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A3S'IBAgI

lhe polarography of cadmium and" lead complexes of

diethylenetriarninepentaacetic acid" has been studied in an aqueous

med.ium from pH = 2.00 to 9.oo at z| .o"c and with an ionic strengih

' of o.2o M. fhree distinct t¡4pes of polarographic behavi-or were

noted" as the pH range was spanned. ftre first wave (ltrave A) was re_

versible, i.eothe reductioa of the free metal for which the

folJ-oi,rÍiig mechanisrn was postulated" for the lead complex,

and

FoH2A-=Yp¡#+na=

CdH2A + H* Ë-- Cd.# + HrA=

for the cadmium complex. A for both metal complexes Tdas

kinetÍcalþ controlJ-ed, when its height was smal1 (t¿ a l-.0¡rA)

eornpar:ed., to the overall reduction v'ave height. fhe second r,¡ave

(Wa-'re B) wa.s irreversible, not d..j.ffusion controlled. but kinetically
controlled, as inclicated" by temperature and pressure studies. The

red.uction mechanism postulated for boì;h compl_exes r.¡a.s

MH2A- +. MH¡.= + H+

(reducible) (non:reducibLe)

where the doubry prot onaùed cor:nplexes ( cdHrA- and pblrrÁ-) r.re*e

the electroactive speci-es. Tl:e thirrl T4¡av.e (ltrave c) was also irre-

.r..:.
r. ).:'.
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versible and kinetÍcally controlled.. The mechanism postulated for

both metals (same meeha.nism) was:

¡ç14= ç-\ l¿g= * u*(reducible) (non-rã¿ucibJ_e)

Ttre individual raie constants for the various mechanisms have been

cal-cu1ated. Tire stabiJ-ity constants for the various metal

cornplexes were calculated froni ïttf 2 dutu and are sunnarized bel-ol,¡':

t',; Ioe KaUO = L9.Lj
H

1oS K** = 2.9,

':r":.

i,, - --H" J-og OC.H^A = 2.95
H¿

1o8 Kca'ra 2"11

A nu-clear magnetic resonance study of boih cd.-DTpA. and pb-DTpA

was also undertaken. fLrese studies were carried ou-t in an aqrieous

med.ium from pH = 2.00 to l-0.00 at Oo 18, anð. "(2" C wÍth an ionic

strength of approximately 2.5 M. The protonatÍon of both metal

complexes was studied" and stru-ctures T^r"ere postulated for each. From

the N.M"R. data, the relative life-tjme vas estimated for an indivi-

du-al metal-ligand. bond" Both investiga.'cions indicated ihat the

doubly and triply protonated" complexes play an important role in the

co-ordination chemistry of rnetal-DTPA chelates.

Ioe bbA = 19.10
H

ros {pb*a = \"o5
HlosÇHa= 3.)4o
H2

ros hura = z"Tj

, irl.
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: rNrFropgc:rr.gN

Polyarrrinopolyearborylic aelds have beccme one of the most important i,,::,.,,,,,:.,;,

classes of complex fomring agen'us kno'i^r-n to the anal¡d,ical cheraist. Ethy-

lenediar¿inetetraacstic aeid (nnfa) was introâuced in l)4? by Seh-,¡rârzên_
't

bach-, and its applications to analyLical nethods r.rere elearly doeumented 
:_,.: j::::,

by ï.Ielcherz, Pribir3, Fï-u""hk"4, and sehrnmrzenbach5. By nort (:Lg6g) thuru '.r', '''
:

aro somo 1J00 papers ln the literature on this compourel alone. 
¡;,,¡,'..,:.,.,,,: _-- :': :. . ;:'::;:.

EÐ1'A

The n*xt Ìiigirer homcloguo of IìDTA, i"e. dietliylenet,riami¡epentaaea-

tic e-cid (¡rp¿) ¡;as first exanined by .r,ra.rmin 
"116 

u, rg55. He found that
it r^rc¡ulcl cmrplex r,yith the alka_l_ine earths t,o a larger cìegree than EDTA"

Thi-s getrerat,ed a lat of intercst fov,rì1æe I'esear"ch in thj.s fiel-rì, as e"u.i*

deneed by tlie FåFÕrs of Du.rhanT et aJ-, Frost8 et a1n ancr chabe'ek9-l'1

et alo tei rilentj-r¡n a fü".Eo

DTP,,I

HCOC}I^C.,\ cil-ccciil'
N."C I I2.." CJ:IZ.. i\I".. C 

% - CTI2 - N
/cHzcooE

/
H0tcH.c \*r.oon

fn iJ956rF:r'ur;t8 r-"*¡;r>rLcd tÌ:e sy:rthosi-s of l::ic.Lhy-Lene.l,et;:,aai,riyio*

hex:-r.e+tic acicl (TÏijlji.). Scrrie f|ve )i,jt*.I"$ j-¿."Lei, Trri.f;Íl_l-2 us*d TTiiA as a

1

F;00CH2C\

/
HooüHzc

N-CÌtz-CH2-N

cHzccOiI

cHzc00H



2

titr'a.ting egent, follor.recl by soeh workers as Bailarl3 ut aL, Gri-r,resl4

et al, and Ì,fartel.l15 et, al-. ft becamo evident hc¡.,¡ever that tho conplex-

ing abilí.t'y of TTIT.A with transltion and rare earth netels r¡ras Less than that
of DTFÀ.

TTHA HOOCH^C2\

Hooc\zc/

N- cHz-cHz-rv-cH2- cror-lr-.%- cHz_N

cHzc00H

Du.ring this tj:ne the Geigy Chenieal Co. j,n BaseL, Sr^ritzeyla:rd. he.d

pfepared a sräaL-'t. qu.antity of tetraethy'1-enepenieamj::eheptaacetÍ-c aeid (1p¡¡q,) 
"

This co:ripot::icì 'í.s extretnely dj-ffier.ùt to pr:epar-e arrd purifyu hence 1ittle
r¡ork has bee':'i d.ono.r¡itir it. Cntchl6 and Jar"dan clirj eolnpl-ex Ce er:d- Fc

rtith itr bul foLrncl ÐTPA a bette:: reagent for. cìoi,ng sc" /ree.deinieal.-Ly, it
sÌicuiri br; ;r ver:y intei"est3-ng ligand becsuse 1t has tr+eLve co*ordinatirig

positic,ls as crÍìpe:-scl wi'¿h ten for TTILA ancl_ eight fo:" DTFÄ"

TPlttr

' Hcoc'-ci{z\ 
çH2"c00iî ÇH2*c001î / cÍ;z^cool

NcirzcHzilcË2cÌÍ2NcHzclrztüc Hz*%r 
i

HOAC^CH12 1Hz*COOH .. \ cHz-cooli

The ced:nl'air EDT,4. eorçlex hes been st,rrdied po.!s.:'sgi'aphiea1.3.y by

Koryla and K*es-l lt"\? and., PecsoLl8 ui o f$u¡d no yeilu*ticn r+eve fo:* the con*

p1ex" .Hor,iç:vel: Heyr"r:i'sÌq,/ ancì Ì'1ta'Lya*19 
"u,o"r't,ed 

a dsuÌ:J-et Ìv-'.vÐe a*d Teiraka20

et e.--L fcu:-iC a -.irtgle ï¡Iål/ea Sch:nirl ar:ri Rei-l-loy2l r"u"lved these eonl,r,¿clÌe-

toiS' sll'-ï"vâ'ùjlünsj by sl.u,i.yir:g the kir¡etj-c ci:rg.raete¡ of the rcductiorr ì..iel'co

cH^c00Hl¿ /cir2c0oH

\r"r.oo*

,.'a:"



the cadmiura DTPA eo:np1.ex h¿d not been rstudied polarographiea3-Iy, aÌthough
:

cadnir:r¡r TTIL{ ioras investigated by Conr"adi,Z l,

i

Withthisbackgrounditseernedr,rorthirhi1etosystematiea11ystudy
i ,i 

"' 
rt:1'¡

the cunçIexes of eadnir:.m with DTPÁ.. 4 second metaln eog. lead was studiecl ¡,',,".

sÍ:rril.arly. The polarographic teehnique u'as ehosen beeau.se of its rreîsatil-

lty in obtaining equil-ibri.a lnfori'nation and the rela'r,ively 1o¡'¡ eoneentra-
:..1. :;.

. ti.ons of eomplexing agent,s required. The nuclear nagnetic r.esonenee i.,

,t. 
t ,'_

teehnique was also applied to obt¿.iyr fur'ther infornetion on the styuctures , , ,

of the metal- eomulexeso i"'-"':
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Tj{E_ P0I,.{FQ_cB{.-l.Hrc iFIi{OÐ

A. Iutæ. qetåga

Voltarci:'etry 1s a braneh of eleetroanalyLical ehemistry that deals
. t. tl,,,r'

with tire effeet of th.e potential of an electrodo in an eleet,rolysis esLL l',:,:::r,'¡'

on the eurrent flor."ing through it" The eloctr.oCe '*rhose potential j-s,

varied ís the iruÌieator e'leetlode whiLe the refere¡ree electrode re¡rai¡rs at
a constant potrntialo

.,..'1 .;1.:,
.'..' :

Polarogr"aphy 1s that branch of vcltai;Eäetry in l¡hieh a drcppi-ng ,,.,,;,,..,,,
i,:-.:,1...;.,'1msrcurjr eleetrsde (D.1.Í.8") is usecì as tÌrc indieat*i: el-ectrode though a

ri'i¡z'i:sr of r¿cdi.fieati-ons af this electrorìæ are in use taclay" The D.M"E"

is descrj'b*d firl3-y in the experírnentel section* fts lrain ad.rantage 1s that
the d-r'ops of tii*reuvy eor:rr:g out of the ee.pil-lary ti.p aye icJentieel in size ì

and gr.or*;Ùü rate r,rith fresh rnere"u:'y exposed to ti:e sol-utiorr every feç

s*cond$o Cons*qtr.eirt3.y the currei-rts a.re perfeet-!-y rep-;.educj-'ûle fr"or¿ ons

dr"ap to the nezt*

Tho p$J"ar"ogr'e¡:irÍ"e r'rethocl of a-rre-lysi-s j-s b¿.rir,,cì on the eur¡ent-,

voltago cul"tr¡es arisiilg at a niicroelect,red-e .shæn ctiffusio¡r is the rate^ 
,,..,.,,;,.,,.,
: : t :_r:.

deterrni¡tíng ste-ge j"n the dis*hz-rge of lenso Ths voltagë necerìsary for 
,:,,,,-1:,ì,,,.,:.1'
,r:,:,.:.'._. :, ;:.:.:.the eLec'¿rei1-¡.-sis inrlicat,es the ri¿tu:-e cf the r*actfurg suÌ:ståncee rr;hiie

the eurrei:-L ohser"v'ed is a fu:rct,íai: of iÈs coite.rnir.atl-cii. Tire mettied i.s

best a.ppli.ed to sol-ut,ic,as having a eor:eent:"s.l;icn of e}.oetrcrodnci.blo cr.

eleet,r"ocxiciizal¡-!.e ions Jn tìre conce*tr"atiori r.,ange of ro-6 to 10-2 M. .ân 
- 

,' ,

Jr ' ^ 
l.

ecúu1-ecy çt 3: Lþ ria.y be expectod in tha 1.s.nge of 10*2 tc I0-4t Mu ar:d only
't 5¡ u*l-u-r¡ l-0"þ l'i. Fr*it the ci¡r¡'ent.-vo1-t,agc eul*v+s ÕÌrs ce.l1 cfte¡r dete:-¡nine

ün!ç::a;,¡;t s qua.}!-t-.:;.tive1-3' ¿.t¿ qri.s.nttt,ati-,tely n hal.f*,.¿zr.e .,,^*t ernti.a_l_s, eq.uÍ.l-Ì"bria

4



invoLveC irr the di-scharge process, klnetic rate constants and stabÍJity
constants of eonplex ions.

In ]-j922 Heyrovs!ryz3 published his first results that led to the

inventis¡r of a polarograph in r)zJ with the help of shikata. He¡æovsþ

coi¡ed the tezryn rrpolarograph' to indieate that the instrurient erepþi-qaLlv

records current-voltage eìl.rves obtaíned r.¡ith a ppl4fiZed electrodeu In
1959 he Trrâs pr€s€nted with the Nobel Prize i:l Chernistry for his centri*
butiorrs to the fieLd of polarography"

There 'ro Eîú1l over r0r000 papers published in the fiei-d of
polarogÍraplty, alorrg "w-ith a nurribor of exeellent baoks" A few of the wel1

knoi*,n text*books åre written by I'feites24, ,uyr,.rrrsh¡ arrd- I{btaz3, Lingunzs,
Kolthoff anc. Linga o26 o Zuman and Kol,th offT? , Mil-nerz8, lruller29 30

, JJOIigl]iLÌ.1-T-
2'l

and Ðetre.l;áit'"" rdith ti¡is background of arzailable liteyatuye the theory
seetion ef this paper i.ij-1.1 be kept, to a u-rinj:rtuiro



LpÈes

A si:rrple cit'cuit diagram r¡hich eould sey\¡r to obtai¡¡ eurrent-

vo1-tage curves r'rith a dropping merrury electroCe 1s shoi.rn In Figure 1.

The solution under investigation is plaeed in the D.l"foEo eompartment of the

H-eelJ", oxygen remc-¡ed by bubbli-ng nitrogen thror:gh the soLut,ion 
-for lJ

ninu.tes ancL the capillarSr i¡nnersed irr the test-soLutian. Figure 2 ix-
dieates the gener"al arrangernent of the H-ceLL and D,IÍ"E. assembly. It
eonslsts of a rnereìJl1¡ resÐrvoir connected with neoprene tu.bing to the

st,and-tubeu whi"ch ful turn is eannected ts a piee* of fine glass eapiJ-l-ary

tub1ng"' The nrereul=y reservoir above t,he 1o-*¡ùr ei:d of the capill-ary is

raised unt.il tlie merer::.y draps fall- int,o the sol-ut,ion ¿t a rate of about

one drop ev€ïy \ + z seconds- The referei-iee eleef.r-¿de (S.C"E.) is j:r

eleetr.:ica^]. ce¡ntsct with the tesl sc¡lution vi.a an agez" pl_ug aniJ a sirrte:"ecl

gle.ss clisc in the co:rnec'cing ån'rlo The S.CoEo is eonneçteC to the posit,irre

sicle of the batter-y vÍ* the slider+tre eer¡tact" The D"I"I"B. futretions &s

the ep.th,xÌe in Fi.gu.re 1" tFiou-gli 'Lt, rnay serve as tl'io anode l_n other

detevrìtirrei:Í.cl:su By keiepfurg fllne Ð"M"rì: qu:ït* s¡a1"l alrcl -tkre socoEo ayea

re1e.tivel}" larg<+o cne k*eps the pc;tent,ial of t,!re SuCoE. eo:rrsLant r,uhile tlio

D.Ì'í"Eu is easily trrolarÍ-zed, adoptÍ.ng th+ poten'r,ial of 'Lhe appl.ied e"rrnfo

aeress; the H*c¿:-11" Â sensl-ti-ve ga-1-vantÞ-iÈtr,:: is c,:¡r:.neelcd l:etneerr tho

negati-rre s'-ude of the battcr-y and tlie D"l,l"E" o aniì' with the aíd of thc shu-nt

a wi.Ce r"aäge of eu.v'i'eilLs e¡¡-n be rsesrdec] by the ge.J.vallei:etel-."o An5" ¿srit*rl

volt¿.ge rnay be a.pplÍ.ec (0.0 to J,0 v,) aeross the TT*cell by rnerel-y adjust*

Í:lg the sLide-r,.:i.::o conù¿.ct appropz.i.a'ce1y, The galvar¡'¡¡iiet,er r"ecorx¡'s osej-1-

¿.'i.i'¡tts betr,uecn trrs.xÍlilu.Ìii ar¡,:ì riinlmut vel-ttes om.l:g to'¿Ì-¡s pe:.icldic che.nge in
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area of eåeh drÕp as it groìrs and falls, In the present investigetion a

eo¡lrrercial polarograph r.'as employed, irr eonjunetion rrith a preeision po-

tentiornete¡r' to cheek all potentials reconled as sho".m in Figure ],
The tec'trnique, thevefore, i's to gradually i¡creese the potential

difference aeross the t,o¡o eleetrod.es, and measuring srna.ll eurt'ents, of

the erde:' of mieroainperes, produ*ed b]t the reduetj.on of ions at the D.IÍ"E"

.ê. typieal current-volta.ge cuïvr ls shc¡'.¡n in Fi!4ure l+ whieh illustrates the

result of eleet'reiyz!"ng an oxygen*free solutien cf eadmiurn ions i¡ a

soCiwi pel.chlor-ate*eeeti,e acid. so -uti-on. A'¿ law poteritials (beloi+ 0"55 v)

f¡crn -ô. tc B viy'tualL;r no cu?l:ûnt i.s flor^:-!r:g ar¡d hence nothS.rrg is reclu.eS:rg

at the D.l'f'E. Helsevev the ewrrent sharply furer"eases from B to D indieat*

ing that r¿cluetio:r is',,aking tr:l:rce. Since tlre soi-utj.on is riot stj-rrecl

tHe eusrleui" ,e"r=l=*s a me.ximum plo.teau D to E cr,uÍ-ci-åy ancl a concerrt::a.tion

gre"diei:t, is est,abl-ished betiveen the el-ect,r"ocle stiyface anC the bulk of the

solutior'¡o Tc keep ions from rrrlgr-ati.ng tor.¡¿r:"d. the D"l,l"Eo a l-arge excess of
trbaclegror:,ircl eleetrol.yte" (tttac-tOU) is aclcled to tl'ro test solu.tion an,l se:î",rcs

to eonduet ei¡r-rent t¡itircu-t unclergei:rg arly electre"Ce re¿et:ioir, Heires the

eurreirts c,ì:se:i\¡*d a.re due to the di.ffu.siçn cif Cd# iol'rs inta tlie eleetrode

Ieyer", AecorCi.r:.g to Fiekts lar.r the ret,e of dÍffu.s-'ion of e. pal.tieular ion:i.e

spoeies is dir.eetl¡" pr*ci;uci-.:tj-cri:lL to tlie c*ns5¡o1.r'*t,ion gradient of the

schitior:" This 1s ¿. charaeterist,åe ¡r "o¡;e::ty of a e*i"np1-ete-l-¡r pnla::i.zed

eleet,r"c,le , ar:rcl serv*s es 'Lhe bas:is f'rr:e que.n'Lita'¿j-ve analysese

Ths c,3nclj-tj.oirs leaiì:irrg to thc p:..uCuc,t,íol'i of th:*ls li:nit5.r:g eu.r"r=eilt

p),atoau Dil s.:'e expl"a-'iäccì as foJ-1ous, At I] ea.dn-i-lrn ioi'¡s :ir¡ the D"If "Ile l;ryor

;-:i:- .!: :;:iìli;' -ì- rj.'.:
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are red.uced and. dissolve in the mercury according to the ex¡lression

cd++ + eõ + uS --+ cd(Hs)

When the nercu-ry drop falls alray from the cathode the cadmium is removed

as a i.reak amalgarn. TLre cadmium thus lost is replenished by the diffusion

of fresh ions from the bulJl of the solution. At the anode the following

reaction is occuring at the same time:

2Hg + 2ç1- *þ aã r- nsrCl,

As the applied e.m.f. is increaseä further the current quickly approaches

a lim:'-ting value and beeomes constant (apart from a slight increase due

to the residual cu::rent) and independent of further e.m.f. increases.

und.er these circumstances a stea.dy rate of diffusion is set up giving

rise to the "diffusion current", id, as shor,rn in Figure 4.

The potential of the point C on the current vo.ttage curve at which

the current is one-half of its liniting value is known as the half-wave

potent:Lalt Et /os which in rnost instances is cha.racteristic of an elerient,r-/ .

siv¡n the backgrou,nd electrolyte used. E.'f2 uutues are independent of

the concentration of the reacting ions in solution, the size of the

mercury drops and galvanometer sensitivity. Each species (electroreducible

or electro-oxidizable) gives rise to a current voltage curve having its
olrn particu-lar half-r,¡ave po-uential and charts have been drar,¡n up for a

large nu:nber of su-bstances in variou-s backg::ou-nd elect::olytes by many

diffe:rent uuLlno,, 
"23 

-25 
.

The choice of a backgrou.nd elecirolyte is quite importan'r, for it
may change the valu-e of the hal-f-'ç,¡ave potential substantially, as r,¡ell as
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the general natur.o of a polaïogrårnr Essential-l-y the baekground eleetrolyte

should be one tliat does not irrte¡'feve t¡ith the ions under investigation"

Thus it shoulcl not cau.se any precipitatlon cr abscrptíon of the ions being

studied, its cations shcul-cl have a væy negat,ive %_¡2 tttfoe to evoid over-

lapplng l.nth the ions rmd-er observat,ion, i.t should provido a ¡nediu,rn lu'here

the obserr.ed ions are in one definite che¡rical fo:rn a¡rd in general provide

well*defined. a.nd. ru-e13*sepe.yated ïraves for all ccnstituen-Ls" Tn practise

very ofteil e c'smpï'o¡iise must be reaehed. 'betrveeir these desirable featu^t'es

and the ehemie*.J- nature of the ions studj.ed" 1'he salts of the alkal.i, atkaline

earth meials and of , the ni¡eral acids ere used as backg::au-¡:d eLee'trn*

lybes bee¿r:.se '¿hei:' d*eoäçnsiti-an p+-Lential.s ara abcu-t -l-.6 to ^?.2 val:Ls

lrith::eep*et, to tl:.e SuÇ"Eoo suffj.ei-entLy negetiver not to in'¿erfere with ¡nost

cÌet.e::"riiÌ.naLia*È, Variou.s otiie:,: elcctr',:lytes a.1'e useo' to elitninate the nrig-

ratjiai: cï?ï.-¡.úï--¿"îr eiid. o¡:e exe;rp-.!,e of sur:ir a eol-J-ec-Li+n ir.s gi.ven by I'lei-Les2¿l'"

.h cu.yl.e¡rt voltage erlyvû as shi:;-r;rn :i.n F3-girr.: 4' Ìras ¿ lulj-tj:ig cur"r'ent

pI*.tesu" DE rnacl-e u.p of the res.i.dual r.¡ui'i.eiit ,4.8 e.r:d the cl:ïffusicn eu-rr.etrt iO "

Gene::'a1"1¡r' speakÍ.ng tire li.riÌting eu:c;.'ent. r"¡liicir is eau.se$- by an extleine s'ba'Le

cf cc¡ne¿¡:ir:s.t,',-an r:oleriz:r.'t,ior-r by tl're dep-]-et"ìol: oll elcetr:oacti',¡e subsfa.nc¡*s

at-. the D.I,Í.*E, rray a]-sc ec¡'iiain c:eintr:iÌ.:'i¡fians su-r:ir ae ii:e mii"g:'e.ti-*:--. cu.i'rent,

kinetj-c eriT=T.eiìtsu eata.l"l-t.jre aliC. el¡:.r",rpi.:ì-on cu,r':rëi:tsn Apar:"'L Íra'n 'i;hes*n

ttap"xj-mã-" rffi.y û(eor:r a,s w;:J'l e.s i.nterf€rlelitÐ jir-'o:r dj-ss¿l1.ved o;iygen iri the

sel"rÉi-e¡n u-riclol. i.nv'cstig:it'ìcir" lli'ie c¿r-i¡.s¿¡ anil effr='t:'i; cf e:a¿"h ca::i;ritl:;ur.ij..l'rg

cti.rueüt is l.t::iefl-]r e:t:pl'¿'.j::¿lcl 
"

I'he re sicivs.*l er:.r::c::-L ÂB ( se ,: Fi.gt.:.rt 4) t'iay be ::e gar'llc$ a s tlle si:i,l
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of a ttcondensertr'.cuffent and a rtfaradaietr cuîrent. IrJhen a D.luf"E. is
placed in an trinerrLtt eleetrolytu *go (KCI) its potential can be vari-ed

from the oxida.tion of merci:ry (+"4v vs S.CoEo) to ttre diseharge of

potassium ions (-l,Sv vs S.C.S.). This change of the pot,ential of the

merelrry relat,ive to the salutj-on results onJ.y in a e]range in the charge

d-ensity of the trelectrical doubl-e la¡rer" at ttre D"l,f"E. solution interfaee.

The layer of negative eharge at tlie surface of the eLeetrode and the l-a¡"er

af positiv*1y eharged soluti-on adjacerit to i.t constitute the so*ealJ-ecl.

elect:'ical dai:b1e lay'ero There is no trànsfer of charge aey.çss it such

as oetur"s i:r ail el-eetroehellical, reaetil¿rn" Tire i:rtei"faee thus behaves as

an elee'Lr"ieaL co::rdenseÏ.' the charge o?.¡ orìo sj-de bej-ng provicÌod by an

excess or clefieit of ele*trons in thc rì'ierrü-r1ie anci an the otÌ.¡.ey by an

excðss af 'ee.tiarls or anions in the adja.eent salution. llt -0.46 velts vs

SnCoE* rtopcì-u"y írr e. l molar petassiur-n chloridc¡ s$iutj"orr has arrnuf-l

pot'er-rtialr¡ l¡hele tho cliar'ge on either slcle of the d.ouble l.a.yor is zer"o,

eorr:esþol:'J.Í-ttg to a rne.xj:irurn i¡ the interfaei¿.l tei:sj-ono llence this poånt

is ea-l-1ed the 'releetroeapillary naxi-rnuuitr of merctìry in that solu,¿ion,

The presence ef airiç¡rs; that. tend to be ebsorbed on th.r¡ ff.sreü-îy surfaee

shifts the riul.l poirrt iir a llegative ciir"ee'úicì', and. s-bsor-.bed eat,iens cause

atr opposite shift. I,"jhener¡er the D"ì,{"Bo has a pertenti.ril different frçr,i

this nuLl^ potentía1 a cuv'rei"¡t niu-st flor¡ thraugh the exL,er:ral- cj-reuit,

This is requirod itr csde: to pr-ovicìe the ehar-ge on the two sirìes of the

iuter.faee, reitenrhÊi"irrg that in tlie a,bseneo of ar:;, e1e*t:,oehenriee_l prùeess

as tht¡ ef.ec'i;:'.¡C.e, tt* el:.a-",:'ge cå"n el:rss tlie lnterÍa,*(;" The aver.e.ge vaiLue

Ì :i,::. 1:-r:: .

I r-,: .ì,::. 1,,,.i,i,: 
,.



15

of the condenser or eharging ewrent is quite siaJf , depend.ent on capil_
lary eharaeter"istics and. potential, with a slope of about 0.L5 micrrarûps per
volt in the region of AB (see Figure ll). rf one examines a complete polar-
ogrän of 'an i¡ert eleet:,o13rle, there isan i¡ritie.l. rise (oxidation of ¡ner*
cury) and' a fi¡al' rlse (discharge of cation) apart fron ilre region just
exe-ni:red, rçhe}e even at the elee,c,rocapillary rnaxi,num the eurrent is not
zerÕo Tirese phencrna are due to the ocew're$ee of faradaie processes, whieh
are quite Índependent of double layer ehargilg" Traees of jmpuritles in
the be'ekgrautrc el.eetrolyte aecount for tìre faracl¿ic eont¡i.but.ion at the
eleetro capilJ-ary ti¡azimuiÌ1o Heiree one rnust be ea.refirl to use the best,
gr*ade sf ehernie¿ls aveil-ablen or if nsee.$sê.r^y prir"ify the ehenicals as the
detei'mination ::equ-i-t'es" rn practise the resiclu:al eurr"ents may be e:d¿ra-
polated ancì tlteit suJ:tÞacted froin the lj¡rj-ting eu.r.rent, as sho,.vn in Figure
4, to yieIC. the difftision eul,rent.

The rate ef dif'fusivo trarisfer to the eleetrcde delends direct3-y
on the eoneentra'Lioir gracìier:t ¿t the surfa-ee of the eleetr.ocìeo or o¡r the
diffenenee i¡rr eo*ee;:rtra:tion b+tç¡een the bul-k of .the soLutie,n ancl the elee_
troo'e su¡face" A's the applied- potei:tial is iner.ea.ssd above the deco,nposÍ_-

tion potei:tial ancl the cuii"r"ûr:t z'j.ses frain B to D (.see FiLgu'e b), the ce¡nand

for ths cad¡rrium ions at the eleetrede ircres.sers, bu.t j.ts eo¡eoptr.at,ion at
tJre eleet:'oq'$ sus"fac+ cieeres-sÐso consequ.eiitl-y, ths r*ate cf diffusive trairs*
fer iirereê'ssso ui-t,:¡iatel.y a eondítion j^s reaehed irr l¡hl_eh tì:e ea.jtiiu:n

ions aÏe rei-ucecl as r"s.¡rirlly as they cliffuse t.o the el"ectr.crl.e su:.fac,s, and

its ecnceiitrati-oi: ¿.t the DoI.i.E" sinlrs ts ¿. ¡ii_i:ri;¡r.al- va].u¡* r.¡irieli r"enai.ns

,-lr j



i-!¿r Ári æ -;l::frrE Æ,:"JtÈ+.1J4:

16

pïaeiicå}Iy coästênt urith further increasa Ín potential. The rate of

diffusive transfer, dependent on the dlfference ln eoneer¡tration between

D"!fnE" surfaee and the bulk solution, thus becomes constant, and eorres-

pcndingly e diffusion-eontrolled. limitrng eurrent res.;Lts. ïn 19?+, [,-
?

kovie/, in collaboratlon vrith HeSrrovsþu sueeeedod 'i-n deriving the now

farnous equation ',thich is the for::rdatiorr of quåntitative polarography"

The relation is: 
i-, = 60? n Dr/z c .-z/i tu6q

r.¡here ¡r j.s the nr¡rr'ber of faradays of eleetricj-ty per molar unii of elec-

trode teaet,ionu Ð th* diffusion coeffieient of eleetrcactive substaneeu

C is ths eoneentratioit j:r ¡nillimol-es per A,rter, rn 1s the rete of mereruxr

flor.r (rng/sec) ar.d t'is the drop time i:r seconrjs. The gt'eat virtuæ of the

TLko.¡ir: ee¡iåtioi'i i.s that it aeec,unts quant,ltatively for the i¡rfluence

of all the nal'ry faetcrs whieh i-¡rfluenee the cliffusj.oiì err.rrent"

The migra'cicn eurrent, is knomr as tnat portlon of the total eurrent

trhicl: i.s ilu.e to an eleetrical force the.t affeets the rate at t¡hieh elee*

troactive lons r"eaeh the electrode su¡face. ThÍ.¡ i¡nere¿ses as the trans*

fe:"eirce r¡urbêr çf ths ietr respor-¡sil¡le for a çave increases, and it e.:Lsç

depencls an the clarge earried- by that, ioir" Catioris are a'ctraeted to a

nege.tivel.)' charged eLeet,r:oCe, â'û(7 thus the eleetrical fercæ tmde:" tirese

eclleÌitiåns leads to av¡. Ínere¿+se of thc I:ìrnÍ-tÍ.r:g cuïzrr¡t, so that, the

mig::a.tion eur¡er:t is posir-tive" Exa.ctly' the opp.csitæ j"s true ç¡Ìien the

eleetroaetÍ-ve speeies is; er¡iorij.e" I¡r eiÍheir c.l.se the tra¡lsferenee nruir'ber

ca.¡r be :redueed to a neg-1.igi.b--Le value by aCdi.t,i-r:r: of e baekgrour:d eloet'r.o1yte,

;*he¡se Ícrrs assist i:r coi:Cuet,j::g eleet,rícÍ.ty tÌ'r:'*ugii ttre sol-ntion, Hence

r\-i..i.-
, - !.!t L::
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it is euston'rary to earrlr out all polarographie rneasu.rements in the pre-

Sêrrc€ of a suppot.ting electrol¡rt,e whose eoneentration ls 0.11,f or higher.

The supporting electrolyte serves an adclltional purpose of deereasing the
,j't.H-eell resistanee to only a few hundred olnns, redueing the 1R drop.,through ;':r:'

the solutÍon to a negligible value, thereby pervaittirrg one to equate the

voltage appliecl fron the external cireui-t to tlre potential diffesrenee be-
' .,.,t..,

tr*een the D.l{"E" and S.C.E. ,,..1i

The ki.netie contribution to the J.Ímitlng current may arise vrhen an i,.,.,,

eleetr"oactive substanee is folrned fr.oni an in+rt speeies ai a t,late eÕïrìpåra- '::r:::

b1etothediffusioylra,te"Thee1assj^cexa'np1eafakj"rleticeurr"e¡rtj.s

fou¡rd for the red-i.:etior: of pyruvie aeid, CIIâCO COCH, l¡hich can be abb¡e-')
:viated tc¡, IiAo The reaction is as follaErs: ;

:

Eq å- A-+H+

Jfr,.tJL
products produets

Only one l"rave is obserired i:r st,r.orrgly aci.dle rnedium, eorresponcling 
.,,,,,,

i.: :

to the reduetion cf HAo trrro lråves ccc"ür at inter"meclia.te pH values and anly 
,,,: 

.,

olìö lr'âv'G far the basi-e regi-ono eûtsrespoilCing ta the redu-cti.cn of the anian 't"'t':"

A=o fn generalo the two çaves in the iirtennediate pl{ raäge do not, reflect

tire relat,ive equíIi'b: fuaa coneentr¿{;ions cf the undissscia.teC aeid HA or

the arríon ¡1- in the b';l.k of the solutiorr; fnbtead, the first r,¡ave (clu.e :''''ìs

to II¡") j-s veL¿-ì-ft'ely larger than the eaneeniration of ILA r¡oul-d l.rar.rant

,

atrd. ¡rs1 nct k':rge eilougìi te aceo'.t¡rt for the eo^u11i-br.-'rr:,n be!:g eorrrpletel¡i 
,

shi-fteci ta thæ l.ef'L" Hence it, i.s concl.uôccl that tl'¡is first wave is not
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du7 to diffusion alone, but also affeeted by the rate at whieh H+t_
combi:res vrith A to fo:rn HA. The seeond wave is affeeted by the r¿te of

d.issocat'ion of i,he acid in a simif-ar rnånner. Sinee rates of reaetion

are highly te:nperature dependent, rnore so than diffusion" these kj¡retic

eontribut,ions rnay be identified. by a temperature study. seccndly,

kinetj-e eur"rents ar.e virtually indeperrdent of morcury p?essure, qr:ite

different from a diffirsion-eontralled eurrent, and lastly, they are depend-

ent on pH anct ionic strength" An exarnple of a kinetic cupïrerrt is i1lus-

trateC by the first v¡ave jn Figure J. A thoraugh aecou:rt of this si.tu.a-

tion rqill be given later beeause ki¡etic eurrents wer.e obser"v-ecl i¡r thi-s

study.

An exairr;ole of a eetalytic eo:rtribu.ticn to the 1i¡ri'tÍ-ng e¡rr.ent is
the reduetij,on of ferric ions in plesence ef hyrlrogen per:,rxid_eo Hydrogen

perÛxiCe is onLy vedueed at a very rregative potential" so that the i.ron re-

duetion warre j-s r"ielJ sepat"ateC from it," Hor.reve:", with h¡nirogen penoxide

present the ferr"ie iron r.rave is rnueh large'r tirs.n i¡ the abs*¡ree cf hy*

drogon peroxi-do" The explanation is obvi-ous, i.e, the fer-¡rous j-ons for"med

by red.u-etir-rir of ferric ion are oxidized baek to the ferrie ion b], the

hydrogen pero::ide et ths sur-face of the D.l.{.Eoo and so the freshS.y pr.oduced

ferrie j-on is reduced againn Thus the l-Í-mi'cing cu¡::nei:t of ferrie ion ts
much grea-tev than corrêspcnds to tlie cc¡neentyatiorr of feruie ion in ttre bulk

of the solution. If the rate constant of oxidizing ferrous to feruie i-orrs

!¡ere srliå110 then the lirni'¿ing eu-rrent, ,.+e eld be e-ssentialJ.y dj-ffgsj.r:n eon-

trol),ecl, and íf tlie va{¿e ecnstant we:"e la:*ge the Ii:niti-ng eu.-:'yçn¡ vould be

pr-opo:'iiorrsil to tlte c'+r:sentr"atiori of hSrlrogen poroxid.e j-r: solu|ion" For

i:.:; :.'-.'.:
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t'
thi5 Fe# -'u#4 case, the rate is inte:rrediate and one can not relate

l
I

waveheiglrttoferrieconeentrationdirect1y"Thoughtheheightsof

catalyLie waves are sensltive to v¿riations in pH, tem¡:erature and other i.,,,, .,

1t,t,tt,t;;
experÍmental corCitions, the use of a eatalyLie we-ve for anaL¡rt,ical pur- 

,

;

poses rnay often be adva:tågeous because of the high sensitivity that ean 
í

ìbe att,ained" .A,ctually catalytic wåvês are useful espeeially in the 
i
i:.:'';;t'

deterrnination of traee amounts of rnolybcìate, vanadates and trmgstates. i!';,it,
ì

Absorption rn'aves rnay be due ej.ther to the reaetant el-ectroseti-ve i,.¡,,:¡,,
ì,,:,:..:,4..:.,..

species absorbed o'rr th+ electrcde (post-wave) or to the absorpt,i.o:n of the

produe-L'oft}iee1eetroc1ereactian(pre-',+a.,re)"Iftherecueedfor=,n.ís

absorbed. a st',t¿Ll preweve of eonstar:t, height r,rhi.ch is Í:rdepencJent of con-

eent::ati.on i.d.11 be foIlor,¡ec by a 'tno--rmalrt re.lucti.on w.å.vr. The tatal-

diffusiarr euvrent (smr of the pre'^'ave and the norr,æL one) is propor1ional 
:

to the c¡¡neentrat,ion of speei.es ln scl-ution, The seeer¡d l¡ave dec::ea.ses
It.wrth a deeve¿ss j-n coneentratioi:u until finallyo (5 * loal,f) enly- the pr:e* 

:

srave rerrralnsc Thu Lr./z of the pre?¡a\,'*.is sli,ghtly m,*r'e p"ositive than the
,.,.'l.:, , .true redox po'r:en'bial of tfie systern. Tìli-s diffei"ènc,: eor"yrspc¡.tds to the ,,1, l

energy invol.ved in the absarption of the reiluced fc¡rr¿ on the D.M'E., ancl 
,..,,,..,,,
i.::¡-:: ::

disa.ppea.rs at, higìr teirçeratr:.re (90ÕC) beeause cf a decrease in a'Ìrsorption

r- -: - r+j-th a rise j.n tet'ripe::ature. SÍ:rii-Lar.ly an j-nerease of pH ver-y often

eåU-sesthetr'¡ç.9fe¿ves'Locc'a1esceiritoot1owaveê1}:ep*str+ar.,"ehassj:ni1¿,r,
''..''

elrs-raetcÌrísti-es. fn ei'Lhe:' cs.se tÌ:e absorpt,Í-c?1 'r.r,*\¡o is prcportienel tç the lr':'jì'ir':r::

nr:'rrùer af r¿of.ec'.1-l.es absorbcd. on tire mt>rcrrry cirop clur"i.r:g it-c life*tj.]ne
(5 see). Ilelice the absc¡pti.oir cur:-eirt i.s dcperrCei:'L on tenpere.tru.en



nrÊic'ùr$ height, and eoneentration of eleet,roaetive speeÍ,es"
I

The fr:nCa¡nentel" criterion for absoeption rraves is the direct proport,ionality

on the corrected height of the mercuï'Jr coh¡:rn" Absorption r.aves have

been obserr¡ed in solutions of methylene blue, ribcflavj-¡r and other organic

compounrl so

No'r, afI cuv;'ent-,vo1tage cusrles are as q¡rnrnetrically S shaped- and

we1-[ definec] as the lead r.r¿ve in Figure l]. In fact one of tho genera]

eharaeteristies of euruent-voltage cuïves obtaÍ:ned v¡itli a D.l,{"E" are the

tbiaxi¡i¿il present urrless measures have been te.ken to eli¡ninate thei.r oeeur*

renetc Thcie a.t'e tr,¡o types of maxinia, ine. rrr,€.xirûa of ths fi-rst, ki¡:C"

and-thrr¿:eini¿ of ths second kirrd'r. In the first, kin'J the eusrent i-nereases

li:rea.r1¡- r,¡ith an J:rerea.se of vol-taþe (oÌ"¡''rs Lar.r) to a val-ue rnush la.rger

than the true ctiffusion eurrent then suCdenly falls to a steady nor*sl

d.iffusion eu-rrent. One fi¡ds that 'che height af the maxi¡nun is greatLy

depentJ-ent on the c-r:n+entrat:!-c¡i of the reducible subste.nceo In generel-o

neta.r, j^ori sol-utions do nøt yie1.d naxj¡na belor..¡ 0"f¡dul. As a rule thsre is

no siriiple z*eJ-ation bettreen m¿xtrna h.eights ancl coRe+rrtrationo The mag-

nitucles of the r¿axina alsc depend olt the drop tfuneo beearning srnal.J.e¡' the

slo"'¡et" tho drop ti-nieo and el.sc sn'ial.l-er vrith a deey.ea-se Ír¡ e+Rsentraticn

of electr"oectirr* si:eeies. I'lerxiräa aïe e$peeial-ly l:'r:evalei,it trhen LYre Er¡,

is cov¡siderably 'reÌ-rcr:-êd fi"ofi the eleetroea.p:iI1ary øez.o of meÏ,eu-ryo upoir - '

examivre.tion cf tnaxt:ia Õi'ie mu-sa¿ eÕrrclüde that tlre su-ppl-y of rerlu.ej.'b1e iorr

at the DoÌ'1"8. is atrnoxnall.y hiLgho Ne-r tr.io explan¿.ticins have been pro¡:oseC,

the fi:rst by lïe;'y6ç'sþ and f.lkovic and the soco:rcl by Anti"reÍJ-er anC tr"o;:

:!riji: l

2I
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stafkeluergn both of r^¡hose theori-es are revier.ied by Kolthoff and ï,inga o*26 .
II Heyrovsþ attributes the i¡ereased supply of redueible ions at the

D.M.E. to absor"ption on the nereury drop si¡rilar to the condenser cwrent

case mentioned previously. this interpreta.tion explair:s sorße si:nple eases,

but faces certai¡r difficul-ties in other clreumst¿nces. Foy instanee, tlie

dlrecticn of the elec'urie field responsible for absorption mus'1, ehange at

the electrocapiJ-lary maxim,rn, and so redueible ions of a given sign only

shoul-d be absorbedo by electrieal attraetion, on one side of the eLee-

troeapiJJatXr rtaxirnun, but not on bath. Hence eatlons r+liich are abssybed

on the negative side of-the ef.ectroeap1tr"1a:y rrraxi¡¿u:n wouf-d be r-epelled

on the othev side" Aetua1ly, it is fourrd, 1n ec.ntra.diction to the Hey-

rovsþ-I1ko"¡i-e thecry that the diseharge of ee.tions giroes rise to r:.axj¡la

on b€gli sides of tlie electr"oeepillary ms.xjrrruin, êogo lead (\7, = "45 v)

and nj.clcel (e to = 7'..0 v).- tlL

Scrno rather ingeniûus experi:nents of -A.n'tr"-eiJer" have shorm that

prbnounced ttstyea¡,ti-¡rgtt of i,he liquid arounC the 
,D"ll.Eo 

dçes aeecu-r:t for

the rnaxjma. P'e rnade di.ffusion layor"s ¿nd stírrI.ng visible nrÍ-eropheto*
OL

graphicalJ-y by appl-yùrg a rrschliereiunethcd"Z6. rn this view, due to the

shield-urg ef:fecL, of the eapillarli tÍ.p, the ei)rrenrù d.ensity i.s greater at

the botLc:n of tlto dr,rp than at the toi:, aird sr causrs a pa'ceriti.al dlffor.cnce

. 
betr.¡eetr 'che top arrd bst'i:on of t]:e dreip a.ri,C henee a differenee of inter*

faeial tensi-cil. Eleet,rie¿l doubl-e 1,a3'ers eo.n mig:ate ur:de: tho influsnee

of a pcLen'¿l¿l- grad:i-eüt a¡C so caufie str"eirniS:rg of tl:o dj-ffusion 1a.3'er",

This streanii:g cou-l-rl pr-cr.r:ì,rle a rtecì1¿.i:i-s,t fct al}o.1ring an:ïneier.lsed sripi:rly

iJi: :.l
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I

of þhe redueible ions to reach the mercurSr drop. 0n this basis, on6 eeÌ¡
l

exþlain r,lhy ea&niu-n has rro naxi:num, because its half-'r¡ave pctent1al is
elose to the nuìJ- point of rnercury. In general, Antweilerts theory can

aeeount. for riost of the riaxi-ne chs.:.aeteristics eneountered"

Fovbu¡:ately, rnexina cân be suppressed by the addition of surfaee

active substanees to the å.quecus solu'r,ion rurder investigationo These

cornpounds (gelatÌn, dyesn TXIOO, otc.) are called maxi¡m¡¡n suppressors.

The furrctior: of a$;r so"¡ suppressor is to forra an absorbed layer on the

aqueous side cf the rûereul:y solution j:rterface whieh j¡i turn prevonts

stream5:rg ef th+ diffusi*n la]rer" Care is needed i¡ thj-s :ne'choC- beeause

el'en s¡nnll eonee¡'.tvations eogo es ler.- as (0.0fØ) ean alter" the shape of

e- poJ-aragraphie rr'åve m¿rlçeCly, along v:ith tlie value of the diffusion

ew'r:ent. ¿1 detail-ed study of the.se effects Í-s giveri i"n a later section.

l'{s.xijr;s¡ of t,he seectrcJ kind r.¡ere dåsce:r-ercd by Kry..rk uu"23 in 19&0

anC r¡¿ried by her ¿s sucho they eecul on both cathcdie and a.nodj.c dlffusion

cur.vçnts in eo¡icentr"¿r'boc solutions of supporbing el-ectrolybe of about o.lM.

Theso rna-xi-na do nct i.ecreese abruptly but rather s1o-,^Èy cÌecree.se in a

stra:ight lj-ne tor;¿.rd the true diffusion cuy?ent height" they a.re eau.sed

by a tuÏb''ri.et:ee arisÍ-ng insld* the dr"op because of a hi.gh florr rate of

ïrereüryo }Ior:*c the effoct increases r,¡itil a.n j-ìrcï.eg-se of cJ.rop tirne, and

j:i ad.di-tion it j.s r¿od¿ effieientlJ' tran:rmj-,¿tecj to tl-re..surrou-¡:clirig 1a:yer

of soLutiLsn et' the ele*troeapSJlary niaxS:rüi;m.o r';?rere the j¡terfacial- tensi-o1

beti.reen drop arrC solutj-on i.s gr"e¡r,tcr"o llo:-ecrrçrr tlie effect dei;end.s on the

con*eitti'e.t:i.CIir of the srippo:=",:'ing elec'crel-y'ce, being fi*rc pÌ:û,lie,u:r+eC for noyc

i.,r

i,ì:

l,

;rj i.i:,i::i..ì

ii. i;_:i+
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eoncentråted soLuticns. These m¿xlna are dlreetLy proportionar to the'I
heisht of the nerculry eo}¡r,*¡r' Again these naxjru nay be elimÍnated by
station¿:ry electrcdes, reducjrrg fllor"¡ rates, using a streaning msrcury
eleetrcCe or addi-:rg e suppr€ssor.

Another Í-rrrportant foature of a eurrent-voltage cuïve is the half-
nave potential \/r, ¡rentionecl already i.n pnevious pages. under any de_
flned set of e4perÍrnental conditions, eaeh zubstanee has its om eha*ac_
teristic hal-f-r^'ave potential ancl this is the besis of qua.litative pclaro-
graphi-c analyses. \¡2 u*tu*s ave dependent cn tho coneent,ratj.cn of
suppor{-ing olectrolyter- darnping of the porarogr"apho resisi,*nee of tlie H-
eel], pII, ternperature, structu:.e of the eLec'bro¿etive Í.ons, maximurr sup_
prsssor' and tire eLec'cri-cal doub-ì-e layer anc reu¡ersibility of pola.rographi.e
lr¿veso To have airy äieanirrg this rî-¡2 nn*umeter r:..ast be cs.reful-1-y. detey_
mj:red u:rcler eontroLled eonditicins 'r.¡hiel-t 3.yØ reproriueible" There are nufier-
olls &rå,ys eif mea.suring the \/, "t v¡.hieh a fev r.rill be mentianodo Ths rrrost

coïirÌrcn nethad is il-lust*ated in Fi-gure 6" parar-r-el. lines ar.e dz"ar,m ür:"c,u.gh

tÌ:e a"¿eva'ge resi'clual and li_niiting eurrerrts" Then a li-ne is ch.e*m throu-gh
the average oseillations on the steep rising pa.:'t, of uie rnrava" T¡fhore the
rn-td-*point of ti:e o'iffusioi: eur:"ents, measured perpendieuls-r to çre resi¿lua.l
current, coincides r,¡itb.rine dr.a,",m on tlie risiirg L.ê.1i6, that poÍ_nt is the

:'i

:

':_

half-v'rave potentiar , \-/2" To gai-ir arcu-r"åcy rh* ul/, area is seanned w:j-th
a 1ol¡ voltage spen to s¡rrr*ad ou.t the rdåv*e as nueh as posstbì-e.

A mcrr.,e acei;:¿,ete ¡ne.L,]rcd and one

study is iJ"j-u,.,;.br:-ated i:.: Figl_u.o f. This

r..'l:ieh r.¡es useC ext,ensively in this
is the sc caÏ.*d'I-oga:,:itlr,rie plotrt
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rnethod' A polaïograrÂ nu¡st, be obtained r¡ith a long clrop time, no darnping

and a drarrm out r+ave spread to niini¡rize eïrors in the measu3:ement of the

potential as well as individual diffusio¡r cuments" At about ten points

equaAly spaced along the potential axis on the rlsÍ-ng part, of the wave,

¿¡ 6s4Íllatior¡ is picked and the averåge height of a grolrS.ng drop oscil-
Lation is marked. The vertical dist,anee betr,¡een eaeh. sueh poÍ:it and the

extrapol"ated residual-eiri-ent lino i-s proport,ional to the value or (i)
at the eorrespoi:ding potential. This r¡alue is .subtra,cted from the âvÐ3'*

I

ageldiffi.rsion eiæ:"ent (ia) to obtain (iU - i)" Then ,¿he logrè,vs
appli.ed pstential i" ptoit*a. i.,heve the los,é:.becoines ;l-t;;l herr+"( aa-a)

wave potentiai must be located" This ¡rettiod then is be-sed on ten read"-

i:tgs and- the best s'urai.glrt line d.rarutr thrc,ugh these poi:tts, ';úth the

added adva.nta,ge of usi-ng ¿ny cori\reniçnt sea,le on the grapli F,s;pero Thj.s

Er7, nead- not be ecrs"estecl far an iR drop if the resislaneo throu.gh 'ulie

pole^rcgraph arrl H-ce1l i-s rurrle:" L000 ohrns" At high sensitivity the polar.o-

graph mey have a.resistance of seve¡:a-f- thousalrd oþ:,1s", at -*rhieli point a

co:r."rectìoir is neec+ssavy r.rÌren the c'¿i.rent is e.bove 1uA" The neassn being

that the Í-lt drop noi+ i.s ef the orde:: of se"¡spåI. rnillivc¡]ts. In this
study th.e largest iR diop v,ras u:rder" ane rni-Llivol-t uhich nred.e any eor*

reetic¡ns utÌnecc ssal.yo

l:-:
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A detaíl-ed treatment of polarcgraphic theory nåy be foi¡ed in a

nr¡nber of text-booku23'24'26r28 thus only a brief rerrj-er+ wil.L be,given

hereo In the preceed.Íng chepter various contributions to the limitirig
eurrent r'¡ere diseussed encl the diffusian-eor¡troll-e,L curuent ç'as singled
out as the most Í:aportant para,-neter in polarography. rn ozder to soe

the signifi-eence of the diffusion eurrent, a closer look at the proeess

of diffusion is necesså.pyo
I
I

a"r &e*Då[fge-j€p*M
' Diffusio¡l rnay be descij-bod as a spo]:rtaneous pïreess lea.dir-ig to
oquilÍ"bration of concentvatian diffe?rnres in sclu-t.j.crrs ffhd-re solute
st*'rts to rnove from aves's of high t,o those of l*:.¡er ecnee;itr.a.tio¡:u The

rate cf di-ffusion is propozt,icnal to the concentraticrr graCientn bu.L also
depencls oir the propefties of the cliffusi::g part,ieles. ïf diffuslc,n ooeu"'s

in one <li:reeti-*n oirl3' ¿it* pÌ'crcess is ealled t'Ij-near cliffusior:r. Consider

a eyl5.nde:" rrith s. cross^-seeticnal a"red., A, aii3 a. pl.ane electrede at one

end. Tlie eeincentra'Lic,a of el-ectre¡ect,i.ve speeies dec¡.ea.ses in the di:.ee,cion

perperrdi-cu-l-an te¡ tlie eleet:'od.e ar,"lng to an eleet,::oeheni-ea1 eliange at the

elect,::ode. The number of nrol.es dlJ of th+ substanee that ciiffused ecross

tlre ar"ea lt aL e. dist¿irce x Í.s p::opr¡rti*lral- tcs r^, t,o the eoncer:tratlon

gradient ac/,cr and the '¿j-räe interrr¿l- dt in the fo.l-lowing rnan$el.:

. dN = nr $f, o.t .êôoo¿oicooç.e Gooo¿có"".",(].)

thi-s i-s l:n+:,n: as Fir-ckts Fir"st ï,a.r,:, whÌ.ch'r;ê.s d+:."ivec Í-n l.gJJ" The pro*

pcrt,ior:la'ì-iü' çstt$¡årr'úe Ð, (diffusicrr cûefflcisnt) inJicates the riuur.l'bet of

2B



mo1esofthesubstaneethatpassesbydiffus1onthroughun1tareaaÈa

unit eoneentration gradierrt, in unlt time. The nagnltude of D ls of the l

. E O,
order, ]:0-) æ,Íf see. The nr¡rùor of moles of sr¿bstanee that dlffuse 

.

through rnit area in rmit, tjme is eelIed. the unit, flor+ or flux" ft is :::':--'':'r:

given by the follor"ríng eapression: i

.dN ^ bc
ãtiU = D 

Tî 'oe ooooc€ooce e "o'occe Òe oô"tt"(2) 
:,.;,.1:;-r.;
l! -ir--1- :::

As the diffusion proceeds, the coneentration gredient deereases and henee '::::::ì.'r

the fl.ux deereases aecordingly" Therefore equation (2) is valld at a given lt,:,-:,,.
I-l

lns{ant, of tj¡ne cnly. To ealeul-ate the aîr¡r'r$tt sf materl-al dj.ff¡sí:rg

acvoss e. given plane i:l a. finite i.nter"r'al- of tine one rnusl, hnow ho;"x a

ehange in coneent:ra.tion rnæries wlth timeo at a given plane at a givon

i¡stant. Thj-s ceneent:.atisn graclåerrt raay bð ealer¿latecl fron Fiekrs

Seee'nd L,ai,I:

Ðc - &2c
=T)åt

,

Thi"s i.'; the fundainer¿tal eqr.lati-on for l-i:ieac' dj.ffusien" The dlffu-sion

current is cleter*ni:red by tho ce,¡neentre,tion gradient at the su:rfaee of the : : :

eleetrsd-e¡ Í.oo": 
i'.'t'lttl

.-'¡,'.:.,,.'t

i * *FH = nlDA f#l oooøoooo6oooooooooo"o(l&) '.';t':.-

wþ1ere n ls the r¡'¿¡rbey ef electrrinå fuixrolvecì in the eJ.eetrcd.e pi"*e.esso F.

1s a fs.yada.y (g6rJûC eoulo:nbs) ar-id Do An a¡rd C a*d x heç,e thefu" u.sual 
. ,,

signifiea:lee. Frc;nt eque-t,i.on.(4) lt can be she:.,'n that the euyrent at a j.ll1ii,.:,;'

pJ-e.ne sta'LLoi:ary eler:trode is
C-n! - C

i s nfO.l -61ç¡;r=9 o o o G e s e ø o s e a o ê o e c. e o e o ô e o o. 
" 
(5)

{ 
¡¡r'i

28
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or for the limiifug diffusion current (Co = 0)

il = nFÐA 
Ë- ooe .o.c.?o.oooc.ro.e c...r.:(6)

'{ nlr
n'here cx is the coneentration of electroaetive rnaterial in the bul-k of :,:',:., ,.,:

.t't '.t.- ,,t ,t ' ,'the soLu'tÍ'onc co is the ecneentr:ation at the eleetroce suyfaee e-nd the
square-root tena is the differential thickness of the diffusion 1e.3:a;y '

:

:','ùich i.s a fi¡net,ion of tineo j.:,:r:,,:;::

. In sSznnrietvical sphenical diffusion the elecf.tnønf ilrô c"\a¿{óF ' "' ''

diffuses tt:'¡ard- the centre of a spherc aloäg its radius. rn thj-s case i.,t,...r-.l
I 

¡ su+uÐ c 1¡¡ LI]J-ù castj

thb diffusir"¡n field eoilÌd be a sphe:'-ical shsrl- sur"r"ou.::ding the eleetrode,
The r¿d-ìus of the electrode 5,s cjosignated by r.o arirJ the dista.ner¿ of the 

ldiffusioir sÏ¡e1r by r, rt is s.ssrl,ï¡ed that the clffusi.oi: shelr is in- l

fj¡itesi:rrc.7Jy thi-ir, the thiekness being d;." Fickrs Firsl: La,*r i.¡culd take 
I

l

o¡r the fo1lc,w5::rg forrr; 
l

dN = 4r,r2Ð gÉ 
d i. - t,¡\e Ð 

$î 
dL oooô@so6ooe4oos"ur.(7) 

:I¡Ihen detei"rni:ring -Lhe e'¡ncent.ration gra.i'1i-er:t teir,i¿*ls a sta.Lionarl, spheriea.l- ,

el-eetro-Je the derir.ra:t,ion riust fol.rou iri.ekrs seeond La.r,¡o whieh !-s g:iven

in sph,:rieal ec*or.o*.tï; 
_ ^[Þ 

r,. , z å ,J . 
,.:, .

äÈ=n[å;ä'i ilJ 
oûocoôoeo.o.onoo(B) ,;r,,:i,:,,,.,'

Fror'i the s'rl-ut:ïc'n of cqu-etiorr (B)r'^dth appi:op:,..iat,e ini,¿i¿l anrl bourio1ar.5,

cc:ro'iti.onso iLt fc-l-iows that r+l-¡ore ï,¿.ppr.ûaehes roo the sol-u,tj-on af the
equati.orrrese¡iin1est]rg.l.f0rciffusionto,,¡¿rdsap1anee]-e*trcde.Thus

;li'::;¡:'i':ir':

diffusíorr ';¡j-t'hir: e siloïL distanee fr.o:n i:he src-iace of splleric¿:l eleetro6e
rÍp-y bÐ rega;:ced- ¿s l-jli1ûe:^u llence, it e¿rir 'ne si-¡o.r^¡r: .il.:¿.t:
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i = nFÐAc* (# o L) ..,ô.ooooooo.oo..(9)
lnDt to

The first terrn cn tho right-hand side eor.responds to the expression for
diffusion toisards a plarie èloctrode (ug. 6) and its rnagnttude i.s a function

of ti¡ne. The seeond tern is a ti¡re-independen'u eonstantn ff the thiclsess

of the diffusion layer dm, (for s-"nall t) is eonsiderably less than ro,

i"t follor¡s that the value of the first ter¡n exceeds.that of the second

tenn and that the diffusion tov¡ards a snherical drop (or'r¡) is governed

by the 1ai.¡s of linear diffusion" veri.fying eqn. (9) experi:nentall.y is
I

qu,5.te diffic'ult bec¿use at longer cìrop*tirrre" (t), eorivecLion oeeurs in the;

vieinity of the e-l.ectrode giving rise to strea"rning that clisturbs the

o11 IllSl_OR l.ayeÏo

Diffu-sion at a Doj'loE. is spherÌ-ca1.1), sy¡',r,"etricai, i;ri-t, clue to the

periodic groi'd.h anC fall af tire ïiere-irry deaps the a:"ee. of the diffusion

field clianges ccntinuously duz"ing the l-ife of a- drop. The diffusir:n

ther¡ takes p-1-ace in a tii,-'djrtr,r,¿irich is raovi-ng vrith respeet, to the centre

of the d:"op in a di:r'ection oppcsíng the clil.ection of cliffusior¡" Ca.k:u1a.-

tiür of tlie eanc'.jnt,ration gradient to'.^¡al"cJ s a gro..ring dr*ppÍ-ng electr.ccle

is qui.te eorçl.icatecì" The pr"oblen r!'as first solved by rJ-kovi"3' in tg3u

v¡ith th.e e"ssu:npti.orr th¿ti the di"opping e3.ectraCc behaì?Ðs âs a- plane eJ-ee-

trÖC+ r+i.tl: art.q.1es equr.L t,cr tli*t of tire su:.fs.t:e of ii:e cìi'¡:-ip i-.Èo, atl arilå.

i-rrei'eesing l.rith t:t¡ne" The dei'ir;¿.tioir of ti:u- fari:ri'tis l-lllovie equaticn lias

s,:-ggested actu.a-1.ly by experi.ner:tal- r.¡c::k r.¡hieh shcr;cd tha'L capill;r-ries l¡ith
eqria-!- fl-o:ç rr¿tes gi.,r,e eciuul -ì-iini'c5-ng crirrei-¡.Ls aäij,¿Ìie depencìence of tire
dj.ffusj.<:n ei:-:':rel:ts cn ths Ìreiglib of the ni€::ï'*tt'y col_r:,1: is pi;.r,abc1ic" Ey

app-l-;;"i¡g I'ick!s l.ai.¡s of cif.rlusj.cn and eor:sic1e:-'i.ng the ayea ctf a grrwing
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mercuvy drop rlkovic obtained an expression for the mean diffusion er¡*ent:

id - 0.62? npcnl ^2/l */a ...or..o.oc.o€.e.....(10)
The mean diffusion cwrent is eonsidered beeause wi.th the or.,ci-nary D r¡r-
sonvd- galvanornet'er used in polarographyn the eomplete current tj¡ne eurves
are not observed, because the inertia of the moving coil is so large
that it is unablo to fslloir the comprete periadle ehango in the current.
Thus the average diffusion eu*ent, i.rrcorporatlng F i¡to a nunerieal
constant is;

I

I

l¡heye C is exprassed j¡ ¡rii1ll_rnoles (ir.ü{) per liter, rn, ]n mg. por seeo¡d,

tr the drc'p time 1n see$nds, and ,Ío tnmieroarnperesr,f,L4-. ït is ernj"rry-nt

from the above equation that for given v¿lues of nr and t, i."er. if the same

capl-lJ-a::y 1s used ¡rit,h a c¡rnst¿nt height of rnereury, the diffu-clo* eur*e¡:t
is directly pPoportional to the analy'cieal eoncentration of the elee-Lr.o-

aetirre .epeei*s i:r sclution:

iU = kC .ooooeoooéoô¿oêaoooooêoooooøoo .(L?,)

rqhere ¡ = 6o? nrsr/Z n2/3 Lr/('r

Ïn pt'actical rve¡rk the averaga of tt " gulo*oneter oscillat,ions is
meastitedo corÐespü:1tl:-ng very elosol;r to tlie t:-ue avers.g€ er-xyrent" The

dlffusior: current,s oÏ:tai-ned i,ri.th a D.luI"E, are perfect.l.y reprocd,uc.ible for
ïsesoi?s that have been dj-*ceu..ssed alroacìy. ¿¡1¿pÍ-1eJ3 shr¡r¡¿rd ti:nt the
thíeliness of the norrn¿¡"l dlffusion 1a¡.s¡ rvas oRl¡, of the order of 0"05 r,,*¿.

The dÍffusion layer j-s thu-s sc thi¡r that ther.e i-s no epp:i.eciab3.e stírring
effe*t due to densit¡" gredierntsu lihich aecaunts for tl:e perfect ï.eIl,.'*

ia= 6a? ncnl/Z 
^2/3 rt/6 ooe c6coooôooooGo¿oeo"""(r-r)



íry,<*È44

33

ducibility of the D.I1.E. eurrent. If the d.iffusisn eur¡"ent values of
electroaetive ions are plot"ued again.st eoneentråtiÕn, a straight Ìlne
passi¡g ',hrou.gh the o:'igin is obtained, lihi-eh may be used as a ealib¡a-
tion eurr¡e for determining the coneentration of the ion in u¡kno,..nr sam-

ples" l,Ihen the Ïlko'¿ie equation is rearrangecl as

r¿ = 6oz n Dr/z - 
td 

,.(t3)
c *2/3+16 ':o'n"'or..

we have ãn exlplession fov the diffusi-on.eurient eonstant, ru. This

1]n-rrediately leads to an absolute methocl for the deteyinination of unhror¡n
Ieoneentration cnee a l<nc',rn saniple is runo ioe. cnce fO is lcror.nr" Si¡ri-

larily tu:knoimr eoncentrations nay be obtai:red by direct eor,:,pa¡isoi:, of
hoigh'bs, standerd addition ano' inter¡ral starrci¿z"c' rnethc,cls. Thus th*
Ilkovic equation is <if pararncunt irnportanee anc 'cho ve:"y fou-rrdatiori of
qu-antitative pola:-r:graphie a.i:alysiso

0n the 'nrhoLen the v¿lidity of the rlko.¡ic equa't,ion has j:een

pro-'red satisfaetor"ily by rnariy investigatorsn Thr¡-s the linear clependenee

of the diffu-s:icir curr"eirL, id, cn cÕneên-Lr'¿-'L,ion is satisfied vrit.h ! j.:,i,

the deperidenee on n'13 tLl6 orittin * 3;¿ ar¡d the eonstaney of the diffusion
curr"ent constanl:, ro, as given in equertic,n (1j) r+ithin J,5,i,. rt rres this
bi'g change i-rl fU ¡¡-.ïtkr m and t that l-ecl to co::reeticirs on uie <;riginal

Il.kovi-e ecr^u-a.t 5.or: .

In de:Íving t,he flk.:vie eque.tion the curv¿.ture of the electr:ode

lias treglecteC and orrly l-i:rea.i: clj-fí-usion r.:as eons1Ce¡.e;cÌ" The fir.st deri-
v¿tj-o¡r th¿-t acco.::rted ia:- the cu:'vatu.::e of the e.!,ectro:le i^ras presei:tecì by

ir:l
':..

: .::

irìr¡.+ì:;rìi5i,i;l
t!.=r ..-r:r-i1.¡..".r i....;

Èr,l:i;ìì;.';ì!ìr.ì



Lingane and Loveri.d.gel.

the r.h.s. of eo¡ration (!)
Essentlally they multiplied the secsnd te:rr on

u" ffã. Their final result was that:

iu = 60? n**/t ¡!/l ¡¡e (1 + B +#) ...c.6o"""(14)
m

r¡here B is a numerical coeffieient. Various authors atternpted the sanre

task and ln all eases obtained an equation simÍlar to the one abo.ve dÍf-
ferÍ:rg only in the value of B. Lirrgarie and Loveridgel set, B equal to

39, Strehlo-r¡ and. von Staek"lb**g35 chose lZ. .â. rigorous treatment by

Kou|,eeÌçy?? g*uu a eornplex equation as follows:
l
i ¡ Io qla ¡ t¡ 1l? 11É' e 1l) a lA^' ,o = 6e? nc'r/z *2/3 

"t/ø 
(t . åg4#=*f -fil#ty:lrr.;;(r¡)

On the basis of Kc¿¿teeþts equ.ation, the diffusian curi"eylts for the ncr-
nial capiJlaries slioutd, exeeed thece caLeulated fror¡r the si:nple ltkogie
equs-tlon by J*L}'ft" H*r.iever the variations j.r: flor"¡ rat,e rsith ti¡ie and

trensfer of eoncer¡tration pola:rløation upset thc tt¡eoretleal- p¡edic-t.i*n.

Years ef resestreh have s!?oï...rl that the eorr.eetion for spher.ieaLdiffusion

is approxinately eçu"$terbals.nced- by the transfe:. of eeneentration pelari*
zet'ion and tliat ths variatj"oir Í¡ flor"¡ rete is r.¡ithi¡r the experhnental

esl:clr of the rlccotding pola.regraph" IIene€¡ tìre ¡nean eu-rr"en'Ls neasured- r,¡ith

a nofirral- polargrap]: í"e' vertieal ea.pÌJ-lary a¡ld ssråal drops, are ir¡ satj.s-

faet,ory agr.eeiaerit, r¡ith the ïlkovic equaticir" Roi*:nu.th36, Irfetko"*ritz and

c1vLng3T e.nd l'{ei.t**3u norr.u all. corilpe.red the eorrected equa.tiops to that
of the ori.gl-ne.l Tl-kovic end co:-ne to the eencluslon that ther.e is no

sf-gnÍ-fl.earrt ¡+clv¿¡.ntage cf uri.r:g one sr the stheï"foy clese¡.i¡i.rg the euï,i,c¡nt-

potentl"al. cu:'ve ó

34



w,ry,;ptl

35

I

B.

the le.st seeiion diseussed the behavior" of the eurrent at the

plateau of the weve, r,¡here it is virtually.independent of the potential

of the D.l{"E"n i.e., the eonditÍon of eoi'iplete eoneentration polarizati-on.

It is nûl¡ âpprÕpria.te to consider the rianner j¡¡ r,rhich the current is

affected by the electrode potential on the rising part of tlie rqave. In

order to explain the shape of the euruent-potential curve, one must larow

the relationship betr.¡een the coneentration cf electroaetive speeies at

the eleetr'ode zuyfaee ¿rid the pctential at any given point on the r,u-â-v*êc

For reversible proceûses'this rel-atic¡nship cen be obtairred froin the Nernst

ec,u.atio.'::

Lì no gr. . * teå7E = E'' -;* t" 
fËi 

e cêoooooooocooGooooo..(16)

Red and &x de:rote the coneentyations of red,¿cecj and oxi-di.z,ed for-r¡,s

of the cLeirolarizer, Eo is the starrds.rd cxiclatiotr-reCuetion pcten't,ial of

the systerno E the potential- of the Dolf "E., R ís tho gas eonstarrt, T is

the absoiute 'cempe::-a.tu-re an.i nF has it.s u.s.r:al si-gnificanero

The Nernst equation hoids onl-y fo:r reversible ther"inodyna.rnic

equilibri-u:rro i-oeo ürid,or coi:ditiorrs wherì nc c',r:*T;srlt is fl-cl'"rirrg. fr: fact

a. sr¡u.l-l curren-i: does fl.ol¡ for. the eleeLr.ode process in polar"ographSr"

llenee the qu-esì-i-o¡r ar:j.ses, r.rheä is a rec-elicn re:r,'eisible? Ther,..rodyrra*

nical-l¡r a r"ea.ctir¡n is reversibls wì:en ec.uilibz"i-u¡n ís atts.i.ned at any anrl

evcry instant of tineo I¡l pol-arogra.phy this l,,oulcÌ r:ean tha.t, thernccì;n-ramic

equ-i-1.i.b'":iu-'rn r,¡+ü1cÌ hs,.v¡: ì:o be ve:"y nea::iy attaj-neC at ever'Ï j.nst¿::i du:'ing

tlre Iiíe of a d:.cp a't, a.ny' pctentia-I. Fcr su.cþ rs-¡€Ì:¡si-bl-e leactians the variat:iot:

::::1: i -: .-ì

1') .:':::,::;'7::

i . r::i:.i;.

::'t:':..:: .
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!:

of' current, r'¡ith potential reflects the ehanging position of the equili- :

| 
-ì-?-' - .br!ær, slightly disturbed in far¡our of the reduced fonn due to the small 

i

ie¡¡ffent flo"rring durlng the reaetion, At the ether extrene is the class 
j¡.,i1.:.,:.rr:,,:

of totalty irreversible reactions l¡hieh a.re se sloçr that they proceed only :''''t""'"""''

e fract1on of tt¡e vray toward equilåbriua durÍ:eg the lífe of each dropo 
i
,,

Fon these reacti-ons it is the rate of erectron-"transfer precess that 
,,,,,,.,.,.,,

governs the relationship betr¡een current end. tho potenti"alo Between these ,,...,ttitt''j
:l: a ' :.:. l.a:

two extremes is an inter¡nediate class of reacticns that aye fast enough 1i,:,,..,,,;,:,Ì.,,

to approach equilibriun d.uring the drop life, but not deteetible as irre- 
rr;i;':':':':r':::'

ver"sib]-elrithinex¡rerixienta1mea,sure¡aentsoIleneeareaetionisseidto

be reversible 1f, trithi¡ the li:lrits of experi¡rental erroîe its beherriour 
l

Icar:¡rot be disti$guisired from an lnfinitely fas'c reactien. Ilowoverc va1* 
",uable j¡:lform*"tj.tn eå.n be obts.ined from both reactÍons us]-ng the pol,aro- 
l

:

graphíe teehnique, thor:gh it i"s ne sinçle tesk to pesitively id.entify, a

l
llrover"sible ¡".'atietr o 

l

Thec'eai"efourpossibiJ.itiestoc+nsideri.r¡thoreduetio¡ranrl

orlidation of simple r¿etal j-CIns at the 0,1,1.8" Firs-t, redu.etion af cations :,,: :::':::
:_. I : :'-":'.i

to the met¿lJ-ie state fonri5-ng an ar,ralgam, !-oe"e the n¡etal is selù1e in ,',., ,,'

't,he nle*-:¡1 1{a <io'ie r,".lraça {.La *o 
': ::':"

m'e}'cu"T]ro SeconCl,yu raCu*'t,ion to the netal-lic stat,e ç,,here the rnotal is
insolui:-Le in rrio:"ei:.ry" Thini, r¿dueti.an or. cxj.d.ation frcin o::e solubre

oxidatiorr stete to anolihe?¡ €"sn Fe"f4+ to Fe#. r,astl-rr a eor'ibinetioir of . ;¡,.,..:,:.:.r,::.:
jì 

: : 
t: :] ::,iïrrlltj::iicase tlivee r'.rith either the first ot' seeoRcln sc that a step.n'i-se reduction ,",'..'5;:i$

oecu-rs er:cl a p*1a.:"agrarn is oÌ:tained. v¡lth t-irao on r¡iG3.e krå.\Erso

l'<l iLlrrstrete tho theoryu c.?.qe clno r+il]. be ex¿l¡,ij.r¡sclu The tr,¡rat* .
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murrl, hule is a sumirary based on the reviews given by l.{eitesz4, Kolthoff
i

and Lingaru26 mc He¡rovsþ and Kuta23. The electrod.e reaetion eor-

responds to:
]r,f* + r,* + Hgo = lrr(Hg) .o..rco..a.oo..o.e.oG"....(I?)

n+
r,¡here ì'f--' represents the rnet¿l catic,n, ã.nd PI(H8) is the anralgam forned at

the D'Ì'f.E. If the reaction is reversible and ver-y fast rvher-r corrpareC. to

the diffu-sj-on of ions to the eleetrede surfaee, the D.M.E. wj-II be sub-

jeet only to eoneentration polarizatÌ-on. The coneentration of rnet,a.l.

atorns to rnetel ions at the D.l"l.Eo must eorrfomt to the Nernst equatioir:

:ì-:j

Er*- =sl-#r" r.f,{"ts*IÏ.- .ooôo.(r.e)-d.Íin€o -- "s 
^Hgo f"f un+J 'oooo

(a deno{¿es actir,'ity) r.rhere f deno'¿es the aetivity ccefficiei:t, nl is,S

the standarC poten'i,ial- of the sirrrple raetal ion anC er. . 't is unity be*
Hg"

cåuse the a:nal^gal,'r for:rieil i-s very di-l-ute a.nd hence it is r.egarcleci ås put"e 
l

neï.r"¡r-?.ye Equat.ion 1-B rnay then be .rn:itten: 
.o

E. .- - = E: - Sr'r-fuu4I .e6G6 ocooo.(r.9)"domoe" s nf *" 
f"fl.r"-,-l 

oóooooocoooø\r"21

S.È

ff the electrc'le reaction is diffusian contyolleCo the current, å.0 .,1.,,i¡,

1s. prvportional. t.r.¡ tlie differeirce betr¡een the coneentration of i'.ln-Í' in the ,,',¡,1','
:', 

t,''

bulk of the sc¡l.ution encl .'¿h¿t at the el-ecti'odo su::fa.e*o i"e. Fiekrs Lrr**o

Sinee the; csticer:t::a'¿j-ci: cf ions at the electyocJe su.rfaee at any pe1:e:r'ci-a).

on the plateeu of the i'.ra*¿e is ,virtriall;r,-aero,'for-.ã'reverslble pr.oeess, be- 
i.1,.¡:;

csitsrs tbe i.ons s,re recucecl as rapidì-y as thay r.eaeh the elccii:'c.le tli+ lìtir+"'n!

. cur'rent ìs e,,iu*l u b;,* Cef:nitÍ-c;nu '¿a ,¿he difjlusic¡li cll::rent as stated in

equati,on 121

id = k.c"

r.¡he:'e s denote s srn'cle ¡retal- iern. The eor¡cer-¡tr.ation of the rnst ¿L atei,*ns ],r.':i,¡y¡,¡



in¡ the en'al-gelt at the drop surface is also preport,lenal to the curyent:t"
ii=-k*C**.c9co.9co6o.o.oooeGocoooê.(2o)

where s'ubscript am refers to the ato¡ns lnstead. cf lons as in equation
;1: r: :-:-

LZo The negative k*appears because a negative eurrei,¡t is obtained when 'l't':'l.'t¡'

metal atoms are bellg oxidized at, tho drop surface, as for a dropping

netal*a¡iâ1gam elecÈrode in a solution of the srrpporti:rg-e3-ectrolyte aloneo ,: _

Comrbi:nÍng tlte above equations for the eondition when i = 1, ,-.^,"..t1-3::
naxrely the helf-l¡ave potential: 2

/ ^r \ 

"ttt:'t't:'

. Edorßo€e - Eä - *$ t" 
*== 

e ooo€ooeooooeoo."(21)

or at 25oC equation 2} s5;ap}Í-fies to

Ed"*.*u = Er - *áT5 ru* *=l coGeoÊo€oo "'(22)*d-*
In the above equation i ås the eatiro'Le cu-rre¡rt resuì.ting from tize re-
du*tion of Ì'fns. Similarty eq'.*t,ions ean t¡e doi"åved for aned.ie euyrents

' or a tteomptsitetr eerrditi.on of an ane'die*eathod.ie r¡rê.veq 0n examl-nf.ilg

equ.atioir 22 e,ns realizes that, a plot of log I
ilîT 

t"o Edo*.*. shoulci

yield a straÍ,ght Line havirrg e slope of -91.53J f,rorn r,rhieh n ean be de-. n 
:.r:: :.:.ternined' As has becn nentløred previousl"y sueh a ptrot Í.s extreneLy ,,.,,,',i

" .:,,: , :.. 1.

usefuf. to find E1 va.l=uese inê" r'.rhere the log te:.rn j,s uerr?o l'he 1eg term ,",.',,",r,

of eqit*.tiçn ?,2 ean bo tpansforirie'd to i¡cluCe cliffusien eoeffieiernts jn-

stead of eu.rrer¡ts if so d.esiredo Tire Ilkor¡ic eqr:u*t,ion then preClets:
1

Er = E: - -:94H r*g å&: ê€e€êoee6ocooe6ocoôo"(23) 
t, 

,'-'-à s 11 ----f 
D à

s år;I

1'l:æ v¿'l"ious us*.ç ar-:d i:upl-i.eations e¡f equat:icn ZZ vrit:.- be d.iscu.¡:s,sd

later.
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/ If the solution contai¡s a
I

is'present as a corrplex rather than

can be described by the equation

mr-(t-tru)* * rr. + Hgo = I.f(Hg) + p x-b ..oooocooeooe oô ".(24)p

where X ís the c.*rrplexing agent, p is the nurnber of llgands attached to

the meta] Íon ar:d b is the charge of the ligar:d. rt is convenient to

imagine that the reduetien proeeeds i:t tr,ro steps:

w"(**pb)+ = f* + p x-b .cceoooo6oo6Go6øoooooøoco .(25)p

f+ * ne + Hgo = l"l(Hg) .".n"ôoooeeêoooe€eoee o@.o "",(26)

This may n.rt be the aetueL kinetic mechani*n involved, buL it ser,¡es to

faeilitate an expls.nation of the thenned¡mamic relationshfps j:tvolved..

ff the foregoÍ"ng reaetions are rapid and reve¡.sible at, tha Dol'f"E, then the

poten'bial of the le.ttev at any poirrt cn the r,¡ar¡e i-s given by equation 19

o Pr 'r. r ftr"eqrJJEdo*,"o = E" - t# xt årn f*=""[iÉ*?
inlhe¡T the dissoeaticn of the eoliplex ion is ver3r.f¿st, so that eo.uj.U-briun

trith respct to reaetiotr 2J ís rraintarned at the el.eei:red-e surfaee then

tflo. **r, be replaeed by:

39

eomplexing agentn so that the metal ion

as the si-mple iono the h¿1f reacÈion

r,rn+ =K fmilr,r,*
'vÊa

lx[PrPrêEdXl:l

o Go oo ôoeoo€ ê@ os o" r, "(21)

r'¡].rere K^ i's the dissceiation eonstant ef the metal ion complex, If onoe

essui?ies that 'bhe es¿'rplex.ing aget:t ls j:r iarge exerss or.'er the ccirüp1^ex

then tlie l-iï¡ei'atictr of X-b at the Doi,,f,¡ln has a negligi-bIe effect on the

;',-::.;;..:]
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Uuft
I

,.h+
tvl

,-h
eon'centretion X -. Secondly, K" is norrnally so small that the

in the bulk of the sclution is also negliglble.

I¡Iith these. a.ssumpti-ons the Nernst equati-on prediets that

oH* 
ffË- #r"fSfl: ..... ...(zB)
ax

Upon substituting j-q the relationships of cuyrents to eoneentrations

one gets an ery:ession for the helf-l¡ave potential:

\/r*= Eo + "ï* I.e \do4 - e 
p'!*e:5- rog r*þJ ....(zs)

k tr ec
aL 25ecn ¡vhere d = ff . It is evident froin equation 2Ç that the con-

centratron or il.Ï ,r*ùÏ"ru,. e,sir.rplex dces not, enter into the Wz.expïes..
siono rt, has been verified exper:¡rentalf"y'uhat th* ï-/2. is const,a:rt and

indepenclerrt of the esneerrtvation of the cc';nplex rnetal ion. Henee the

helf r'¡ave poten'i;ia.l of a conçlex rnEste.l icn should shift to mo-¡,e negat,ive

values of poteiriial- with changing aetivÍ.ty of tire ligancl as fo1lo',.+s:

?l-- o"oqql 5

ilgll L 
= - P ::^2;í.*''cceecceoo€roêo""(30)

Fron tliis rela.tionshi.p orre can <ietern:.j:re the caorrJination nutribeï¡ pc of

the ccnl:]ex, and thus ibs fomruì.a. Frorn equation 29 it is elea: that the

WZ.depends on the 3-cgarit,itrt of K" a.nd it is îricie negã.'uive the srnallei.

the value of K.e ioÐo¡ tho ntcre stable th¿ co:riplex íonu Thls j-s rea.son¿.ble

th*rlioci3'ris.ltice.1-1y; that is, it ,nroul-rJ tak+ a nioïo negati,ve po'rer-r'ci"ia1. to

veduce a ïÍsrç iner:-L oi' trcn*labi"le conp).ex. The rrrost s.eeu.rate rnethoct

of de'¿eir¡ii:ri:rg I{* iir practi-ce is to nl+¿}sr.r:r.e 'che differeTìeû betr.¡een

\lZ" åIr'd 1./2s urCci sr¡rj.ll.ar cr:ird:i-tiansn whcre c å.r:C s de'no-Le eaii:ple:i
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metel ion respectively. rt follows frrom the abova equati-ons that:

For approxjmate pì¿rposes rnost textbooks sìmpLify the ebove expr.ession to

Erl^ - F¡ ^ = S{lll 1og K. - e 
orof9}å roef xJ."coêc. n"...(JZ).¿e 

äS n - n --ÞlÞ"ð'-

For exaet trolk the ratio of k"/k" ca:o be determined experÍ:nentaÌ}y

fronr the ratio of the observed diffusion eurrents of the sfunp1e and com-

plex reetal ions at the same pol.arographle eonditions aecording to the

Tllovie equetion:
1

þt*i =* occeêoooeooeooeooqo€oôceo """(33)"s D*t ¿s

Henee lmø,..ring the diffusion cument eonst&n'cs, I" and I*, oite ean caL*

eulate the rat,is of k" to k": An en"er of + 10f i¡ thj-s ratj.o eorrespond,s
2"1þto onJ.y + -*- riv in the differenea bet"..¡eeyr Er and Er: . llore eaea m-¿strì -t'_c ----- äs-

be exercised hcwever irhen the ligands are large, e"g. EDTA and DTpAu for

hera the diffu.sio¡r ece'ffi.ei*nt of the ccn:p1ex will be signifieantly clif-

fe:"ent fror¿ that of tha si:..çle rnetal- ionu !.ctivity ecefficients are

diffieult to esti:¡ete bu-t fertui:ate1y they rnay bo ömitted in nany ee.sese

tr^lhen the coneentrations a-::e ke'pt, low (as in polaregrapiry) and the metal.

lon e.nd tire ecr,:plex hs,'¿e eor-,rpai.abl-e ch,arr.ges e.g" cu(c zo,)l.and cc(EDrA)=

the evroi' i¡rired-ueoC try negleeting aetivi'¿i.es ls no greaten than the un-

eert'afu'rtity in liquid jrmetion pot,sntialsu esp*c:la1þ in so}rt,ions of

eqr-ral i-onie st:"engt.ii" Henee¡ equati.otr l2 yrelrls re;ne.r'ka'b1y good va.lues

of K j¡¡ mos;l easæs"c

free

Eì
T

Er =o*'ofl5-ro, 
*"5uu- 

- - 010-59À5 r.,., fy'l r_.È:s n * å*-å- - p "''0J91á ros fxJ r* -. 'o.(31)

,, :ir::ì.tji:-j,:,'.ll



A 1og plot b¿sed on equation J0 often gives p â nÕn integral

valuen If the p1-ot is a straight line only one ccmplex exi.sts or¡"ei^ the

y¿nge of 3.igand eoncentr¿iion stuCied, and a eurved line is obtairtecl

rrhen a ni:nb,sr c'f different eomple;<es exist in the sarne sol-ution. If p

is 1"5n this dces ncl räe¿n crie hes an equiracl¿.r nir-xtu-re cf eoiiçle:les r,ii-th

p = 1 and p = 2. The r¿athenatie¿I tre¿.trre¡it of dat¿ on such syst eras has

been r.ror'kecl out by Hui=re a¡tC Ðeford (3Ð 
"

I,.lnen all- the faetors in equation JL axe ccnsi.derecl o a vslue of K"

fron poLar.cgre.pÌrie d*t.a sh<¡ul-d nct be assi-gnçs' ar: ece."l-]-åcy bettev tþran

J.r s};i, thouSÌr b¿tte-:: ¿lccuveûy ver-y often is ob'ua:ineCo I'lhen n is 2 this

errol: cûr'resï)cncls t,c't 5 ntu. eïi:ûr in the r,lessr:-t"c',-'l Ci-ffer=E,n'te be'¿i."e,', El lz^r_ I 1-A

a.nð. l.-, t2 . Llsus.l-ly e-cbiv!.'L¡ cc¿ffici-onts ¿.::'J li.qir.i'd-ju:rct:i*n pctæntirils
+r.*s

e¿.lrtr-{-bir'¿1 etì. 'rrìte+rt,*1-äty' c,1 set'e'r:e}. -rniiliv+l-ls 
sr+ (}itË c¿ìri cx';'ee+¿ a

vari-al,ion of J 5 n'io'. The polerog:':.i:l:ic lliethad tl::,:r¡ *{}i1ip:-1''es fev*urabþ

i¡i.'i;ir cth.tr tecì-r,iqu*s o.t iriÐÍì.su.u:Llig t,ìr,::;:llr:d;vrr¿i¡-r:i.e clisscci.*.'ui.tr: cúj-jsl-.lT:i:j"

T'i"re cl:r-ffa1=€jj.tcc1 b*tlr?riíjj1 thc ô-iffusicn cjûeffj"cj.e¡its af a fr"e¡: an'i

eiiiii):Lâ:rad rie',s.l iciu nay be ns+rJ to el¡altr,ate the pi'op+r'b:Ì t:ns in which

theso åÏe pî'csrlnt it: a räj.rl'il.¡'i:" Ìlo:: a. l-:1 ctt:llr1c*i:o i'L{' j-f 'uhe coäccntts.*

iic¡: oí ft'=+ J"-'iga:;{ }-u ì rs i:li;¿}; -l¿l;.'t'::':.- tha¡r thr¿ t,c'r,¿;l- c:ci:e¿,:,:L::al-i.on af

r,iet-a.i. íci¡i or:e can slic';,;' ¡;ha.-L: 23

eooéoo+ôoo;(31+)

rilier.e Ð :is 'l.he a:ppa:-"ui-r''c dj..Í:'fu,sici'i ccsf'í,'j,clicif i. cúrr:¡,,;:¡:iii:cLi,-i"i¡; tl.c the tol-s-l

i.;ave hcl.gj'r':: fçr: -i;íicr sii'ü.'',1-1,¿;-:::ei:us r'¿rìu'rit,j-r;il *f l'Í a¡¿d l'"X -'Lll ïh+ çrj-1;lir.:'... I)r-,

åt-,cì D.r,r* (d-'r.f-i',;.sj.o:r ¡:oeff:icirir''is oí :':'+l;;;.i. aiii c,;,,,p.Le;,1) a-r'e ç','¿.:ll.iJ¡rï¿.:!4. fi.'í:i',1

42
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thé Ilkovie equation (see equatlon Jl). The equilibyium should be rapidt'

ar{d the concentra',.ion of i"t (roughly) should be equal to the eoneentration

of )'fi. This methoc is suitabl-e for chelons çåere h R \o and the dis-

soci,atioir eonstants are relat,ively "tn*U'(à fO-15). ,o*u complex ions

eannot be redueed directly but must dissseiate first. This is true of

rnany me'cal chelon¿tes, r,rhieh have been exterrsivel-y Í¡vestigated ar:d the

meehanisn elucidated by Koryt "27tlr'j. one reason, anong others, is pro-

babl'r that the metal ion cannot rbridgert to the electro.Je as it, does

for sÍnple coiiiplexes of c1-, SOf,, ete" If the di-ssociation is sloi¡, a

kinetic r,ra.Je is obt,ained, and if the resulti::g free metal i,on is rêver-

sibly recluced i.t ea¡r be shoi.¡i-r that,:

\/2" =
ñ o.o5gr5 - ia

¡r a ¡\& r^ - ¿UË ; .oôcoooGêooocooo"o\)))tl¿k n " xk

',rhere \/Z* j-s the half r.¡ave pct,ential e.nd iU the average diffusion cui"ren'¿

of the hypothet,ieal- reversibl-e çave that r,¡,+uld be cbtai¡ed far i:rsteneous

disseici¿l-ioi:, wirilu î.,lZX and iu refer to the actual kinetie r,íavee The

value of iU i s estiriated fr^"öÌn cJata on sini-iar eomplexes that do yièì-cl- di.f*

fusi.on eontrol-leC 'Fåves, and so E.'lZ- ea.n be. obtainecl fcr fur¡her use

j:i eal-cu-l.ations of K". Su+h kinetic behavior ,,r¿g obser',reci for Cd (EDTA)

by Sch:-.3rJ and F-eil--r-y41, for Cd (iíEnft)'" by Kcike and Har.,ago*hi42 anil for

cd (i'riu) by coriraci, Kopan5.ea and Koryi,nZz. ïn this stuciy sj:ril-ay ob*

ser-r'a'Lio:ts r."re]"e ¡¡i¿rCe wj"iìr resuect to Cd (ltfA). Thu.s the nex.t, sect,j-on

r^¡ifl be devoted to kinebie eur';,ent Þhrnoil:ena"

¡! i-ryttr.iir'?'ethyle'lhyieitecl i¿.rir.,-:et'ríaúctie a.eiC ( iIIlTA )
scrneti.rne *<'."¡yi tien ( iE:ìÐi¡)
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Ki-ne'L+g l'Iaï,e Ihegry

There ere an appreciable m¡nber of eleetrode proeesses rrhere the

eurrent is eon'urolIed by a homogeneoræ ehemieal reaction taki.ng place in
the vicinity of the eleetrode, These curyents, r¡hieh have certain ehar-

aete¡istic proporties, aro eelled kj¡retic currentso The quantitative in-
vestigation of these cur.rents v¡as i"r¡itiated by Hiesner43 i-n 1943. He

found a kinetic cu'rrent arising frein the transformation of a non-reducible

species, Xo into a redueible one, Yo at potentials at lo'hieh T is reduced

as rapit{ly as it is forrledn These kir¡eti-c c'rryrents have two distinguis}ring

polarog-:'aphíc eharåcts1;i"¿1esi first, their '¡a1ue is less than that pre-

dicted for the veduction of all of the X presei:t, but 3årger than the value

predieted fo:" the reduetion of the equå3-1'briü,:n coneentration of To end.

seeondly, the currerit depends only on tÌre rate of transforrnation of X

into Y arrcl ther'efore indepencì.ent of m and t, so that, i is indepencleat of
the rnereury }ieight. The l-atter eharaeterj,stie is the fr::ids¿su¿al- eriterien

of a kirretie ln"aveo Prott{¡'ü:reed deviations froin this iciealiued pattern triì-l
be obssrved if the equilibriun eoneentr'¿tion of Y in the br-rlk af the sol-

ut,ion is approej-able eoinpared ts that cf X, or" j-f tlie rete constant for
the tïansfor:,tati.on of X j.nto T is large; in either" es.se the cu:"rent gJll-

dispiay prc'pert5-es Í:rtcl'ncdi¿te betr.¡eei'r th*..;e jus'L dese:ribed anri thase of

a tru"e diffusi_o¡'r eu.rrent,

Che¡riea-l- reaetians riay be ecmbiired w'¿th eleetroCe pi.ocÊsses ln three

T.rú¡rs¡ (a) tire rea.ctio:: preeecìes the el.eet:,cc1o pr"ccess pr{ipar, (prseeding

r'*acti-on) r,;'her-c the elee'¿r'ccl,e*aEt1ve farin of tÌr* depcla:.izer j-s p:'oducecl

.,*t!ú=ir¿¡jrod'}j
r.-/.-4ì,_?



byia ehemi-ca1 reaetior¡ from a polarographically inaetive forin r,rith whlch
l

it is in mobile equi-librium, (U) tfru reaetion r.trns paral1el to the eloc-

trode ppoeessr whieh involves a ehemical regeneration of the orlginal

depolarizer fror,r the produet of the eleetrode proeess, and (e) ttre rêåc-

tion folLoi¡s the electrade proeess (subsequent reaetiori) '¿¡1st'* the pri.mary

produet. of a reversible depolarization proeess is transforlû€d to a polaro-

graphÍ.eally less actj-ve or inactive forrn. A theoretieal analysis of the

eurrents pr'od.uced in the above reaetions permits the deterznj-i:ation of the

rate eonstant of the ehe¡rieal reacti-on. Thls nay be d.one by an approxi-r,rate

method or a. rigortus ¿:rps"raeho

' The approxi;rate rretho<ì, worked. out by B:¡dicka and Wiesn er44 ,

asslrïres the existenes of a thin reaction l.ayer at the electrode s:rfae*,

where the el.ectro'Ce prceess and the assoeiated chernieal yeaetion proeeed

under stea.dSr state conditions" The thj.e!¡res-E of the reac'riorr La¡ær (for

large reaeti-o¡r r"ates) i-s l'ery sr*aJ.l cor*pared t,o the diffusion layer, anJ

thu.s the tirickness of the reaction layer is related to the rate eonstant

for 'che cti'Ì'espûnd5:rg rea.cti.sn. The deerease in eoneentration of the

react,iotr coi-nponents r.rithin 'uhe reaction la.1"cr is cour:'¿erbalanced by dtí-

fusion frora the bulk of the solutic¡n" Thi.s irethcd yi-elds sat,'ì-sfaetory

rosults fc:: vei:y fast ehe'¡tj.cal. reaetior¡s and j-s descrj-becJ f*3-1y by Brdi*)1a.,

.t o127'30, *o,1 Koryl.a27'30'4c.

The pre,bl-erlr'rrås aprpreaeh.ed in a rigo:-cu.s fashior: by Kouteea,!+5-t+S

ancl fi.rially selv*d 3.n 1953" He expressed tho changes j:: eoneentratic,n at

th¿: el,;ctvaCe cau.sed- by diffusic¡i: a.vlci cÌ".enieal I'eaeliu:r by a systern of

+5
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differential equations, in the first j¡rstanee for a planar eleetrode and
ifinally incl-ud3:rg e co*eetion factor for the gro'*th of the r,rerrurJr drops.

He attempted to rrr. ffirs a eorrection faetor fro.m ukoviers theory, but

for'¡nd thet for kinetie cuvrents the factoï âpprÕeehed uníty rather than

tr A bvief aceow¡t of both msthcds for a precedi.ng reaction fol-lo=øs

as surrmlarized frcm yeferenees 23nZU3?, and 49. The nrothod for a pre_

eedirrg reaetion is cievived beeause it is applíeable to the da'¡,a in gris

Í:nvestigat,iono

by a chemica.ì reaetion-frsm fo:sii X, whieh is Ínactive i¡ the given rang€

of pc't'entia-1s. frr the¡ eleetrcde process T is trairsformed i¡to the arn¿I-

ga.m pradr"ret Z" The react,ion seherne nåy be "ræítten;
ko

x 
#t Y ** z .Go.ooooeooócoe e orooi]6r

wirere k, i-s tÏ:e rate eonstent for the foznia.tien of Y; it riiay depencl on the

ee'ircentra-tien of o'clier substanees particf-patirrg in excess irr the chenieal

re¿e'Lio¡:o The rate eanstant foi' the 1'everse reaetj-on is k*r and the ratio
of the tr,¡o ccnstants may be given by an equilibr:iurn esnstant o" Henee:

^k t [C -=]() = 
Ç 

= fTi =f o'6oóocooosooôoo'"oo37

and ir s¡,* 
''*¿io 

[-.LI ,^ --:..-_ _..,fri j.s .'ery siriä.110 the li*iting eu¡"rent is esntrolled
a'lriost ent-Í-rely by the rate cf the clier,i-cal reaetiorr; at la.rge.r,aJ-ues of
tbis r¿t.iou the diffusion of y fr"om the b-rrlk of the soïu',i.c¡ä n:ak*s a,

signifieant cantri-butiotr t,o the crl','r-c¡rt" The ki¡ie'cie compo::ent of the

eri:¡r'ei:t is favo-:_'sd by i_ricreasing krn o.go b;, ternperatu-:"o iilcr"case arrd b]r

:. -r: '

I. .:.:
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a ,lchange i-rr pH" it^.:
] The rate of fonnaiion (v) of y is glven by a first order reaction

relationship: 
"'r '* ¡4¿ Õu e¡arv'l- rëacLl-'l'

u, [*Jo ...o..ccc.o.e ooo 'o..JB ;i,-,t.,r.

r¡here the subseri-pt o denotes the eeneentr¿tion at the el.eet,rode surf¿ceo ''

Let us ãssurils that only those particles of r are reduced r¿hieh are for"med 
Iin the reaetion-la¡re' of thieloeess/ÊÂ,, sumounding the electrode, aecorrling 
...,r..;.,,;: :-::.toequation36.Thenthecurrenti-sproportiona1totheeoneentrationaf1

l

Y formed i-n a volume è V =p{, where Q is the rnean area of the electrode '.. ',

expressed j-r, **2 and ¡+ is the thielcness of the reaetion layer in ern. The

mean c'd"yent is gi.ru., Uy,

î = ,", ¡,{{dt
aceordir:g to equatiorr 4, ¡'¡here dl¡/clt j-s the nunber of moles of depalarizer.

reachi'ng the D"l'f"Ee peF seeond" This ean be set equal t,o tlie number of
moles of Y pz"ocuced j:r a reaetio¡r volurne Á v per second_ e.s foll.o,r¡s: f

d.ä a r.r È-Ld* -- ,"= . ^*j ,- r.,r 
i l

ä**= GÐe dt =Érü.ro*3tr[tJ" .?6ooocaoonoooo3g ,

conse-û¡uei1tlyu fo:r the rnean liniting kinetie ctrer:ent r¡e he.ve ii,:tr.,.

Tk=riFd"to-3Ær.,FxJu.ñoooêoqooo9ooGon"o.40
.r¡hero t?ie faetci- l"o-3 ehanges the reaetj"<¡rr rrolu¡r" F.ÊE) to liters. f ,lo

repl'eser:ts tht¡ eoäeelitl'aiÍon of no¡r*vedueir;L,r X in the yeaeti-on 1a3-cr and

is teken to 'be ccnstant due to the thii:¡ress of the reaetion 1a3,s1,o si¡ee 
'::::::+::i:::,5,È¡:,:ili

x is t'he oi:Ly spec:ies tr*ansp*-"..ted to tlio reaction la.y,:r by di.ffusiono the 
ir:lîjilir':ü

kir¡et,ie cuy,rents rnay bo exp:.+ssed, in an appro;llrna_tj.on:

ì:. ;.?-)..!1;:lr::¡



l

I

Fron this equation, the properties of a l:.miting current eontrolled by the

rate of a preeeding ehemieal reaetian ean be fornulated" From the Ïlkovie
equation Í.o = fic, and if ti:e reaetion is slo-ø (n F q¡å kf < < 103 fr) ¡ the

second. term i¡n the denoini¡å¿uor of equation 41 rnay be negleeted. Then:

î -- n ?" ---jik = t !'q . 10 -ra, k, C .oôoc.oo."ou.".42

r"rhere ii. ( ( Í-0. and there is no signifiearrt clepletien. of X i-:r the r"eaetion

volune. Sj¡ree the nea¡r surfeee area { is Í-ndependent of the height, of the

meretÁry eol-urn¡r (mt = constant), the kinetie eurrent is l.ikel+ise ind.ependent

of hr*. unl-ess the condition iu4{ io is vel_id, the seconc tertn in the

de¡ro¡nínetov iir equati+rr 41 earrrrot be neglocted. In this ease the e",:rr"errt

is conirolled par/cially by the diffusion rate of X, the inaetive forrn, enC

su.ehr euj:rents Cepend qn the nercury heacl (semi-lcinetie cur:"ent,s), ïf the

rate of reaetion is g:reater than the rate of diffusion (n F õ^Èkf>>ro3 fr),
unity rnay be negleeted i:r equation ltl relative to the second ter:rn b.ird the

lirniting cuyrent is controlleC ent,irely by diffu-sion:

. ø ce 66o èç o eooe o o n o n o\J

In erder to eeLcul-ats the 'ratc constant kru the thiekne.ss of the

r"eac.t-j,c;i:t laStsPpirrust be kno"o¡n. The redu.eibl-e forn Y predueed irr a che¡ij-cal

reaeiien at a ceriain dist¿r¡ee fre¡n the D"IÍ.E" rn¿st reech the electrode

d'.r.rirrg i'cs life*til¡ie if it, is to be suiojeet te ¿.n elec'¿roe,1re¡rnieaL chengeo

iO=KC=iU

::i i'i::
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jlhe differÌ:rg life-ti¡res of individual part,icles of T nay be replaeed by
l- 

L v

the r'ean life-tir¿e f . Hence, the dist,anee"ru'5-thin ¡¡hich the react,ionve ? w¿u¡r!¡ @¡¡¿vl¡ L¡Iü rt

produ'ct is r'rithi¡ range of the electrod.e is equal to its mean dlsplaeement, 
,.:.::.:::i¡ otte dimensÍcn during its ¡nean lifetj¡re 1 . This displacement is given :,:-::

by the Ei¡rstein-Smolucho-¡Eski forr,rula :

s = (zd t)rlz ...."ec.cro.oooo.o..4.rr '

',,..,,. -, -where D is the diff'usion coeffieient of the depolarizer T. Koutecþ and ';:;,',..::

Brdieka showed that the correct relationship forÉa r^l:as: 
,,,,.;,;,,,ia,,i.

la= (l t)r/z .ooc..eôceo€coo oo""o4J 
''ttt":''':

the''rcean:1j:fe*ti¡ie oi r for a rnonomoleeuLar rea.eti_on is given by the
k^reeip:.ocal of the rete consta't k". rf K * ;L, then î = F and. equa- 

|r *f a--

ticn 4J bee ories: 
i

,DK,T/2
lå= 

(ËJ | .oooooooeoeoGeoo"ooo4í ;-"f:
su-bstituti:rg this rel-ationship into equation 41 and seÈti:rg õ = 0.5:I n2/3rz¡3 l

anct ñ è 0.62.Ì ñ F . r0*3 D1/2 ¡/l ¡/ar the final farlrula is obte.ine,l: l

:

ik o.B1 (K u, ürlz
î*=to* 1+ O.BL (r tf. ÐUz 'oc.oe oô6e øèdã'+( ::': :::'

ltttttt 

" 

tt'ttt 
tti;:;

' Kouteeþt s rigorous scll.uti.on for the eurr-er¡t ¿t a groH'i:rg D.M,E. o ,,,',;.:;',,,,i,'.,,

eont:'olIed b5r a preceding chemi.ca]- reaetiono uses differeirtial. eqr.r¿f,fsng

a¡r'd di¡rensiai:less para.netersn Ee obtai-necl- en equaticn fo:r î,- qu.it,e si¡riitrark
t':litii'i=1;to thæ equation above 
j,:.,r::.,,r,r:.

lL _ 0.8E6 (ä kr t¡r/z
%-*-**J-7ö i 6 o oo ê o o o o."o n olËBi¿ 1+ 0"886 io*or*ryre 

iooooêoooooooo
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of NTÂ,

tu:Ir_dl

The above theory can explain the euvr€nts observ-ed during the re-
duetion of cert,ain metar-Lie eomplexesr.r,rhieh ar.e li¡rited by tho rate of
dissociation to a moïe easily redueible, free cation. These kinet,ie cur-
rents 't+eve di-seovered by Koryba5O, ir Lg5]r, ror ead¡oiwn and lead co:nplexed

with nitril"otriaeetic acid (¡¡f¡) n Later t<oryt,"5o and Sch¡rid and Rei1,ey4l
examined' cd-EDTA l¡hieh shor¡ed a simila.r behs.r¡iour to tho NTA cornplex.

These systein-s give a-double ç"av€r the first e$ï,f,espordi¡S to the reduet,i<rn

of free eations with ¿n irçortant kinetic eompoitent and the seco,*rc to an

lffeversj.ble reduetion of the eonplex itself. For the cd-NT.A systen the
folloiaing equilil--r.ia åre i:rvolvecl:

Àr

-S.s ^Cd X- F Cd*" + X-3r

x-3+.u+ d Hx*
'othere x is anion of NTA. Provided tiat tÌio caneentration of NTA is i:r
e:teess so that the pleeeding chemieal reaetion is first-orJer, eQuation 49

can be used to celcuf-ate ilre dissociation r.¿te eonstantr ku" For this
systen ku is a fune-Lion of the hyd:.ogen ien corree¡itrat,ian; and

*t - 0.886 (K kr Ð1/z
u K

:. o,rarLx*31 = þ*".*f
tc¡ tÌ.re a:raI-ybical eor.,cer:tratj-on

a::d i'c-s disst¡e:ia,¿-!on eç¡:stz.rft K.,

':,-: :,.ì:-';,iil.cd++

r"elet,ed

[*,=f

T
K

fx-3d i"

I r-31 +

cd x-

and

%=
[*=T
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[*-']=r;fu
î .',"and in a buffe*ed neciwr at pHll-6, the value of K, is negligible with 
¡',
:respect t. [H+J and ean be neglectedn aeeordingly; :

Ix-3 I = j"rî+*r [n"]
Substitution into equation 49 nesults jr¡:

ilk - 0"8s6 ,;*i"!+ )r/z ..e oc.....no...J0
t4

Kor¡,4a'" also presenteC a general solution of the problem for clis-
soeiation r¿tes in s¡isterns eornprising of a series of ccmplexes, lü , \x2,
.'o}firr; The assu'nption beir-rg that there is onì-y one slcl¡ conversioä Ì,fin-Þ
lük*10 the corrlplexes of higher and loi+er order being in rapid equilS.brium i ''

wj.thea,c}roft}resespeeies,respeeti-ve1y.Thesysternisbuffereda.r:dthe

ec,:i',p1.ex3-ng agent is irr exeesso The free catLon and the eornpl.exes from

l'ff to lmt-t ave åssilllocl to be reducible, whereas the other eo:ripl-er:es from '

i r. .:..'....Itrn to ì'iKo are not rec.uleibl-e, ff these eoneÌitions are appl:ì.e,c to equati-o:r .,
4.9 r. a gener.al. fartnul.a

k-l :'

i.k (korr,..nu.k,-[x]k € a/2
:-*-:- = 0.BBó ***y--*¡*L -:* *-J*.-aJu:.*lL1}: î *
'd-tk 

å k 
' oootJ'i'

j-= k "o..kj [tlt . .

where kO-kj ars the equÍ-iib:.5.&r co¡istants foe eoirsecutive eoinplex fanr,atio¡i

cf tlie cal:,ion L'ith the ligarrd X. If, lorea.¡er, the fe,y-iita.i,ion cf :.educible

eornpl-axes l'¡ith the liga-ntl Y t¿kes place with the coî"i'espüric'in¿ r'a.te eon*
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t

stånts for conseeutive conplex forrrration kå "".tj, tnun the above fonnuLa
I

becomes:

= 0.886 
(--. rËg -IJ ::li-[g tlt11= urÕÕo 

[xJ¡r/z 
"ooJZ

The above eo.uations c¿.n be rrodified to satisfactorily treat systens r,¡hieh

ave nat buffered end alss r.¡here the cornplexirig agent is.not in excess.

The stability constents of rnetaJ- eonplexes (ca-ntt, cd-EDTA, ete.)
ean also bo deter¡ninecl frorn the half-r.\'ave pctentia-1-s of klnetie eurrents,

as deiiior¡strated- ty Kor¡rt,*50. He fou¡rd that the klnetie u¿ve had the same

forn mathene.tieal-Iy as a reversible diffusior¡-eontrolled 'rlåvÈe Fsr. the

haLf-r.r'åv€ potential af the cornplex, he obt,ained:

u'o = ,J" - g"ØJI5 
1os ts1* Ë tJ + 0-'3{9J5^ 1"s þ

Z Z 
, rrÀå.. n "1k .oo"oJj

Ïf eanseeutj-ve ccnplex fonnat,jicr¡ tekes pLaee arrd the -cl,.sir step gorzerning

the ki.netie Ì.r-¡rvê is
k.

l,u,_ *Þ i.n, . r xer( 
\* 

"-'k-1

a general- eo.t:aiion for the shift in the \¡,o*o be shor^ni te be:

Â La *0"1r'^'r n ' 
." .0_r-ç?l5. ,o* þ no."j¿ra El./z = 

*'Ye-v;f**r 1o* 
¡€u ko"".kj [rl' ¡¡ r.k

r';hel'e the conesn'¿:.s-ti.on of el.eety'*aetive er:i'i,nlexe*q 1s ¡iuch J"ess t?:air the

electrc-ina.cti'¡e eoi,'iplexoso This exprcssion a.lso assì-ir¿es the cliffusj^o¡r

eaeffieients of nietal artd ec'inp-1ex to bs tìre S*.FiÉ¡o Takiilg ir:"be¡ aceou:tt

the fo::netion of r=ecìucj-ble eorç-l.exes -.xÍ.Lii ]-i_gar:d y equa.t3.crr 5l¡ becoräes:

l:,:,::::i
:i_:,::.:r
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p
+ä

j=1 rt'Ì
+ 0.05915 - i¿

-J-oe 

-nt k
...r....o.JJ

l ^ r^
A ,\1, = 

*or-05915 t"*/ ä ko...r, f xJi

{. 
j=o

where the Ia.st, term of equations 53-55 makes a kinetic curent cor?€e-

tion to the diffusj-on eontrslled equa,tion, Eqiratians 48-55 wil*L be

appl-ierl to the data obtained j¡ this investigation in a later seetion,

with sli.ght rncclifications.
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DTPA was obtai¡red fro¡:r the J.T. Baker chemical co. rt was

recryst,allized fron hot lrater, dried at 1L0oC or"ernight and dissolved

in distilled water by the adCition of,sodium - h¡ntroxíde to make up

the stoek solut,ions. Except for DTPA, all chemicals used. were of reagent

grade anC hence not further pwified. Chloroaeetie aeid and sodlum hy-
droxide were used, to buffen the solution from pH = 2.00 to pH = to00n

Fron pH = 4o00 
"'a 

?"ao aeetic acid and sodi-rna aeetate were used as baf-
fêrs" C¿d¡niutr acetate'(J.?n Beker Cl:e¡no C<¡.) v¡as used to prêpare stoek

solu'tions of ead¡niiarr* Leacr. nitrate (pisher scientific coo) ora. used to
prepa¿.t stcoclc solutio¡rs of lead" Sodirun perehlorate v¡as used to a.dþst

the Ì¿nic streng'ch" The rnaxj-im¡ìi supTrr.essoz's used l,re:"e TXl00 (Rohm and.

Ha¿s Co.) and gela.i:in (nng).

Triply distilled Ír?Fcu:'y shari.nige.n cheni" co") -uras used for thæ

dropiring rßËì3"eq*:y el-ectrode, Neoprene .tubing was used. to co'neet the
various parts'of the elect,rodà asseinbly as sho-*nì in Figure 2. The best

grade of eelir¡iereial n:itrogen. r,¡as usecl to rerÂove axygen frsla the solu.Lions

undei: i:rr.restigat1on. -411 solr-¡.tiens l¡ere storad Íri poiyeilry"lene bot.tles
beca,use DTPA does sloi,'J-y eùtack glas.s given eäcug?r ti¡oe ,
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e. isoJ-l.rt-ioJ1.-

: 3.9335 g¡n, of DTPA was lreighed out and dissolved i,n d.istiLled water
to a volu¡re of one liter. Sl¡rce the solubiJ-ity of DTpA is only 0.5 g¡n.

per 100 m1' of -n¡ate:' aL ?]QoC so¡le sodiui'r h¡rdroxide had to be added to
n'ake it soIuble" ' This 0.01 M stoek solution of DTpÁ, r¡as use.L to nøke up

tlre various solutions undar study"

0..,L0 l'i andG0l 1"1 stock solutions of cad:nium weye prepared by

weighirig out the noo"onti*te a¡cou¡t of cadmir¡n aeatate ¿.nd dj-ssolving in
dÍsti-l-l-ed !rÐ.fs1"n 1.00 M stoek solutions of chloroaeetie aeid and acetie

aeid çere used as buffers in the pH ranges of 2"0 - 4"0 and b.0 * ?.0
respeetively. The pH of individu.a.l solutions u"as a.d.justed by addition
of either sodir¡¡n h¡njrcxide or perclilaric aeid solutions.

0.J gm" of gelat,irr -vra.s dissol.vecl in 100 ril-, of distilled ¡^,a.ter

to m¿ke a 0"5íL sto*lc solutian. This hacì to be Ì.rarírird. at 65oc fo:. at
least a half ¿-n hour to be con¡:1.et,e1-y soluble. Furthemore tho gelati:r

sol-utio:'¡ ïrJås pr*rpãrecl fr"equel:t1-y to avoid usÍ:rg å. rstale,, sohrtion, A

0"21á TX100 st,oek solutisn T.xÊ.s prepared sirnilarl-¡r; Thj-s solutioR ,,res

stai:Le d-uring tlie tirno cf the study (3 yru.)u fu faet Þieit*u2'u otr*jro*

TX100 i-s st,able fo:. at, least, 1.0 ¡iears.



Ci, Equiwnen'r,
I
I A sargent }Iodel FdI Polarograph aas used for thj-s stud.y. The polar-

ogrems 'i"re:'e reeorded by a Bro-o;'n strip ehart reeorder and aLL potentials
ree'¡rdsd r'¡ere checkeC by a Rubj-con type B preeision potentioraeter, Ín ;',¡.'f';

eonju.rrcti-cn -'..rith a Leeds a¡d l{orth.rup type E galvanonetero

An H-ee11 as shoirn in Figute 2 sirnj^Lar to the one descri-bed by

Lingane and Laitinun'4 was employed. One co:npartment of the H-eell can"- ,.,r.;ì,:-: -

tained a se';urated calo¡r,el referenee el-eetrcde. This electr.ode ïr¿s pre* , : :

pared by aclding pul'e rriercury to the reference eÕïí:paytment to give a. J-ayer ': ',,1-.;

2 ern. deep" The rnercury's¡as then covered i.¿ith an eo.ually thick J-ayer of :

a paste made by mi:i-ng ec.ual lreì,ghts of mereu::sus and pot,assi,u:rr ehlor.ides

in a fe'nr mjLllilite:.s of satur"s.teC, potassiurr chlorid-e" Fina.lLy the co¡r*

irar-bneiii, was filLed r,rith a satur¡"tçcl so-]-utj.on of potassi-u:ir chl.orÍde ean-

tainS-ng a large exeess of solid sa1t" Electi-ieal coirneetinn io the eal.- :

gd coraparl,rne¡rt r'¡as ùade in tþe usi::.1- 'fabhi"on with a platÍm:rn:v¡ir+. sealed 
:

iI a gl-a-ss tube as shoi'¡¡ in Fi.gure 1.. The secoirc- enärpartment contained '

the solu'i:ion u,:ld-er inves'Sigatj-on and. the droppÍ::g ¡ú€r.cilr"} el-ectrocie (d"m.e")" r,.,;,i,:,..
': :a.-at.

The t';c eoiiloe;:trrrencs'..re?e separated by a sinter.ed glass dìsc fused into the t,,,,,,,
'i : .:::

mid¿l-e af t,he eannect,ing B.?:jïro To açaid e"$], triåiÌìg of sollu:t,io.* int,o the '::':::'i:'

çil,qí,si cornpartnel:t, or vieo ve:"sa, ¿ú ags.r pì-ug m.s j-nserte.l on the r.e-

fer¿ne: sic'e be-ío:"e the ealoi,-,.el electycde r.,'as prepa::e."1-" The pl"u-g eonsi.stecî

ai a h:'!o soJ.ubion oi agar in s¿itur.ated potassir¡n chlori,cle. 
' ':r'::::':i::-':

i.
The cìz'opping elec'i-rode asscrrbly as shc-,,t ir: Figu:-e 2 consÌsteC

cr-rÎ a ca.pi-L-Lary arrd, ecil-u-rrn of ne3'*u:"y *b,cve it. l.faritre bar.a¡ie'ber tu¡1ng

o'lrtained frc'r¡ E"i{" --{argent Co, (i¡S -- ZgLti?) ,,r&s ur:ecJ.u The ca.pi1_1a.r,y
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tubing used r+as 18.J em. long. It was con:reeted to the s-band-tube with

ft€Ðprene tubing ¡¡hieh is less likely to eontaminate ine"cury than rubberJ ----- 
.

tubing" The stand-tube anC nereuvy ï€servoir r^¡ere of the étandard type

as shc,^¡n in Figure 2. A shorLened meter sti-ck r¡as fastened to the glass

tubing i.n such a wåy thåt it read the helgìrt of mereuyy directly. Tho

mereury reservoir eould be raised and lc'^rered. to any desired posii,ion.

This r,¡as facil itated by a home-made rack and pinion rvelded to the re-
se::r'"oir holdei"" -A'11 neoprene tubing coi-rneetions l¡ere tight,eneC by r,rire

to prevent breaks and the spilling of rnercury" The electries.l connection

to the mË?cury reservoir:. i,¡as si¡rilav to the eelamel co¡:¡rection.

The l¡ater thernostat b.ath (18"L, 10''w, 12"D) r+as controlled at

25oC and otlier speeified ternperatures by å. eûrû,iie?ej.al Teear.r tempe¡attire

contr"ol. Effeet,ive cii"euf.etion of ttre 'r,:ater t¡as ri¿.i¡rtafutod by having a

st,irrer hou.sed. çrithin the heatj¡g-eoi3- unit. The te:tireratu¡e r¡iâs nl&i-ïl*

tai¡eC l;:'thil *"1òC, suffiej-ently aeeurate for pol,ar"ograBhie '*'ork si:i:ee

tha diffusio.: cu-rrents usuaLly va.ry only by \"5,í,loc. The r,rater" betìr lras

grouncled and the stjs::e:: tur'neC off for all po1:*og:.aphic r'uîs. The latter
preeau.ti*n l.res nee*ssary betrau-se tlie electrode assernbiy exporieneed s¡ia1l.

vib'¡ations frcrn the sti::r-i-ng ac'Lion, The D.l.Í.E. is ve-rry sensit,irre to

vihi"ati.ons and- herice a-1-1 pr"ecau-tions r,¡ere taken to avoi.d theni"

t'ly¡Ti:¿.'ì,-l

.:lr::+.1:.:



D¡ Procedure

I To i-Ll-ustrete the general technique i¡ detaíl a typiear_ exampre

1s given for a solution of Cd: DTPA in the ratio of 2:1. Z5.OO J .05 ml.
of 0'0LM DTPA stock solution and 50.00 J .05 ¡¿l-. of 0.0L1'f eadmiun stock
solution v¡ere delive:'ecl into a 400 îù. beaker. Then zJml. eaeh of 1.00 M

sodiu¡r perchloraie stock solu-tion and 1.00 i4 aeetic acid buffer î,.rere added

to the soLuti-on. This brought the ionie strengthr#, = 0.2 as seen 1ater.
Distilled water r'ras edded to nake approxi-mateiy 200 rnL. Then the solutj_o¡:
r'ras checked for- its exact plI value, and sod.iurr hy'droxJ-cle o.e pepeirl-orie aeid
added es needed' Theçs a-dclitj.ons were negligible i.n coneentration ¡rhen

ecmpared t'orf$= o"2" Aftei the pH acljustment enough dist,illed wa.t,er r¿¿s

added to rnalce exactly 2J0 n-... Hsnee, the ccneentration of ead¡r-ìun a.nd

DTPA r'¡*ve 0"0Ûan and 0.00liul respee'r,ively" Thi-s sol.rr-tion i.¡¿s a11o,,"ied to

. eome to eqri5J-i'briiun ovemight thorrgh this seerned to be ir:stantaneous.

Fron this p:repar"ed sol'ti.on 25 nú,."'ore plaeed in the H*cein, The

H-cel-l r':rhen ncl: in u-se eoi:tai-ned satr¡,:ated y+tassiurn chl.c¡:ide sclutio*.
lhe solution ec'iirpartrner¿i was c7-eu.trted b*fore end after eac!¡ run by flushii:g
with distilled ruateï.' sp::aying the i¡sicle i,rü,h dil-ute nitrie aeid and

finally rirrsi.i'rg -dith fj.r¡e 20 rr:-1., por.tions of clistill€d -v,,ater"

Nexî: tìre H*cell- ì¡Þ.s 1ö-,,¡ei.r:d Í¡to the r¡,.ater" ba-bh a.s sho.¡rn in
FiguÏe l' Then 0.J-0rnl-. (2 cirops) at 0"5,4 gelati-i: stoek sclu'biorr r,ias

adcled to gi-ire a a'0027gelatin eo¡:e¿:ntr"atioriu Th-=rs r".as neeessð.r"y espeeially
j:i tite pll range fioru 2o00 - 11.00 r¡her¡e 'haxj¡iarrltrrj-"û leeatç¿. Then nj.trer-
gen Ì'ies s'l-c-''ûy bribbled tli:rough a r¡ash bet'Lle eantainj¡g a. 0.pli sol-ulj_oir of
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¡oaiurn ¡:erctr-lorate and then ¡rassed through the test solution. This r,ras
I
,donetosaturatethenitrogengaswithwatervaportopreventtheeì¡apora-

ting of an apFreeiable quantity of the.test solution during the oxygen 
'i..., 

,.,,
, : . :r: i:.:.: :removal peeicd" Fifteen mj¡utes vras sufficient ti:ne to ?emove the orygen. ""''

Âfter this the nitrogen was Þassed over the top of the solution to pre- 
;

:vent o:qygen from redissolvi:rg into the solution durhg. the ti¡re of a ì .

pola.rographic rua. 
i' '' 

'I.. ,'.,,' ,,,
. t'

' The next stop was to lor.¡er the d..m.e. into the solution eompa.rt- i¡..,.,.'..'

me¡rt a¡rd raise the level of the Ìirercu-ÌT¡ resei.voj-y to 60 cno abotr*e the tip 
r;'''':"' ':"

of the capil'lary as ind:i-eated by the attaehed meter st,iek on the st'nd- l

tube' Thi.s was done r¿ith an accuraey of better than 3 1 rr¡n"

Then the polarograph, rnhich r¡,îâs on "stand-by" at aLI ti¡res wes

adþsbed. A sevrsitivit'y of o.ot+ êe|/¡n ¡+as nast, freqilently used in order
to ob'L,ai¡r dif:lusion euæents of the order of a fe.¡ nieroa:nps (raa!). I

'voltage span of 0.00 - 2"OO vol"ts was neeê*qsery fer the j_nvestigation due .

to the reduci'ion pcterrtial value of 
.the 

ì'retåIs an'J their cc,rnplexeso 
,
ì

Fine'lly the instl"urnent r.rs's turned rt(¡Ìrrr and a t3rpi.ea1 polarogr-am oï¡t,ained ij.=ri
as shor'¡n i:r Figure B. The potent,lai at varicus inte:r,al-s ¡¡as e¡ecked. by : ,t,;;,.;.

-? - 
l:: :: : ::

a Rubieon pc'teirtio:netero This was achieved by stopping the yeeorder. ancl

trr:"ning the eni:r"f, to "cor:s'layri,,. The exact pot,entie.l to + .Zrnillivolt,
(.tov) ru'" narked. on tl'-CI ehart, påper and prope:- correeticns raz.de dwing 

i!::,i.,j:;ii:.,:l
i-,ì,ürt\'the arialysis of the d,a'¿¿,o l'losi sol.utions 1,.reï.e r:un a nunbsr of ti¡nes i:r ¡or:;qf;'i;¡

or"ler to clieck reprirCueibi-J-ity" The sc,lut,icns ,.+ere also rr:n at mercr¡_r.y

hei'glrtsofJcoancgf/ccirt",exceptforthep}eSsurestur]ies,,¡her-et,]re

ist'erneciiate lreights of 5jr65 a.nù ?5 c¡ro In€re aisr: used a
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BESULTS
I
I
IA. / DROP-TIME STUDES - Capillary &taracteristics

The Ïlkovic equation predicts that the diffusion current of

a reversible wave depends directly on*'/1 tL/6, (see Eq,n 12) 
,,-,,,,,':'

termed the capil1-ary characteristics. Ttrus the capil.lary

characteristics mu-st be given in order to be able to compare the

polarog¡aphic results r¿tiih similar work being done by other in- ,,,1 ,.
; it'.-

vestigators. The variation of m and t with mercury pressure has : :i:

'ãn
been díscussed by los and Murray-". They refer to the Poiseuille .,,,..,¡;,'

equation, which points out the fact that m depends on the "effecti-ve

pressure" of mercury. fhe eifective pressure, or usually called

"corrected. pressure" of mercu-ry, can be obtained by correeting for

the interfaciar tensj-on between mercury and solution and by sub-

tracting the back hyd.rosta-r,ic pressure of the solution. By taking

. an average value or 4oo dynesfcm for the interfacial tension and

combining the numerical constants for 2J" C, they obtained an

equatÍon for the corrected mercury pressure (n ):' corï'-

h -1a-corr fig
h solrn d solrn 1.t r/

r4 q .Ül .....)ot)' ) mr

where \- i. the direct reacling of the mercuïy height. The tastr1B

term on the r.h.s. g:Lves the back pressu,re due to interfacial
iii:i!!ì':i::::

tension at the drop su-zface. TLre second term Ís du-e to hydrostatic i',Ìé..:.

back pressure of the solu--r,ion, and usually is only 1 or 2 r,r-m.

rn this investigation the capillary tip was immersed in the



:.s,tt_.: ! rE -.t¿¿¿ù1|
F"¿.ilr

i6'
teqt sohtion to a depth of approximately 15 mr. Hence the

hydrostatic pressure correction r¿as slightly over I mm. Ttre

produ,ct of mt for the eapillar¡r used was-8.698, r^¡hich gave an

Ínterfacial tension correction of l. lOB cm. Therefore

h =|¡_ -(.ro)-r.¡o8eOfr Hg ' +' /vv

with an approximate eorreetion val-ue of 1,60 cn used through-

out this work due to the fact tha-r, the mercury height on the

meter stick could only be read with an accuracy of 1 r m. Ttie

capillary characteristi'cs are given belo'nr for the heigþts of

mercury most often used.

h,,- cm h cm m ng/sec t sec mt *z/l tt/øfig corr !r \

50 l+8.4

6o 58.4

70 68.)+

L.73t

2.OTL

2.196

j.oe B.6gg r. 8B6T

)+. ao 8.6g8 2.06l+0

1.63 8.69T p.zLlr

fhe above measltrements of m and t were made with an open circuit
and the capil-1ary dippecl into a solution of cd-DrpA, where

-1 -zCd = 1" 0 x 10 - M, D'IpA = 2.0 x lO-/ M, This was done to

ob-r,ain the capillary characteristics in a medium similar to
the experirnental condltions used later. The time was recorded

for !0 drops of rnercu-ry to fall from the capilrary, the mercury

driecl and r,reighed to obtain ¡rr in the table above.
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i The effects of ihe corrected mercuïy pressure, h , onI - corr'
r .lu t are such that ^z/l ,t/6 is proportionat to h t/z 21

cOTT

ït foll.ows from the Tllrovic equation

i.u = 60T n DL/z c 
^2/1 +/6

tha-r, the diffusion current (iU) i" proportional to n.o"t/".

Eence the ratio oi ia/rr"o 

""'/' 
must be constant for a given

. concentration of reducible species. Tkre ::atio of ia/n"o 
rrt/'

provides a convenient check as to wheiher or not a partÍcular

wave j-s diffusion controlled and was used. frequ-ently in later

sections.

To determine how many electrons are invorved in a particular.

redue-r,ion step one can employ equation 22 :

.El-Ì1

' "d.m. e. - "t/z
.o59L5 . i- 

" 
ros G;îI

A plot of log¿¡l;, vs. E" * ^ shou.l-d yield a straight line- tto -t/ ..--, -o't' ".
having a slope of u:!>#>. , from which n can be calculated.

secondly if the 
"r¿io0'95-215- is not approximatery 60, Jo or 20 mv,

i.e. integralvalues of n = 1: 2 or 3, the reduction step is

irreversible and likely controlled by chemical reactions preceding

reduction. Hence the plot of tog t4r. - i )vs. ad.*.". is a

a standard check for reversibility of a red.uction step in polarography.
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B. SLiFPRESSOR STUD]ES

Polarogra.lns of Cd-ÐTPA and Pb-DTPA soluti_ons exhibited a

maximum from pH = 2.oo to pII = 4.00. fhis maximrm courd easily

be suppressed by the addition of gelatin or TX-100. After a

elose study of suppressor effects on the polarographic .w.aves,

gelatin was chosen for the Cd-DTPA and TX-IOO for po.*-DTpA

solutions, because one suppressor seemed to perfonn better

than the other for the two metal-ligand sol-utíons involved.

A detailed suppressor siudy is shor¡rn in Figures ! and 10 for

Cd-DTPA.

Free cadmirm was virtually unaffected by gelatin concen-

teations belor'¡ o.oaif', whereas the cd-DTPA wave was rolrered

substantially by that amor.i_n-r, of suppressor. TLre maximrirn

eoncentration of gelaiin was needed around pH = J.O and here

O.OOlilo was sufficient. Tnis amou-nt of gelatin eaused no

distortion in the overall lrave nor on the eurrent-voltage

wavé of any individual drop, rt r,¡as discovered that an excess

of su.ppressor deformed the top (maximum value) of an oscillation,

behavior on

the bottom (minimum valu.e) of an oscillation, Hence it was

relatively simple to add just enough suppressor at any given

pH to obtain well defined waves, Most solutions l¡ere also run

i;-., i. - :..-
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I
wiCh a constant alnount of gelatin ( . OOZI.) to compare

havior of both techniques.

TX-100 (rx-roo < o,ool/') had little effect on free lead

but suppressed the cornplex ln'ave significantly. A study of the

suppressor effect on Pb-DTPA is given in Figure 11. Tkrese

solutions proved to be quite different from the cd-DrpA

solutìons, in that the lead complex T^raves could not be uni-

formly suppressed by TX-100. There were two sensitive areas

in the maximum, one at --O.6Ov and the second around _O.Tiv,

The first maximum could be suppressed with 0.0006/, TX-loo and

the second wiih o.ool\/' Tx-roo. Hence a conpïomise was taken,

that of o,ooL/'. Tkris controlled the second area at the

eirpense of.suppressing the first¡ yet the polarograms were not

distor-t ed

ì:a-

68
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c. l D]TFUSTON C{IRRTßIT CONSTA}TIS

Polarograms were run of various concentrations for free

metal ion against constant !H, fu*, suppressor and temperature,

The diffusion current constants were calculated according to

equation þ,
r-=--1d-d - ;]fr;t6

experimental conditions are given below,The results and

TABI,E 1

..u
[Cd' '] motes/titer

..uDiffusion C\rrrent Constant of Cd

i- uA
d

, ^z/l ,t/6 T
d

-L1.0x10'M
. -lL4.0 x 10 'M

-LI,Ox10'M
__L8.Ox10'M

-Ir1.Ox10 M

0.68

2.TL

3.)+o

5.12

7.o1

0.2064

o.8256

L,O32O

1-.65L2

2.od4a

J.29

3.27

3.29

SJrt

5.)+o

Er¡lerimenta.l

h =qRL--corr /v' '

erage tU = 333 !
conditions: pH = 3.OO, $ = 0.2,

cm and 
^z/1 

tt/a = 2.06\

.07

gelatin = O.OOp/o,

!/hen the concentration of cadrnium was kept constant and

the p.'I varied fron 2. o Lo 6.0, a similar value for Tu .was ob-

tained, At 1o',,r pH the fU valu-e was higher (1.L!) tfian tne

aveïage value (3.1j) and a-u high pH the opposite was true (ïu = j.Ai).
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The cliffusion current constants for Cd-DTPA complexes vary

from zero to a maximirm value of 2. !, .depending on plÏ and metal

to ligand coneentration ratj-o. TLre reason being that various 
., 

., j.,.. 
.. ,

:i::.::i-'::' 1:

complexes forrn at certain pIT intervals and some complexes do

not reduce under the erperjmenta'l conditions used

Free lead exkribiÌ;ed a similar diffusion current.constant I-.-- dt 
i."'t'i"-'.t"tl'li-..-_.-.:.:::ì:l

when compared to cadmium under identical experimental conditions. i,",,1.,.',"', 1

The,results are tabulated beloi,r. i.:'-1-','".:,','
' I : : r""i

Ii_' TABLE 2 Diffusion Current Constant of Pb''

-IL1.0 x 10 ' M O.T3 O.2OO+ 3.j1
-r.2.0 x 1o--' M t.\j o.)+ra8 3. jL

.-L
à..0 x 10-- M 2.BB 0.8256 3.',t+B

B.o x ro-6 l¿ 6.oo L.65ra 7.61

1.0 x ro-l r,l 7.Ð+ a.o6¡o 3.6o

+
Average Td = J.55 : .OB

Experimental condiiions: pH = 1.OO, þ = O.2, TX-IOO = O,OOL/,,

h^^--.^ = 58.)+ crn and ^z/l "t/6 = e.o6\,corr
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D. METAL-LTGAND CONC,ENIR.ATTON STIJDT

. Polarogralns were run for netal to ligand concentration

ratios rangÍng from 5:1 to 1:10 as shom in figures LZ and L1.

f?rese solutions were prepared by keeping the metal eoncentration

constant and increasing the DTPA concentration. The first wave

(later called wave A) in figure 12 had *E.,¡Zvalue of -0.62

v. vs. 'S. C.8., i.e. a free Cd# wave. Ttre 8., /ç of this wave

was¡virtually independent of DÏPA eoncentration which was ;,,,,,,.,,,,¡t,¡'
I

iurther evidence that the Cd*+ iorr. r¡¡ere not coming from a

comp1ex,suchasCd2(DTPA),22fo"ifthisTÁIerethecasethe
I

E.-.f2 *ou3:d shift toward more negative values with an increase

of DTPA. The ca.dmium w'ave was found to be reversible, diffusion

controlled and slightly dependent on pH. fhe cadmium w.ave height

decreased with an increase of DTPA until it disappeared at the

1:1 concentration ratio. The second wave increased as the DTPA

concentration increased reachíng a maximum at the l-:I concentration

ratio. Tlris second vave (later caIled wave c) was poorly shaped

or "ili defined" a:rd, showed evidence of a third wa.ve (later

ealled wave B) at its base. *u Ur/, of the second wave was

1.0!v vs. S.C.E. at the 1:1 ratio and i_nc::eased to -1.10 v at

the 1:10 ratio. *u t /, of the third wave T,ras -O.BB 1 .Of v

vs. s.c.E. Each of .the above w-aves vill be exalnined in detail
later.
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Figure 15 shor.¡s a similar set of polarograms for pb-DTpA

sohrtions. Again the first wave (wave A) was due to free lead

and it s1owly diminished as the DIPA concentration was in- t:n.]:ì':"::r'ì:'j:

creased to a 1:1 ratio, where virtually all of the lead was

complexed by DTPA. Tkre Pb-DTPA complexes forrned only reduced

at higher negative potentials just as the Cd-DTPA complexes 
i;:..,,.,::ì,,,,:
i:i'::.:iì:.":

showed'in figure 12, Thus for pb-DTpA (at a 1:1 ra-tio) at ',:¡::"''':'';:'':
- :.,.',. . - IpIT t )+.00, three distinct reduction traves røere observed at ;'..r'i:ì:ì,.,),

I
i_

approximately O.5O, O.JO and -O.ÇOv respectively. Since the 
,

behavior of these metal-ligand soluti-ons was highly pli
;

dependent, these solutions (ratÍo 1:1, l-22, etc, ) will be 
i

dÍscussed individually Ín the follol^ring sections. ,

,,:.,, ::- .1,!:..¡'",:!



E. VABTOUS pH STUDT.IS

") Ir::-Y:!g1-9gls!isry

Polarograms lrere obtained from cadmium and lead solutions

of varying concentration while the pH, ionic strength, buffer

and suppressor rv'ere kept constant. The E, /ô values were ob-L/.
tai¡ed by a log-plot method as. shown in figure r. Tkre.results

are tabul.ated below.

75

, 
Table 1 Er/Z ot CadmÍrim and lead.

i__ff- _ Ì ++' M moles/liter - Et /ç, Cd' ' - Et /o: pb' '

_ LIL !/¿

-L2.0 x 10
L

4.0 x 10

- -)I6.0 x 10

- -)-L8.0 x 10

_11.0x10-

Average 0.609 1.oohv o.\3j l.ool+v

0.60T + .oo2V o.I+t\ J- .oo2v

o.6to " o,\37

0.608 " o.)Õ5 ,r

0.6l-l- " o.L+13 t'

0.609 " 0.\16 1,

Erperimental condj-tions: pH = 4.0, V- = O.2, acetate buffer,

Suppressor; gelatin = O.OOAi, for Cd#, TX-IOO = O.OOA/' for pb*+

Temtr¡ = 2!" C and hrro = 60 cm.
'*b

Next the concentration of the metar was kept constant.and 
i:¡r;:¡r:,:r.1,.

the pH varied from 2.0 to 6.0. These results are tabulated in l:':::irr1{ri;rj

table li and shor,¡n in figure 14.
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Tab1e 4 ,r/, ot free metal vs. pÏf.

ptt 
- 

. E 
r,, vs. S.C.E. - Ca# - Err,, vs._S.C.E. - p¡++

2.00 0.602 + .oo2v 0.417 + .oo2v

2.ro 0.601+ o. Lao '
3.oo 0.606 " o. )+21+ rr

1.5O 0.60T " O,)+Zg tt

I

h.,bo 0.609 " o.\3j rr

h. :o 0.611 o.l+lro t'

5.00 O.6t3 ?' 
O. hl+6 rt

,.ro o.6Lj " o.lll+B rt

6. oo o.6t7 tr o.)+je ,'

Experimental Conditions: p = O,Z (iVaCfOU), acetate

buffer, gelatin = O.OO}i,' for Cd++, TX-IOO = O,OOLi,

++for Pb' ': Temp = 25" Cs æU nrr* = 60 em.
i.::: ' :' :
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(¡) cd-DTPA ratio of 2:l

An excess of ligand to metal concentration is reguired for

the'usuar polarographic calcul-ations (reaction rates, mechanisrns

and stability constants) involving complex equilibria. Hence

this part of the investigation, with an excess of metal to

ligand, is recorded for general information only. Figure I)

shows a number of Cd-DTPA polarograrns for a metal to ligand

ratio of 2:1. The first reduction wave (E, r^ ã -O.6Zv) i-s aueLl¿
to fþee cadmium and the second vave (8, /..,,* -l.lov) is pre-i t/¿
surnably due to a Cd-DIPA complex. From the heights of the two

reduction waves it can be conclud"ed that one half of the

caùmj.um is free and the other half complexed to DTPA. If a

2:1 complex formed (ttrere was no evidence for a 2:1 complex in

this study) under these conditions i-t would have to dissociate

readily (u-nstable or labile complex) into free cadmium ions and

a 1:1 complex to fit the experimental data.

An increase of pH shifts the half -wave poten-r,ial of the

second wave to larger negative values (flgure f5). fhis

indicates an increase in the stability of the complex with an

increase in pH which is extrlected for metal-aminopolycarboxylic

acid corcpl-exes. I,Iith an j-ncrease in pII the reducible Cd-DTPA

eornplex slorrly changed into a non-reducíble complex, which in turn

caused the complex wär¡e height to diminisn (flgure 15) untjl

finally at pll = 6.5 no complex redu-ction cou-l-d be observed at

a]-l"

:r-:.-J Jil

l:i:Ëiìiir:'ìì

i.:-:¡iì*¡:.:
,.1::':::rl
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pH = 4.00

cd ¿ 2g xlofn"t
DTFÂ = t.O X tO-i) Þ,"4

_ E___ O.? Neel04
BIJFFËR (HAa - fq¡CI Ac i
TËF,4P. = 25@e
h eonn = 58.5e m

ffi e .00! 9Ð

p Fl = 4.S0

4
{

.ç

ç,

G"Ðr
v#ilf;'s vËs. s.c"g.

Flti. ¡5 A frþl STLJEY OF Cet - D"Í"FrÉi (? 
' I ] "

-t.t4

pí{ = S"t0
Evz -ltrr-ra¡"\lG9

Er¡æ

Ífasî69
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(") Cd-DTPA ratio of l:t

. Figr;re t6 ittustrates a pH study. of the equimolar Cd-DTpA

solutions. At low pH (pII < 2.0) essentially free cadmium exhibited

a reduction wave A. Wave A lÁras reversible and diffusion controlled

at average r/rave height (ia > l.OpA). At a pH = 2.5O iL split into

two reductÍon waves, the second l+'ave, labelled B, was.presurnably

due to a protonated Cd-DfPA complex. Later at pH = 1.5O, r,lave A

had flecreased considerably in height, and wave B \^ras separating
I

into two different reduction steps as shown in figure 16. Tkre

third reduction r^¡'ave, tabelled C, being due to a second Cd-DTPA

complex, w-as more stable than the first complex judging from the

large:' negative half-wave potential, trfave C slor"rJ-y decreased in

height r^¡ith an increase of pH until finally it disappeared at

plI = 6. !0, indicating that the reducible cornplex had slorn'ly changed

into a non-reducible complex.

Except for wave A the reduction waves were ill-defined makìng

accurate measurements (E-, r^ and i,) exbremely difficult. fhe,L/¿ L'
individual wave heights were difficult to measure especially in

the pll range from 3.00 to 5.00. In general the half-wave potentials

(for metal-ligand solutions) were measured with a precision 1 .OOl

volts, and the rriave heÍghts (i-l, limiting cu-rrents which include

boih diffusion controlled and kinetic controlled currents) to

approximately + 2/0. The halfi¿ave potentials and wave heights are

recorded in tabl-e 5.
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I
l

C\J
@

pH

2. O0

2,25

2.50

2.75

l. oo

1.25

1.50

1.75
)+. oo

h. 5o

5. oo

,.50
6. oo

6. ro

¡r

ltave A

o.61 v
o.6\
o.6j
o.65

o.66

u. oo

o.66

o,6T

o,.67

Table 5 E.yZ and i* for Cd-DTPA (r:r)

Wave B

6.0 pra

)+. B

l+. o

oo
L.6j
0.80

o.4o

0.10

0.05

0.00

-15_J Lnx

Experimental condilib¡s: cd++ = 1.0 x ro-'M, DTpA = ]-.O x to-'l,t,
þ = 0.2, \fe = 60 cm., temp = 25"C and Gelatin = O.OO2/0,

O.BO V

0. 82

o. 84

O. BB

poorly defined l¡aves

-E:'/z

I.Iave C

2.5 pA

1.V

L.55

0.20

0. oo

in
.v-

0.90 v
0.94

0.98

1.05

1. t2
I. J-4

L,LT

2.0 ¡.rA

¿.o
Z1
).L

2.7
1.4
o.75

0.20
o. o0
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(a ) ---c-{:PTf4-rc!ig-eI-l:B
fhe Cd-DTPA solutions with an excess of DTPA to metal

eoncentration (natj.o l:2) exhibited reduction waves that were 
,, 

,:,,

better defined compared to the equlmoJ-ar solutions. In table

6 aye recorded the half wave potentials and wave-heights for

the pII range of 2.00 to 6.5O. fhe wave heights are compared i,:.,::
.t'.,,'.t,t.and illustrated in figure tJ. fhe half-r,rave potentials are :'::,i.:'.

plotted in f igure 18. Figure lÇ clearly depicts three r,/'avesr :, '
i 
-:'.: ::--: :

li.e: three different reduction steps labelled A, B and C. The

three r^laves will be discu-ssed in seguence.

trrlave A, at average heig'hts (iA > 2.0¡rA), rras a reversible,

diffusion controlled tr¿¡o electron reduction step of free

cadmium ions. Tnis was determined from a plot of log(. : - )
+ td - t'

vs. E (slope 3t - 2 mv and n = e) and the dependence of the

wave height on the mercury pr"essure ,ñ-=._ = constant), 
'corr

rlornrever, when wave A was small (i < o.5o¡rA) compared to wave B,

there r"¡'ere indlcations that r¡rave A was a kinetically controlled,

reversibl,.e reduction of cadmium ions; rn table T the temperatu_re

study shor¡ed the wave height of A to increase z.o/" / "c r¡hich

is above the normal diffusion controlled value of l. j/, / " C,

secondly, a pressure stud¡r (ta¡te B) revealed that the i,¡ave A

height no longer l¡as directly proportional to mercury pressu-ï,e

B¡
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fl

Í
I

i
I

+
æ

2.00
2.25
2.50
2.75
3.oo
1.25
3.50
1.75
4. oo
)+.2>
4.:o
t+.1>

5.00
5.25
,.50
E f7E
). t)
6. oo
6.ej
6.ro

ïnlave A

o,6z v
o.6z
v. o)
o.6L+
o.6j
u. oo
u. oo
o.67
0.68

Table 6 E.,f z ana :-Ufor Cd-DrpA (r:a).

6.2 ¡:,1
5.6
4.8
4'7
2.5
J. O)
o.4o
0.12
0.05
0.00

:.. :

!üave B

-o.75 V
o.76
o.77
0.78
o.8r
o.83
0. 85
o.86
o. 87
O. BB
o. 

_89

':t;' ); tt:.|,

:::r a.l ¿.j
.) |,.,1:t)l

E:qrerimental conditions: Cd** = I.o x Lo-1 ,, DTpA = 2.0 x to-l lo,

!t = 0:2, n,,U = 60 c¡n., temp = 25oC and GelatÍn = O.OOZ/0.

0.75 pA
r.b
DA
2.3
2.>
2.2
1.70
1.05
o. eB
0.10
o. o5
0.00

lfave C

-0. BT v
0. 89
o.92
o'96
1. O0

L.O'
1.05
r. oB
1.12
L,L3
r.14
I'lr
t.t6
L.t7
r. rB

0.5 pA
o,6
ILL
DÕ
2.5
D.7
z.B
¿.o
2.L
I Èa\

L.L1
o.5\
o.22
0. to
o.o4
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Ë{5qf

l.t:ll

Table J Temperature Stu.dy of Cd-DTPA (f:Z)

trrÏave A height Wave B height !üave C height
at pII = 1.5O at pH = L+.>O at pII = 5.Tj

40" c o .16 !.oytt, 0.26 i. olpA o.50 i. o1uA
I
I

25 0.40 O.2B O"lt,

1o o.4l o.3o o.5B

1, o.5o o.t' o.6L

4o o. 16 o J6 0.66

\j 0.62 o.39 0.69

jo o. 68 o.\2 o.T j

Experimental conditions: Cd++ = 1.0 x lO-J M,

DTPA = 2. o x ]lo-3tt-, þ = o. 2, hu^ = 60 cm: and
fIts

Gelatin O.OO2/0 (used only for pH = J.JO).



tr'Iave A llave B Wave C
at pH = 3.5O at pll = L.!O at pH = j.Tj

Bg

Table B Pressure Studies of Cd-DTPA (f:a)

i -^_2 i -^_2 i _-2_:__ xJU __-_ xl_O - - x10h^^-^-- ^Æ. Jh ^Iir ^.lncorr colr coTT -corr '--corr

)+8.4 cm 6.9iT 0'l8o - L^ o'2p2 - ),,0e 9-2\o = T.T6'i* v../)t 6W -).+o 6.gn=4.o9 6æ='
j1.)+ 7.1o7 9-.2o - r <), o.2BO - z Az g-.rrZ - .ffi=5.14 ffi=3.83 ,Tt=7.\6
58.4 7.6\z g* = 5.r1 o.Æe - .T.642 "¿) T:6ïã=-''66 Wf,=7'2o

Ø.)+ 7.s62 9g = 5.L5 *g - 1.qD L))-5 - r736ã=>'L) 736ã=)')2 ffi=6'97
68.4 B.z7o 9'¿20- - c oB g-aQ - a 1a 9-56s = rgq - ).uo gãre.= ).)e S-ffi = 6.7-(

T3.Lr 8.¡61 0'410 - oD 9'?99. = 1 D7 o.Þ95 - ¿g.ffi = 5.o2 ffi = 1..27 6-.ffi = 6.6o

TB.\ B.B:4 S#9 = I¡.oz 0'285 - z DD o.57o - cB.Bi6- -'97 ffi = t'22 B3SE = 6.\3

i 
- 

uncertainty !z/' !zl, t z/,

J;corr

Experimental conditions: cd++ = r.o x lo-'M, DTpA = 2.0 x :-].o-1 }t, 
.,-,,r.,,o,ir = 0.2 anð. Get_atin = O.OOZ/' (for pH = 3.jO onty)
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l:::::a

(/n[n.o""\ constant). Both of these checks indicate a

kinetic lrave. A plot ot tr/n vs. pII (ti-gure 18) gave a slope
+
-Doflo -mVlpH.

trtave B was throughly exa¡nined at small wave heights due

to the difficulty of obtaining accurate measurements at

intermediate heights where r"¡ave A interfered. A pJ-ot of
+

1og ¡;-*:--- vs. E gave a slope of 60 - 2 
^V. This meant

f. 1- - L)
o

a one electron red"uction step (n = 1) or an i-rreversible two

electron red.uc-r,ion. Most investigators agree that the

reddction of a metal complex ion occurs by a stepwise unwrapping

of the ligand from the metal, where finally the metal ion

reduces to free metal. Since cadmium has no stable + I

oxidation state it was concluded that vave B was an irreversible

redu-ction step. A pressure study (ta¡te B) showed that wave

B was not diffusion controlled ('/^[n-.-- \ constant). Thecorr
temperature coefficient (^i/*tt) from table J was slightly

above the normal diffusion controlled value also pointing to

a semikine'tic reduction wave. The slope of 8.,7¿ vs. pH
+ JJC-

(rigure 18) was T5 - 5 nV / pU.

The character:istics of l¡ave C were similar to Wave B. A

:/ t 2plot of log -/ê. - i) vs. E gave J! - ' mV. Hence wave C was'd

an irrreversibl-e redu-ction step. Both temperatu-re (talte l). ancl

pressure (tatte B) stu-dies pointed toi^'ard a kinetically

controlled reductionl,¡ave.

' ì:':1.::::.:rt.

ir:r..:ìi! ! i- r
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(" ) --9-{:9Tfå-r3!ie-eI-1:!-3l9-1:19
' fhe Cd-DTPA solutions with a metal to ligand ratio of 1:4

were briefly studied. The half-vave potentials and wave heights

were recorded in table 9. A brief check with table 6 shor,¡s

that the Cd-DTPA (f:e) case was quite sinil-ar. Hence no ne.w

inforrnation w'as obtained from the l:4 ratio except that the 8.,7o
)-/. L

vafues of all three lraves became slightly more negative

6T.'/Z= O.Of V). Since most of the theoretical calculations

of metal eomplexes in polaro grupnyzS require a large excess of

ligand, the 1:lO ratio was studied nex'b.

Table 10 shows the half wave poientials and wave heights

for Cd-DTfa (f:fO). Again a comparison wÍth tabl-e ! revealed

that the Elf2uul-.ues moved to more negative values, Hol¡ever

the polarograìns in general were not as well defined as for the

1:2 or 1:h seriesr thus making accìlïate measurements difficult.

Therefore it was decided to study the 1:B ra-r,io.of metal to

ligand which seemed to be a good compromise between well

defined r,raves and a large excess of ligand.



t\l.
¡{'i :
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c\l
cñ

ïfave A tr{ave B I,fave C

PH -E".--- -.', /o i n -E-, /,-., in -E- ¡^ i ,.

2.00 0.63 v 5.4 pA

2.25 0.64 5.o
2. ro 0,65 )+.5

2.75 0.65 )+.,

2.7' 0.65 t .7
1.oo 0.66 2.5

1.25 0.67 t. 20

1.5o 0.68 o. jj
1.75 0.68 o.2o
4.oo 0,69 o.o5

4. ¡o - o.oo

5. O0

5.50
6.00

6. jo

Table 9 tr/, unl infor Cd-DTPA (r:4)

', 
ì.:l ..1:::. .

i i' .'1, Ìr:

,11,:::À-i

o.78 v
0. B0

o. 82

o. BJ

0. 85

O. BB

o.g2

Erçerimental condiliõns: Cd++ = l.O x lo-J M, DTpA = 4.0 x lo-, u,

\ig = 60 cm., Gelatin = O.OO2/o¡ !r = 0.2 and ternp. = 25 C,

1.6 pA

2.O

2.2

2.O

L.60

0.50

0.10

0.00

o.85 v
0. 89

o.9\
o.98

1.02

I. UO

L.L'
1.14

r.15

L.1 p,A

2.0
o7

¿.4

2,5
'¿. t
r. ao

0.50
À ¡¡U.IU

0.00



tr;

¡r]

$

ü a.a)

c

2.00

2.25

2.50

2.75

3.OO
2^-), /.)
1.50

1.75
4. oo

4.50

5.00

5.50
6. oo

6. jo

0.64 v
o,6j
o.66

o.6T

0.68
o.68

o,69

'' l'

Wave A

Table 10 tr/, 
^nu 

iy for Cd-DTpA (r:rO).

trfave B

4.6 pA

1.4
Li

2.O

1.20

o.55

0.15

0.00

o.TB v
o.T9

o. B0

0. 82

0. 85

o. 89

Erq>erimental cond itions :

!r = 0.2, Gelatin = O.OO2/ot

--.-...

r.l pA

10

2.)+

I. bL)

o.50

0.00

Vtrave C

O.84 V
O. BB

o.93

0.98

1.02
1.lq
1.17

1.19

1.20

++
= l.o x 1o-' lt, DIPA = r.o x lo-2r14,

= 60 cm., and temp = z;-"c,h'TIe

1.2 ¡rA

r.o
2.0

o)t

o):
1.20

0.25

0.05

0.00
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q+

(r) Cd-DTPA ratio of 1:B

TLre half -r¿ave potentía1s and ind.ividual wave heights for

Cd-PTPA (f:B) are recorded in table 11. Ttre data j-s similar to

the 1:2 ratio study (ta¡fe 6). Irlhen vave A was small (i < O.5OprA),

compared to wave B, it was reversible but not diffusion con-

trolled (tatfe f5). Table 12 shows wave A to have a temperature

coefficient of 2.5/'/ 'C indicating a kinetic contribution to

the*reduction step. fhe plot of Er¡rvs. pH had a s'tope of

4o- 2mv/pn.
II '// Wave B l¡as irreversible from a plot of tog t(i. - i)vs.

.L .D
X(slope = l¡9 - 'mV) and not diffusion controlled (talfe fl)

accord.ing to pressure stu-dj-es. I{owever Ì^i-ave B had a temperature

coefficient of L.5/'/ "C sinila:r to that of a diffusion

controlled wave.
+

l,{ave C had a slope of lO- 2 
mV for the plot of 1og

1

,:-:--rr vs. E and thus was d_etermined to be an irreversible(ta - r)
reduction step. ït was not diffusion controlled according to

the pressure stu.dies given in table Ð. fkre temperature

eoefficient (l"B/' / "C) was slightì-y above the normal diffusion

controlled process, which. might point to'a kine-t,ic contribution

in the reduction step.
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pH -8., /..,, i n -8, ¡^ i , -E_ ¡^ i,

2.00
2,25
2.50
2.75
t.oo
3.25
1.50
3.75
4. oo
\.2>
4.lo
\.t>
5. oo
5,25
5.50
5.7'
6. oo
o.'¿)
6. jo
6.tt

Tab1e 11 ,r/, unu i1 for Cd-DTPA (r:B)

Wave A Wave B

0.63 v 1+.9 pA
o.6\ )+.5
0.6, \.2o.66 1.1
¡ l'-o,bT 2.o
0.68 o. Bo
0.69 o.to
o. 70 0.10

- 0.00

o.T7 v 1.6 pA
0.78 2.O
o.T9 2.L
o.Br t.B
o. Bh r.4
o. 86 o.9j
0.87 o.25
0. 88 01,2o.9o o.oL

- o.oo

Extrlerimental conditions: Cd++ = 1.0 x lO-'M, DTPA = B.o x lO-'lrt,
p = 0.2, 1r-,- = 60 cm, Gelatin O.OOZ/" and temp. = 25"C.ttg

Wave C

o.B, V t.T pA
o. BT e.)+
0. go 2.8
o.93 3.20.96 1.)+
1.01 3.5
1.07 3.6
1.10 3.O
1 17 Dz.
L, L/ ¿t )

1.14 r. 50
1.15 1. to
L.L6 0.6\
L.LT O " 25
1.18 0.10
L.r9 0. 05

0.00



fbble 12 Temperature Stud"y of Cd-DTPA (f:B)

tr{ave A height trfave B height hlave C height
Temp at pH = 3.5O at pH = )+.p at pH = j.T,

2ooc o.z7 ! o.o1+rA o.z1 :.ohA o.6o 1 .ofuA

96

25 O.tO rt

30 OJ\ rr

I

7il o.1B rt

iro o.)+t 'r

)+j o.\9 t'

5O 0.S6 rr

O.25 " O.O+ 'r

o.27 " O.T2 I'

o.2g " 0.76 ''

o.3L 0. B¡ tl

o.31 o.92 I'

0.36 " o.99 "

: .':...',.

Aia/¿,t 2.5 l'/" c L.i /,/'c L.B /,/"c

-L-L -7Experimental conditions: Cd" = 1.0 x LO-) M,

r i_;:: ::i::' iii IDJpA = B.O x tO-, lA, !r = 0.2, hï{g :.60 cm¡ and 
1¡..,¡,,,,,,¡,.:

Gelatin = o.oo2/o (used only for pll = 3.jo) ,, ,

ltr:::!j'ì,i;:t:-i :.:l
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Table L3 kessure Sbudies of Cd_DTpA (f:g)

ïriave A
at pfi = 3.5O

ï{ave B
at pH = l+.50

ï,Iave C

at pH = 5.75

^6-_eoïr

i -^-24¿V

Vrreorr .

+ xlo-2
Vrtcorï

Ì -^-2

- 

4!V

Viteorr
I

48.1h cm

'51.)+

58.)+

63.)+

68.4

73"It

78.4

"æ 
= l+'02

+ffi = 3.e6

o. loo
TEm = ).e)

ffi= 3.Bj

o" frog:Fø = 7'75

ffi= 3.rz

ffi= 3.67

ffi= 3.5e

+Sæ = 3.42

år2 = 3'zT

î# = 3.zo

0.250g:ffi = 5'o2

ffi= e¿el

ffitr= 2.BB

0:-62 - Â or6.95T ¿' /L

0"63 õ .^
7361 = o. o?

o.6Ir
7.6re = o'57

ffi= 8.16

o.66
8.2*f- = 7'9ö

ffi= 7.BP

i8rï = 7-68

6.957

7.3o7

7.6t+z

7.962

B"zTo

8"567

B. B¡4

uncertainty .L: p/, ¿
1z% ¿:t%

^Ã---coltI
i.,::.r;i':ri.:,

ftqrerimental conclitibns: Cd+-F = 1"0 x lg-Jj,rr, DTpA = B.O x lO-lM,
Lr = 0.2 and Gelati¡ = O.OOA/o (for pH = 3.jO onty).
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(e) $:Ð-rf4-re!ls-e!-li3
Ttre Pb-DTPA solutions (ratio 1!2) also exhibited three

separate reduetion l"I'aves labelled A, .8, and C as shown in

figure 20. The half\¿ave potentials and wave heights were

recorcled in table 1Il. The half-wave po-uentials rnrere plotted

against pH in figure 21. The wave heights are compared and

iL-l-ustratecl in figure 22. lfhereas the Cd-ÐTPA waves dis-

appeared at pH = 6,50, the Pb-DTPA redu-ction r{'aves extend

to pH = 9. OO. Again the three rraves (4, B, and C) will be
It_dr-scussed ]-n sequence.

reversible,

free lead

. trrlave A, at average heights (i¿ t 2.0¡-rA) Ì¡as a reversi

diffusion controlled û,¡o electron reduction wave of free 1

ions. fhis was concluded from the plot of fog rî-i---l vs.
+ 

_(1a _ U
E (slope = 29 2 

mV and n = 2) and, a half-r.¡ave potential

sirnilar to that of free lead ions. fhe dependence of wave

height on mercl-lry pressu-ï" ( =:'*-*---= consta.nt) confirmed the
n/r,

wave to be diffusion controlledlorrHowever r,rhen wa.ve A was

small- (i < O.5Of-rA) compared to wave B it no longer had a direci
tlzproportionality *o n"o"" *'.- as seen from table 16. A

temperature study (ta¡te l:) oi lrave A showþd it ',ras

sensitive to a change in temperature, The tenper.ature
^t I

eoefficient (¿\r/AT) vas \.t/" / oC indicating a kinetically

controlled reduc-r,ion step. A plot of Er¡, vs, pn (f igure 21)

gave a slope of 28 - 2 
mv f pH.
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Table 14 E. 7^ and, i ¿ for Pb-DfPA (f:e)
L/¿ /\

Wave A Ìüave B I'Iave C

pH -E-, lo i n -8, /.- ,, . ,., in -F'"/n í,1

2. o0 0.47 V 4. B ¡rA 1. 6 uA2.25 O. ll8 )+. o - D.L
2.5O O.\g 1,6 2.2
2.75 0.50 3,1 - 2,5
1.OO 0.51 2.5 0.62 V 2.)+
,.25 o.51 2. o 0.64 3.o
3,5o o.52 1.5 0.66 3.5
3.75 o.r2 o.55 0.68 4. o)+.oo o.r3 o,3o o. T1 1.9\.eS o.5L o. to o.T2 3.6
4. ¡o o, rj o. o)+ a.7t t.)+\.ls o. oo o.75 2.6
5. o0 o.77 1. B
5.25 0.78 L.2
5.ro o.79 0. 85
5.75 o. Bo o.5o6.00 o.Bl o.æ
6,jo o. 82 o.o5
7.00 - o.oo
7.50
B. oo
B.5o

Erperimental conditions: Pb++ = 1.0 x ::o-1 M, DTPA = Z.O x IO-JM,

þ = 0.2, hrr- = 60 cm., temp = 25oC and TX-IOO = O,OOIilo.ng

O.BO V
0. 82
o. 84
0.87
0.90
o.92
o.9\
o.96
0. gB

1.00
L.01
L.06
1.10
'l 1tr

1.20
L.25
r.30

0.21 ¡rA
0. )+o

0.60
o. B0
1.1
I.O

2.8
1.6
)-t o

)rR
)+.6

L65
1,00
o.4o
0.00
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CN

,h
IO
1>

tti
(J
(f'
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CrJ

à.
td

Pb**
DTPA

ÍL
he"*

Tem'¡p

3.Ð

F¡G.el EE¿e 0F

= 1.0 X Ð-3M
=?.0 X l0-3M
=Q.2

=58.5em.

=25* C

pFl

P&) - DTf*=A VS pþ! .
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Table ll Temperatu-re Study of pb-DTpA (f :a)

T,rlave A height tr'Iave B height trfave C height
at pH = l+.OO at pH = 6.00 at.pH = T.OO

20" c

25

¡ô

Z-))

)+o
: .,.,,,,.,,...-.

Lr5

5o

-J-o.27 : .ohA

o.3t

o.rB

0.4:

o.52

o.6L

o-73

I

0.17 l; e44

0.20

O.2)+

0.28

o.1r

o.15

o.39

f

L.1, _ . O2¡rA

L.65

r.90

¿. ¿)

2.50

2.7'

1.o5

br /,.
I IX-

3.9/, /"c 1.8/' /" c

Erçerimental condj-tions: pb++ ='.1-.0 x fO-Jl¿

DTPA= 2.oxtO-tl,t, þ=O.2, tx-loo =O.OOL/'
(used for pH = 4.OO only) rnd h'g = 60 cm.

)+.t/, /'c

: ::: . .: r .:. -il
ì'i1",aìir.r;t :

':. :.



10)+

Table 16 Pressure Studies of pb-DTpA (f:e)

Wave A
at pH = h.OO

ïfave B
at pH = 6.00

tr'Iave C
at pH = 7.5O -:.

^liteorr

:-9

Jhcorr

i-D
--- Ytf)
t-

{h
COTT

j -1

Jhcorr

hB. )+ cm

53+

58.l+

6.9rT

7.3o7

T.6Lrz

61.1t 7.962

68.)+ B.z7o

71.)+ B. >61

TB. )r B. Bl4

*# = Lt,.o;z

o.2w
--'-:- : '¡ UÊr

7.301 r ' /v

Wr= 1'e2

+# = 3.Be

ffi= 2'73

o.L95 _ o á.2
7.307 - 4'vr

0.200 ^ .^
T3m = t.ô2

ffi= r.3e

o.99
I ì\

7.107 *' / /

1" OO

T:6M = L. )Q

#* = L.26o.2o5 _ f\ En
T:9@- c')l

*/ffi= 3.BT ffi = 2.hB ffi= L.ùt

tffi = 3.85 iffi = p.Lt, #= 1.21

h#rS = i.B3 eë-fr = Drb h$rl = 1.1e

ffi-*i uncertainty ; 21, I Z/, : f/,rvhcorr

ExperÍmental conditions: pb*+ = 1.0 x Jo-3 M, DTpA = 2.0 x to-t tt',
þ = 0.2 and TX-100 = o.ooL/o (for: pH = 4.oo only).
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lfave B was studied at small wave heights (pH = 6.00) ¡ust

as for the Cd-DTP.A case. A plot of log t(tU - i)vs. E showed
+

a slope of. 56 - 2 
mV indicating a reversible one el-ectron

(n = 1) reduction or an irreversible ù^¡o (n = Z or higher)

electron reduc-r,ion. For the same reasons as outlined for the

Cd-DTPA case (wa.re ¡) lt was concluded that wave B.r¡ras an

irreversible reduction step. A pressure study (talt.e 16) shor,red

tl -that wave B was not diffusion controlled ( t/,Jn, \ constant).corr
Secondly, the ternperature coefficient (talte 10) was 1.9/" / "C

indicatíng a kinetic wave.

llave C proved to be irreversible (slope ot toei/(i, - i)
L\dl

vs. E was !]+ - L mV) and not diffusion controll-ed. The value
ìof ---:--- varied beyond the limits of ex¡qerimental erroïs as

Jhcoïr _seen Íñ'iabl-e 16" flre tenrperature coefficient (talte lo) was

above the. normal diffusion controllecl value indicating a kinetic

contribution to the reduction step.

i.:.::,,: . .-
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(i.) *:gTl+_ls!is_gl_1i9
The half-wave potentials and individual wave heights for

Pb-DTPA (f:8) are recorded in table lJ. The data in table IJ

are quite sjmilar to the Pb-DTPA (f:a) study in table 1l+. Wave

A, when small (i < O.5OpA) compared to wave B, was a reversibl-e

>=3Ot 2^V).' -(la - 1/

Tt rnras a kinetic wave because of a large temperature coefficient

Qrl' / "C) and not diffusion controlled from pressure studies
I

(ta¡re r9). A ptot of E., lc vs. pH had a slope of 12'- 2 
mV/pH.

+

llave B had a slope ot 6Z - 2 
mV for the plot of log

i.-r------.. vs. E indicating an irreversibl-e reduction process. ItF¿-r)
also had a large temperature coefficient (\/, / " C) indicatíng a

kinetic controlled wave. Tt was not diffusion con-brol_led

accordr'ng to pressure studies (ta¡fe f9).

!üave C proved- to be irreversible again, where the slope

character

showed

not

f'; -':i

:/ 1 Dof log -(iU - i)vs. E was 91 - '*V.. The temperature

eoefficient (talte 18) was )+/, / " C showing some'kinetic

to the reduction vrave" fhe pressure studies (ta¡fe f9)

wave C was not diffusion controlled, since

constant for the pressures (¡o - Bo cm) .r"1n"o""
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C-o
r-t

'[fave A Tfave B 't{ave C
PH -Er/", in -E"¡^ i,r -E_r^ in

2. oo 0. lOV h. O ¡ra - t.)+ prA2.25 0.5o 3.6 - 1. B2.5o 0.51 3,o - z.)+2.75 o.r2 2.6t.oo o. j3 2.1 o.6zv ?'.t
1.25 o.53 L.5 0.6\ 3. jt.5o o.5\ o. go 0.66 3.91.75 o. 15 o.55 o .68 h. o
4. oo 0.16 o.2B o. To 3.9
!.2> 0.16 o. t2 o.Tp 3.)+
4. lo o. rT o. 05 o. T)+ 3 .ot, --+.'(> - o. oo 0.T6 z.Lr
I. oo o. TB L.T5.2' o.Tg 1. 20
5.50 0. Bo o. 85
5.7' o. 81 0.406.oo o. 82 o.t86.to o.Bt o. oL
7.oo - o.oo
7.50
B. oo
B.5o ì.

Table LT E:Ve and {for Pb-DrPA (r:B).

ErçerÍmental conditions: Pb++ = ]-.O x Lo-t M, DTpA = B.O x Lo-ttt,
þ = 0.2, hne= 60 cm., temp = 25"C and TX-IOO = o.ooL/o.

o.75V
0.78
o. Br
o.8i+
0. 87
0. Bg
o.92
o.95
0. gB
1. 01
1.05
L.Og
L.L2
r. rB
L.25
1.28
L.1t

0.2 ¡-rA
0.4
u.o
o.B
1.1
r.o
^z¿.)

IU

lLr

)! )r
Lz
,ll

0.60
ôtq
0.00
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Table fB fbmperatu.re Study of pb-DTpA (f :B)

trrlave A height Trlave B height Wave C height
Temp at pH = 4.OO at pH = 6.00 . at pH = J.OO

2ooc o.2L 1 .ol+A o.aj ! .orllA o.9g ! .o2pA

25 0.29 o.1B L15

10 0.35 0.21 1.5O

35 o.)42 o.zj a.Tj

to "'o: 50 o.2B 2. oB

t+, o.r9 o.jz 2.3,

50 0.68 o.15 2.75

E>4>erimental conditions, pb*n = 1.0 x to-Jiu

DTPA = B.O x ]]O-1 u, p = 0.2, lX-lOO = O.OOlllo

(used for pH = I¡. OO only) rnd t+e = 60 cm.

t..t-...
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TabJ.e J-p h.essure Studies of Pb-DTpA (1:B)

Ïlave A
at pÏl = 4. OO

Vlave B trfave C

at pll = 6.00 at pH = T.jO

h
COYT

h t/zCOTT'

;-D

- 

r¿.1()
Evh

COTT

i-ri_o
-=-_ ï.Lv -=-_- x,LUVn Ji'corr eoïr

48.4 cm

51.)+

58.l+

61.)+

6e.)+

73.)+

q' 2Bo - )t oc
6.957

0.285 _ < ô
7.307 - J' 7v

W, = t'Te

0.295 z n1

7.692 /' t-

0.roo. _ < Ác
8.27O ¿ ' va

6.957

7.1o7

7.6LrP

7.962

B.z7o

W= a.3e ffi= B.oT

0.180 ^ z_ 060 n or
T.dñ = ¿' )) 7:6M = T 'Ö7

o-t8_g _ccÁ g.6L _ry/É
TSæ= .'¿Q 

7.qæ.= l'oo

0.185 _Õô,. 0.62 _ryt,a
=z/)8:n- - c'c) TT- - I'+7

B.¡6t ffi = 3.56 h# = P.Lo i& = 7.3i

-r:. _ e.er¡ &#_=¡-:o ffi_= 
e.oe þ.ffi-_:L

i __ uncertainty
Jr'coïr

¿'- 2/'
f: 2'/,

L

- 1/0

Experimental cond.Ítions, Pb+* = 1.0 x 1O-'M, ÐTpA = B.o x to-1 tv',
!r = 0.2 a.nd TX-100 = O.OOL/o (for pH = 4.OO onty).
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TIEORETTCÄI CALCUL{TTONS AND DISCUSSION

I

I/ Ure experimental data given in chapter 5 c]-ear]-y indicated that

aI-J- the red.u-ction waves encountered. for the various complexes \"rere

kinetically controlled and only trfave A rras a reversible reduction ..-'.': 1r' .

process, í.e" trrlaves B and C were irreversible and not diffusion

controlled. The polarographic method of deterrnining forrnation

constants of metal complexes requires a reversible equilibrium in ¡1,,r:.:;

^- ^. 
- : ''

the over-all el.ectrode reaction" ¿)-2o 
Hence the information ob- ) :.

' :: ::
¡ r;l¡ 1r;

; : 'r'i:'tained about Waves B and C could only be used to formu-late a

reasonable reduction mechanÍsm. fhe stability constants were alJ-
l

calcu.lated using I^Iave A data. Tne Kort'ca and Koutecky kinetic wave

i _ ..'.-\ - - - 

tt

treatment (see p. )+5-53) wa= applied to each wave a¡.d gave satis- 
,

factory resu-lts for ïnlaves A and. C, when wave heights were employed . I

Half -l¡ave po-t entials were alFc used to analyze the data from lfave A
I

with reasonable success. trrIave B did" not fit into any one particu-Iar j

I

mechanisrn (as derived by Koryta and Kou-tecky), but seemed to be i '

cont::o]led by tlro or more competing chemica.l rea.c-r,ions preceding .,:..i¡:

:t;i:j:r'' r I'' . .-:.reduction" Ttre waves are discu-ssed individual-ty. 
i, j::.,.:

A" ltave C

fLrere is general- agréement arnong investigat o"r39-Lr2 that the

nonprotonated, rne'cal chel-ates (of EDTA, DTPA, etc. ). are non-redu-cible

at the Ð.1,{.8. fhis accou-nts for the disapi".turr"" of the complex

redu-ction lrave u-nde:: basic conditions (pH = 6.5 - 9"0). It seemed

;:! :i l-fi::r;i,J

iìì-.:>,: ,j : rì::



-l-_--*'-*-* "_ -_'- ' -

111

J-ogÍcal to start analyzing lfan-e C results since one of the products

would be the non-protonated metai-lfpA complex. Various nechanisns

T4rere proposed with the best fit obtained for the following:
k--d +

IæIA: 
tå} 

ltIl¡=* 
"' 

(slow)

"Y
MHA=+ Hgo t 2e- 

==5 
¡q(Ne) + Hn-& (fast)

'w'here A represents the mPA anion, k" is the recombination rate

constant and k. is the díssociation rate constant. Koutecky27 ha".d

theoretically derived the kinetic equations applicable to a mlnber
i

of :reduätion mechanisms arnong which is one that is sj¡rilar to the

proposed mechanism above namely:

j ,,

small o,uantities,7 is the dissoeÍation rate constant and f ( is Llne

recombination rate constant. Restati-ng the various terms for our

netal--DTPA mechanism t

rate = kd[MHA] =ylwnuJ t .'./=ka

rate = kr [MA] [u+] = yalNrrt) , .'. F(= kr[H+]

't :::::'

where A, and A, electroinactive: A, is reducible and present in

H

çrA

for which 'r,he foll-ow'ing general sol-ution is given by Koutecky, et alll7

tk
z=j:r = 0.886f Jfrt.........56\ rd -lk/



!iÎYi

l.I2

which is quite similar to equation l+9 as d.eveloped in chap-r,er J.

Utrnn the proper substitutions for a metal-DTPA systero as proposed

above, equation )6 becomes

it k- +ã---11 = o. 886 # ¡n*i -l r<ot and rearranging. (to-k/ od

-+_ r
= 0.886 tu'l J k Shrn t ... .....i7

l__ .. .1..

It is evident from equation 57 that a plot of 1og ,= f - .',,.'
I rU _rO/

vs. pH should yield a straight line plot r,rith a slope =-1. OO.
:: -:

(wote, ik = ?, in this study. ) The calculations for such a plot

are given in table 20 and shorrn graphicalty in figure 23 tor Cd-DTPA. I

Thre slope of log ,=tO-.' , vs. pH was approxima-r,ely -l.oo. Hence'(ta-k/
I'Iave C is associated with the equilibrir.m

;

l

.\--J-
cdHA=e cdA- + r{' :

Tkre ident:'.cal treatment r,ras applied to the Fo-DTPA data. Table 
"

21 g:Lves the calcul-ations and figure 2l+ shows a plo'c of 1og

i-t
Kl t - . \ vs. pH. Tkre slope of the 1og t--5- vs. pH for :-- (iA-10/ (id-ik/

Pb-DIPA was approximately -1.00. fhus it was conclu-ded. that Wave C ,',,,.-

:-

was-due to the equilibrium

p,.un==d pU.f -r U+ar-J1h ç-

i:.rrii.:.

Equation )l wa.s then used to so'lve for kr. In the case of

Pb-DttrA at pH = 6.00) t = h.2 sec, 
1rr* 

= 60 cm, ros {lbHA = \.52

(Schr.rarzenbach, p. L32) a.nd Los .#,-l = 0.66, then
't,l -d.'
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fl^t
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1"D
+

J^L

3.50

3.7'
)r. oo

\.zj
Ir.lo
tr,n
5. o0

Table 20

2.5

2,2
L,7

1.05

0.28

0.10

0. 05

t_-l-/]d^.

i^

- ì -ìd "lü

2,5

2.8

1.'
1.95

\.te
,h on

\.gj

l.:r..:l'- .'1rr,: :):..11.:.:

- 1!lIog T-å-- 1--l-¡d ,l'-

\.tr
5.00

5,25

5.50
ENE). t )
6. oo

6.zj

pH for Cd-DTPA.

0.00

T. go

T, tt
ï.)+a
õzz

ã..2t

ã. or

2,6
o1

L,5

L,T1

o.5\
o.22

0.10

t -t ía-i.L roe T+#td- t.!

2.)+

?o

1.,
3.87
\.)+6

4.lB
)+,go

D1

I. CJ

r.4
o.95

o.25

0.12

o. olr

r "Q

0.0,
= ^/I. öO

1.6s

T.)+6

1. OU

â.6t
ã.tt

2,9

3,2
3.6
h. o:
\.to
4, BB

\.96

Extrlerimentat Conditions: id = 5.00114, hno = 60 cm and

Gelatin = O,,OO1i,' (for Wave B only), 
*'o

''':

1. ea

1.t¡
L, >9
lznt,)(

ã. eo

2. t9
V.go

1.o
2.1

L,5

i.1
o.6\
o.2,
0.10

2.0
D'7

1.,
1.9
)+.16

)t vË.

\. go

\,fave B

O,LT

t.gz
L. O)

= r-
L, +>

î.t6
â.Te

z.lt

Wave C
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0.12

0.05

d.L

- 
i.l-

LoQ ----
A - -f ,1dJ.

i¡
- -J-tño æ_

- ]- - -l_,d-L

2,O O,21

2.8 T.gl
3.6 I. ro
\.2 I. hr
t+.>r ï. zh

5. OO z.gO

5.2o z. >a

j.z8 z.Z\
5.75 v. gt

6. oo

6.5o

7.00

7.50
B. oo

vs. pH for Pb-DTPA.
r "Qr.v

)+.6
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L.O'
1,00

o.40

,L

1.o
¿.+

L.7
I Daì

o. 85

o. ho

0.18
o. r0
o. o)+

^O^-a\r. o u. lo
2,L 0.20

3.75 1.O+

J+.40 1.%
5.OO z.gO

i_ -i "d -!-

ExperÍmental condiiionss hr+., = 60 c'mt id = 5.)iO¡.LA ana
no suppressor used. "-

t{)-^)lño ---
- l---1,aÅ,

2.)+ O. iO

1,o T.,go

). ( r.bb
\.zo T.\j
\.55 T.z\ lüave B

5.00 2.go

,.22 2.51
Ez^ã^-
).-tw ¿.¿[

,.36 v.Bt

:;i\

i iìi,l

1.t
a 2-L. ))

0.60

o.25

1.1 O.5g

2.1 0.L3

\. o: T.>z
4. Bo ï. ro
5.L5 z.eg

ïfave C
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0.66 t,9t - 6.oo + t/z(1;oe k" * 4. 5z + o.6z)

6.66 = -0.09 t- L/e(Ioel< + 5.ilr)
T

loek =T

and k=
T

rt.5o - 5.L)+= 8.36

R. -1 _'t2.3 x 10" liter mole-- sec--

ftre ra-r,e constants for acid recombj-nations range from 1oT

13 --l -1 .:l
to 10-- J-iter mole-- sec-- according to Brö.icka". ftrus the

recombination rate constant for Pb-DTPA was of a reasonable magni.-

tud-e"

For CC.-D[?A at plI = 6.00, t =

bs Su* = \.aT (Chalerek) and" 1og

valu-e), then

4.2 sec, h,,- = 60 cm,
ia tlg

C-lS;l = â'7o (an average

2."7o = T"gt - 6.oo -r- t/z(:¡g k
T

+ l+.r7 + 0.62)

and. 1-og k-- = lr.Tq- k = Ã z x 104 liter *o1"-1 """-t- T ''/i ' :

fhis val-ue is u-nu.su-ally small when compared to the pb-Dt1pA case.

ït rrou-]-d. appear that sorae sterj-c rearrangernent is necessary in

the Cd.,-DTPA complex before protonation becomes possible.
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B) l,Iave B

A similar theoretical treatment (as the one used, for tr'rave c)

was applied to the Ìüave B data for both metal complexes. The

mechar-risrn proposed was

TLre general solution

I r.f.Ar ]
t-mí,[T*

k"[Hl bm¿]

k¿

waA- f mrn= * H+
r

the electroactive species.where MFI^A vr-as
¿

is givea by

It..
lt;

quite similar to.equation ,7. rt is apparent from equa-r,ion !B that
r0

"a'plot of 1og¡:-;*-.¡ r". pII should yield a straight lÍne with a,-ð. _JL'

slope = -1.00. Figures 23 and a!. illustrate such plots for Ccl-DTpA

and. Pb-DfPA respectively. Both meta.l complexes exhibited cu-rvecl

lines ( .t'-igures 23 and 2la) with Ìi.n'.iting sl-opes of approximateJ-y

-1"5" Since the concentra.Lion of l'{HA= varies viith pH in the kinetic

region of l'ave B, a corr:ection was appÌied to¡t,i.e" the effective

concent,ration of MHA* is eo,ual to;

Itotat conco of conp]-exes I-TÌ,illlïæ=-**

.'.fr: r." Flm and

Upon substitution

' í,_*_{* =
i. -i,dL

i.nto equ.ation

I

0.886 [HTr'iua

U_

Ãô)at

ko 
[iq.q, ]

I i'ut, 1

l kr \rHra t
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For conyenience ]-et

/ ros 'U' B 
= frost¡cr¡] - i-os Mrl - no ] . .6o

ITt is evident from equation i9 that a plot of r"s 1f\¡ vs. rog ,,J,8

should yield a straight line with a slope equal to r. oo. TLr.e experi_

mental val-ues for the above plots are given in table eD and íllustra-
ted in rigttre 2J. fhe slopes for the cd-DTpA and pb-DTpA waves were

approximately 1.0 and o.J respectively. Again both plots showed some

curvature at large wave heights (rrt.5y/-) w]nieh was to be expected

sÍnce (trre Koryta - Koutecky theory only appgêsto purely kinetic waves)

the reduction waves only showed kinetic character at snall wave heights.

fhe large deviation frem the theoretical slope for Pb-DTpA probably in--
djcated that another mechanism was ínvolved in the rate-determj-n:i.ng

step, though 'r,'i'e ïl'ere unsuccessful in trying to sorve the problem.

Equation 59 was used to ealcurate k": i.e. for cd-DTpA where the

loc (i-*) = ã-Bo, PH = 'l+.50, loB'K.d )L 
ou' pll = +'>ut rog \,H2A = )')2: etc', and applying Ìogs

to equati on 59;

-I.2o = -e.05 - pH -0.49 + å(1og k, +1.jp t-o;62)

then k, = 4.0, k" = lolt liter mole -1 
"""-1

For Pb-DTPA at pll = 6.00, r"s 1çþ = ã.j3, to* o"f"ro = 1.i (estimated),

etc. ,

Hence the respective rate eons'cants are of the same magnitude as the

ones calculated for üIave C and thus indicate that the above proposed

mechanisrrr is a reasonable one.

Alternative mechanisms were proposed for cd-DTPA with the

-1.47 =

then log

-0.0! - pH

k = 8.0.
T

- 1.51 + .l (ros k, * 1.5 + 0.62)

.'. k = 10 B liter mol" -1 
"u" 

-t
T i'lii:.:.:l

i'-ì:r¡1.
il. .:'
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Tab1e 22 l,og/+\ and Log "cI" val-ues for Trlave B.

Fd-Ï, /

cd-prtrA (1:B) Pb-prPA (1:B)

()
c{
¡-l

3,50

t.75
4. oo

\.25
,l+.50

\.7'
5. O0

rog
iÅ

ta -10

ï. se
1=rL. l)

1.>g
12-r-.) [

ã. eo

ãJe
V.go

rog "czi¿l¡rpa

Ex¡perÍmental

4.2 sec., iu

-3.76
-3.98
-4.26
-4.60
-4.99

Cond itions :

= 1.0¡lA and

pH

-5.1+I

-r.:',

4. to
\.t¡
5.00
Ãôq

5.50

6. oo

6.2,
6. jo

h-- = 60
11g

Gelatin =

Log
i6

:_
-L--J^d!-

Cfrtt=
o.ooz/,

0.10

ï.æ
r. oo

I. ¿u

r. ah

2,9Q

z.sl
á.. ¿. I

V.at

DFttttÐJrOg Q* ,r-onLU-UL!N

Experimental Cond itions :

L.2 sec, id = 5. þA and

-4"82
Ãô^

-5,62
-6"o7

-6.51+

-7 "O2

-7.5r
-8,00

-8"50

h-- = 60 cm. f,, =rrÉ
no suppressor.
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besi fit obiained for (ilrote: M+* is the reclucible species)

I
I

k_d-.,,
*af 

- 
M-*H'A=

T

when correc-r,ion factors were Ínserted. (suggested by Conradi, et.

u1.22) Ínto the kinetic equation (equation |;6) tor the formation

of buffer complexes, for the varying concentration of the proton-

ated. metal complsx (¡Cle¿) and for the concentration of ligand

(ne¿)" Ttre caf.cu-lations for the above corrections are given in

tables 23 and 2L, with the theory outlined below.
I

I€t

[¡¿] = concentraiion of "sirnple" me'cal ion

l\,] = total concentration of "free" DTPA

lMfo] = total concentratjon of metal-DTPA conplexes

For p:rotona'bed compl.exes of DTPA;

= JryaL , dL^ = _*_tagl_
[M] tAl I'Y,r¡r tn'l []{Al

Il...r'i -.-1
i:ii-:

tt
.rf,1.t\= -l4H^A

¿

[¡m^R] rÌ [læt=¡]c tL .)K_

[mn] [n+] ' 'Mro 
[rwrral lu+1

fhen

f-- -ì
f*nqJl = | h.m1 + luËil] + lmrral -r [Mr.A] -F .. . IrL'')J
or

6t

#rÆt'{fu,lnn:''"1 *
t-

IMrl = [r¿q] 
Lt 

. {*[dF] +

r: j _ì;:::ì
I : : ."

#uro{*,olu*l2o
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Table 23 log "o functions" for Buffer Corrections.

1o* o 
au

1og cypb ll¡rl1lr VAIUCS

2.00,

2.25

2.50

¿. l)

1.OO

3.25

3.50

3.75

L. oo

h. oo

\. zj
rr. to
rr. T5

5. 00

5.25

5.50

5.75

6. oo

0.10

0.15

o.2r
o.e6

o.5t
o.t5
o.3T

o.39

o.lro

o. zh

o.33

o. hr
o.48

o.51

o.57

o.59

0.60

o.6t

o. rB

o.z6

o. j5
o.t+l

o.\9
o.5\
o.rT
o.59

0.60

o.6o

o.7\
o. 86

o.g,
1.02

r.07
r.0g
1.11

L.L2

Chloroace-r,ic Acid Buffer

flurrer] = o.lo l¿

pK = 2.7-4.

Acetic Acid Btrffer

flu:ffer] = 0.10 M

= \.5

lo8 KCA" = L;5

loe b¡e = L.2

¡K-a

loU KCU¡ = 2.L

' 1og KpOg = 1.5

The var-iou.s equ-iribrium consta-nts were taken from 'stabÍlity
constants" by B¡errum, J., sch'arzenbach, G. a.ncl sirlén, L. G"

Chenr. Soc. (fonOon) Spec. pubt_. , TQ95B)
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PII

sl
cv
-l

.2.00
¿. ¿)
2.50
2.75
1.OO

3.50
3.75
4. oo
\.a¡
4.5o
\.1¡
5. O0

5.25
5.50
5.75
O. UU

,Tab1e 2l+

DT'PA

1-og aHA

9.98
o'1 o
B.\6
7. Bo

7.2o
6.61t
6.te
5.6\
5.L9
4. zB
4.40
\. o6
3.76
<)n/. tl

3.eo
2.9\-
2.68

log czo ¡ log.¿

I-og "ø functions" for DTPA and Metal-Complexes.

3.1L
D "7nL. II

2,29
1. BB
L.rt
1DO
o.95
Õ7D
o.52
o.35
o.23
o. rL
0.09
0. 05
o.o5
o. 02
0.01

rl.r¡-. :. .:..:.::

'',:: -: .,.j,ì: :: :

r..-:r'..... ^ì;.::tl

el-PrPA 
.

log dcdA lo8 ocd.HA 1oB øcoHrA

o.97
o.68
o.\>
o.29
0.19
O¿L3
0.11
o.L5
0.18
o.e6
ÔZO
o.55
o.T,
u.90
L.L9
L.+t
L.67

Constants used: DTPA - avèrage pKrs¡ Cd-DTPA - Chaberekis values, Fp-DTPA - Scirwarzenbachts
values and log 4.r, o = 3.5 esfi:nated value from this study.- *'ã.

Á, ÊÕ

3.o\
2.57
2.LL
L.69
13.)
o.96
0.68
0.46
o.to
0.1g
0.11
0.07
o. O)+

o. 02
o. 01
0.01

¡i i:

1.09
0. 87
u. oo
o.\g
o.15
o "26
o.23
o.26
o.t5
o,Lt9
U; OO

0.87
1ôO
L.3z
L. >O
J-" ÕI

0.02
o. o4
0. 07
o.lt
o,Lg
o.30
o.46
0.68
o.g6
L.30
L.69
2.11
2.57
4ôL
3.52
4. or
\.>t

Pb-DTPA

lo8 o,"oA loe cx*" lou oro"^A
- "--z-

)+. Of
3.52
3,o\
D tr,.7

L.To

o.7L
o. hg
o.Jz
0.20
0.12
0.07
o. oL
0.02
0.01

L.5L
1Dn
1. Oir
o. 82
o.62
0.45
o.3z
o. a4
o.2L
odt
Õ1D
o.\j
o.6e
0. 82
r n)¿

L.27
L.5L

0. 01
0.02
o. oh
0. 07
U. I2
0.20
o.3z
n )ro

U. II
ôoo
L.1z
1.70
D iD

2. 17¡ n)r
1.52
l+. Of
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with the part in parenthesj-s abbreviated to CIvtA equation 62 becomes

ttfo,l = [MAþwr ....,63

ït fo]-lows then that

lrfu,l [mr] t*rl
oMA = 

t*r ' dtÆfA = 
l*^r 

ttu o*ro = 
@]

Secondly; itì-''
I,.ttl

r- _llfo] =[tai + [sa] + [H2A] + [urAJ + [HLA] * tH+lJ ......&+ :l
. 

;ì. .1':: ì

or

r [H+] * Iëï,. lrl.r: * _t"*ll * [r,*]5 I rrArr = Ial 
I 
r . Ç. ffi '. 46q 

. 
#EE 

. ffiÅ.6i
i¿ith the part in parenthesis a'obr"eviaied ao o"(n) eE;ation 65 becomes

t\l = [A] ol(il) . . .. ..66

Tkren

d =!=[rfrh- + tE*]'+ Iirj {-Iil +1-51 t-*HA = HÃ = 
LRF;çR; 

r Tffir r -"F; a- r<u '1- 'L 'r 
=J" "'

0.-- ^ =h = fJl']]=1 + df + É + I + å . S:^-f..ru-nro-ff-Lqqç W T ¡'L 
ru?l'|H+J?J".

lu^ =þ =[l# {. É nr*? ,5þ* *H&l ...6s*urt- nrt. -LOro; Kz ' ¿ H* [un]2 [nn]J j
Secondly for the buJfer corrections;

d = 
t5l- 

= iu-J*,ilg-t = l-+ -t}nil .7(\
vhií c.o...lvrYl lMl [u] iul
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vhere tfqB] is the concentraiion of rneta.l-buffer corop] ex. SÍnce

l'MBl
4oo = --:---r* eo,ua.-tion J0 beconesr!!D 

[M] [B]

r.ri'- -

qM=.1 {KMRlBl , andK = LÏfl"Lqfê' 
[M]rl

for the buffer i,rhere ltt¡] +' [g] : c, = total buffer.. concentration,

" Ïqnp cm

' "qM = I .,î;¡nr '"'""'7tr
\rKrt

Restartin.g the proposed rnechanism;

'i.'*d -l-r.- =MI^A <:---- ¡¿ + tl ¿.2. tr. -2--
T

a;rd l^¡riiing ou-t th.e rate cor,LsLant-q, or.ì.e obtaÍns

rate.à = kd[]4tl2Al =f¿ilvfit.i'7, k.u = f Ç

rat.e *.--- - kr[ri2,[] l,l,i+t'l =, yïwft'"J, " " / = \Frrol

Recal1-:Lrr.g ea¡t-a',jon:: 6J, 68 ancl '(J- a,nÕ. apply:ing the cor::ec-bj-o¡r.

fact,o:i-'s (o-ri¿, onrn or,u r"urrO)

^.- 
ku ì ^ 

kt[AT ]
f J w = -æ..,.i-È- àO.C\ ¡.1 -,, o*tn *-- /- %rA%

n 
^- 

nn ourn o-t', 
,'1

- "v=Ëf'-fal,:l-4*ro

lihen 'uhe abov'e co.rrec'cec'1. consi,a-n'bs elre -L::a¡rsposecl iir'co equa'cion

56;

:,1'1

'j' r' li.: a.-.r:i!
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upon rearranging

'-/.. o. 886î----:- =ta-'J- 
%,urra

kd ogea ou t

It c,'an be seen from equa tion 71 that a plot of 1og ,:-+\ vs.r i \r-d_? /

t/z(log ds ¡ + l"e %,[) - log %nri_a (tater abbreviated to log
_ 

tt2n rYl *-2^
Ð

.',?"ä-OrrO )should yield a straight line with a slope = 1.00. The

experirnen'cal values for the above plot are given in table 22, and

illustrated in figare 26. Tkre slope was 1.OO which is in perfect

agreement with the theoretical value, though some of the exper"imental

poinis are off the stz'aíght line plo'c by + LO/o. IIence it appeared

as though the abcve mechanisrn was a reasonable one.

Equation 73 was used to calculatei the dissocia.tion rate

con$tant, kU. For Cd-DTPA (1:B) at pll = )+.!0, t = h.2 sec, A, =

-1 Kjf* 
^ 

= 7.5 (cha-barek's vatue), loe /î*+r = â.BoI x LO 'M, foe Kj,, n = 7.5 (manarek's value), 
r'P'

rru,.r2rr a-barek's value), to* (tu-t) =

and" applying logs to equation T3 one obtains;

t-!. 
- = ô RRÁ 

ka Td %'r
ia-il kr fo %,mra

-1.20 = log 0.886 +
M1ogÇo-tosAr)

rtl]r2J-r

ü^ t^'i

v2

71

tf z(tos kd * Ios %rO * roe %r 
+ 1os t -

- 1og %,rira

i: .:
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T,{here

1oS kU = 5.Ot OU = ,05 """-t

sr_nce

_lvl

\,mra

i . . .., : . 
' ì 

: . . , , . , . . , . .

TLre recombination rate consLanL, k , J-ies within the range of acid j:,:,,,::,;.::,:r::!.::'

Y' ',,, .,..,. :

recombinati-on (to7 o LoLt) constants. Ilowever the k- value is .'
T ¡:"1¡:'t":; tr;

unreasonable for complex formation which is what Ít represents in ¡r'..'"::;;¡.':';'

l

the proposed mechanism above. Hence the above mechaniso was dis- i

i

carded. as an unreasonable choice. l

ì

l

l

k
=3, k-_=exro7 (ro)5= zx::oL?'r

-d

::., 1 ¡: i: ll

,;:t:¡t'.,.;i:

i.i1.:::.., i '.r,. . -,r.:!. i)l
i:::.:_::: jiì:J:: ìl::.:: :.ií.f

rt:i:i:;.jl:r:iíi!::ì!::;r::'-.-j

i.:;:.;:i..:.ri - :.. ., -

i:;::liii'fi:'.:r:l:¡irì-iì
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C) WaveA

For a reversible diffusion-con-r,ro11ed reduction of a metal

. complex the haLf -r,rave potentÍa.l is given by,

?_ _ ', 
o.qrgL, 1an w 1n \tå(" ) = =å(") - -;-: ros K"rr (cr)o '" ' " " 'l+ ::

similar to equation 2) (chapter J), where K"ff i" the effective

stability consta.nt and (Cr.)" is the concentration of J-igand. at the ,.: :
U

i i:,:t.'l'electrode surface d.efined, as:

(c,)"-c,+q,* ..,..7, ''.. I tJ IYt -Ld

'where C" is the concentration of free ligand and C,, * is the."fd

concentration of ligand coming from the metal cornplex upon re-

du.ction of the metal ion at the D"l4.E. Equation JJ (fxorn chapter

1) cor:yects for the kinetically-con-trolled reductj-on process:

r O'O59L5 ' i¡
l1r z r = fri ; r -1- ta\cr -;-Ë (c) - (k) n -."o id

Eo-uating equations 55 and,7ll one obtains:

E. ,- , - r'- 9=9åqr5 ' r )^ - o'9å9-+)- ,-- toë(t) - tå(") = los Kurr (cll' to* î; " "76

or

A E, = - %95912 los Kerr (cr,)" 9'g5i¿2 ,.* * ......77
o

Solving for 1og KeÍf,

1og K^... = -.Î: I rrt4) - :-os * - rog(cr)o . .. ......T8eff O"O5L95 \' ¿-:\-! / *-a id



IlL

ïf rone negrects the comprexing effect of the buffer (since this
!

only effec-r,s E- rZ(*) ancl cancels ou.t in solving for OUr¡r),, r, 
,*,

then(froro K^oo=-' )Ear 
tMl tÄTl

[¡r¿] o ."^K - - 
--.MA 

- K -1å-"off - -- \irn î._-*_ .. ... ,79e't' 
tMl tAld l(H) 

-M CIr,(u)

where

or yearranging

1og Keff = log KodA + log o uA - 1og o r,(n) .......80
i

1og Keff + 1o8 o r,(n) - log \4A + 1og ø MA "' ""'Br

Recalling eclu-at-ion 62, a*may be rritten as

[, -,. ,oto* 
r{*-ul 

,- ,o'o* #ro + 1o8 t#* ou 
*

ros CI-, n -r- tos #ro + 1o8 4* - ipn I10 !vL3L\ rvrrr2¡r rv'tnfr ..."j ."....8P

which lends itself conveniently to a rnatheme-tical check as to

hor,r many pro'üona'ced coroplexes are involved in the overall

equilib:riu:r.

TOt" 2) gives the variou-s dissocia.tion constants (tour

independent sou.rces) of DTPA and the 1og o r/u\ vahr-es basecl onu\rrl

the average pHr s found in the literature. Figure 2l dj.a.gramna'cically
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c\l
rfl
r-l

2. O0

2.25

2.50

2.75

1.oo

3.2,
1.50

1.75

4. oo

\.zj
)+.lo

Ïog Cy,

"(n)

Table 2)

rB.116

tT.4h
::6.\7
L5,55

t4.70
L3.Bg

T1,I2
r,z.j9
:..:'.69

LL.Ol

ro.4o

Dissociation and Stability Constants ïnformation.

.6wannl_nen

pKt

PK
¿̂.

log
log

log
log
log
1og

l. 86

D .70
a. I ./

\.zg

8.61

PR1

Durham t 7Ryskiewich' Frost8 Ríngbomx

Kca

"cd
K--cd
î¿",?b
K"b

hb

pK4

nK5

A

ar^
IH

HaA

}l

LIA
IH

H^A
é.

C:Ìrabe6ek, Frost
et al-

2.08

a.4r

18. g

h. tT
72^). )¿

10.48

\.26

8.60

LO.55

Anderegg, ...+ Holloway +
Schwarzenbach** Reilleyx'xx

L.79

2.56

)+,)+e

B.16

ro.4a

rB. 87 , 'Kxx Anal-. Chem. 1z e\g (tg6o)

\. j¿ x* Helv. chjn. Acta E Bzl Ggrg)
xComplexation in Analybical Chemistry, Interscience p. 35L

(tg6t)

r o)r

2.87

L<z

Average

L.92

?. oo

)L 1L

B.6l

10.50

B.6g

LO. 16

a.U
WAnn-r-nen

Durhani + 
7

RyshÍewich
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shor,¡s the va-rious forms of DTPA present at any given pIT. A brief
i
I

suTvey of this diagran (rie. 2J) silrongly suggests that protonated

comp'lsi.6s would be erpected in the pH range frorn 2.0 to 6.0. Some

possible eo¡;ilibria involve :

-Dcd +HzA- s - cdH=A))

cd# + H^A-1 ç+ con^a-2-2

cd++ * *-h {* cana=

TLre necessary calculations involved in equation Bt are recorded in

tables 26u and 26, for Cd-DTPA. A pJ-ot of log Keff + lo8 orln¡ vs.

pH is shown in figure 28. Sjmilar calculations and a graphical

plot are given for Pb-DTPA in tables 27u and 27O arñ, figu-re 29

respectÍ-vely. A coinpu-ter progralnne (least squa.res method ) r,¡as

vritten and applì,ed to equa'cion Bt to f ind the best theoretica.l- f it

to the experimental averages of log Keff + log *f,(U) for both metal

cornplexes. The inc'lusion of doubly (c.""4) and triply (".*ub)

protonated cornplexes in øa* generally gave the best fit, i.e.

for Cd-DTPA,

'a
case

1og Keff -r- log or,(n) = 18" 81 -l- log (r * ro2'95-pll + 106'BB-alH,

iì;'','¡r
b 

. .1
case

1og ts'eff -r' los or,(u) = Lg.1!-r-1og(1+.Loz"95-pH{-tO5'9O-2lHnro9'61Õpn)



t-c\
rrl
r-l

pH

.:::. l

' r-: :i.

2. O0

2.25

2.50

2.75

1.oo

3.25

1.50
Z-Ê), t)
ti, oo

j.n

Ìa

Tab1e 26a Equilibrium Calculations for Cd-DTPA (llave A)

(c")oxro-' toe + + tos (cr,)o el,/z los Kerr
td rr

O. BB

O. BO

0.68
o.53

o.16

o,2t
o.o57

o.0u
0.007

1. BB

1. B0

1;68

L.5t
L.36

L.21

L,06
1. 02

1.01

2.00

2.'25

2.50

2.75

3.oo

1.25

1.50

1,'(5
)+. oo

o.T7

0.71

0.6)l.

o,53

o.36

0.17

0.071

0.028

0.007

V.et
t, Lo

V.o6
E.go

E,0e
ïi. h6

5.tg
5.2\
6.e5

..:.. ,.,

1.77
t.7L,
1.d+

1.51

3.16

1.L7

1.o7

3.o1

1,oL

o. or8

0.025

o.o15
o,o\3
0.051

o.054

0.060

o.o67

o.071

;i' a.. ,,'i..

:;1:tj::!:1'

3.)+o

3,69
\. t¿
\. >s

5.05

,.37
6. et+

7.01

7 .55

Erçerimental Conditions t i¿ = J.00¡rA, nn* =

7.\t
V.t+z

V.tt
V.zt
v.oB
r
4,71

T.tt+

5.gt
5.tt

fog Kerr + los ot(n)

zr.86
2L, L1

20. 59

20. 10

L9.75

L9.26

Lg.t6
t9.4p
t9. zLr

o. oa8

o,o3T

o. o)+6

0.050
o. o5\
o,o61

o.oTt
0.078
o. o8r

3,\B
3.8'
\.t9
\.\z
\.t>
5.)+L

6.Lt
o. lr
7.)+L

L:2

60 em and Gelatin = O.OOel',

2:-.94

2L. pt

zo. 66

]c¡ ()7

L9. Lr5

ltf nnL./. ¿W

L9.2'
19. rO

19. r0

1:4
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fr)
r.i

pH

2. OO

2.25

2.ro
2.Tt
t.oo
1,25

3,50
ZnE), t)

tô
=f-td

Table e6a

(cr)oxro-'

0.70

o.6\
o.6o

o.4r
o.28
0.]-i_

o,ol¡l
o. or4

7.70
rât

T.60

T,\7
7.28

7.LL
zdt

7,oL

Equilibrium Calculations for Cd-DTfa (Wave A)

- io /^ \IOg -7- .r J-O$ \Url^-r-d - ]Jo

2. OO

2,25

2,50

2,75

3.oo

3.25

3.50

3.75

o,65

o.63

0.58
0.50

o.28

O.LT

0.070

0.01-l+

2tz

7.69

),oo
T__

7<o
lor
4.48
Eoo

9.65

9,61

9.58

9.50

9.28

9.L7

9,07

9.OL

A 8., /o

0. o2B

o.o17

0.01+6

0.051

0.061.

o,o73

0.08,
o. oB7

J.og K^oo log K^__ + log cy,crr err ,(n)

Ex¡rerimental Conditionst id = J.OO¡rA, \r* = 60 cm and Gelatin = O. OO2/0,

1.79
:
), Ie
:a TlL/. I'

5.68

V.uz
7 "n). L>

T. er
tr'. ro

3.zz
), >ó

1.90
4. rB
rl, ó)

,.56
o, tt
o, Yo

| ,;i

ì;¡t

o. ol8
o. ol+T

o.o56
o.065

o.074

0.078

0.081

0. og].

2L.68

21.00

20.17
10 n4L,/. l)

1O trtr

ro )rc

19,Lr5

L9.15

?EA

1.Bt
4, L>

\,52
5.09
- 

l-
\ IL\

6.oo

6.gB

'¿L,9'o

2L.2'
20.62

20. 07

L9.79

L9,r+
L9.L2

L9.37

i:10
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pH

2.00

2.25

2.50

2.75

3.oo

1.25

1.50

3.75
4. oo

\.e>
4. to

iil ia

Table ZTa Equilibrium Calculations

trfave A

o,6\
0.54

o. hB

o. i+l+

o,j4
o.2T

0.20

o,06T

o. o4o

o.ot,
o. oo5l+

(cr)oxro-' toe i¿liu + log (.r)o

t Q-t

L. )+
1.48
I ILL

L.3\
L.27

L.20

r.07
1. Ol+

1.01

1.005

7¡z

Ioo
+, ó>

[. go

-E 

^^
[. rr
r-^
4.5ö

5.86

5. ae

f- ù2a. t)

L.

Experimental Cond itions :

for Pb-DTPA (r:a)

^E:'/z

o.o51

o.o59

o.065

O. OTlr

o. oB1

o.ojt
o,og2

o.og5

0.100

o,Io,
0. r0B

1og Keff 1og Keff + log dlz,
. r'I)

r--L v | -1Pb" = 1.0 x Lo-)Mr' DTpA = p.O x lO-rM,

+. lo
F^7

5.1'
5,7L
6. oB

a. )u
6.t\
7,36

t.l
B,%

B.gt

21.22

22.ct

2L.82
ot o(,

zo.7B

20,L9

r9. Õo

L9.75

tg.\6
L9.19

id = 7.44i,t¿, nn* = 60 em,



ffi'

tr
rl

il
it

fi

lr
;i
ii

il
il
lÌl

i
rl

I

t
ì
I
I
I

r
f
ìl

I
I

i

I
j
ä

I

I
I

olrn
r-l

pH

2.00

2.25

2.50

2.75

1.oo

1.25

1.50

t.T5
4. oo

)+,zZ

4.50

i¡/ iu

Table zTb

-1(C-) x10' L'o

0.54

o.48

O. )+o

o.35
o.1t
0.20

0.12

o. oT4

o,otg
o. ot-6

0.0067

7 .5\
7.48

T.\o
7.35

7.1t
7.20

7.L2

T.o7

T. 04

7.O2

T.OT

Equilibrium Calculations for Pb-DTPA (f:A)

Wave A

tog if/i" + tos (cr,)o

). oL

5. t>
7Ls

V,lt"t
). )>
t, Lo

1r.90

E.lz
I )r1

E. o:
5.68

Experimental Cond itions :'

and fX - 1OO =,O,OOI/0,

b E:'/z

0.080

o. oBI

o.o9t
0.100

o. 106

0.110

O.LL1

0.l-20

U. IEO

o. ra8

0.L30

log K_--
EII

J¿ .-- 7
Pb" = t.O x lO-''M,

-__

5.Lo

5.29
j.68

>.9ö
Ádt

6. >t
6.gl
7.15

T.81
B. eB

B.ll

log K^..- + log c¿-eI 1 !/r\

DTPA =

21.56

22.73

22.t c

2L.53

zo.9+

20.)+6

29.o5

L9.l\
L9. jz
I O zr

1O i<

8.0 x Lo-1M, id = 7.44¡rA, nn* = 60 cm,
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average e>qrerirnental valuesTable 28 giv'es the

values of loE K
-inC-L.L

+ log of,(U) fo:: bo''ch câ.ses.

of those values led io the conclusion that three p:rotonatecl

complexes r¡ere involved in the overall equil ibrirm. Tnus (from

eclrr:rti-on Ba) tne best fi'r, r,ras ob'La.ined for

TTlos KðunA = 2.9,5

rosC--- ^=2.Õ*"o -'cdHjA *. I

ancl tlre calcu-latecl

Close inspection

A. sjmi-].e,-,: set of calcu-late.cl and e-xperi:iren'carl 1og K^o-o * log cl.,. ¡-.,1j : eiÏ' Llfl /
vafu;-es for Pb*DTPA a::e gi-ven in table 28" The besb fit, (calculated

to erper-'irnenLal) was obtained l¡hen the doubi-y ("u.l:c,o) anc). '|,:r-'ipJy

tb\-p-r:o'uonatccl (casc".) comJr-lexes r.relle :i-nchrdcd in ørO , na-me1y:

aôo ê^

1og r-'^*.., + 1o8 orlrr\ = L9"o! -r log(1 -t'fo3'15-flr -F 107"9)l*2pu)- el-j_ - L\ri_/

ancl.,

b

K"rr{']-os Gl(n) - rlg.'l-o-r-1og(t-lrolr' 
05*ÉI-F107'\5*a,tt'-rolo" 20-5pII¡

case

1og

J-og KCAA = L9.L5:

1ogI4.., n=2.9Jtuu112å

loe h¡a = l-9"IOt
LT.

log K.oft, 
^ - 1, Ll-O,

f ul1^¿r
¿:

bAga:ln c¿rse gavc the be''¿te:r.' fjt of the 1,r.io" Recal-ling eo,u-i,r-'r-Lons

81 a:rö- 82 onc ob'La-.i.ns:

H
f.og Kpbtj -, 4-"05

t-r.,gKIj..,, ¡-2.-(5r Ll.rt-,-¡1)

lfi..'..j::

I

I
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Tabl-e 28 Þrperimental_ and Cal-cul-ated IoS

foB Keff + Iog cr_

"(ir)
Cd.D[PA

2.00

2.25

2.50

P.75

3.OO

3.25

3.50

1.75
4. oo

l+.zj

h.:o

Arrerage
Ex¡g. Value

2r.w
2L.L6

20.57

tg.99
19.61

]tg.3t
L9.50

t-9.28

r-9. L8

Calculateda Calcui-atedb

; tl.'i:
:,..::::.

2L.69

2L.2L

20.Þ
20.26

L9.83

L9.)+6

]-9.L9

19.0r
L8./2

1oS Ka* = 1B.BI

ros K*fu = 1.1o
roe r*þ 

.= 
3.58

2L.86

21. r_B

20.55

20.02

L9.61+

19.4r
j-9.29

L9.22

L9,L9

il r:1

/,):!

ttKtt Values.

Average
Erqp. Value

23.)+5

22.69

22.OO

2l-.40

20.87

20.31

19.96

L9.82

19.48

L9.36

]-?.21+

Fb-DTPA _-_

Caleulateda Calculatedb

IoB KCaA = L9.L5

roe rc*fu = 2.95

ïi Im*:::;,

22.99 21.37
22.)+9 22.68

2l,.99 ' 2z,or
2L.5O 21.,.tO

21.00 N.B5
20.52 20.18

2O,o7 20"00

L9.67 L9.70

19.37 19.48

L9.æ L93+
19.11 L9.z)+

-aGase

los ïpbA = L9.o5

bs bblA = 3'15
to* lmlro = )+.5g

caseb

tos K"bA = 19.10

:-os i<"blA = h. 05

t"* n*H;o = 2.75
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Table 28 gives a surÌ'oa.ry of the calculated sta.bility constants

ob'cainecl from !íave A,

ïn table 2J are given ihe lite::atu-re values for various

Cc1-DTPA and Pb-DT'PA sta.bÍlity constants. fn the case of log K*:

the constants ob'be,Íned in this siudy (for both Cc1*DTPA an.d

Pb-DT.trA) compare very lrell wi'bh the I-:lterature values. In fact

for Cci-DfPA ou-r val-ue falls wi'chin the range of valu-es gives in

the literaiure (see tab-Les 25 and 2B)" In the case of Pb-DTPA

our 1og \^ value diffe:r:s from the 1-one 1i-uera'r,ure valu-e by O.21

1og K (i."" l:lte:rature valle f.B.87, our value 19.1-O). This Ís

coir.siäereci exceLlent ag.r:eement foz' sta'bility constants ob-baj-ned

, by el.cc';roa,:ra1-y b-ical rncthc as2J-26 .

H
tr'or 1og K*rU, th. agL:ecrnent Has no'c as good. 0n1¡' 6n" (p. ft?)

lite:r'.'a1;u-:re val-ue was g;iven for each metal conaplex (foS f.[.r* = l+.L7,
H

lot O-"O''A = Lr,5?-) d:iffering frorn ou:r val-ues by l-- 23 J-og Kr¡nj-ts for

Ccl.---*lJl-IPA and O.l'f log K fo:r: Pb-DTPA" Sirnilarl¡. 1og It,, nlYlr ^åFI 2
(.tog 1(^-:. n = 3.32) tor Cd-ÐTPA c1:lffers f:rom -r,he lite:ratu-re value

uu.rrzft

by O"1T Loe K units" foe {nu-n has not, bee,n::eporl,ecl to datc.
'rtL2' H

No v'alu-cs could. be found for 1og Krum.a for ejther ne'¿¿rl-DTPA coin;o1-ex"
t

fhe .-r.'e.l-a'r;iv'c,1-y fer'¡ hlbe::'atu.re const¿rn'r,s determinecl. to datc (for

p.r:'o'r,ona'r,cd coinplexes of Ccj o:: pn) i.n.¿:ic¿ites a rneasu.r'e of the

d.i:['ficu.L'uy encouni:er:ec]. :i.n ob'uain:i-n.g staì:iti'Ly cons'uants fo:: pro.

tonatccJ. íre'c¿-¡.-l-DllPÁ co:rrpl-exes. l:'ir :i.s rrot tcrct sr-r.:r.p;-.ising then to f j.nd

lercge il.if:ie:¡:ences bet¡:¡ccn J.og ti[r, O va.lucs v;h-ich r,rcrc-. detcrür-ined by
x

dif:ferenj; ncthoäs ¿ri:rd- uirci.e:: diilfe,,:en-L cotrc].-i.t:Lons.

i.i 'ì,.1.ì.- . .
r:t,:jìi,ilì;a:t:::

: 5 :r. t-î+t



ka lH2Al

Lo 6.0, the approximate concenti:ation

which when substitu'ced in'co

1U+

(slow)

(fast)
except that

A nmber of mechanisms (kinetically controlling Ï,rlave A)

proposed" among which the best fit for Pb-DTPA was obtained
k_

d.

PbHôA- 
-I
K

T

,"o-1 + pb+È

. Pb++ * Hg" + 2e- i^ pb(Hg)

of the same form as the ïüave C mechanism

is the electroactive species and" not the PbH2A

complex. Applying the I(oryLa and^ Koutecky27 kinetÍc treafunent

(mote: the rate conshanl V( is always used for the reaetion

yield"ing the reducible component) one obtains:

¡¿f,g ---\ = kdlPb%Al =fr lrnHral, ka

-t-J-

= flpb"],
with some

fÇ
kr[]r2Al

charges omitted for sjmplicity.

-/into eclu.ation 16 yiclds

were

with;

which is
#

free Pb

f

above

O. 886 Õl

ofI

k
T

.t! -
d-

y¿ts a- = k_^[FI^A] [pn*n],,T¿

"uo=#ry,
S.:.bstitution of the

i-k--.":*=
.L -.Ldk

ln

IIJ
¿

equ.ation BJ yields

-L] _
1{-î----"I -l*d" *k

the pH range from 2.0

I is,
+f{t

lural = 
rnÏqrïr%

cons-uants

k
T

= 0. 886 B4
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for which.a pJ.ot of loe¡

approxÍmat'eLy -2.0o depending on the relative nagnitu-de of K,
-+ana [H']. However the above p]-ot fo¡ pb-DTpA exl:ibited a curved

line from pH =.2.5 to 3.! and an al¡nost straight line (slorre ã

- 1.50) between pTT = 3.5 and )t.5. Con-r"adi, et al." nuu"

pointed, out that under acid.ic conditions corrections must be

applied for the concentrations of protonatecl complexes, for the

complexing effect of the buffer used and for the concentration

of ligand if not used in large excess.
I
/ Rer,rriting the rate constants r,¡ith the above correction factors;

/) = k
/T

Ig^al-¿. trG =
1-

o

i-
K

;-:;*l vs" pll shou_ld have a slope ofL--L" loK

CIH
t'

(Í- - and [Hra] =
t\,1

tc, lnraiq^ro %¡

vhile upon su-bstj.tution into equation )6 yields;

^ õÕau. ooo
kaou

krlH2Al

rearranging

f-
K

-----T*
1_ -Ld1{

ooo ø1124 t

bu-t

r-_^--
o. 886 / ka % o4ld t

= **/- J ÐîtJ

cî4

k-a^-d lv1

i_tt
a -ad .[ç

O. 886
= -L:È.''%

runLJ
86

;1::p:.'
.t: '!ìi !l;k'-T 

--t\4_=K
k_ . '1,ßr_A
d2

iL 
o. 886

I -l*d "k
Ooo(
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HeTce vhen a la.:'ge excess of ligand is usêd (t:8, where A* = con-
i i,-

sthnt) a pj-ot of 1og(,;;ç vs. t/a(bs ?l¿ 
+ J-oe 04.. ^) - log ø*-t - "- --o (ia-\ì *¿ -r*-o "?I --' T2o --- -1[I2A

shou-ld. yield. a straight line with a slope.= 1.00. For eonvenience
A

sake, J-ei t/Z(Jog cr'n + 1og %^O) - 1og %,m^A = 1og "o"*_OrrO-2- ,'*-2-'r-0 .... A
Figure 50 illusirate.s a plot of 1og 

( id_il) vs. 1og "ø"*_DT'A

with a slope = 0.90. Tkris was the best fit obtained. for any of

the mechanisrns proposed. IIence it r,¡as concluded that the tr'Iave A

equilibrium for Pb-DTPA was du-e mainly to
I

-\=PbII2A \-: Tlb + H2A

lihen the llgand concentra-r,ion is not in large excess, a

correction must be applied. to equ-ation Bl . . Koutecky, et. uL.27

have shoi,rn that the corrections for the above mechanism are

tMA-l(r +-T# l-.-k
T'
a_

d"

t/z
O. 886 CIuza t ...

Ia* 1

In tÏlas

ueA

Bfwhere if fo >> I\L\ eo;u.ation

study the 1:B ratio daia ar"e

ïn order to make use of

usin.g equ-a.ti.on Bl"

87 for the ca.lculation of

possible by v-riiing

BB redu-ces

employed"

equation

This l^¡as

to equation

k6r one mu.st er¡a-lu-rt" {,mra.

,,14 [MI2A] l]elzAl
l1-__ - = = 

ÉFæ.. - .*2^ 
[rrl] [H^a] tnol ti'mal2

tpiuAl i¡tl-rI1år
IHea]IM] tHAl
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{l
t¡t

fl
ri
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irl
i:
:11

'il
$

fi

Ìl
!l
ì

F.-+
rl

' t/

pH

2.ro
2.75

3.oo

1.25

1.50

1.75
4. oo

\.2,
4.50

fabi-e 29

cd-DTPA (r:g)

I¡
-,t
M - l---l-ndx

o.72

0.28

r. Be

l. zB

ã. eo

â.to

1t)
iog *.* Iog t'c¿" values for Wave A .

\f -rnl
d.À

Pb-DTPA (r:g)

l-os "c"f;u-Dïp^

Erq:erinental conditions: tt** = 60 crn, t = 4.2 sec,

id, = 5.0¡rA and Gelatin = O.OO2/0.

^Note: Ios."o"äd_DTpA = t/z(:.oe %yt + 1o8 %) .

J-ogonorrA-pil' \ ¡r¿2ã

-i

2.23

2.60

2.95
721
), )L

2-r). t)
\. zt

a,
-'1t^o 

-

*vtl .
I- -'L ¿d.L

0.99
;
1 A'7

T. Bz

ï.58
î.10
1.o5
6dt

2.rc
2nn),>t

:.i.

ros "ø"fu-DTpA

Erçerimental conditions, nrn* = 60 cm,

t = 4.2 sec, id = 5. þA and TX-IOO =

o.ooLlo., Noie: t.og "o"åo-DTpA =

Ue(:u:eo M 
* ro* o rro) - los * *ro

¡ nQ

r. 08

0. 82

0.58

o.10

-0.02
-0. )+0

-0. 82

-l.26
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0.00

l-oq -lt-h-k

1.00

?.50

2.00

Fl G.30.
-1.00

I

Los -iL
h- 

of,

il:.t:

O.CCÌ !.00

vs. Lrg \\c" A flor WAVI
Pb.DT PA

H
-N

A.
2.0û



L\9

appl-Fing logs,
!
I

II ,o* d:, ^ - Ios #ro + los ffi - nrcartllr2.t-r

for r¿hich the r.h.s, constants are knor,rn. Chaberekrs value, ru"ä

used, except for fog Iå- n where our value of 1.5 i^ras used.r r.[r2ö

Tlren 1og ffnro = 1.5 + a2.B - B. T = 7.6

and, rog K!l- n = 3.3 t' :rz.T - B. T = 7.3\rJl.¿2ë

lfriting'ou-t egu.ation BJ and applying 1ogs,

iî
l.oe;-*-=-: = log O.886 + L,lz(Log k.

= (ta -t-¡? o - los #ro + :-os t - 1os Ar)

+ tfz(Los 
%r¿ 

+ los %ro) - los %mra

For the Pb-'ÐTPA(1:B) aata; t = )+.2 sec, AT = -l x LO-1, pI{ = )+.00, etc.;

- L"36 = -0"o5 + L/z(J-os ku - 7.6 + 0.62 -ts 2.1.r) - o.lo

then 1og kU = 2.A3

k- = 1.14 x 102 = ]-1h """-1.*d_

k- r #- ^ =4x:-o7Sl-nce Ë* =
. *d -MrO

then k-- ry= 5 x 109 mole liter-l """-1 l¡hich is of a rea.sonable magni-T

tu-d.e for an acid. recombination process. Tne value of k, furnishes

further val id.ity to the mechanism proposed. above"

For Cd-DTPA -r,he folloiv-i.ng mechan;i-sm gave the best fit;



k
cdH2A- n n* + ce.# + 

"3o= 
(slow)ç,Y

-L-L
cd'l'Ï + Hso+ 2e- 

== 
cd(Hg) (fast)

for which;

= tr=[u+l3¿¡s ---\ = k, [Cdn Allr{J =fc[canra], .'.yf
rate s- = kr [cd-r-f]ls¡¿l = ylcdr+1 , .'. f = kf[IIrA]

kr rn+l
anCL U = F-å-:

k^ [H=A]L,)

ïIpon substitution into equaîion J63
I

r , in k [tl']/ ; -å- = o. 886 -r---.-' td-t/ k- [Ii-A]f-t-

and. upon rearr"anging

=+.= 0.886 r- [s+] E--t--*--,a_r.!. r_ - { kf [HrA]

150

i. ;.i,.:. ,: .:.'

F"* Bg

w

RewritÍng the rate constants with the corrections for buffer corn-

pl-exes, ligand and, metal-ÐTPA protonated complexes one obtains:

[u=,A.] k- [H+]o ) ^î= l-- --"'-r =orÇ t/tu- 
%**-_

2

k [tt+]or. k
FT--IVI ¡nr¡ilTU =--'_*._ Ano- ll =;:-

kd t%Al qMr-A ^f
t

trhere k, is u-sed instead of kU becau-se the reverse reaction is not

a trr-r-e dj ssocia.tion reaction. When the above corrected constants are

transposed. :lnto ec¡uation 16;

t.¡;lii t:::: :,ij,..i-\,iji,.;
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F -i+'ii 
^ õõ. t<,' [H'løau

t--.- = u.0Õor--ar) 1- rd
_! 

[%o]o*nro
+T

anð" rearranging (H-A = :-- )'t di+n"3"

ínuL
'L o. 886 lH'l

ït is evident from equation 92 Llnat, a plot of l^- :L a¡õ

t/z (toson o+ :-osc¿*) . rH - 
'-osocaHrA "n"rri";i;*l-"" ",

- flOO" Figu-re Jl shovs such a p].ot for Cd-DTPA exhibiting at'tì
slope of -L"25" A perfect mathematical fit was obtained (i.".

:- z/o
slope - -1"00) vhen ln'f'' ' rn¡as inserted, into equation 92" ftris

ind,ica-r,ed thai the overall equilibrium for \nlave A was probably a

mixbu.re of two cornpeting reactions. Hence it r,;as concluded tha.t

the rna.in mechanism responsible for trIave A'çr'as

_ -L - -L-r
CdH2A + H' Ë-:-Cd" + TbA-

t¡'ith soi:ie contributron from

cdH2A-
I¿¿+2H'l:*Cd" +li4A-

which r.¡ould have ltl+]2 in the kinetic equation thereby giving an
. -¡- </o

average lti'1tt' dependence in equa'cion 92 . Under these

cj-rcumstances no atteinpi was made to calculate k
T

ït was evident from the erperimental resu-lts and theore'cical

92a---"-_æ
"a -JL * CdH^A

¿.

kf i%Al r

kron ao¡t
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consj-derations outlined in this chapter that the protonated com-

plexes (Cdq,A and PbH*A) of both metals played an importa¡t role

in the pol.arographic investigation. Ttrus a supplementary study

u'as u.ndertaken to obtai-n add-itional information about the chenical

properi;ies and behavior of these protonated complexes, i.e. an

N.M"B. study of Cd-DTPA and. Pb-DTPA"
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NU-0I.,_84.8 M4cNEtE &E_Ð_OSAUCF S

Ä. _ïntrcjlge+"io¡1

Early in 1946 Ed:ward Purcell at Harward University and Felíx 
,,i:-:.:.:,.1

Bloeh at Stanford Untr"ersity announced, almost sim'ultaneously, that they ,:,

had observed the first nuclear magnetic rèsonanes (N.M"R.) signals of

h¡rclrogen" Pureell detected the hydrogen nuelear resonanee absor"ption in l

ì.. .' ..,paraffin wax, and Block observed the hydrogen signal in rEater. For this 
,,,..,,,.:,i,';. 

:important ciiseo-;.ery the¡" ¡s*tir¡ed. iointly tÌìe 1pJ2 Nobel Prize i-n Physies. 
,,,,,,:,:,:.,:,:,

Th-e teehniqrr* of apply::lg nuel-ear rnagnetie resonånee to Ínor-ganie '::1.':':1:'::'::'

eorrrplex ion stuc-ies T.,ras oi:ly begrur in the 60t-o, altheugh the organ!..c

eheni-st,s had eriployed th:i.s a.ppr.oaeh si.nce tlie eariy 1950¡s, Thus fire
Ì1f, ñ l Iapplí.cation of N"l4uRo ta ehieidate the struetureo kinetiesn exehange 

I

,reaetio¡ts a'¡'rd instability eenstairts of r¡reta1-e.rairropelycarboxyl.i.e aeid 
.

eoirçlexes is a relatively ne'o¡ fiel-d ef endeavor" So,tie of the pr.e,liinent
l

worlcers in thi-s år.ès, aïe Reilley and Sarryer- i¡ the UoSoA., .sargesein i

in Aus'r,r¿.J-ia 'ar:d Sher,¡ in England o

A nuel-eus lrith a n*gnet5-c r,icnerit ean be treated- as thaugh it r,¡ere 
,,.¡,,;;..,;.¡,

a bar ä:agr:et s1:ilnii:g on i.ts axis. -Wherr placcd i¡ an external fielc!-o the ' 
'

i.:ntevact,ion of tìre rrragnetic lric¡nent r¡j-th the exter.rial magÌte'¿ie fi.elcl .'.':¡¡.'¡'

prodnees a torqueu ThÍ-s torque intereets 'r¡itlr th.* angu-rì-ar ¡üûì.¿entu:n and

cs-L-s€s tlie rnag::eti-c nic¿r:,*¡tt to precess abo".¡t a fixed applierl fi.el-<Ì vee'ûc1..
:: ;r:::,::' .::i::'

The angul.ar" froequei:rcy ef tho pr"ecessic¡i is refer::ed tc as the l,ry¡:rn*r |int,r',,¡

.ied field, ninrgnetic ¡asrirenr- .no-;:ng3ularf:'equer:eyo depei:Cent cR the ai:plired field, ni¿ìgrle

rìoÌnerrt,l¡Ìi of th+ nuc]-cus. In an ÌtJol"loR. e>,;¡pei"iniel:t one applies a s'i;r"orrg
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' honogenous nragnetic field to the sample causing tho nuclei to precess"

N.M.R. speetroscopy is mest often eoilcerned with nuclei having a nirclear

' ^ I '..u. iIl, F19 *rrd p31. Radiation of energyspin que-ntua nurr'ber of f, i.e. it¡, Y' and P'*n Radiation

eonparable to tho precessing frequeney is then irriposed with a radio .,, : ,

frequeney t:.ans¡'.aitter' l,Ihen the applied frequency frora tho transraitter

is ec.uaI to the Larnor frequeney, the two are said to be in yesúnaneor

and enorgy ca.n be transfey'red to ancl from the source (i.e. the transrrrittçr) ,,,.,,i,,,,,
. r,....,...:.r,.:t-

and 'r,lie sarnple. The net result af th'is l.esûnanes is that some nuel-ei are '':'' ' 
'

exeitecl f¡'o:r. a lci.¡er energy state to a highe" energy state by absorption i,.:"t:,-.'
I

ofener"gyfrornthestu}teatafrequel1eyequa1.totheLar.rec;rfreo.ueneyo
i

Ene::.gy nill be extr"aeted from the rf sou;:ee orùy rvhen thís rescnr¡1ce coTt- 
i

di.t,ic¡nisfu3fi11ed"tr't,hirde1ectyonicetInponÛr.rt,ne;ne-l.yadeteeLor'is

used to obsei've t?ro frequ-ei:*y at whieh the loss i.n enorgy fro:¡i tl:e trans- i

,l

¡iit,tereecì)rsa3'1crringtheresc,nai:cefr.eqÜ.ancytoberneäsilÏod.ThelÊ'yrnor

frequeu*y is ¡iatched. to the applied radio frequeney by var¡ri.ng the fielC 
i

str"ength, i".e" fi:cecl fr-eo.eenc¡r prr.rbes (scu-:.ce e.rrd- deteet,o:") are e:r:p1.,oyed, i .

.TheN'Ì,foR9p}ienÕrner¡'onh¿essignifican*etbthecher¿i'stbeeause,

th.e energy c¡f the resr¡l&rìce is dependent upon the ele*tror¡ic on"¡iyor¡ment lt'ìì].':''.
i;, ;,;;': , :-

a'bout the nu-elou.so The eLe*trs¡rs shi.elcl the rrrlcleuso so tira'r, the r,;egnitude ,,:.',,'ì.;;':

of the fiel"d set¡s a.t the r:ue.J-eu:;s I{r0., is cìiffe::t+t:t, froin tho appS-j.eci fl-e1-cl,

tr.
"o'

HN:[ = H0 (f - o) oeøGooôooe oono 93 ,,,...,.,,,.,:.:r.,:,
,:.,'ì -::'"t;;:

l.rir1.re o, tho sìrio3"d,{:'tg eanstarit,, is a drrner¿sj"c:d.€ss euå,rrtlty r,.ihicl: re-

pres€nts the s?:ield.ing cf the t'¡u-c1e"'-:.s by the el-ectrcitso T?ie v¿l"ue of
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the shielcÌing eonstant depends on several faetors, anoRg which are the
-thybridizat,ion anC electronegativity of the groups attaehed to the etom

.

contai-ni¡g the nucLeus being. s'tudj-ed, Hence ident,ieel nuclei in different

ehernieal e:rviron¡.rents abscrb energy at d.ifferent radiofrequ-eneies (for

a Siyen applied field) ar.cl give different resônanee si"gnal-s" The separa-

tion betr"¡een the various resonance froqueneies is called the gMisú-qhif!.
The position of the peak is a cha.raeteristie of the moleeu1e. Sinee

chernica.l shift,s eannet bo rneasured e.bsolutel3r, that, is, fram a nucleus
l-

stripped of íts electronso the signal fyorn a reference corrpûürrd is used.:: .ì"
as e-n arbiti"ary zelto ^A' suitable eûìiipoultd for Iì¿ resonanee j-s tetrarnethyl-

silane (T,:t4"s") for organÍ.c solvents ancl. sadirr¡r j-(trinethyLsilyl^)-1-

prtpene sulfonate (Î.M"S.x) tor aqueoits solutions. It is eusLoinary to

quote eheä¡ical shifl,s jr¡ t?re clu¿ensicnl-ess paranrater ô (in ur:its of par"ts

por millt$?l pop"rìtó) cìefiried ty
H^-Ìl :

ô=os * oR = (l5"HR*3) 106 .oôoc6o¿o6eou"o !L

r'¡here o^ - o- is the differcnce in sÌiiel-d.ing const,a¡:ts betr+een si;.rapI-e andùtt

referenee, bei-ng equ.al to H, - h" These fieLcl measurríûents eanrrot be

r¡iaole u-it.h ce:''be.inty h*nce ít is rûÕl"e eorivt:nient ts ealeulp.t.e ô fro¡n tire

expressien

o * f*-d5l*€:) ro6

',.','he:'e S -. - t)-- i" t]:e eire¡iiic¿l, shiít d.ifÍer"enc;e betr¡ee¡r sårqllû ancl re*s - r .- 
-- --- -'-,.r-'--

ferenee i:r e¡,'c1.es ***"'1" Sj-tiee ciiffe:r'er¡t N"l,foR. spec'Lr-oä:o'ce:"s e,re operat,ed

at, a v¿r"ie-Ly of frequ*i-ici-e-s SPo, eo,uati-on 95 gives ¡- ri:ethcC_ af re¡;o:-ting

6 itr r¿ corisist,eit f-þ.s!¡i-oi:"

.6éoôoGo6ôoocao 95



.2¿j-:t*r¿?*tu>J<3:6>WÐEù¿rb"eaiti.È :.i4 Å!!)

158

/ Compou::ds having rnagnet,ic nucl-ei j.n mor-s than o¡ie cheraical en-
!

viron¡ien'u eeir have absorption bands sho-'ring fine st,ructure " This strue-

ture, kno,.^¡n a.s multiple'u splittingo has it,s crigin in the coupling between

magnetic nuelei taking place via bo¡rding elelctrorrs, The rnagnitude of the l, ,,'.,i
t'

coupling, the coupling constani J, ean be detennined by measuring the

separatior¡ of the rirul.tiplet co:iiponents providÍ.ng that the chemical shift.

d.ifference of the eoupled nuelei is much greater than the magnitude of i1::,',
..t:: -:...:.

the nu-Ltiolet splittings 0

.. l ,:' :.: : I

This band separa'uion j-s independent of the field strength, henee ;':i'rr:::
.a ,

J is repor'ued in eycles sec - and not 1:? p.p.no The rnagiri'tudes and types

of band. spl-itÌ;3rrgs ean Ue ìsu¿ to d.etey..nj:re the relati...¡e positions of 
)

;

fuàit,ional groups in e. molecule. In the present stu.dy, N.HoRo speetra 
l

Ì

'¡e¡e obt¿ined to exa.mi.ne the fol1or^ri.ng;pyotona'L,ion sites c,f DTP4. r.Eiih a

varj-¿tion fu pHu rne'üa1-11gend. bond Life-trmes, tençeratuye ar:d- esnet¡ntra-

tioneffeetsont,}reconp1exesofDTPAandtoe1u.cidatet}ies.Le:'eoeilem3-stry

of these netal- er:rqp3-exes. Â thorough treatrnent of N"M"R, thec'ry is ree.diJ-y
fl -44ar¡aila'l-rle frc'rir e. nus'rbçi" of tex-t,*books.--.-- 

: :

ir :i .::, i- ¡i ,r
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B. Expesilgntel

The proton nuelear magnetie resÕnancs (P.M"R.) spectra ÌrÐs.ê re-

eorded 'sith a Varien A 56/6AL speeironeter. Most of the speetra Îrer€

recorded at ôoc, 3BoC an<l Z0oc with àn """*"cy of J 1oc. The spectra

were obtained first r¡ith a 500 copesc span and then enlarged- on a 100

crposo sllan. The spectral d.ata repor.Led are average readings of several

recordÍ:rgs, . with an accuracy of t O.i* c.p.s .

394.1v gms" of ÐTPA were weighed out lnto approxÍmately 800 ml" of

distilled :!+a,üer. This solution r,ras sLirred l¡lth the slo,¡ a.dditÍon of

potassiu'rn hydroxÍ.de peJJ"ets untiL the acid had corqpletel¡r dissolvedo It
required three meLes of base to every noJ-e of acid to conve¡rt the acid to

a soluble pota.ssiurn sal-t. By the acì.dition of distilJ-ed r.rater the sslutior:

vras braugltt to exactly one liter" This 1"00 Il s'bock solution of DTPA

r,'es u.sed to p::epare the N.M"R" soluLions by aliquot. l-,00 l.f stock solu*

tions of caùniurr ancì lead ror.ere p"upn**á frain thei:, nitr.ate salts (Reagent

Grede) o From these stoek sclutions various m-*taJ-*ligancl solutions r.i,El-e

preparedo rarrging j:r eoneentration fr"om 0.1-0I'1 to O..J0itt rvith respeet to

both metal and. ligand. Under t,hese concenirated cond.j-titoRsu r¡hieh rn'ere

neeessåry to obtain a proper N.Ì'I"R" signal , rro r-.-uffey rrras needeC¡ ioe"

DTPir served as its c'*'n buffei.n

A Radianeter type Fll2-B pH*neter r.;"ss u"sed to de'Ler.rn'.!::e the pH of

al-f. the solutions, The pH'Lras e.dþstec3 by the e.dciition af potassiun

hyd:'cxide sinee the DTPA stoek solu.tior: r+a.s quite a.cj-<lic to begln rçith.

:r.. :

i::i;:::11.1::
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hr:'e (Fishor Seien'uifj.c Co") tertiary butyl aleohsl (T.B.A.) ura" ad.decl
I

to ths tesL soluticns as ¿n inteffial standard referenee for the N"M.R.
I

neasurements" I:'l' Uy vclurae of T.B.A. was sufficiont to yield a goed

referenee signal at I.233 popcrïro dor^rnfield from sodiun trirnetþisi]-yl-

propene sulphonate (T.l'1.S,*). Tho adventage of us5:rg T.B.A' is that it
is read.ily available arrd it has a sirigle peak close to the area u-rrder i¡-
vestigation" The T"B"A" slgrral is a.lso Íldependent of ionic strengtti and

6t
PH.

r.. :-,ì, :.ì

,:t::::i:::i.
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C" Results
-T-æ
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The structural formula of the DTPA pentaanion is given below.

Tkrere are eight basic sites in the molecule; five carboxyl groups

and three nitrogen atoms.

(a) _ (a)
Ooc 

- 
cH^

l'
I

-N-CTI2-.ffia-

CH

I
N

I

CTI

2-coo I l: :..."

T-ffi2-ffiz
i I (¡) (")

00c -- c[I2

00c __ clt^

l'

_- coo

Secondly, there are fou-r types (u, b, c, and d) of non-labile

protons in DTPA. Eight acetate protons are labeled (") and two

acetate protons are label-ed (O ). Since neither a or d protons

are appreciably spincoupled to any other nucleus, two sharp singlets

containing relative areas of 4 : I wouJ-d, be expected. The two

t¡rpes of ethylenic protons (¡) ana (c) are strongly spin-coup1.ed

and should give rise to an ArB, pattern when their: chemical

shift difference (* \") i" sufficiently large 
,..,:,,

When all sites ar"e protona-r,ed in an acidic solution (pll = p.O),

õ^ and õ- are nearly equal, giving rise to adjacent singlets asa

shoi,m in fi,g. 1e. ôo and ô" are suffíciently different to produce

four distinct peaks (arer) as indicated in tabteJO and fig. 12, 
ffi

-e/

According to Anderson)o such an ArB, pattern can be rearized vhen

the ratio of coupling constant to chemical shift is approximately
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Table J0 PROION POSIÏIONS 0F FFEE DPTA vs. T.M.S.r(

pH Temp "C a d

0 237.0 2LT,6
2.00 18 211.5 2L6,'5 207.5 202.' LgT.o Lgz.O

:(o g)2.2 2L7.r- 2o7.o 2o2.o _ Lg7.o L92.5
-

1.oo tB 21L.1 214.1 206.8 202.8 Lg\.6 LBg.6
70 2ãO B 215 ô noÁ Á pnn q roq q ron r
0 212.2 2LL.2 ZOTZ ---s.2. m

4. oo 38 zzg.j 2oB. 5 po5.T 200.5 - L9r.j r8z. r
_ _ 70 229.0 208.0 ryj1J 2oo.3 L92.1 l_87. o

4. 5o tB 2p9.1 205. B zoj.o 2oo. o LgL.3 t}6.z
TO 228.2 2o5.O 2or.o ?qo.o LgL.7 iB6. )+

5. o0 38 228.8 Lg6.)+ 203.1 L7T.B rB8. 5 :.}l.z
_7o _ 228.0 L99.L ?01.6 L7B.L LB9.' L84.3o 230.1

6.oo 38 pe9.8 L96.\ 203.1 L9T.B j_88.5 LB3.P
T9 227.7 L95:-7. 203.2 L7T.B rB9. o LBl. jo 250:2

7.00 38 227.7 L96,7 202.0 L96.7 L87.7 LBA.5
_To 226-9 Lg5.B 202.5 L7T.L r8g.o L83.,

B.l 38 .zL3.o 206.0 rBB. oz
70 2L2.5 2ot .6 t Bt . )+T

10.0 tB L99.o 207.3 i - - t79.ty

b + c protons

The proton positions are given in c.p.s. recorded at 6Omtz.
0.20 M. :
Z. Ttre center of a broad A2B2 peak.

:.:,, 
: ,, ..:,i

)'.,a,::

L99.o 2oL.o ì - LTB.57

The concentration of DTPA is



:.6I+

one-half. As one increases the pH, the question arj-ses which wirt

be the less favored protonation sites. Reilley57 has reasoned that

due to electrostatìc repursion the cen-tra]- nitrogen and carboryl

positions would lose their protons quite readily. For this to be

the case one wourd e:pect the d protons to show a significant

ehange in chemical shift and this is coni'irmed by experìmental

evidence. As the pH changes from 2.0 to )..0 the d protons move ::,,
,t:l:',-.

upfield and remain steady until a pH of J.0 is attained. fhen the
,,'.itrend. is leversed and at pII = 9.O the d" peak has moved downfield. i:,ì i::i:-

to almost its o::iginal acidic position. nhis must mean that at

.
pT: 9.0 the centr"al nitz:ogen is protonated a larger percentage

of the tirne than the end nitrogens. Reirley5-( nu" computed, from i

Nl{R data, irraÍ arter the a.dd-ition of a single ec¿uivalent of proton 
.

ìto a basic solution of DTPA, the terrninal acetate gïoups are not ,

i

protonated to any detectable extent, the terrninal_ nitrogen groups 
;

are protonated 26/t of the time each, the central nitrogen is 
l

protonateo. Lrt/, of the time, and -r,he central acetate group is 
j.,'::;:,:

protonated l/o of the time. T¡trhen a seconcl equivalent of protons is 
'::::'::

':t" 
tt 

"'

. --: !::'
added the d resonance undergoes a negative protonation shift and '' ' ''.

crosses over the a resonance position as shoi,¡n in f igure J2. Thjs

indicates that ihe two protons are spending most of their time on

the terminal nitrogens leaving the centrar nitrogen position empty. i,tt."
simultaneously, a, b and c resonances unclergo large proiona-tion

shif,ts as the pll changes from 2.0 to 10.0. This r¡ou-ld j-ndica,r,e that
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the five carboxyl groups experJ-ence sjmÍIar protonation time with

the pH change. Tr this study the AaB, pattern of the ethylenic

protons separated into four dÍstinct peaks whereas Sudmeier and

::'ll:

cQ
Reilley" found a broad doublet. ftrere was perfec agreeruent at

high pH values (B.o - 1o.o) where the ArB, lattern becomes one

broad peak.

Spectr,a of free DIPA were recorded at O, 38 and 70" C. An

increase in temperatu-re sharpened up the peaks conside::ably as
i.

Índicated'; in figare 13" Tnere are three contribu-tions to line

width, i.e. natural line vj.dtn ( t/r T, dependent on temperature,

viscosity), instrumental broadening (Lfî( Trt dependent on i-nstrument

tuning) and lifetjme broadening ( t/rf a"j"nA"nt on chemical
.qLkinetics in the slor^r exchange limit)''. S-rd.meier and Rei11ey59

have examined the above contributions :'-n detail for Cd-EDTA and

attribute the sharpening of spectral lines to a decrease in

viscosity caused by an increase in temperature. This e:çlanation

Ìras accepted. as a correct one and will. be referred to later.
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(¡) Çd:DHê_$lsqlee

The cd-DTPA spectra r/i'ere recorded at o, J) anð, To"c r^¡ith the

proton positions given in table Jl. An increase in temperature

again helped to sharpen up the peaks. frre cd-DTtrA spectra were

not as sharp as the ones for DTPA. Th.e b and c protons yielded a

broad uns¡rrnrnetrical ArBr pattern as shown in fig. 5l+. I¡r this

broadened area only a few j-ndividual quartet peaks could.be measured.

and so the centers of the ArB, peaks are given in table 1.

Spectra were obtained for Cd-DIPA solutions ranging from

pH = 2.0 to pH = 10.0 and the chemical shifts plotted in figure 55.

nt,e..,15 shows that the a, d, b and c protons all experience a

similar change in chernical shifts as the pH changes from 2.0 to
-10.0. Tablè lindicates that the a proton peak breaks up into

an AB spectrum after pH = 6.0 and becomes quite distinct at

pH = 1o.o (¡ie. J6 ). Actualty onty a doubtet is seen for the AB

pattern where the side peaks are lost in the noise lever. D.y 60

studied cd-EDTA and found a sjmilar speitrum f'or the acetate

protons. He pointed out that this effect was caused by cadrnium

isotopes with spin zero being bou-nd to nitrogen in the complex with

a relatively long tife-time w-hen compared to the N.M.R. time scale.

cadmium isotopes (ttt ana llJ) l¡ith spin one-ha.lf have a natu-ral

abundance of 2)$, and theoretical'ly should eause an ABX spectr"uin

as'welï. fhis was not observed for the cadnium complexes, probably
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Tab1e ,l PROION POSïIIONS oF Cd (mpa)

pH Temp. oC 
a

o 22L.O 211. O l:16.oy2.o 39 2I7.)+ poZ.o :-:}t.o!
' 79 ?.L5.P 2oç_.o L86.2 L83.6 LBL. jv rgo. B LTB.'o 205.0 ,

1.o 39 204. o Lg6.o litt'.óy

o 201.0 ,-------wr:r- * î w4.o 39 rgg.j L93.2 - 171 q,T

To la8,q ;Á-"'; 
LtL')

, - -.,-. y L92.O - L71 .5 L72:OY 'l zO_ q
0

5.o 39 rgT.'5 L92.5 L70.o7'- ,n.70 L96.6 LgL.o L69.4'

$,

l,

I
j'

Í'
{;

o L9T.B -
6. o 19 L97.6 196.0 L9z"T 16õ-. j,

:1, .

vs. T.M. S. ì+

d

7,o

70 Lg6J Lgo.T t6g.6v

10.0

tn] lr9|onrPositions arê giveä'Ín c.p.s. recorded at 60MHz. The ratio of Cd: DTpA is equi-
moJ-ar (l:1/ at a concentratiqq_of 0.50 M.
y fhe center of a broad ArB, 

-lèak. 
:

30

7O

L97.6

'ti.-:. , )

i r.l l.ii'iiii 
i :).lti

L98,5
1

1,..{,,,,

196.0 L92.5

b+c

L9T.O
1 

'IE 
ÊL7). )

L95.o

190. B

L9L.5
L90.5

protons

180.2 L72.

1ö0. 5

180. r

17lr
LT2.5 L69.s7
L7L.5

r:69.oY
:,68.oy
r70.0

::68.oy

L66.o
L66.L

L65.2
.7

L0+.
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Cd*u =

DTPA =

Te ffi þ.=

0. lM
0"1 M

3g'c
pH

7.0

6"0

4,0

3"0

FlG.35"

+C pnotoals

3,75) 3"e5 Z"VS
I , p*p"rm. vso T"[v4"S:

Cþ{f,ËvîËCAL Sþ-iEf T Of Cd-DTP/\ vs. p B*l .
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because of the generally broadened spectra obtained.

Cd-DTPA solutions wÍth a nietal-ligand ratio of 1 : 2 and 2 z L

were also examined. In the first case (ratio L z 2), with an

excess of D[PA, the spectra showed a free DTPA portion superÍmposed

on the complex portion of the spectra. Both portions r,¡ere generalJ-y

as sharp as the individual spectra und.er the same conditions. Hence

it v'as concluded that the exchange of free DTPA to cornplexed DTPA

was minimal.

ï1 the second case (ratio 2 '. L), with an excess of cadmium,

/ ::.

the sþectra showed a sjmilar pattern to the equimolar Cd-DTPA

solutions under the same conditions. ïn other words, the NNIR stu-dy

fàiled to differentiate between a 2 z 1 and 1 : 1 metal-Iigand

mixture

Lastly a solution lras examined containing one part of lead and

one part of cadmj-urn to two parts of DTPA at a pH of 8.5. Here one

could clearly identify the Pb-DTPA complex portion and the Cd-DTPA

complex portion. Both complexes exhibited AB patterns for the a

protons, but the ABX part for lead was lost in the noise levei of the

spectrum.
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(" ) _þ:DÆå !þ-gi_"¡

Pb-DTPA spectra were obiained at o, 59 and T2'c r.iith the proton

positions given in iuab]:e J2. Generally an increase in temperature

sharpened up the peaks. By cornparison the Pb-DTPA speetra were

much sharper than the cd-DTPA spectra. The a protons shor¡¡ed a poor

AB spectrum at low temperature in acidic solutions and a very well

defined AB and ABX pattern in basic solu-tions especialiy at high

temperatùre. Tkre d protons remained as a single sharp peak during

the el,ftire study. fhe b and c protons formed a broad peak under
I .4/ ::i;

acidic conditions and became more clearJ-y defined in ba.sic solu-tions.

fuectra were obtained for Pb-DTPA solutions ranging from pH =

2.0 to pH = 10.00 and the chemical shifts plotted in figure JJ.

Figure 37 s\to\^Ts the a, b and c protons to undergo the same change

i-n chemical shift with equ-al pH changes. However the d protons

almost ignore all pH change effects. fhis must mean that the

central acetate protons see a cons-r,ant electrical envirorr:nent,

irrespective of the pro'conatj-on taking place in the rest of the

complex. As mentioned above, with an increase in pll, the a protons

clearly forrn AB and ABX patterns. Reill.ey57 stuaied pb-EDTA and

found the identical situation there. reaci with spin zero gives the

AB spectrum and po2oT (spin = t/z) produces the ABX pat,cern. The

relative abundance of the two isotopes is 79/, and eL/o respectively.

fhe area of the tr,ro patterns (Ae ana AeX) is approximately ) : I
in ,goocl agreernents r¿ith isotope concentration. fhe b + c protons
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Table J2 PROToN POS]TI0NS OF pb(prpA)

pH Temp "C a

' 'rl: 
"

o ea4. BP zzo.5þ pp6,o - rg6.17^.2.o 39 223.3 zz\.8 rBB. 81.

72 222.8 223.0 :,Bg.Tl

1.o 19 221.0 225.0 Ljg.oy
72 _ 222.0 221.0 Lp2.,g_

lr.o tg 2L9.5 22\.o 186.5i:,
72 - 2L9.1 222¿_ t9LC'_ _

j.o t9 ztz.\ pDz.T r8o. 7 LTT .zY^,

Te 2tr. B zet.\ 1Bo. B :-71,o/

6.o 19 zLz.B zo3.z zzp.T LB::.j r8r.5 LTt., r7r.o
Tp zLo.z pn.5 - r8o. z Lf).9 __,__ ]fL.Z

T. o 39 2Lz.r zo7. \ zz2.\ rB4. h t8t. o rT4. o t7o. o
72 _49.5 207.5 22L.o - rBo.O L73.2 L7O.2

B. o 19 pLz.o po7 .6 zpp.3 tB5. o 1Br. o V\.\ t7o. o
Ta zr:-.\_ zo7 .6 zz:.Q _ :.B\.5 :'1:-. j l-l\.t t7o.l
o 2L3.6 ao8.r 2ú.6 - - 

-9.o t9 zLp.L zoT. j zp2. j rB5. r r8t.o rTLr.5 r70. r
Tp pL!.o_ zoT.L ppL.p rB4. a r8r. r Lfu._þ __11q.4

10.0 t9 pLz.o zoT.p p22.2 rB4. Z r8t. o rTL. o LTo.z

vs. T.M. S.àÊ

d

i'r;.'i
tirl,ì
;,i::,i:.

The proton positions are givèi :-n c.p.s.. recorded at 6}pmz.
(1:I) at a concentration of 0.50 M.
y The center of a broad A2B2 pak. '
p Approximate positions from a poorly defined AB pattern.

b+c protons

. o 22L.L :B\.1 rB1. O :-7\..2 r7O. O

f,he ratio of Pb: DTPA is equimolar
-, 1
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form an ArBa pattern which becomes sharper as the pH increases. At

pH = 10 the spectrum is a fa.irly sharp quartet but unsyrnmetrical as

shown in figu::e 58.

Pb-DTPA solu-tions r^¡ith a metal-ligand ratio of 1 : 2 and 2 z L

were also examined. liith an excess of DTPA (ratio I : 2), the free

DTPA spectrurn was superimposed on the cornplex (pU-OtpA) portion.

Both NMR portions l¡rere as sharp as the individual spectra run under

the same conditions. This indicated that the exchange between free

DTPA and complexed DTPA was insignificant.

ïn the second instance (ratio 2 z I ) with an excess of lead,

spectra could only be obtained at pH = L.5. The reason for this was

that Pb(Ou)^ was insoluble (above pH - 1.5) in the concen-trated' '2

solu'¿ions used. At this lol.r pH free DTPA began precipitating as

well. llence a poor spectri:rn of free DIPA portion cou-ld be detected

sjmilar'co a free DTPA spectrum taken at pH = 2.O,

,',it':
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D. fheoretical Discussion

NII4R measurements can be very useful in elucidating the

lability of the individual bonds of a multidentate cornplexing

agent attached to a metal ion. DTPA contains both oxygen

(acetate) and nitrogen donor atoms and depending on the

lability of the various metal-ligand bonds, four clearly

defined possibilities can aríse. Ttre lifetimes of both the

metal-oxygen and metal-nitrogen bonds are short or long; and

on the other hand, the lifetime of the metal-oxygen bond is
li

lon$ while that of the metal-nitrogen bond is short, or vice

versa. All of the above possibilities will be examined with

,tþe aid of the following octahedral configurations for both

metal-EDTA and metal-DTPA complexes.

Metal-EDTA complex

Note: The curvecl lines
linkages, r,rhere

fhe protons are

q\ (d)
0* I \rlNjl-=\a) {l ,l 

.^l 
!,'f}Í2

0--......-.-".'._N -t'-I Jr"l ^o
òt

Metal--DTPA cornplex

with large dots represen-t C - C

the C - H and C - 0 bonds are omitted.

labelled as previously outlined on page

L:. 1.:

L6L,
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First, the lifetime of both r¿etal-oxygen and metal-nitrogen bonds

may be short. EDTA complexes of diarnagnetic netal ions (and having

negligible amounts of isotopes with spin one ha1.f ) should have

simple NItß åpectra e>dr.ibiting two sharp peaks corresponding to the

ethylenic and acetate protons, as hâs been reported for a number

6Lof su-ch chelates- , Tkre reason for this is that the complex should

exist in various stages of unv-rapping of the EDTA molecule, and

al-though the rates of unwrapping and r^rrapping may be fast, the

lifetime pf a given EDTA rnolecule on a given metal ion may be long.

fhus the ethylenic or acetate protons are made equivalent by ínter-

nal exchange caused by rapid umbrella inversion of the ni.trogen

atoms thereby colJ-apsirlg any possibly mu-]tip1"-us caused by proton-

proton spiib'uing. ïf the metal ion has appreciable abundance of

isotopes with spin one hal:fl and a high degree of covalent bonding,

metal-proton sptitting occurs because the isotopes can couple to

the EDTA protons so long as the chelate does not exchange rapidly

with free rnetal ion or free EDTA. Tkris'rnetal-protpn splitting

persists despite the short lifetime of the metal-nitrogen bonds

and rapid inversion of the nitrogen because th.e nitrogen-metal

bond always reforms to the same metal ion; hense all nuclei are

still in the sa:ne spin states as present pr"ior to the bond ru-pture

and the coupling is not relaxed. An exarnple of this system is
An

Pb-EDTA"", where each ethylenic and ace-Late proton peak is split

into doublets corresponding in size to the concentration of lead

1:¡ssj+r-'Ê4;î:çi.ã,-r:ry*rif 1l,!::-+ìi-+i.Éj

i,,:l:¡::,r
j.:.:.:i:
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i,rlth spin one half. For a DfPA complex one would e>çect the Ídentical

situation for the acetate protons and a very complex pattern for

the ethylenic ArB, portion, In-this study the ArB, pattern T\ras a

broad quartçt for free DTPA and it would have been very diff,icult 
,,,,.

to detect a further rnetal-proton splitting in the complex for

isotopes of spin one half.

In the second situation, where both the nitrogen-metal and 
,,.,

'orygen-metal bonds have long lifetimes, rather eomplex spectra :O.

.''
would be erpected o-ecause the acetate groups would not be equivalent il...

,i
and, depending on the stereochenistry of the eomplex, even the

ethylenic protons may be non-equivalent" In the case of an

'oÒtahedral DTPA complex where al.l nitrogen atoms are bound and two :

:

acetate groulls are free, various possibilí-ties can be imagined.

ïf one assumes the case above with a central acetate bound, then in

. a given optical form (dextro or levo), the free acetate gt:oups

would differ from the bound, rná tfr. central acetate wou-ld. be

- different froni either of the terrninal acetate grou-ps. The two

methylene protons on a given aeetate group are inìdifferent magnetic

environments giving an AB pattern. Tnerefore the four t¡rpes of

acetate protons may exhibit,four different AB patterns. Secondly

the rigidíty of such a structure may affect the two sets of

ethyleníc protons so that they no longer would be equ.ivalent ArB, jia.:::ì::tji:
ial.a:::
i- !:.!j

components. fhe overall spectrum cou'ld. be a very complex one
1¡

indeed. Án example of a relatively sÍmple case is Co=EDTA'".

t.' :.ì

'1, .'j.
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Here the acetates extribit two different AB patterns, where two
i

acetq'te groups are i-n the plane and, tno out of the plane with
I
;

respect to the me-taI-nitrogen bonding plane' An interesting study

of Co(fff)-EDTA with one coordinating position taken up by a nitro

group was undertaken by Snith62. He found three dístinctly

different acetate proions; one type for the free acetate group and

the other trnro for in plane and out of plane bonding.

Tn the third case, where the lifetirne of the metal-oxygen bond

is short and the metal-nitrogen bond is Iong, the acetate and
j
':.

ethylenic'protons exhibit different NIß. spectra f ov EDTA coinplexes.

Itre ethylenic carbon" htv" tr,ro highly probably "gauche" confor-

màt'ions where the C,H protons exist as trro equivalent axia'l -

eq,uatorial pairs. These two conforrna.tions can rapidly inter-

convert.and thus aveïage out any difference of the two protons on

a given ethylen:'-c carbon. fhe symmetry of the ehelate ma-kes the

two carbons equivalent so that all four ethylenic protons are

equ.ivaleni even if the metal-nitrogen bond has a long life-t ime.

Hence only one resonance peak is expec-,,ed under these condÍtions.

For DTPA an A^8,, pattern would be erpected for the ethylenic protons
2L

because of their uns-¡rmmetrical environment. For both E'DTA and

DTPA complexes the rnethylene protons on a given terminal acetate

are not equivalent. If the acetate g:rou-p is free to rotate about i:,..'. r..1

ii.-1i;¡.;

the a.cetate-carbon-nitrogen bond, then va::ious rotational staggered

configure.tions are possible. Many of these are non-equival-ent just

asinthecasew]rerethecarbonisbounc1toanâS}tr1frtelt,Iiccarbon

1.. .
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tr't
aton)-. Any one acetate group sees arl asymmetric qua-ternàry

nitrogen atom. Hence the inherent diss¡nnrnetry or the different

amount of time the proton spends in various rotational con-

formations leads to an AB splitting pattern for the acetate
6o

protons. An example of this type is cd-EDTA . Ttie ethylenic

single peak is split into a doubl-et by isotopes of spin one

hal-f . Ihe acetate protons exhibit an AB pattern which is split

into two doublets (AeX) by isotopes of cadmium with spin one half.

For a iDtPA complex one wou-ld theoretically expect the A^B^r-.!
ethylenic 

tportion to be undisturbed except for isotopes of spin

one ha1f, ancl the acetate protons should each yield their own AB

pattern.

Ttre l-ast case where the nitrogen.-rnetal lifetjme is short and

the metal-oqrgen life'biine is long seerns highly unlikely. If the

structure of a ÐTPA cornplex is examined, it is unlikely that the

metal-nitrogen bond could be broken without prior rupture of the

metal-oxygen bonds on its associated acqtate gfoups. fnvestigations

so far have not pz'ovided any evidence of this type of complex

bonding60. Tkrus the first three cases are the most probable ones

to encou.nter.

f-r this investiga-r,ion, Cd-DTPA spectra gavc the following

information. A-r, a pH below !.0 ttre a and d protons gave single-t,s ancl

ttr-e ethylenÍc pro-r,ons.(t + c) shoi^red a broa-d single peak. At a

pI{-of ).0 the a singlet began to split into a double'¿ and became

an AB pattern at pH = 10.0. Simila::ly the b and c protons slor'rIy
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sepaïated into an A,.,Bo patteril as the solution became more basic.¿¿
Tkrese trends are shor,¡n in f igate J6, where the AaB, pattern also

becomes slightly unsymrnetrical with an Íncrea.se of plÏ. Ttris would

indicate that at low plÏ (netow ).t.5) tfre metal-nitrogen bonds are

short-lived, allowing free rotation of the aeetate groups whose

protons can then average out an¡r iron-equivalence and yield singlets.

Under basic conditions (pH above 7.0) the metal-nitrogen bond

lifetime becomes longer and the acetate protons no longer er¡rerience

a single average magnetic enviror¡nent due to an asymmetric
in
lï

quaternary nitrogen atom. fhus the dissynmetry or different

amou-nts of tjme the proton spends in various rotational confor-

mations feads to an AB pattern for the a protons. The d protons

remain as a singlet throughout the entj-re stu.dy. This mean.s that

the central acetate gt:oup has a s¡rmmetrical enviroirment (similar

to free DTPA) so that the t'vro d protons are equivalent. From

fíga.re JJ it is obvious that all the ÐTPA protons are affected

similarly upon protonation, since they al-l experience the same

chemical shift with a change in pH. fhe chemical shift moves up-

field below pII = 4.0, and rernains constant thereafter. fhus various

protonated Cd-DTPA complexes exist below pH = Il.O. ft seems reason-

able to pred.ict protonated species j-n this pll ïange, since there

is a steady u-pf ietd protonation shift frorn pH = I. O to pTÌ = )+. O.

The uns¡mrnetrica'l ArB, Þor'r,ion could be attributed to the tirne it

taEes the DTPA rnolecule to iurap or unT,trap itsel-t around the rnetal
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ion, during which time the individual ethylenic protons

erperíence an unsJimmetrical magnetic environiment.

, fkrus, the pr:edicted. structure for the Cd-DTPA eomplex is an

ociahedral one, where under acÍdic conditions (pII < 4.0) tne

metal-ligand bonds are relatively short-lived with some of the ,,, .., ., ,.,:.-.
acetate groups and nitrogen atoms protonated to various degrees.

In basic solution the metal-nitrogen bond lifetjme is relatively
.. ,. 

'. 
.,t ,.long-lived compared to the metal-orygen bonds. The five acetate .,';,¡,.,,,,.,,.:,..,:::.. ..,.r.,,,a..

_...:..:;. :._ :_ ,

groups are compeiíng for three remainÍng co-ordi-nating positions _ : :

,,,,,:1., ' 
,a.,..'',

l

on thd octahed-ral complex, with at least two acetate groups ].eft ir:j:iì:1r'r:::r:
t ..
i.i

free at any given instant. TLre reasons for the choÍce of an

octahedral structure will be outlined" later.

Tkre Pb-DTPA spectra were different from those of Cd-D1IPA. l

:

First the d protons completely ignored, al-l- protonation changes
,

as shown Ín figu-re 57. An explanation for this would be th.at

the central acetate group r¡as bou¡rd to the metal a large percentage

of the tÍme, and: so could not be protonated." fh.e a, d, b and c

protons extribited. broad. singlets at low pll simÍl.ar to the Cd-DTPA

compl.ex. Under nerr-tral cond.itions the a protons sholred a poor

AB pattern r,rhich beca¡ne very well defined- at pll = 9.0 as shor.m

in f Íg. 40. ïn fact the ABX pa.ttern fro* Pb207 vittr spin one

hal-f was c1-early visible und.er basic eond"itions. The ethylenic

protons sirnilarily split into an ArB, lattern in basic solu-tions.

Agàin the ArB, pat'bern'beca¡ne slÍghtly uns¡rmrnet-rical at high pH.

The-.a a.nd b -l- c pro-t ons extrrerience similar chernical shifts i,¡ith

.: 1 ... .rÁ,1 : r-..
I 
::r;;1ii.,.,:lr i::rìr t1,-:,r::::

i:::L:fr lil:rìti::rÌi.J.:,

l . ' -'' ::' :.':
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pH (fie. ,7), which move upfield frorn pH = 1.5 to 6.0. Ttris.

trnÍnts to the fact that deprotonation begins at pll = 3.5 and is

cornplete by pH = 6.0. Hence the Pb-DTtrA complex belorr pH = 3.5

ié a stable protonated" species, then loses the protons bet¡+een

pLT 1.5 to 6.0 and- finalþ forms a stable non-protonated species

in neutral or ba.sic solu-tÍon.

A reasonable stn-r.cture for the Pb-DIPA complex is an octahedral

one, r,rhere in aciclic medium (pH < 6.0) ttre free acetate groups and
t

the nitrogen atoms are protonated to various degrees dependÍng

. on thel pH, and in basÍc medj-um (pH > 6.0) tfrey a-re not. Tn basj.c
!1! ':.

media'the metal-nitrogen bond trifetjme is long and the metal-

oxygen boncl lifetjrne Ís short, except for the central acetate

er'ouþ which is bound to the metal ion most of the tjme"

A survey of the coordination chemistry of dival-ent r¡etal-

aminopolycarboxylate complexes revealed ample evidence for

octahedra-l chelaii on63-6'l , especia]-]-y for ].ead and cadmium.

However DTPA, being an octadeniate ligand, could wrap around

a metal ion in many different ways and still exhibit an

octahedral configuration. A number of possibilities are

shown on the next page. The argurnents and e>çerimental

evidence used in predicting a particular structui:e in neu-tral

or basie med1a for Cd-DT3A and Pb-DTPA follor,¡.
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In Structure T one of the end nitrogen atoms with two

accompanying acetate groups is free a J-arge percentage of the

time. One can readily imagine nì.r-merous isomers of Structu-re I

that would yield similar Nl4R spectra. In all cases separate

spectra would be expected for bound and free acetate or ethylenic

protons. Ttris behaviour r^ias reported by Soitfr62 for Co(fff)-

DTPA, where the in-plane and out-of-p1ane acetate groups v'ere

I

a1só identified from diffq,rent NMR signals. fne Cd-DTPA and
iì

PI-DTPA spectra obtained in this investigation did not show

, 
U.lrr"t"rrt spectra for the terminal acetate protons at any given

pH. Hence Structure f can be eliminated as a possible moöel,

except for the case when the terrninal nitrogen and ca.rboxyl

gïoups are rapidly boncling to and coming free from the metal

ion. Even this possibility is only consistent with experimental

evidence under acidic conditions (pll < !.0) where only a singlet

is observed for the a protons. Since these metal-DTPA complexes

are quite labile at l-ow pH no definite structure was assigned to

them under those conditions.

ïn Stru-ctu-re II a terrninal nitrogeir atom is bonded to the

metal ion out of plane with respect to the other two nitrogen-

metal bonds. Stereo-models show a plane of synmetry through

the rnetal ion-center nitrogen bond, l¡hích would índicate

similar spectra for the a protons. fhis is consistent with the
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NMR data obtained. However a Fischer-Ilirchfelder metal-DIIPA

model reveals that Structure IT is favored for large netal 
:::

. d \ ':

ions (r > I À) and shows considerable strain and congestion for

smalr ions (r < . T5 'A). Ttre ion radiu" of Pb** is 1.20 ,Ã. and

++ofor Cd is 0.97 A. Ttrus Structure ïf is a possibility except 
i::
t_ :r:- for considerable steric hinderance of the terminal acetate '," '

gf OUpS. t ..:: ,.1. ..:'
! :-..:..:. ..:
I|{
f Stiucture ITI has ali the nitrogen atoms boncled to the

metal ion in one plane. Su-ch a structure eliminates the steric
I

,hincìrra4ee.l of the end aceta.te groups. Stereo-rnodels shor,r I

that there is some st::ain on the chelate rings in the nitrogen-

metal plane for large ions (r > f.tO Å). Thus the information

from stereo-models indicates that Cd+* wou1d. favor Structure fff

rrrd Pb++ would have a slight preference for Structure If to

el-iminate the strain produced when all nitrogens bond in one

plane. The stereo-model-s also show that for very large ions

(r > 1.rc Ð both Struc'ùure TI and IIT e4;erience considerabl-e

strain in the chela-r,e rings, and would be highly u-nlihely to

exist as such.

: --; .1'::.i
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CONCLUSTON

The polarograns and Nl4R spectra for the Cd-DTPA solutions were

no-r, as r,rell defined as those for Pb-DTPA. This nade the experimenial

measurements quite difficult and reduced the accura.cy of these

measurenents as vell, especially in the polarographic study. fnspec-

tion of table 28 reveals that the protonated CdHxA stability constants

range from 1og K H
.CdHA = 2.g5 to log OaUl-O = 2,71. Tkrese values are

'st3n
somewhat unreasonable in that (on purely statistical grounds) one

would expect that the probability of protona-ting a CdHA qornplex in
I

succbssiVe steps should decrease by approximately 0.6 log K units

(probability of 4 to f). Hoi.¡ever the Fo-DTPA (talle 28) stability

'coi'rstants lr'ere quÍte reasonable from this standpoint.

On examining the Nl4R spectra of both Cd-DTPA and Pb-DTPA

solutions as a function of pH (Figures 15 and 1T), one would con-

clude that the protonation of CdA bega-n at pH = \,5 and at pH = 5.5

for pbA. Thus an estirnated ros rojl* would be approximately )+. O

T{q
and 1og O"Oi* would be approximately 1.0. Oraberekrs value ' then

Hfor log OaU* = )+.I7 would seem to be a reasonable one, and

Schwarzenbach's log hfHA = \,52 might seem somewhat lor¡. However,

the difference in concentrations and ionic strengths eniployed in the

tr,ro independent stu-dies (m4R and polarography) could account for the

discrepancy. By comparison, ou-r values of the Pb-DTPA protonated

eomplexes (talte 28) are a-lso lon, yet exJribiting a dec::ease in

stab:llit¡r with each pro'ùon added to the complex. Our values for the

stability consta.nts of CdlIA, CdH2A and CdHrA were low and failed to

) :'::'.
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show a marked decrease in the stability of the complexes upon suc-

cessive protonation. flrus it was conclu-ded that the polarographic

technique was not the best technique available to study Cd-DTPA,

but could be used with reasonable success for Pb-DTPA.

ftre Nl4R spectra pointed out that the protonation of the com-

plexes occurred mainly at the basic m.i-tïogen sites rather than on

the carboxyl groups. Secondly, the Pb-DfPA complex seemed to be

more labile than the Cd-DTtrA complex, i.e. the Pb-DTPA spectra were

shalper, than the Cd-ÐTPA ones (nm), and the Pb-ÐTPA complex
I 'rti

unviapped and reduced faster at the D.M.E. than the Cd-DTPA complex

(polarography) 
"

An interesting erbention to the polarographic s-r,udy would be

to use a vibrating'dropping mercury electrode (V.O.l'1"¡" ). Recently

Cover and Connety 68 have demonstrated, tha-t, a V.D.M"E. has certain

advantages over the conventional D.M"E" since it can su-ppress maxima

of the first and second kind withou--r, the addition of surfactants.

Secondly, kinetic currents can be minimized or eliminated at th.e

V.D"M,E" A naiural exLention to both the Nl4R and polarography vould

be to use TTIIA and TPFIA. These ligands, which were difficult to

obtain in a pure state, have recently been prepared (apparently with-

øut, 69 
r¿ho u.sed them to comp]-ex /\n+3.

fhe higher homologs of EDTA (fmU and TIHA) open up new areas of

investigation in the co-ordina.tion chemistry of me-t,a1-arninopoly-

earboxylic acid conplexes.

'l :J.._: l-
:: ,.1.: .-r,:.

I ...:-.:
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