45
HO0, + a0H 13.335 42
- HGlL 4+ FaOH 13034 | 42
HCI0, + FaOH | 13.33 this work,

All the resulta for association expérinen‘ks reportsd

in this thesis were obtained with the second thermistor

calorimster, the iomis strength belug maintsinsd at 0.1 with

potassivm chloride. *
If an appreciasble ozeess of motal 4om was used dn the

association experiments and the pi wae coatrolled,comiitions

could be chosen such thét only the 13l comﬁmt, Us*, was formed.

The concentratinon of ionic spscies wers osloulated from the

following squationss
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The diseoticticn somstanta of glyoine,

= {H+} [BA]/ [Bzﬁ+ £‘ o.crncvo-'ogcaacluv(g)
' aml kz = {E’b} [A?,’/ [HA] » od-oacoociOt--o‘.tut'(ﬁo)
(thm braces denote activities)

The ssscoiation constant of the complex,

e=[ut])/ [0 Te, s eeenans vernoenenens{11)

total scid, T, = [EA] + [ma] « [A] "] PR ¢7)
and total mtal, T, = [0] + 2] e (93)
=l ]« Dt lAfale, seeenenenenee(28)

= [T s [ eyt m ot [l ]ec 009) |

e ' & &
Nultiplying equation(isyy  ( T.-{ma*]-{mal-fua’] )
and omitting consemtration brackets for omvenieme gave
PR Py o aead - - HA - AP )ea” ool (16

T Key (P, = HA" = HA ~ BA ) = MATRE,(T, 32A HA = MA” )+HA {16)
Putting (T, - Hzﬂ*um) = ¥ and reavrouging gavo,
| Tt _ ot
TRty v - TR M0 = wEey 'f ke, + |
b P Kf2(m‘9’)2 w Mﬁ"', [Kfz (Tm 4+ 'V) & 1] +T Kfav = 0 oﬁ»«eo(??)



Putiting [MA*] = O in equation (16) for the Pirss aycle
encbled a valus for [HA"] ¢o bo obtained from aguation
(17). This caloulated valuo wes then substituted into
equation (16) and %he‘ ealowlation reopeated ‘mtﬂv
consecutive solutions of aquaticn (1) were idemtiosl.
The comoontrations of the other :I.mi@ speciss wore then
obsained from squatiems (13}, (3.1)9 (10} mﬁ. {9)s
The above treslment represents a rigoreus selution
of the problem. In order %o faoilitate the am«a’éseiva
epproximaticn prweﬂm,, é preliminary value for [m”]
" wap sybstituted m 0 equation {16) before the eyaling
PrOCEess was ai:am@ﬁ. This preliminary vslue was
caleulated from tie milem equsdions, (cmi'&ting
sonseniration Maakééé)
T, - HA -xa2A + BA 4 &
= {ﬂ"‘} Hafk)f, + HA 4 z:aaa/{n"'gf
= [ Yees 14w/l } ..... o (28)
Substituting [am] = 0 in ogustion (18) ensbled & value for
[HA] to be obtaineds "
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8ince it wus asowmed in ¢his trestmens thab
[#8°] = © Zor the firet oyele, the dorived valus of [a)
was oo large and hemee E_A and {P&Aﬂ, calculated from
equations (10) amd (14) respaa%ivsl.y? were also $oo large.
Subetitution of this celoulated value for [WA*] im oquation (18)
reverged the @bove results and gave velues vhich wers %oc
emalls Ouscessive cyoling by this preliminary spprozimstion
procedure gave, therefore, en osoillating approash to a |
conavant [ﬁﬂf] valuo, and this value wss pubstibuted imto the
main caleuladion. '

By maéié@%m ozperivents with aa appmsiabw
excoss of ligand emd comtrolling the pR %8 rathor bigher

value, the predominent compleox fovmed was the 132 species B,y

Both the copper and $ho cobalf complezes were studied under
these conditions amd the comoentrations of ionis cpecies were
 oaloulated by extending the procedure alresty described £o
include the couplex kA, as well es EA*. It was not
peasible to s‘mﬁy %ha zine comploxes in this manmner since the
soln'uom in this osse hed %o be kept below about pHY ‘%@ prevent

precipitation of zine hydroxide.

&0



The meagured hosgt &h@mé;a, Qs was ozprssged by,

@ = ' xfan ¢ a@) + 4B ¢ G@] cerrrrnrneenan(9)
" where Q' was the cuntribution from the heat of omplex  *
mmammg a{1) tbe bess of diluticn of the
pa@gssiw glyctuste, (2) , the hest due to Formaticn of
vater, and a{3) amd ql4); tho heat comiributiens from ohanges
in the ligand equilibris. The value of (1) was dbSained from
& blamk Tum carried ont for sach experimanis

Kanowing the p8 u? the blemk solutioms, pHB 9

conmcantrations ef the soid species E&“}B 0 EHQA}E and ﬁJHAjE
ware calculated from She dissociation constents of
glycine, kl = 4666 % 107 -3 moles 3o =1
i, = 167 x 2070

and
moles 1o %&mﬁ from the
axpraossion for the etal acid,

| , = [47] + [m] « @2&*}

= 7]+ 0T, o Ilew

henoo [A-'"] = 7 / ( 1«:-{2!*}1?1/&2 * ‘EH'“'} fegey )e |

The sorresponding consentrations in the metel csmploxing
| experimsnts, [A"] o’ {HA] o and {HzA"'] o» (8t DH)), were
caloulated by the mothod alresdy described and the heat
centributions, a{3) : end a(4) wers evaluated from

b1
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the sppropriate hesls of protonation ‘%9
o o " g -n
A"+ B @2 A, 4B, = <10,80 k.osl.awie Y,
+ ity . o,
and  HA+ KT HAT M, = - 0,95 kioslaole™,
The heat cemtribabion, {2}, was caleuleted
from phy and pH, using Steveley's walue, <AH = 13.36

ko cale m@l@“lg for the hent of formation of wabePe.

With o knowiedge @f all)s g2} al3) smd qf4),
tho experimentsl heat due to complex fesmetion, G° , wes
csloulated from equsbion (19)« The heet of eomplex
- Pormaticn, AHI I&mal.mla"lg, V-ems Shen ssalmia%@; for an
ionic sbrength of C.l and the thermedynomic besst of complex
formation, AH o e ealomole™
AE, = AR, # 23082 ($9 + §lwoggs, (Red7)

in which the velues of D , the dislectric constant of water,

o was devrived from the eguetion,

were thoss of Akerlef 48 o

| The results for the heats of formatiom of cobalt (11), .
copper (11), and zine (11) glyoinste complexes eppesr inm
Tables ﬁ to ﬁ.o | |
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\m o WP -alg

Table Vi,
 Total Tol. As B, -Q Q!
_(nl) (units) (calumit™) (cal.)  (eal.)
300 11,8 127 4503 14225
300 15:3 +112 1.712 12186
300 149 122 1,822 1.057
306 14a1 o122 1715 1,212
360 17.6 +103 1.809 1.084




Hezt of Formation of the Cobalt Glyecinate Complex, MA'.

Molar Concentrations

' 65480 1.6760
2 9.820  1.6760
3 8.1850 1.6760
4 2.8220 1.6760
5 8.1850 1.6760
Rm AR
— (k,0al.mole™.)
1 %2'.84
2 =2.9%
3 ~2.75
4 ~2.95
3 ~2.72

Hean AE@ = -2.18 % 0.05 k.czl.mols™

Lol

1. 4357
13597
12773
13709
1.2773

4
»
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Ran

AN N W N

Total Vol.

Aoke)

300
300
300
300
300
300

Table :ﬁo
Ae V.E. -Q -é’
fomite) (caleuwnit™)) (oale) feals)
25.0 126 3148 3.421
27.5 114 3.136  3.296
2.2 - .109 3.186  3.367
5 .6 3186 3.473
31,6  .101 3.193 3.482
%4 9 33T 3482




 Beat of Formabion of the Copper Giysinaste Complex, mt.
Molar Concenirations

Run 2 . 103 7_.10° g_m*] f.'m%_,

2
ArnactieT. R ROROEI X Lot o st e

5.2567 1.6760 16071
6.3080  1.6760 15121
s;.sosof; 16760 ng
5.2567  1.6760 16114
42055 1.6760 16118
42053 1.6760 16075

=

[ SRS TR - YR V)

Fun Asg Ano :

(kcalomele™s)  (k.cal.mols™.)

b

<710 644
599 | ~6.33
~7s11 6445
.18 -6.52
120 -6.54
70T 6.4t

Moan AE_ = ~6.45 % 0.04 k.cal.mole™ .



b7

Vo W N

Total Vol.

s888spE

Teble ‘:“'{E
As WE, -Q
(umits) (calownit™) (eal:)
27.2 o112 34050
28.5 107 3.049
66.6 122 8.122
63.7 w24 7.899
69.5 ~ 117 8s127

<
354
.365

' ’c982f
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Hoat of Formation of the Zinc Glycinate Complex, MA'.

mhlér Concertrations

t 6.8225

2 6.3032

3 9.1000

4 9.1000 |
5 9. 1000

Bun As;

1 ~3.97
2 -4.05
3 | ~3.20
4 ~3.78
5 -3.T4

P Bt

’i‘a. 10

12,1730

12.3290

2.5000
2.5000
2.5000

o
2.7406
2.8293

0.8567
1.9822

0.8954

=3.31

~3.39
~2.54
-3.12
=3+05

-3.08 ¥ 0.17 k.cal.mola™ ',




- RS T S VR Y

Teble iXe

Total Vol. Ae WE. -g -Q!
ml)  (emite) (esloumt™') (cal)  (eml)
.9 .12 9.543 20321
6t 28 940 2.568
48 120 9.646  2e427
0 428 9.848  2.301
82.9 M7 9.696 2518
949 123 9.832 2,419

€ 8§88 88



Hegt of Formation of the Cobalt Glyoinmets Complex, M4,.

2

Lolar Concentrations .

e

[a’].0? e bao?

1.6370 6. 7040 2.2380
L9644 6.7080 3.9321
18007 6.7080 3.0826
1.6370  6.7040 2,2088
19644 6.7040 3.9321
1.8007 6.7040 2.9624
As, AE,
fkeg:a&l.»nplef’;)’ (I;aﬁcalugacfle.«f‘j)
<558 ~4.92
=5+59 «4.93
- =554 ~4.88
-5.52 486
~5.48 =482
=5.61 =4.95

1.3864
1.5313
1.4595
1.3894
1.5313
1.4723

Beon AHO"' "’4!89 e 0,02 k-eﬂlcma "10
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Table X

Total Vol. As W.E. ~Q -Q?
fonits) (oateunit™) (cal.) = (cal.
82.0 156 12.797 13.202
70.8 151 10.685  1.422
79.8 149 11.895 12.296
84.7 S50 12,709 13.129 .
TR0 JME 10664 - 11,276
ed B 12077 12444

HMMF_?



Heat of Wormztion of the Copper Glyeimate Complex, %a

Molar Concentrations

;an; _T_E_loi Eé;.ﬁ [t].10% [y 103
1 3.2802 6.7040 16074 3. 1101
2 2.6283 6.7040 56971073 2.6279
3 2.9437 6.7040 1.4856.107% 29422
4 342802 6.7040 16495 3.1149
5 2.6283 647040 4.T951.107>  2.6279
6 2.9437 6.7040 1.5251.107° 2.9422

Bun &HI Ax

—_— fk.eal.mola."?) (x.cal.mole.” )

1 14,14 ~13.48
2 ~14.49 =13.83
3 ~13.93 ~13.27
4 -14 05 -13.39
5 ~14.30 ~13.64
6 ~14.10 ~13.44

Bsan AE_ = =13.5¢ £ 0.09 k.cal.mole.”
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DISCUSSION:

The work deme, W, in forming an jon - pair from

the separate ions in solution.can be written 51,

Ww-%-q ~ KP In55:5 seeiivecccccecescosscccoscenss(20)
whore ¥ is Avagodro's mumber and k in the Boltamen constamt.
The torm i In 55.5 ie a charecteristic of reactions in
aquecus solution in which the number of solute particles
deoreases by wnity, 55.5 Peing the mmber of moles im 1000 Ers.
of water. 1Its inciusion renders K dimensionless. The foroes
batwgen two Gppesitely charged ions in solution oem be
conaideréd to be maa up of long - rauge, or eleotrostatio,
and short - rangs, or quantum mechaniocal terms. While the
aléctmnt::ié force ﬁu te ono of attraction, the quantum
mé;thanioal force may be aitractive or repulsive depending
uﬁcm the cleotronic configwration of the iomss The work
térm, ¥ ocan therefore be coneidered to bo composed of itwe
raris, W snv ? semsitive to environment and tempsrature,
and Wnon » insensitive to enviromment and indepu;ﬁont of
temporature. Equation (20) cam therefore be written,

W = W + w = --kT( 1HK+ 1!155.5 ) = "lenI{x 060000(21)

14-



Since W eny ? 38 elootrostatic in arigin,vi‘b will
vary w#ith 'cempm'atm in the seme way as the resiprocal of
the dieleotric constemt of the solusion.

For normsl temperatures the veristion of the dielestrio

constant with temperature can be ezpressed by the equation,
1/D = eT/ 6/»13O ,

where Do and € aere comsiamis for the ohosen eolvem.'

If 9, 18 proporticnal fo 1/ , equation (21) will have

the form,
a + GT/Q
an et ¢ B .oo”ooo”n..u.one..”(22)
p:4
=y
‘ T/0
where ca = W n,/k and ce/” =W [k

By differentiating oquetion {22) with respect to temperature
and oquating %o zere a/f? + (1 -%/6)e/® /1% & 0
T4 can be shown that 1n K, will pass through 2 mimimun

®
at temperaturs T when,

#*
T = o1+ a./’eT /o )
o e o(1e 0 /)

non’ env "
v temperaturd T .
where Wenv 8 the value of Wam at temp ,

Thus %he position of the minimum depends not on the sum

‘ : ratie
Wmm % Wem' » but on their ratic.

uk)
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A% teupevatures bolow T , ¥ values will
decresase with inoreasing temperaturs due to the tendemoy.
for thermal agitation to oause disseciation of the
sesvciated s.m, A% temperatures above 'r“, K valuos
will inorease wiih temperature dwe to the deoresse in
wubual potential suergy. The position of ?* way be
suffieciently low %9 be below the freeuzing poi!it of the
solvemt. In this case & 1n% / 4T will be posiitive over
the emtire tsmporature range wiere studies ave possible,
inferring pres%mim%e}.y olectrostatio interastionms in the
apsoviation. This behevicwr has been noted for the
alkalime earth hydrozides. MNouley °- caloulated the
temperatures at whieh AN o for soms transition metal
oxalates wes wevs awd it was found fo fall alomg the
geries Wi, Co amd ia.  This possibly reflects the
incroasing B-typs chavacter wilth incressing atemic mumber
in the firat transition series.

Sinos it has Yeen suggeoied that the heabs of
formaticn of couploxes ave related o metal - ligend bdond
strengths 53 , and that bord oirengibs ave imereased by

immasing ¥ 16554 s the exothermicity of a resotion

n»nen



would be expected to imoresse with 'I'”.
This has been shown to be so Por tramsition metal glyoinate,
malonate, oxalate and }S-alaninate complexes 35 ,

In complex formation the nitrogen atom donates
its lone pair of eleotrons wore readily them does the oxygen
atom and henoe Torms bomds which are more covalont.

This loads to & grester W__ , a higher T , end K values

whioh decrese with increasing temperature. Uusitalo >°

has shown that when the donor atom is oxygem, the wﬁopy

term is importemt, buﬁ with .nitragan as donor, the enthalpy
 change is of greater importance. When botli nitrogen and

| ', oxygen are present TS end AH ave comparable for
_astrong complexes, but T A S increases in ;.importanoey as the
‘ 4stabi11ty of the m@iez deoreases. ‘I'hese"‘;poin‘is are
“{l1lustrated by compering the thermodynamic properties of

~ the resotions betwaékx’ coﬁal*t (11) and the glycinateand

" oxalate 21 enions which ave given in Table Lﬁ; |

TABLE F11. ,
Reaction ‘ -AG': - AH B AS.
o 689 2,22 15,7

- Co
Co?t 4 0%° 6.54 059 23,9

11



Although the stebilities are of the seme opder, the heats
end entropies gre quite different for the two scomplexzes,
a mmoh more exothermic heat of formation being oblained
with the nitrogen comdaiming ligand, glycine. |

The cntvepy change anagmpsmyﬁég reactions of the type (1)
can be considered %o be wwde up of tws pards, o deorease in.
antropy duo o the veduwoticn on the numisr of selute purtiolss
in soluticn and en imeroase due to the neutralisation or paréisl
neutralisation, @frﬁﬁ@mga shich leads to & a@ageaaabim the
ordering of solvent wolesules. Frask end Evenms 8 hawe
suggested ?ha% ioms in solubion oriendate %hé water mal@euzes
around theom 8o as to form an effestive “losherg®, the process
being sinilar to a pertisl freesing of the liquide Thus the
removal of ioms from pFAL saigﬁi@mg as in the procsss of complex
formation, will ilcad ¥o a breskiewm of this structure and a
resulting eniropy change favouriﬁg complex formation. Sinos the
antropy effest will be velated “o the immioc charges, & large As
will be szpooted in roavtions secompanied by comsidereble charge
,nentraliaatiem}anﬂ é iew A S in reastions for which there is
1i%ele cﬁarg& poultrelication. This explaims why %ké entrapy
chunge is grester for ligands confaining oxygen Pather than

nitrogen centaining sites.



Writing an entrepy cysle 59,

o B _ As(3) §
") S e m{EM"
Ff/%a“) o ~B5,4(2) Asg(®)
‘ ) ~ A8
o b-. b
Y i -

where &a’uﬁm (1) is she emtrepy change accoumpanying the
hyiration of the gse phose eaﬁim,'»ﬁsgya {(2) amd Asnﬁ(li)
are the corresponding valuwes for the enlon snd the complex
and A3 3(3);13 the entropy ohsnge on assecistion in the gas
phage, the cbserved emtropy of asscoistion can be writtea,

Asy o, = D a(4) - DS (1) ~ DSy 4(2) + A8, (3) weneennn (23)

9



é’s}.’fyd(ﬂ :a-z;d JBS}@&(Q} can be obtained from
the difference in standard entropy of the dems in the ges (Sg)
and the agueous (S°) phages. While these are kuown for a

large musber of ieno 60

o they ave mt known for the giyoinate
anlon. The sguecur phaso ensropy of the enion was obbainsd
from the crystal emimopy, the eutropy of hydration, and the
entropy of dissosiation of glysine. Dy, for gyeine was
obtzined frem sclvbility messuvemsuls ot & mmber of

61

tomporatures , ond Sﬂ.&w was then determimed frem the

diseoniation

HA mﬁ H+ + A »

the values being shown in Table X111 .

D s imried

Table X171 1o

) ‘ o
ch st Afg\zd | -5, Sy
Glycine 2641 62 14.4 ~8.8 46_ +31.7

A1l emtropics in osle/deg.mole.

80



Whore egx’m;ai e&z%*s:ma@ and a:slubﬂ%y data gre
ne$ aveilabio, aquesus rhase eu%royies 2oy be ealmlateﬂ from
& nunbsr of mmpwiaal mla%iemhigm Pm;:all mﬂ Latimey 63
wgga%ed en equation for the emivopy of mma'fsmﬁ.e doms,(based
on the stendard, §° gt o 0)s _

° = 3/2 RN + 37 - 270s/2°

where ¥ is the atemis weighb, =z | the e&z&ﬁ'@ amﬁ z, the
effootive iouis ralii of the ions, with correcticns for
hy&ﬁaﬁima éhese .mm%tiam wem for uaﬁot_aé, X 23 e
and for anioms + if ‘@ , |

Icaiﬂlaz* &29 using the value ezagges%eﬁ by Gurpay
of §° gt 2 = 55 @aia/ﬁagmnlm 51, pmpns@ﬁ_ for ma%ouﬁe
cations '%he equation,

S e. @ V2 R12E 4202 - 16 2/r,
whichk ke comsidered %o e ‘bheer@sically BOPO Juatified.
Equutions have basn dqaveieped mj Cobble 65‘%@ the oalouletion
of the emmpies of @@@1@3 cv:sya;aiom ami mi@l&mmplems
end 4he bas eztended this methed o &qﬁméﬁj erganic solutes,
gomploxas sud ohelates. OCenmick and Powoll have aleo derived

‘an equation for oxyenicns 669

81



In tho gam phase, ths cubropy chaags ﬂsgu)
includes Both rotatiomal and tramslationsl terms,

88(3) = s’crane. (m(&abh) Spot. (m(a-b)o) - strm.(ua‘*)
Do
Y.

e
= Stram.{& ) = 8, (4
For monatomic ioms in the gas phase only the 4ramslational

entropy term is imvelved. S for momatomio ions and

trene.
diatomic molecules may be obtained from the Saskur « Tetrode
equrtion which, al 2’500, has the form.
8 rans, * LS RInM 4 26,03,

vhere H is the atomio, or molecular weight of the ion.
For symotrical, non - lincar anions, (e.ge sof. o
Srot.(é.bm) mey bs obtained from the equetiom,

smt_(a""') = 2.2868 (3 logh + 3 logl, ~ 2 log ) + 267.52,
where I, is the moment of imertis about the bonds,

(S—— 0 in this case), and O is the aymmetry mumiber O',

For an ion ~ pair which can be comsidered as a

linear molocule, |
a 2.2868 (7 logl + 3 logi + 2 logl, - 2 loga”)

- 64661,

whore I, 1s the moment of imortis ebout ite sxis 61,

Sirans.t Srot.

To deoal with rigid, non - linear ion ~ pairs, however, it ls
necessary to introduce the momentm of insrtis sbout the
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principel mﬁ 68,

Sirang.t Spet, = 202068 (B logP + 3 logh + log I,LT, ~ 2loga’)
| - T.691

Ths produst Iﬁ IB of the psiacipﬂ monente of lacriis omm be

aaloulated by solving the determinsnt

IﬁIBIc = +In -Ixy -“Ixz
-I_ .

Xy *Loy Tya

Lo . "Iyz ot

where I and I ete. are the mozents and M@é‘ef inertia
with respest to a co-crdimate system naving{‘_ih.e ‘oontre of mass
as origin,de., | |

I = zhs_(iiz * ziz ) --"i"' |

Iﬁ' = ij’_xiyi cossess g
shere @, is the mase of ibe alom 1 whose Mmmtm are
Xe Fyp By wmd Emi e Ho Xeray izmsﬁtgétﬁm ‘hes showm
that nicksl glyoinate is slmost plazar 7, and this can be
spsumed for the othor giysinate csmplexeds



I bse bean shown that e gescous eatropies of
cobalt and some other trensision metal giyoimate complexes are
very noarly coustant at 57.0 oal.leg™ . mole™ , for both the
HAT anmd HAQ complozes 289 end tkis value wae secumed in the

oase of the gorzesponding copper wnd zime species. The

entropies of the metal iens were those of Staveley snd RendallZo.

Substitution of entropy dats imto equasion (23)
gave Asay& (4), the hydration cntropy of the ecsmplex smd
the values are listed in Table XiV.

TABLE XIv.

%@Wmi«: Propertiea.

omplex. ?ﬁé@mlax Asﬁw' fﬂsgéﬂ(a) r;‘l. S
cod® 570 15.7 36.6 1.3
cu 6F 570 17.8 31.1 1.39
Zn * 57.0 14.8 36.0 | 1.39
Co G, 569 11.3 9.3 1.35
Cu &, 5740 10.8 6.4 139

all entropies in oal.deg?1mole."°1.

B4



The 4° eleotrenic oconfiguretion of cepper (21)
is capable of additiemal stabilisation due to detragonsl
distortion of the os‘maadral s8yumotry s a rosult of
the Jahm - Teller offecte This will reav.-l% in four short
bozds in the xy plans amd two long bonds along the zeaxis
snd the effgot wpon the thermedynamic properties may he two-
£01d 70, The ineresssd covelemt mature of the shortened
meté.l-ligam bonds in ‘%h@ 7y plane will, as :m elready
boen disoussed, be reflected by o moreb v@@ﬁmﬂ enthelpy
of formation when the cvesrdinaiing stom in the ligmnd is
- nitrogem. It oan be somn im Tsble XL that this ds the oase
with the glyeimate semploenes. When mi@nﬁ.@ ligamds ave
imvolvsd, the closer contast of the mwebel amd ligend donor
atoms im the xy plms will result im o more offeotive charge
noutraligadtion in the complex and this is feﬂeﬁﬁa%& in the more
positive &Sﬁm {4) for the copper glyeimade esmyl@:»:@@
(Pable XiV), » resuls which has also becn observed for the
malonates and sugcinates e It can alse besn seen in
Pable K1V thed the entropies of kwdrat‘imi for the mz complees
are muoch less negative then for the cerrgapmﬁimg_ 191 species

m*,, besause the former are umchergsde



Bimoe the 'emme@; of {B {oomplex) sve similar
for all the roactices A e will therafore Be largely
datwmjmd by diffex«mm‘ in hyamﬁiam.._ Seamiey ‘gtudied
$he penctions of @'ﬁ&aylem‘ diaminetetracvetate with o
wuber of mstal dons and asswmed Aaﬁm(z)- and Asm(az)
22 ‘

%o be commiamd was plotted

;
» Wpen, howevor, AD T
against 1/» 2+ $hree soparate curves ware cbtoinedes
Those Por diveleant jome with imert gas siructurss amd
transibion model ioms weve linesw, but in the cese of
%ervelent igus a curve wes obieined. Hanoellas hes shoum,
howaver, thet if i&%‘;@ o, 1o plotted ageinst Aﬁﬁ.ﬁﬁ (1) =
stralgat Lin is obtained for il of the csmplexes !,
A nusbsr of relatisnships betwsen entvopien snd
%he propertics of icms heve been Qemomstraded. Latimer fownd
ol -t
4

that AS values, bezed om Som _— e;zhﬁag;v )

Hyd
were properiional to Z/r', whers s was the chavgs on the iom

- and 2° the effeotive radius (.o ¥4 Ged ﬁ ‘am?x 3.*- 4 085 g)%
TUair ond Nonsollas heve amvm that Aum &M} vamﬁcéi lm@amy with
: (r ¢ P ) "L por unoharged lon - pmm @:ﬁ‘ 391 e‘im%mly@ess T4,

Ta the present work meither A&EWM} mor AS Shese voried ﬁ.ﬁmeamy»

with 1/3.’“;,,.@. . Geovge however, has found velatiomships of the type,

Bb



ASA@ g = &&Wﬁ {2} « mm@mi: ?Eiw DitYevemt waluss of
the concstant are required for difforent systems and Davies
nap showa that this velus is spporently depamimﬁ w the

enbropy of bydraticn of the variable jon %6 ¢



PART IT

The Heatls of_ Fomatiox; of some I_)iva‘len‘t latal Ion

Conplexes with

BGTA, gdi»-(?-anﬁmethmy)-»e"\:hanaizetraacatio ac’idl and

EHEG, g;diamin_cethana W, N* di-(o-hydroxyphenylacetic acidl,
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PART e

The Eoale of E‘a&*m‘*ien ¢f some Bi‘mmm ¥atal
lon Qsmglamm with BGTA and ”‘HPG

The :aomyiiaias fornad betwen *shé” alkaline earth
cations and polyaminocarboxylele ligands,{L), form a
pertisnlarly suilable sezies for siudy. If the bounding
wore pupaely elestrosiatic, i"-hﬁ ardor of etabllity would e

expootad vo follew the luverse order of jonic wedii viz.

Byal, > Foet & Fsen 7 Fpat.
Althm?gh Hhe lma thene mmbers inveriebly mnf’@m to
Bhis sequetite, the essocoistion consband foe Hgh is
frequently sensidersbly soellsr %‘ﬁm thet m&ima an the
bagis of simple jeonie 'Ezeméimga Thue the sbability songtants
of the 331 couploxes of EGTA with et {logk = 10.93),

Sﬁg"{l@gjﬁ B.4%), aad Ba® " logk « B.32) .wms 7

are
aiwilar o Shooe of the othylenedizdretetrassetic anid
{2r74) comploves wherpas the value Top 1 *{1@@"{ 5,29 o)

is o fastor of mﬁ:mum’ than thet Lo Jg”‘ﬂm"“
| In exder %o bo sble to disouss the romson for the
eb&arﬁed’ ordors of stability, 1t is dmaim‘ni@ e know the heed

and owbropy as well as the free onsrgy ohangws esconpaying

the associsdicon veastions.



Feom n consideration of frese ensvgy -date slozs, the anonelous
behaviowr of the megnesium chelates has often besn abtributed
to the difficulty .0.’1'" 8 mltidentate ligand to fold vound the
amall cabion S’exffigienﬂy slosely for all ite donor atoms

to be bound. Thiec vonld yosull in fewor bonds being made %o

the magwesium ien, with the replosement of a smaller murber of

vater molocules froms ifts co-~ordination shell., The relatively

lappe and poeisive am'&:mg;? changos found for auch x"ea.c‘a;ions
howsver, indlcels thet other factors unay e vimp@rfkm%s

In order to discums in more detall the important
factors involved in the assccistion reacticms, procise
colovimotric heat chonges have bsen ¢biained for the
essociation of the BUTA fon with the alkslime sarth cations,
end with the ions cedrium {11} and zive (A1}, Rosults were
obiainsd for cedmiuvm and sine in ordor to compore with the

78,79
markedly differing reoults which have heen publiched

2-and Zn HOTASS

for the cemplozes C& EHTA
The hest deta has been combiped with known stebility
conabonts o give the oorrespouding entropy changes and the
'&;hemocx?nmé peopertles for the formation of the alkaline
ecrth complexse ave discussed end compared with sdwilar Qals

for othey aminocarboxylate complexsd,

90
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The heatr of formation of the complezes of
EHPG with the divalent jons magmesium, caloium, strontium
and Bavium heve been Qoteormized in order to provide more
thormodynamic data for wuse in the geperal discussion of
‘&.ﬁs awinocarboxylate complsxes. o values for the bheets
of protonation of tl_ﬂ.s Jigend have beea reporta& and it
was necogsary 4o detormine these calorimetrically.



Q2

Propuration of Reazontss

EGTA:s  The purity of the EGTA, (Judex Reagont), wss
estimated by titrating with a standard caleium solution in
an ammomia buffer, usiag eriochz'am black aﬁ iadicator 80,
EHPG:  The oolid,{Judex Bongent), was diésolvad in a
atrong base solution and yeameei@i%ated by adding acid to
PE 7. This procedure was repvated three times. Porcantage
elementary anmlycis ﬂgums are shoun boleow, the figures
in brackets being tho theevelical valuss based on the formula,
018 HEO 06 26’2 -
C " Qg N
59.54 {59.99) 5.70 (5.60) 27.06 (26.64) 7.70 (7.77)

Potassivm Salts of the Iizands:

Standard solubions were propared by addiig
sufficient carbonate - froe potassium hydrozide %o peutralise
tho four ionissble hydrogens of tho scids.
Matal Solutionss

4nalch metal chilorides wore used for all the cabions
gtudicd with the ezgeption of zing., Solutions of zine chlorids
nwereppropered by the following mothod. To o weighed amount of
zino oxide was added = elight stolchiomstric doficiency of |



@@men‘imai:@a AvaleR bydrochloric aeid vhoss chlorids tontent
hed heen ohooked gravimotrically by rwecipitation as silver
ohloride. The mlmmoxi wos shaken undil the reasotion was
@ompia*ke, then filtered through a low porosity peper. Stook
gsolutions wozo analysed for sime by precipitetion of the
metal as ils gquinaldivate 803

Hoats of Complex Formmtiom.

The precedues followed for the detorminstion of the
hozts of complex i’@mﬁim was similar to ‘&_ha't described by
Care zund Staveley for the corresponding EDTA comploxes 21,
Relatively mncemmmci solutions of the po‘kaésium galis of
EGTA and ERPG, containing a slight ozcess of potassium
hydroxide, wers placed in the mixiag de#iim. The boats of
mizxing of identical volumeas of these solutions were determinad
with (1) divelent me¥al chloride solutions containing
sufficient scid o give & suitable final pH, pHy, the
corresponding beat change being Q, calsy and (11) a solution
econtaining uwo complesing oation tut oﬁbemisa ideatical wi_%'hv
solution (1), (best ohange, G cal., final pl, pHy). The ionic
strength, in both eﬁlﬁi‘_iom@, m Mntaiua;a at "o_;fi with

potacsium chloride.

3



%

The beats of protemation of EHPC wore determined
in a similar manner, af an fonic sirength of 0.1. The heat
of miﬁug of identical volumas 6f solutions of the poﬁasaium
salt of ENPG were determined with, (1) solutions containing
varying amounts of hydroshlorio acid, (heot change
Q' cal., finel pi, pE' ), and (11) e black solution
sontaining only sufficient potassivm chloride Yo maintain
the finmal lonic strength at 0.1, (hsat change chgl,, final

PH, pH'g ).



as

Rca;aufi‘i;s s

The differsnce, (Q - QB)’ botween the hoat
ohanges, gave the heat change for the procass 21

U N A S R

. 2" & o
ey Yy +Lc +F.Lc +HL + By =+ OFy

Fhe sontrations of all iomic apecieaa oould be caloulated
from the measured pHB and pﬁc by using eqnati.ons for the
total metal concontrations,
= 3@”] % {MLQ.]

the dotal acid conceniration,

p, = [m*] « [50%] [m3] . [L“’]
electronautmliﬁyg
2] + foi] + 1] - [or] « ] e o g

+2[ML ] + 2’1‘

the compleox amscciation sonstant,
2"" v C
v = [u*] /7 ¥
end the noid dizsociaticn constanbs, |- Iy = 1.33 = 1072, and

K, = 2.93x 107, Values of X at 20°¢ 1T gere corvected

4
to 25°% by using the Van't Hoff equation. The onthalpy changs, Q’,

Zor the formotion of the complexz in hs reaction

e & WM‘ 12



wae then evaluated fron (q, ~ Q) by sllowing for ihe hoad
changes due to the comumi’temt mmtiom
Bl e=m? + B (A4, - 4.88 koalmole™), 71

HLB“ 'e:-"‘"‘& L‘q’“ + H+ (AHJQ. s 6533 kﬂ“&loﬂl@lﬂ“l}g 719

&

and H + OH "‘“"‘HZO

The results for EGTA ars given in Tebles XV to Xf.

S



T&b 19 ﬁu

- Heat of Formation of MgB T

a1

Run T;J‘ba'l VOIQ Ae WOEO "‘ch __,QU

— (o) (units) (cad.umit™!) (osl.) {eal.)
1 300 ~24.3 0.110 ~2,66  =3.60
2 300 2741 0. 105 -2.84  =3.77
3 300 ~20.5 0,146  =2.99  <3.79
4 300 2145 0. 129 ~2.77  =3.85

Molar conecsnirgtions qf ionic spocies

B D105 T.10% w2, 103 Aw

P (k;cal.malem?,}
1 2,500 2. 690 2?284 +95.25

' 2 2«; 500 29678 26 283 ‘5‘5"5’1
3 2e 500 2o 6?3 2 302 'i’So 49
4 2,500 2,682 2,246

+5.71

Wogn AH = 45.49 £ 0.12 k.oal.mole”’,
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Table K71,

Hest of Foymation of CaEQTA®,

Run Total Vols Ae  wE. -Q, -qt
— (ml.) (unite) (ealounit™) (cal.)  (osl.)
1 300 . 6?00 00108 +7¢22 ’3“5-86
2 300 . 66.T 0,106 . - 47.07  +5.96
3 0 623 0.115  +To18  46.07
4 300 642 0,110  +7.06 +5:94

¥olar concentrabions of ionic species
Run 7103 T_.10° 2,108 Az
I e ’ ' . y (k. Q&lam}.ew?t )
i 2,0 500 2.676 29500 "‘7‘082
2 2,500 2673 2.500 ~7.94
3 2.500  2.674 2,500 -8.08
4 2,500 2,673 2.500 ~7.92

Moan NH = ~7.94 % 0.07 k.oslumole™,




Run Total Vol Ae HoEs -, Q!

o ) Sunits) (cgl,unit."’i ) (cal.)  (eal.)
1 300 85,5 0. 120 +5.47 +4.24
2 300 47.8 0417 45.60  +4.48
3 300 40.9 0,130 45,33 +4.08
4 300 3.5 0wz #5.51 44433
5 300 49.2 0.112 +5.52 +4.38
Melar concentrations of lonio species,

Run T.03 103 w2, 10° Ar

— — (k.cal.mole” . )
1 2.500 2,673 2,500 ~5.65
2 2.500  2.675 2,500 ~5.98
3 2,500 2.674 2.560 =5.44
4 2,500 2,673 2.500 R
5 =5.84

Table XV11.

Heat of Formetion of SrEGEAZT,

2.500 2.672 2,500

Moan AN = -5.74 % 0.15 k.cal.mole™ .

aq



Table X917

Hest of Formetion of BaBGTAZ",

Run Total Vol Ae YR -a, Q!
e LS (units) -(ea,l.unifh“?) - feod,)  (osl.)
1 300 - B4.2 0.095  +8.01  +6.65
2 300 692 0. 119 +8.21 +7.01
| 3 300 - 6544 400120 4787  +6.34
4 300 655 0118 - aT.72 4654
5 300 7240 0,119 - +7§95 46479
6 00 : 7647 0,105 48,06 +6.91
 ¥olar conssntrations of ionic species |
Eun 100 T, w963 A=m
—— . ' (k.ml,mo}.emﬂ o)
1 2.500 2,674 2,500 ~8.87
¥ 2.500 | 2.673 24500 9034
3 2,500 2,675 2.500 8,72
4 2,500 2,674 2,500 = =8.72
5 2,500 2,673 2.500 ~9.05
3 24500 2,671 2,500 8,21

- Hean AR = ~8.99 * 0.22 k.oal.mole”,
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Teble X1k

Heat of Formation of CABGTAZ,

Run Total Vol. Ae W.B. -Q -Q?

S fmi)  (units) (cal.unit™) ggﬁig_ {end.}
1 300 6749 0.155 = 410,52  +11.42
2 300 49.1 0.204 +10.03  +10.90
3 300 L 43T 0.236  +10.29  +11.12
4 300 42.0 0232 +10.24  +11.11
5 300 - 51.6 0.180 410.«:39 +11.27

. Molar comcentrations of ionic spacies

Ruz T .03 1103 w?.103  AE

— R ” (k.cal.mlswq o)
1 2,500 2,667 2,500 ~15.23

2 2,500 2,672 2.500  =14.53

3 2500  2.610 2.500 -14.83

4 25006  2.674 2.500 ~14.81

5 2,500 = 2.672 2.500 15,03

Moan AF 2 -14.89 ¥ 0.20 k.oal.mole™!,
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Table XX.

Heat of Pormstion of ZaBGTAZ,

Run Total Volo As ¥.E. -8

¥olar concentrations of ionic species

Run 100 1100 w?.0d A

KR 2,500 . 2,679 2,500 =5.09
2,500 2,675 2,500 =491
2,500  2.675 2,500 = -4.88
2,500 . 2.673 24500 -5.12
2.500 2,674 . 2500 ~5.09

Wi WoN

Bean AB o 25,02 £0.10 k.col.gole™!,




0%

o ocaloulats the heate of protonsticn of BEPH,
the consoniration of geid spooies were dedermined from

the expression for the tofal acid soncentration

= (225 + w*] 4 s “"]

the dissociation aonstan%n of F}Hm , k3, = 2.630 x 10"11
and ka = 1,201 x» 10"12 o and ‘the weasured pH values, I)W@.

2 ‘ ) .
and pH B ° Too changes in acld specics gongontrations were
then equated to the differences in the beat chonges
{e

the formation of water. QEQO cal, ‘The mmlﬁs are showa in

o Q'5) oal. after correoting for the heat changes dus to
Table Z@ig

With a kanowledgs of @gﬁ ang ,ﬁﬂ for the protonation
81 log K(Mgl®™)

= 8.0 aud log K (aaz, ) = 7.2, the hoats of .{om'jﬁ;iea of the

reastions, and using am awsooiation constante:’

negnesivm and caloium comnplexss wors oal‘mla’i;adm :

The association cousbants for the fom,.;i:mn 5 4 ‘éh& ‘atrontium

and bariun morscemploxse with BEPG have m? boon determined

and in order to calenlate the heais of form%ion it was

asoumed that azss_ocﬁ.ntiw. oonzbante were of the saws order as that
for oplsium. It was Peit thot ihis assumption was juetiffed

4 #ines othew polyammoa»mbaxvlaﬁe uumplexas have similer gesos-

7,78,

iation gonsiants for these motal ions Tae rosults ars glven

in Tebles XX11 %o ARV,
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Table L1

Hoate of Protonstion of EFPG ot 250 (1= 0u1).

Em
Heer -

kY

Molar concsenirations of ionic apaeiéa

TSRO .om

T
Blank. 6K.161%:9¢

2,550,107 1.5206,9070  1.142.1072
Run 1. ?¢§1%7aﬁﬂm§ 1.3673.107° 5. 2837.10~ 3 6,918,107

Rmo2, 41330077 2.1953.0070 44607107 1,855,107

Bun 1. C45.6888.  +4.2530
Rxm 2. +40&G’?9 o - +3.9009

LChangss in maz;xrim- of fxg;;sé:ﬂ.w from Blank to Ruw

A A ‘_ -,

H«wwm fmoles)  fomim.)

M 1. ia' @ “}“"‘ 7 & Af(»‘ % : Ta "3289¢ ?9“3 ' *&‘6?3’"{3’

n-w,/’i : o . o
52,1074 0.8820. 10" 37446

(-w.

Hun 2, 14

‘4"& NR

“ﬁ‘ m‘ """:‘” g m%) = +3.64 k. oal.a0le” .

, .ﬁxﬁﬁ (ar>" - 1 . T Y= 43,92 ic'eal.m,l@”%a
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Hoat of Formstion of L’igmﬂmz“'.‘

Run  Total Vol. e U.E. -2, “Qore
(mi.) (units)  (esloumit™’)  (eal.) (oal.)
1 300 =§0.T 0.1136 =1.216  =0.557

2 300 ~13.4 0. 1090 ~1.460 =1,043

Molar concentrations of ionic speciss

me 7.0 .10 w0l AN -2
- S {ccalmole™)
1 14167 14333 1.167 +1e59

2 1o 333 ’ 1-667 1o 333 ’ 4‘206?

Bomn NH = +2.10 % 0,51 keoal.mole™ ',
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Table XX111.

Heat of Formation of CaBHPGS

Run  Total Vel. Ao W.B. Q' prp

c
(ol.)  (unmits) (csloumst™)  (cal.) (cal.)

1 300 «12.4 0.1221 ~1.514  +1.102
2 300 =1341 0.1203  <1.576 +1.245

¥olar concentrations of ionic species

R m.100 w0 wPae® Ax

— e e {Eecalmole™)
1 1:167 10333 7016? ' ”3075
2 1.333 1.667 1.333 =301

Mean AR =_~3.13 % 0,02 k.cal.mole™,
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Table XK1V,

Heat of Formation of SrEBP(’;‘rvz""m

Run  Total Vol. Ae W.E, -a, Qopr
(ml.) (units) (csl.unit”') (cal.) (oal.)
1 300 =161 0.1153 = =1.857 +0.708
2 300 =159 0.1196 1,902  +0.663
3 300 20,5 0.0821  =1.684 +0.792
Iolar concentrations ef ionic species ’
Run Tﬁ.-m-” ffa.. 10° w100 A=
—_ (k. eal.mle“q')
2 14167 1333 1,167 ~1.89
3 1,333 1,667 14333 =1.98

Yoen A= -1.96 % 0.06 k.cel mole™,
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Table XXV

Heat of Formation of BEHPG-

Run  Total Vol. Ae W -q, Qo

(ml.) (usits) (osloumit™)  (cmd.)  (cal.)

2 300 —1805 0. 1206 | '20232 ')-00612

lolar concentrations of icmic speoies

Run T_.10° ™_.10% w2, 103 - A=x
— | (k. cal;mleﬂ )
1 te 767 Fo 333 fo 16? "'1-“688

2 1,333 14667 1.333 - =153

sosn AN = =1,71 % 0,18 k.calumole™",
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Discussion &

The thermodyramisc proyexrties for the BGJA complozss
aro given in Toble XXV1 . Since his work wae dona, there
have been publishsd oalorimetric results at 20°C. obtaiued by
Anderegs 79 for the divaleont mngresium, ozloiuvm, zine and
gadrnium ions. The values are given in psrentbeses im Table m

and the agrsoment with the yprosont work i sssn to be

sctisPactory.,
TABLE XXVi.
Thormodynamio Propertieos for the Formation
of I BGTAS" Complexes.,
Motal Ion -6, FAN O As_, 1
(k.cal.mole ) (k.cal.mele ) (esl.deg .mols ).

g 7.20 +5.49 {5.18) 42.6

caZ* 14.86 ~7.94 (=8.38) = 23.2

sp2t 11.50 ~5.74 19.3

Bt 11.32 ~B.99 | ‘1.8

20t 17.55 5,02 (=4.23) 42.1

cast 12,55 ~14.89 (=14.8) 25.7
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The sntropy of association oan he wrltion,
48 =5° (@®) - ° @) -8° (*) ..., AU ¢
vhere S° is %ho standard aquscus entropy of the speoies
enolosed in brackets. For the formation of 1:l cemplexes

betwesn an enion sed a seriss of cations, oquation (24) may be

conveniantly w&n@a 20 give 8o
as + °) = [SSQM»E“} - sg(ﬁ"}}{sm () = Syea (L“"‘g..,izﬁ)
I | Iz

in which 8_ =nd § aro the ges phose amd hydration entropies

g byd
respestivaly. Values nfgs + S“{gz‘}}] are given in the table XXV1l
for EGTE 2% 25°C. sad other amincoarboxylste ligends at 20°C. for
which alkaline sarthr dads a5 avzilable. The difference in

re will mes affoct the following avgumsnts.

TABLE XXVil

Yaluse of A3 » 8°(%) for 111 Netsl sminocarbozylate Comple

Notal Zon oa®  on® @ 2ama®
P 22.8 34.9 4.4 21,8
e 134 3%.3 10.0 9.2
Se2* 16.2 35.3 949 -
Bs2* 217 43.9 10.8 -



The right hend side of equsticn {25) containms
terme in M%7 ond T . Term I re¥lects the chease in
configurabionsl and litrational entropy of the ligand
molecule when i% enters into complex formation. The
increase in translational enﬁﬁopy vﬁ}.l ve smull, and, alnoe
the ligand loses frecdom, this torm will be ncgative.

The megative hydeabtion entropy of the iom 1% w11 ve
geostor than ot of the lover eharged NL?” resulting
in & positive %erm IT in oquation (25). The positive

values of {&5 + g° (Eﬁz}gg in Table ZAVLL indScate that

term 11 reprosents the ovemriding facter for thess metsl loas.

. A ;- S .
Pollowing Kroll and Gordeon 4} it is convenient

t0 divide the pelyanincacetate acld chelates inte thres groups.

(1) those =itk $he EVPA skelofon, including the carbooyelie

cyclohezansdiaminedetraacetic avid, CITA,

(11) those with ap additionsl potential co~ordinsting
abtomy X, ir the contral chain, hsving the geusral formula
{ rso«;cﬂz}z " {05’2}2 X (02-32)2 ¥ (cagccm )2

whers X = O, {BATA)s = zmzcoo’” » (VTPA), etc.

(111) +those with %ws potential co-ordimating centres in

the central chain,

11



("mﬁcnz)2 B (CE2)2 X (cﬁ,a)g 3 gcﬁg)g zar'(cﬁzcoo")z’
whore X = 0, (EOT4) ; ~ WOH, (BDAM). |
The trends in tho awsilsble AG, AH and 4S for
the alkelino earth cations ave illusirated in Figure i1,
Unfortunately A% and AS have not been determined for any
strontivm oF barium couplexzes of groupe (ii) ligands
and it ig possible 3o iaclude only the caloivm and
magnesium values. For DIPA, ¢he AG values ars plo;tted
. fﬁz‘ ccmpai-isaé Ll . {V'I‘hes figure illustrates a ruwher of
characteristic paitoras of behaviouz. In group (i), the
gﬁeater stability of CDTA complexes as compared with those
of EDPA is primarily the resulis of a much mere favourﬁble
entropy torm EAS + Sc(l’iz"')} for the former which outwailighsy
the unfavourable A\ difference. The ezplamation lies in
the fact that in CDTA, the two N atoms are restricted in their
movement by the carbogyckic oheir end co term I in equation
(25) will be move positive than for EDTA. In addition
it has been sugsested that as the carbozyl groups ave held |
more rigidly im CDTA than im EDTA, the resulting looalisation
of charge will lead to a more effective orientation of water
moleculos malcing Ay, (cwa‘*‘)}-ﬂ% q (E012%") ane
term II equation (25) more pasitive for cvmse.
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The ﬁncreméed endothermicity accompanyimg the formstion of
CDTA complezes is & consequence of the storic himdrance
imposed by the cyclohezyl ring 82. The value of

Ae (Mgb%} - ,&G(Ciabz") is about the same for both EDTA
and CDTA but the hoat and entvopy trende are quite different.
In going from celoium o magnesium, there is an approscisble
inersase in E‘,&S + 5° (25“)} for EDTA conpared with that for
CD7TA indieating a smaller nositive coatributior in term II
(equation 25) for CDTA. It is possible that MgCDTAS™ is
nore hydrated than P:'gEZYPAQ" since therc is a considorable
strain involved in completing the cc-ordination of the rigid
CoTA%" anion to the small magnesium ion. Some support for
this sugcestion iz providad by the rather large drops in
~AE, in the Ziguwe, for $he formation of MgElPA®.

Thers ave very few thermodynamic proportios
avallable for the group (11} ligends slthough it ie seenm in
the figure that the gemsral trends are similar to those in
group (1) with o rathsr smaller Aifferencs in {\G vetween the
caleium end strontium cholates. Group (11i) has two
menbers fd:e which stability constants have beon measured and
the resulis of the rresent work provids detailed thermodynemic
date for one of thom, BGTA,



Tue comploxen ave characierised by & rertionlarly large
increase in stebllity in going from magnesivm To calcium.
i&s + So(ks”? "")] valnes for BGTA differ very little,
indicating a similar structure for all the complexes in the
geries. The results of WIL.R. studios 85 lend support to
this suggestion and 4% sppoars that hoth ether oxysen atoms
in the central chains ere imvelved in the bonding to the
metal ion. The drop in stabliity ot magnersium is glearly
the result of the mors ondothermal AW reflecting the
inoreased potential enorgy 'involved in the interaction

between the ocmall lﬂg%

ion and tho mogetively charsed Hemd™
ion, Considerable sirein is imposed in bringing the co-ord-
inating cenires sufficiently close for stable electrostatie
bonds o bs formod.
e

. g o ,,[24- . =

The smallew !&S + S°(TY values for BGTA
as compared with EITA comploxss may be caused by teo faciors.
(1) The greater loss of confisurationsl entropy of the larger
EGTA moleculs whew it intoracits with the metal ions.
(11) The two carboxyinte groups which romsin free in the EGTA
complexas and which will retain some solvemt ordering

rropsriioe whilst not heing able, through negative charge
repulsion, to make full uss of their mobility. |

Y
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In evder 1o be abls %o discues the foxmation of
aminocarboxylate complezss in solution more fully, many
moro precise thermodymemic dnta sre required. To this end
the hoats of formaticon of the alkaline earth complezes with
SAPG werze deterﬁﬁmd. The thermodynemic date are shown in
Table KA¥1ll. Tho AG values for the formation of tho

atrontium snd barium speciss have net yet been determined.
PABLE ZAVi1l

TEERIODYNAMIC PROPERTIES. FOR THE

FORMATION OF N EMPGS— COMPLEXES

IETAL IOK -A¢ . -b8 ,  As,
(k.cal.mole” " )(k.cal.mole ) {eal.deg —.mole )
gt 10.87 -2.10 43.5
Ce2* 9.78 +3.13 22.3'.
se2* - +1.96 -
Ba2* - +1.72 -
- The acid dissseiation consiants for EHPG 8%9

ky = 2,630 x 107 gpa By = 1.201 x 10712 | are considarably

smaller than those for EGTA.  The heat cormcﬁéns for the
formotion of wator are, therefors, considerably larger than

those for EGTA and the msﬁmng koats of protomation, and
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heats of complex formation ave cousiderebly mure inaccurats.
Tt can be seon howevey, that the ivends in the AH values for
the NEPG complexes ave similar %o those of EQTA.

The high stebilities of amizopolycerboxylate and
‘polyamine complexes is ueually atirzibuted to what has been
tormed a "nh@lia%sﬁ: affset™. In ﬁﬁe formation of o cemplex
with & multldentate ligend, less trenslational entropy will be
lost than when the metal forms a complez with an equivalent
number of unidentate ligonds. The megnitude of this chelate
effsct ocan be sesun by comparing the deta for the wmickel
86, 8‘??

complexes of othylensdiamine, {en}, aud swmenia

G.?’.#. S > e > 2 o d A =,
Mige + 6 My === B{FE,)E7 + 25,0, ~ AG = 0.01 k.calmole 1
X 2} o 24 ' : =3
and Ni aq * 3 em. o= Hi&sn)?, + XH0 =G = 5.90 k,0al.mole .

Both ligandd so-crdinate with wstels through their ¥ sioms
but the complex with en. is considerably mors stsble than
that with the woncdentate Yigend.

It has been szhown for mony systems; that for a given
nunbor of donor atoms in the coxégiexg éhe A S valves increase
as the muwber of cholate rings increases. The cholate effect
is, thorefore, largely an enteopy offect which can be asoribsd
tp the incresse in the wumber of free soluts particles
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acoompanying cemplex formation with a consequent lzcreaso in
As . in the entwopy eyels (Part I). VWhile this is so,

the enthalpy terms cannot be igmored. The fermation of nickel
ammonia eomplexzes $akes plsse with a more endothermic heat
change than for the corresponding othyleoncdiamines, and the
differences in the experimsnial furnotions, |

AH [Ni(en}x -HE Em{ms)gﬁ} sra = 1,05 4 « 1.90 and - 2.90
K.cal.mole ™, for x = 1, 2 =ud 3 respectively. These values
are quite clese do the @ifferonces in ligand - ﬁém
stabilisation energy in the two types of complexes , = 0.90,
- 1.85 and - 2.75 k.cal.mole™ L. reapsctively 88.

Tho favoursble enthalpy chenges scoompanying chelate
formation for these cumplexes, has been abtiriduted by Willisus
to @ "buili~in® offoct O, Onte ome of he N atoms of the on.
molecule is co-~ordinated to the metal ioﬂ,' the otﬁar ¥ atom is |
held in place by the vest of the molecule. In forming the
complex with the moncdentate ligawnd, on the othsr hand, mibual
repulsions of the polar groups mist ©e overcoms in'hringing up
the second ligand meleceule so that this etage of the reaction
will be more ondothermic. Whon tho imtervenming mothylens
ehai{a bosomee lomg, however, a mltidentats ligand may behave
as separate unidentate centres since the fraédcm of
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unco-ordingted donor aloms way be velatively unrosiviciod.
In this cass the stabilities of comploiecs may resemble more
elosely those of equivalent unidentats ligands.
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The Heat of Hydrolysis of the Thallio Ton TL(IIT)
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PIRT 3il.

The Howt of Hyérolysie of Thailic Ton,T1(111).
Iotroductions

¥hen the first T1(111) salt wae propered, sbout
90 '

one hundred years age © o it was observad tha% 4% was stabdle
only im soluwdicns of high acldity. On dﬂm%_ing the hydwogen
ion concontration, ths salt was éaa@maed;hy' water with the
formation of an insoiuble product. The T1(111) ion is,
therefore, an acid of amxaiderable strength and i-% rogets with

water producing h;rdmg@n iens. A’bagg aad Spancex 91

s when
investigating eguilfghma in solutions oentainmg T1(211),
71(1) ions and aiffovent Enions, éeﬁ@mﬁmd the otability of
1,0, in nitric a6ld solubions. Frowm the 4_;.-@;'51;@@ of tho
ratio [‘E‘ls’q I {Eﬁp s they conciuded that the hydrelysie
proceded according to the resotion.

L ] (0m)y (3) +3 W%
It wes found Rater by Hittig and Mytyeek 02, and by Malligan
and Welser ©°, Ghat the X-rediogrems of ths wet precipltate
and anhydrous ‘I'le 3 were idemtical, so the above reaotion med

be witten 213 4 3m,0 - 7,0,(5) +6 8.
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feveral invesdlgators 91594 bave obsezrved thal
the formal redox potentiel T1(1) - Ti(111) decreases
vith docrossing |H'] and this was secribed to the
hydrolysis of the T1(111) iom. Althoughk all investigators
working with the Ti(111) ion were well aware of its strong
hydrolysia i% wém not un%iliﬁuat over tem years agé that the
soluble spscies formed whenm T1(211) r@acﬁéd with water, and
the squilidvrivm consiants of the hydrolyeis yrocésees, weié
determined 95,

The aim of the presont work was ¢o investigate
these procosses furths® by doterminingz the enthslpies of

the hydrolysis reacitiocns.

TI(111) + BO0E2TIORT ¢ B sevvceeoenena(l)
and  TIORT* 4 HO =2 TLOR)}; + B eveeeennenn(2)
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Proparabion of Heamsnlbo

Thallous Perchlorabe.

AnalaR thallous nitrate was dissolved in an excess
of hot cbmem’sx-exed AnslaR porchleric scid. The procipitated
thallous perchlorate was washed, resrystallissed thres times
from distilled water sed dried ab 120°C. The purity of the
801id was detormined by titrating wiith standard potassium
iodate in conceniraied hydrochloric acid 80.

Porchloric Acid.

AnalsB perchioric acid was used without further
puriiication.
Thallic Perchlerate.

S@In%ém wore prepared by anodic oxidation of
thallous porchlorazte in 2 M perchloric acid 95, and
estimated by adding an sxcess of potassium icdlde and
titroting the liberated iodine with standard 'soﬂium thiosulpheais
uaing a siarch indlcator. The sbsemes of amy T1(1) ion could
be checked by adding potacsium iodate to the solutions, as in
the estimation of thallous perchlorate, and obséwing ao

iodine @olowr.
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Sediun Fovehlorabo,

fnaleR sedium carbovate was rocvystallised twice
from boiling distilled water. The solid wes thon added to
perchloric acid until the solution wae meutral (B.D.R Indicator).
The sodivm perchiorate was precipitated by adding an excess
of perchiopic s0id 4o the solubion. Scluilons of the salt
wore analyzsd by determining the free acid compentration
with stendard sodium bydrozide and eubtractimg this from the
total acid concentration after passing the solution threugh an
Amborlite T.R. 120 jon ~ exchange columm in ‘tha hydrogen fowm.
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Bzperimsatal.

The calorimotor hus alveady been described in

‘Part I.  Solutions of thallic perchlorate im I perohleric
acid were placed in the mizing dovice and the ionic sivrength
was mainbained st o value of 3 I with sodium perchlorate.
These solutions wore mixed inte perchloris seid sclutions

of the same ionisc sirength in the Iowey vessslg., Foyr each |
run, the hea’t of dilntion of the mizing devics sclution was
determined by replascing the thallic =sit with sodium

chloride of the samo lemic stronglh, all other concenizratione
boing the smre gs im the corresponding comploxing experiment.

lethod of Caloulations
The goncentration of spocies in solution wore

calenlated from the eguations for the association constants 95 ’

- | = [mos®] a] / [m3] = 7.252 1078,
= [men ] / [mo?] = 3252 10

1\2 l- L&&guu/,’g Lﬂ 1 [ x.J.-L\J‘i 3 - J.‘J < AV
aed the expression for the total motal ion comcantration,
- £ ’ 24 +
v oz [m¥] o lmo®] .+ [meomy].
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Reaulte and Discussion.

Some reeults of the calermetric expariments ave

sumrarised in Table XXX,
TABLE XX1X.

lolar Qoncentrations of Ionis Spocies.

RUN 4.
Bofore lHxine After Mizing Concentration Change
T10R°" 1.697 = 1070 2,988 z 1073 1.291 x 1073
T1(0H)} 5.515 £ 1072  1.823 x 1077 1.271 x 1074
zperirontal Heat Chawse = 0.0 cals.
-, RUNS.
m0n2* 1.607 x 10> 3.566 x 107> 1.869 x 1073
©1(0R)} 5.515 x 1072  2.675 x 10~% 2,123 x 1074

Exporimontal Hoat Change = 0.0 oslse.




It io coon Bhab the besd chengos fur the above russ werse
nezligibly ocmsll, a2 iy wore for g1l experiments oven
though the chonge im {m.cm?“‘] was greater tham 1 X 1673
moles. 17>,  Sines tho 71{111) ion forms very stable
comploxes with chloride lom,
{log ¥ (mm‘?"} = 6.25, logK (mmé-?’“’) = 1.30}95$ it
was Polt that fraces of chiexids pressat as fmpurity
moy have cowplozed with the $1{111) and time prevented its
hyérolysis.  Although m&m» precauiions were vaken %o
remwove CL ion from the =odium perchlorate emd porchloric
acid soludions, the resuliing cwporimontel heat changes
vare still negligibly amall.

I% wonld be desirable to meanuve the heats of
hydrolysis in solubtions vhich haove nndergone oven more

stringent purification.
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