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ABSTRACT
— . .
In this work ' several oxldaticn-reduction and’

°

complexation reactions in acetonlitrile dr!acefonltrile—water?
_ J ‘
mixtures were invedtigated, The thesis is divided 1ntq four

+

parts. In the firs¢ part ‘+he reductlon of water-insoluble

o : A & i
aromatic’” nitro - compounds with coulomptrlcally generated

- - N -

chromium(II) was ° studied: - Samples were diesolved in

"acetonitrile or in  a Aixture of 'acefonitylle-water or

-

R K 5 , , '
ethanol-water,. Constant-current fotentiome try. was chosen for

o

2nd-point detection in the coulbm@trlc titrations begause it

gives excellent potential changes at the equiva}ence peint

for systems involving 4%ne reversible and one irreversible

\

. couple as were encouﬁtered. in this work.-Sample§ of the

o

order of 0.2 to 0.5 micromol» could be deferwlned with about

one . precgnt prﬂclsion %nd taccuracy fgr' a rumber of

W

substances; others ﬁ#&PCted . too >slow1y to permit direct

determination. Reduc+tion wase in most instances to either the
1 4

correqponding rydroxylamlves or aminee.

a

The second part' reports stdles‘ of oxidatlon of
ferrocenes, thiols and ofher compound= with couloretr'callv
generated copoer(II) o in Aacetonitrile. Copper(I1) . was

e o .

geﬁerdted at 100% current ef?iciency from sclutiors ot
3 ' )

copper(Il) perchlorate in aéetonlfrlle. Micromolar quantitles

of. ferrocene and several alkyl -substituted ferrocenes were

i . .\J
determlneq’ with hlgh prec1310n and accuracy. Trhe scope for

_coulonetric: procedure for thé determiphtion of thiols,

‘thiourea, and tetramothylbenzldeng‘appears'more limited than

iv



doeg the direct titration.

In the third part n2 sStudy 1s described of- the

. ' \

Fotentiometric +titration in acetonitrile of the jons of
. % : ' ' -

transition metals and alkaline earthe in solutions of about

10”3 My bbth individually and - in mlxthres. with

éfhylenedlamlne' (en)} dlethylenetrlamine (dien), and

trlethylenetetramlne ‘(tglen). The podyamines were selected

es titrunts because of their stablllty and the solubility of

-
o

~ . .
the corresponding metal complexes ir acetonitriles A number

4

of metal i1ons could be determined quantltativély with these
L ] .

aminese For  these cbmplexationrtitrations in acetonitrile aA

-~

variety of indiceting electrodes —-— platinum, copper ion

selective, electrodes, carbon rod, silver-silver jon and

P : . L
mercury-en or mefcuﬁvftrlen --,were<1nvestiggtedg Platinum

was found to be  guperior to»aﬁy‘of the other indicating
: . ‘ .: - 13

s

P

electrodes investigated; it was elmple and eesy to use, ang

+

gave sharper and. larger potentlal_breaks for most of the
‘ L .

systems stucdieds, This is the firgt known report of platinhm

as an }ndicating electrqde @or coanexation titrationse.
N iy

The fourth px%t reports the spectrophotometric
determination of the stability constdhts of copper( II) with
N "} - 3

en and dien, the sbectrophotometrié determination of,tEe'

stability constants of copper(I) wlth'phpnanghrollne and

k4 . ~
. oy

bipyridine, and the pofentlometrlc determination‘ of the

o
overall formatlon constants of c0pper(I) witk en, dien, and

o,

trien, "all 1in %acetonitr11e7 in general the estability

constants measured in acetonitrile are cmeller for both



»

copper(II)

the ,correSpdndlng vqiues in water. Tris -

|

andﬂ

coppeé([)’
o

-

indicates that

acetonitrile interacts more strongly with the copper ilons

‘than does’water.”

L
-

o

vi . &

complexes of the aﬁlnee than are

.

-

N

K-
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PART I

i, REDUCTION OF NITRC COMPOUNDS
WITH COULOMETRICALLY GENERATED CHRONIUN(II )
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/ :
I. INTRODUCTION.

*

The usefulness .of aromatic nitro c&%pounds in a variety
of commercial products and as intermedistes in chemlcai
syﬁthesls mekes the determination of’thls functional group
of broad 1ntefest (1,2). Analytlcalimethods for the nitro
g;oup hav?»centered~on reductlion either to ‘the corresp;ndlqg
amine or to one of several intermediate oxidation states,

generally either pdlarogrnphlca}ly (3) or by addition of

I

“

excess standard reductant, usueally Ti3* or Cr2+%, and beck

titration of the excess with a standard oxident (4,5). Some

1

di rect titrations have been Investigated in a limited way

.

(6)., Polarographic methéds tend to . lack precision and
require  careful . calibration cuq#és. while lndlreqﬁ‘

titrimetric methods necessitate storege and handling of

oxyegen—sensitive solutions.

Electrochemlical generation of istrong analytical

) IR /

. - SN
reductants by constant~current coulomefry_ .eliminates

Eﬁlibratlpn curvés,_and avoids the di;fleulf!es 5@ han¢11ng
and standardi;ing oxygen—-sensitive solutionrs, High.précisiog
is p;sslble, and anaiyses can be performedlop micros;mples.
Tha technique of coulometry isg fevie&ed briefly 1nitae
\ .
following section. This is followed by a survey of the‘
electroreduc tion ot nitro compounds, ana 'fheh fgy. tﬁe
gppllcaflon of constant-curfent coulometery ‘ to tt. e

.

determination of nitro compoundsae



A+. Scope of Coulometry
The term coulometry applieg to +hose techniques which
are based on measurements of the coulomb (the product of

current and time). In an electrolytic cell in wﬁlch a metal

“1on or a cdmpound is to be ¢eterm1ned by messurement of the

[}

s

product of the current and time, either constant current or

-controlled potential can be used. If a constant current is

|

apgl!ed to the cell, the potential must vary as governed by

b

concentvatlén'iot the electroactive epecies through the

Nerpst"equatlon. ASg elec trolysis proceedé, the potential

4

difference f be tween the fgenerating cattode and anode
-t '

. S~
increases as " the concentration of the genersted species

i

increases, Thds ir in the . reduction of an electroactive

species a second ﬁeduc;ble.component.such as a metal jon °t‘

otter substance s present, it foo will eventually enter

a

into the reaction and current will be used for 1ts reduction

as well as for the sample specless On the otter hand, if a

-

corstant potential is used, ‘the current decreases ag a

function of time due to the decrease in the concentration of

the current carrying species in solution. Thie slows the

reaction, but eliminates interference from competing

reactions that mléht occur dt higher potential.
R : . N o

Both techniques are commonly used in analysis.
Congtant—current cdulomefri is used primarily for

colvlometric titrations where high precision and accuracy are

\ ) rd

sought, whereas constant-potential couloﬁ%fry provides the

i



selactivity of potential control, but, with somewhat lesg

-
pl

Freciglon and accuracy. It Iis important to note that

quantitative coulometric measurements do not need'sfaﬂdgrd
7 E .
i

solutions for jcelibration, sincé - the "coulometer , is

. e
CPRY

1nterna}1¥ caelibrated by measuring the current-time product.
/ o . : L

The puri ty of & substance can be calculated from tke
"following equation

. BN

% purity = 100 x 1tM/nFW - (1)

where i is " the value of the current in amperes used in a
coulometric titration; t 1is the 'time of current flow in

seconds; M 1is the atomic, molecular, or formula welght o7
/ . ) . . . .
the substance being determined; n is the . number of

equivalents . per mole of substance; F is trhe faraday; and W

o

\
i= the masséMui‘ipe sample being titrated. Tre values of 1
. “ 0.

and t can be detg}-lned accurately, often to within a few

r

parts in =a mtf%ion. F and, in most cases, M also are known

wi;g,high accuraé}xﬁjf a large enough‘éample ie taken, W can .
also ‘be determinéd to within any desired level of accuracy.
J .

Therefore it ~would seem that constant-~current coulometry
p%oviqes a way of assayilng ba substaqce relatively
convénlegtly to an aécufacy of aé ﬁuch as a few parts In a
mil}lon. The greatest variability 16 highly breclse_work
usual}y arises from the uncertainty in atomic velghts.
o . »
For quantitatlve i iﬁalysls by constant-current
coulometry, four crlforla must be s&tlsfied. va}sf,ian

appropriate solvent-solute System 'muqt be found which can

»provide ‘:ﬂmadlgm_that will allow electfoéhemlcal generation



of the desired titrant speciese. Second, a currkent level must
: /

rd

be chosen such fhat the current density 1/&7 where A is the

surface area of the generntlng electrode, 1is sufficlently

low to ensure 100% current etficiencys. Third, appropriate

instrumentation . for generation of constant, reproducible
curr§§¥s and for accurate measurement of times of current
generation must be available. Finally, e method for

énd-pdint» detection must be selectede. In practice

'coulometric titrations are closely parallel to classgical

v 1umetr1c‘fltratlons except\thaf'the“buretv}s replaced by a
current generator and a working elect rode ;— 1} is in effect
a‘tltratién with electrons.

Constant-current coulometry is capable of higher lezgls

of accuracy and precls{on than - most volume tric or

gravimetric methods9 (7)._ This is especiall& true for the

determination of very Small samples“(#g3range and .lower)e In.

1959, Teylor 'ahd Smi th (S’p'working’ut the National Bureau

of‘_stan&ards, proposed that constant-current coulometry
o . ur . -,
could Qbe a Bultable Fechnique for the eesay of primary

standarHV §qter1als, and outlined several advantages that

recommend its application. Tttran€ can be added at any rate
’ g ‘ . ‘ . . .

fde%[req by methods, that are more convenient than those

" fequired to. dispense a _etandard'solufion. Since standard

solutions are nof‘_requiréd. the uncertainties associeted

‘with . déterminfng‘ 'thglr*aicomposltlbn qrefl#eliﬁ;ngfeq,,“

v'Applicatloqs¢ of co?gtaqt—cuppent céulometry to the assay of

,

‘several standard --8ubstances has shown this th&:que to be .

o

Cye Ty

4



one thet is capable of high precisionr. It has been employed

to 'provlde a chemically measured value for the Faraday that

o Lt N
1s widely accented, 96,487.0 %+ 1.6 coulombs (9),

\

é.vElectroshemlétry of A;ouatlc.Nltro G;oups

The reductlpn ‘of aromﬁtic‘nitro Eompounds on égthodes
~N%th a high hydrngen overvoltage occurs by sterwise add{ti&n
of pr;tons and electrons to the nitro grodp\(ld-13). The

electrochemlcgl re&uctgon ~in . an acid medium carn be

represented as follows:

[ S
"

RNO, + 2H* + 2e =[> RNO + Hz0 : (

RNG-+ 2H* + 2e =3 RNHOH | %D
RNHOH + 28* + 2e —> RNH, + §20 ' ‘ (4)

Ae a’vfute, l¥ is not/ boés%ble to isolate the nitroso
. N : Ca . :
compound produced in éqdatlén (2) becauseﬂi?lls moée %eadilx
reduced %o the - yyiré;yiamine at tée cﬁghode ?;qd is tﬁe(.
lnifial cbmp;unquyﬁ;refore equations (2) ard (G[Xuré.often

comblined in one equation s&s: phih
\ . ” .
RNOz + de + 4H* ——> RNHOH + H,0 L (5)
»—\\ . E ) » : .
Thus, the ele?trochemlcal reduction“of,aromatlc ritro
7

compounds in aél&“media'ls,as a rule/treéfod as a two~step

elecfrochemlcal_'reduction ‘In  whicr four prctons and four

e

electrons ~ are eaded to"férm vhydroxylamigﬁg) which are

'subsequently reduced - under’ apprOpriqtel'condhylonsvto.the
:correspondlng ‘umlnes. Each ththese,stageé,f&kes<plhce'ln a.

5

'datiﬁ}te  cathode pdtential range, and each 1is extremely
sens;tivé to a number of variables (14){:Several’of trese

5



are’ discussed in the following sections.

Effect of oH of the Mediup

Th;' pH off;he électrolyeis solu%ion plays an important
role in determining the h;ture o? the recduction produét‘of
ﬁltro ‘gpdups, Uéder acldic“condltioqg ‘the products are
génerally hydroxylaﬁlnes. aminee, and substances derived
from. .their ?earrangements %f.g., p-aminophenol: from
‘hydroxylamine) (15,16). Under} basic-or reutral conditions
(using a high overvolt;ge cathode ) the products are
generally lforﬁed from- - bimolecular reaction of reduction
1nterﬁediates (17,15). as in equation (6).

. ? o
R&o + RNHOH --> _R-INI=N-R + H20 ' | (6)

‘

Nature of the Electrode Material ‘ ’ h
Reduction is more advanced on cathodes wifh a high
hydrogen overvoltages.: Under certain conditions the

electrochemical reduction of aromatic niltro compounds on

me rcury, lLead, zinc, tin and certain alioys of tresé.
materials yields the  corresponding emines irn’ almost

quantitative yields, whereas arylhydroxylamires are obtalhgd

°

-

if <the <cathodes are hade of nickel, gréphlte, carbon, or

platinum (14),



-mu.e.n.i Densities and Electrode Potentials

P

It is alfflculf to lay down consistent rules concerning

the effect of current density on the yield of n;ylamlnes
formed during the electrochemléal reduction of aroﬁatip
nitro compounds. Khomutov giézi., reported that the yield cf
metanilic acid obtained by electr9chem1cal reducticn of
nitrobenzene-gp~-sulfonic acid ‘1n a sulfuric acid medium on
nicke}. iron, steel (lé), 4plaf1num and. copper (20,21)
decreases with Zgn incrgasel in the current density, while
with zinc cathode the current yleid ofv me tanilic aciq

remains constant and quantitative (19) over a fairly wide

range oi current densities (0.002 - 0.04 A/cm?),

>_N31222 of Medium

Electrolytes used in the_electrocheﬁlcnl recductionr of
aromatic nitro compounds in An.écld medium include sulfuric
acld; hydrochloric acid, a ﬁlxture of one of these acicds
with 1ts gals, acetic acid and acetates (22-24), The
Vconcéﬁtratlon of mlineral acid should not exceed the valueé

et which these aélds can participate in the substitution

7

7

reactions 1n,{he benzene rlng. For example the reduction Qf
nitrobenzene in concentrated hydrochloric abld\cgn afford
the o- and g;chloroahlllnes (22). When ethanol 1s“ﬁsed under
acl&léhgondltions}(ﬁzso,i the R-aminophenol !s~est?ritied to
afford n-phéq:tldlne (25,26). if the;renctlon is barfied out

in fuming sulfuric ' acid, " the R-aminophenol can be

< -
‘/' . - ’» . ol -



.
4

sulphona ted to give 2-hydroxy-5-am1nobeﬁzenesulfonic acid

(277,

Temperature of Electrolvie

Systematic studies of the effect of the electrolyte’
tempera;ure on the course of ele;trolytlc reductior of nlfro
compounds, and onv the yield- of producte, are scantye.
According to Iz&ryshev and Fléshl; (28), who studled'xhe
electro;hemical reduction of nitrobenzoic qcid on cathodes

with a high bhydrogen overvoltage (lead, tin and lead

amalgams), the ylield of aminobenzoic aclid increases wheéxthé

tempe rature is ralsed from 20 to 409C. At higher

7

temperatures fhé_ yield of aminobenzoic acid no longer

depends on’the'tgmperature.

-_n

v - ~ . _
Ce Chromum( II) Generation by Constant~Current Coulometry in

the Determina n of Nitro Compounds

9.

As mention d eviously constant-current coulometry haé'

several advantaées-over other electfoan;lytical metﬁods. It
wvas therefore declhed . to invesfigate " the use of
coulometricaliy generated chromium( II) for fhe détermlnation
of water-insoluble @toma{lc nitro compéuhde because. this
_ . e o

reagent |is Qng‘:é:”fhe:sfrongest kfﬁ;n réducini»dgeﬁfs for
nitro compoundé; aﬁd " because ‘1t ) canﬂcbe;“gpnefatéd‘
quantitatively from solutioné Qnder contrdlle& c;ndlflons,

as described in the .experimental part. The slow rate of



©

generation of chromium(II) ixrpm the ‘tiivnlént ien thes
< precluded ‘1te uses, This problem was sblved by use of
CrBr( H;0)s** as reagent, for from tﬁls specieg chromium( IT)
can be aener;{ed rapldly and qﬁahtltatively_at a mercuﬁy
ca ode in sfronély acldic solutions (29)s Nitro com;ounds
.coulometrically .tltratad to amperometric. én& points with
about lﬁ accuracy by thls'reagent include n-nltrophgnol.
g-nitroan@iine, and 9-4y m—y and p-nitrobenzoic acid>(29.30).

We became interested in determining whg;hér thi's method
could be extended to the dlrecf‘determlnAtlon of other nitro

compounds, especially if water-insoluble. The following

three chapters raeport on the scope o0f the method.

'



. Jle EXPERIMENTAL

NG
&,

1

A. Che;;cgls

ECﬁgomlum(I[I) -bromide (K'S K Laboratories) wags washed
"twice with ethyl ether, the exéeSé ether.rgmoved by suction!
and fhe solid dried under vacuum. This material ylelqs
Crér(H20)5+*‘ on aissqlutiénlln water (29), A'solutlon O.1 h
i . CrBr( Hy0)gt++ and 1.5 Miin HCl was prepared for use as the
cg*holyte in the 6oulometrié ;ell. o~ and m—Nitrotoiuene
(Eastman Organic‘ Chémlcafs) rand npitroethane (J. T; Baker
Chemical Co,)' were d%stllled under vacuu; end the middle
portionsz of the QIStlllateé used. Thé folileng compounds

) ‘ r s -
ware' recyrstallized from ethanol until melting points within

. . —.':._'//. )
't 19C of reported values were obtairned:

and . 4—n1tropﬁtha11c acid (Brlflsh ' Drug  House);
é—nltrofoluene, lrhltronapﬁthaiene,~ n-nitroblpﬁenyl.
o-nitrophenol and 2,4—d1nitroaﬁlsble (Matheson, Coleman and‘
Beli, YCB)e m—Nitrophenolv(BDH) wa s recrystéllized from 1 N
éCl, pP-nitrobenzoic acid (Eas;man) from weter, -azobenzene
(Eastmaq) from 12:1- MeOH:sz;faﬁd p-nltrophenol"(EasfmAn)
from benzene. g~ and h-Nitrobenzoic acids (Aldrlch Chemical

Coe) were analyzed by potentiometric titration with standard

NaOH and found to be 99.6 and 99.0% pure. Sodium nitrite (J.

r
~

Te. : Baker}, S-nltro-i-napthylamlne (Eastman)  and
2—-nitroanisole (Eastman) were used as fecelved._Acotonitrlle
(MCB) was purlfied by distillation from éﬁlcium hydride,

Cnly the middle fraction was‘retalngd.

10

N

p~aminoazobenzene .



s : ;
Be Apparatus and Procedure

A constanf-currént coulometér deslgne& and built In the

.electronics shop of the Department of Chemistry. University
. 0 .

of Albqrta;, waé used.~ The«-design 1ncorpor§tes several
féatures thqf provide excellent é@ycenf stability. The
output. from a Kepco Model OPS 500 power supply was passed
fhroggh a sensiné resistor ( Geneéral Radio precision

registor, ~Typé 1440),. the voltage drob across the resistor

-
PR

o

feedback circuit as outlined ‘ln Figure 1, The resistors

iabeled Ri, Rft, .and Rs in fhe figure were placed in-a
) o

polystyrene—insulated plug-in module on the front of the

instrument, ‘This arrangement minlm&zed short term
tehperature ~ changes in these three resistances; abso,,since

Ri and Rf were located near each other the ratlo of their

valués, which must ‘be . kept constant for p}eclse curvrent
regulatlon{'-w(é 1itt1e affected by temperature changes.

Three plug—in modules provlded a;cholce of 20. Sy or O S m
. ."' ’ Pl
~:

current., The:.contrpl ‘unit was designed to alleoew manual
starting')and stopping of the currentliﬁ‘conjunétion with a
dlgitaf/,clock which indica ted elapsed flme to the nearest
O;i sgc, and also had provlslon for automatic shut-off”of

the current when ‘thé potentlal between the indicating

electrodes reached a preset value,

The stability - of “the currént ,providéd by +this

instrument 15 excellent, For example, currenf variation with

' SN
the 20 mA module was less than O. 01% over ‘three hours. aqd.

N . ~n
CLA

being 'mohitored. and maintained consfant‘ by mapné of a

M-

.
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less ‘than '«05% over 24 hoursa. . These tests were fun with
output “loads vary;ng between 0‘ and iOOOvohﬁs both upon
compieflon of the instrument and aga;n after several mdnths
of use. .
The titratlion vessel was a borésjllcafe H-cell Qith.a

150-mL cathode compartment and a 60-mL anode compar tment

similar to that described by Bard and Petropoulos (31). It

~——

lé represented in Figure 2. Samples were introduced as
approximately millimolar .solutions by hypodermicﬂs&rlnce
*hroughAa rubber serum cape. The quantity of sample taken for
e;ch titration was obtained by welghlné the syringe to the
neares} mg on a topfloadlné balance before and after sﬁmplg
introductiones The mercury pool cathode, 19.6 cm2 in arean,
could be introduced or withdrewn through a side arm
-connected by Tygbq tubing to a mercury reservoire The
cadmium. rod Anode waé placed in a tube with a flne élass-iv
frit at one end. to separate it from the bulk anode
compar tment, which in turn was s;panﬁted ky a secohd fine
frit and an aga;;KCL salt bridée'lf?ﬁm:ﬂfhéflpdthéqe”

compartment. Both. the . frlt*ed tube and the" bulk anocde

A i RARRIT . TR v e
S

“' compartment ffvc‘f,“qt;flh_fe& N 0.'0"1 ‘4 HCU in 1 M KCl as analyte. A
é#rfén*IfofA £9;§95: mAA”Q;§' us?d' fsr all ;I;r;tioﬁé. thlé.
gépfok;m;fe-”iévéi ‘ﬁqviné vﬁeéﬁ _rgportgg  ppeyi9us1y”to'5e
éptlmum (29); Nitroéen; baééed‘thédﬁgﬁ two Qasﬁ bottles of

O¢1 N chromlum([l) or vanadium( I1) chloride in 0.1 " HCl

>

over ,amalgamated ‘zinc, wag ‘used to rémovg oxygen from the

gglut{onq A;ﬁA_fhe _H=cell., The same results were obtalned
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I

T
]
|
I

: ﬁ““””“”“l

= To mercury
reservoir
 Towaste
Figure 2. Coulomefric'Cell_and‘e}ectpo&es. A,'mercury pool

“generatihg_ca"t'hode; By cedmium roo generatirg
‘eléctrode; Cy platirum wire incicatirs

N S electrades; D, fine glass fritse; .E,
agar—potassium chloride plug; P,A magretic
stirring ba~. '



-

whether chromium( II) éivvanadldm(lll wvas used. -
The indicating electrodes were a palr of platinum wires
approximately 2 mm {n diaieter a;d 1 cm long, spaced aﬁout“
1 c¢cm apart. A Fisher Model 520 Accumet pH meter was useed to
§ provide a 10-ua current between thg‘iﬁéicator electrodes and

]

. to measure the potential difference.

Ce Pr0cedure , ) -

" For each 'ruﬁ apprbxlqately 60 mL of freshly prgpafed
supporting electrolyte ~0.1 M ln'CrB‘r(Hzo)s++ and 1.5 M in
HCl were placed in the cathode compaftment and the solutions
in both the anode and cathode compartments of fhe-cgll wvere
deaefate# with nitrogen fbr 1S minutes. The inlet was then
,;aisedb‘éql,thatygthe_inifrogen strégm“was directed over the
suffﬁée df;tké-E;fh;iffé';ﬂhltﬁe.ﬁefQin ﬁooi‘ﬁ;s 1dtfoduced'-

into the cell by .raising the mercury reservoire A magne tic

'sfi;rxng- bar on fﬁe_hercub§h9601 $tiéféd bptb fp?Ucdtho1yte
‘Taﬁ&“AfhgiJher§Uf¥v shrgide{:'A5 slan#.'wus rﬁn.by gbnerathg
éhfﬁm{uh(ll)g ééﬁ;lhuouslyb gt'fiésf and then in lncreﬁents

3 Ar» liAfo'élseconds near th; end»pblnt,'uﬁfll a small excess
was érésent. Potential ah& t ime readings were recorded just
before dhd>‘beyond the end pointe. A ﬁortlon of sample
‘solution then w#é 1nchtqd»qnd.chﬁqmiym({¥) generated aéalny
a‘:;{fp'!tlme"gnd”poféntialf;e;&fngQJQQéérded'as for the blan;¢
Thé readings wefe» plot*ed an¢ the énd‘points located by

linear extrapolation ( Figure 3).
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The amount of,ch%omlum(II),generated past the end point
:depended. upon the compound being determined, Wifh sharp end
points, as with g-nlt;oanlbole.ﬂonly #bout 0.2% exceses wes
needed; >for-4—nltrobonzolc acld about 30% was necessary. In
each case quccessive‘_rune vefe rerformed by ad&ltion of

\samples\ to the chromlum(ll) 'remalnlng in the cathode

¢

compartment from the preceding sample. Sample solutions were

k) <

approximately aillimotar, and were always used within a few

»hoursA of ° preparation. For water-insoluble compounds

o \
4

acetonft;}&é' or - ‘a lexturé of eacetonitrile-water .or

?

ethanol-water was used-ad sample golvent.



III. RESULTS.
?he‘ optlmum conditions for the consfaé -current coulomefric:
gen;fatiég> ;f.r;hrom¥un(II) froéj CrBr(Hzo)sz* have ,beeﬁ
Qorked OQt‘preVlousfy. The bect solution concen*rafions weré
found fo be 0. 1. 3 tor Cva(HZO)s2+ and 1.5 L fer HCL (29 3:
tte best current 1evel was' found to be 20 mA (32).

Mononitro. dinltroaandAazOﬁccmpduQQS.wepg y{traféd; the

‘results cf the :titrations aée summarized in Table I, Tre  v7

rate of réacflo; varied widely, with l-nitrgqabhtbaleﬁe
being the mos+t rapid,. Cn the other h%nd, under .our
coqd!tions‘ m—nitrophenol and 4-n1troptfbalici aéid. react
stoichio&atricaply bpt' too »slowly “tgf-be attractive -
snelytically, whiie.nl+voethane. ﬁitrlte ion ;rd azo-berzene
reac&ttoq slowly +o0 be determ{nnbie. 1—Ch;0§o—4—nifrobenzene

cave scattered results indicating a reduction of between

»

four and  five electrons per mnole. 14¥itéo-2-pephthol fgave

-

results several percent low for a f=-electron reductione.

D-Nl +robiphenyl gave results that were 11 percent tow for &

4-electron reduction.

'
. . .

. Coensiderable varlétlon was eﬁéounfﬁred in the number of
csamples <that could  be titrated successively in arsingle

portion of analyte SOIution.~Withmgfnltrggniééleﬂéfkﬂb?vmoéeg'

R . 3
. . PR TR T e, o

'§-édm§LesQE ééuid“"bé“' determinedjg %ﬁ: fbﬁ portbon;h,withiﬁjl?t‘
é—ni*rotoluenévfIIQ; é;mp{es could be dotermlred; whlle vlth_ _-:
4—;1tro§htﬁaliclhacld 1on1y ﬁéﬁgyhgaméle could be: deter;ined ££;i: 

i ‘w;t;;;”i_;“,per;ont:f'*Foé!}é&#gg’cogpgqﬁgéj.tvﬁ; §y»:tb?9f‘

“/d?}gy@iﬁdttohs ;§§hﬂ§?Ub?*lruhzonlﬁne pp{tidn-ét ana1§fh(fIﬁ"
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some caéesy as  with 1-nitronaphthalene, the flrét sahple

portion gave erratic results and was used as a blanke



IVe DISCUSSION

PN

Aikens and Carlita reported that g-nitrobenzoic acid

‘undergoes 4-electron’ reducticn to the hydroxylemine, wkile-

[

tﬁé m;v’;nd g;aéidé";ﬁgdéééqn G-GIeétﬁpn ‘reductien fo.the’
Amlnes‘ (29). It vaéh?sundiin‘fﬁis work, howgvgr,_fhag’all
three ud;rgo on‘ly' a  4-electron re.du;c't"i_ori; - This is in
agZreement with the controlled potential coulometric results
at a mercﬁry cathode !ﬁ; dlmothylsulphoxide obtéined Sy
Lindbeck and Freundr (33). .Our values for tre number of
electrons 1nvoived‘1n reducflon elso agree with the results
of Lindbeck ;nd Fbeqnd except for m-ri+roprenol, where thy-

tgpoct a 4 and we a 6-electron rtductlon. Berrman und Jamesf

:fepor*.ei;her 4—'or-6-electron reductio;Afo;‘;fe nitro afbﬁﬁ
ﬂig,_ﬁ  ;;née"ﬁf"c;mpouA;si at-ﬁ mércuryfcafhddéfih ;&Qeéué
A solution, .dépending on the potential‘apolfed (?4). In most-
vof the gystems in vﬁich we observed 4—e1ecfron reduction .a
slow  potentiel drift at and past the 4-élec+rer egulvelence

.

point indiqated gﬁhat further reduction wes teking plac?.
‘Tg§s ShggestsL that part of the dlfferénce in the n-values
fo;hd' may reside “in. the time allowed for feaction. cell
'coﬁditlons,/especlally acldity.'may alsolgé ;mportanf.
Lindbeck and Freund suggﬁst“thatvpartial reoxldation of
the reduced species by a component of the cell solution suct

és -hygrqun *1bq may be responsiblo for positive errors in

subsequent . analyses carried out in the same solution (33).

21
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. They propose thet the 'prdcess probably lnvolvgs ‘the

following -steps:

\"V,

. . . o ) . )}
O + ne —> R o . ' £7)
R + mS —> 0' + mS* . o . c8)
oY + me --9 R - - L . A_ ‘ i B . (9)

wﬁére equation (8) is the rate determining step, O is the .

nitro éompounq, and R is the:Eorrespondlng reduced compounde.:
O' may or may not be'they6¥lglhal 6x1dlZed sfate, and S may

be a solvent ﬁolecule or a hydrogen 16n.

'Q-Nitrotoluene undergoes a 4-electron reduction’ with
accurate and sharp end pointse The method“may_be used to

determine up to five samples in  one. aralyte portione.
| . : _ — “ :
m=-Nitrotoluene

undergoes 'a  4-electron reduction with.

P ? : '
accurate results, but only two samples can be qetepmlned in

,one,analy}g}poftfonr”lqicbhtrastgin4§1fbdtoluene}hndergoes a

less th&@f'Sfelec%rﬁh"rédpétlon with poor".acéufdcy 'gnd’

precision because of +the formation of emall emounts of a
s ) . : : . .« - R :
bicyclic compound (35,36):

m

CH, f. CH3

2CH3CeHaNOz + 10e + 108* —> CgH, Ceks + 4H20(10)

N N

NH2 - . "NHz R

2-Nitroanisole undergoes a 4-electron reduction with a

-ﬁreciSey accurate and very sharp end pobnte The method égnv

be used to détermlnq.slxjor more'samples in one portion of
< enalyte with all samples giving the same accuracy, precision
and sharpness of end points.'The neighboring methoxy group

'ﬁay stablfiié~ the hydfoxylamlne produet‘fhrogghnpyqrogen'
J .



. a3

Soﬁdfﬁg;J. 2,4—D1n1tr6ahlsole underéoeé ; iO—electron
reducfibn; fhe' orfﬂb Anitro gnoup probably is reduced to

) . - . ‘.
'hydroxylaming‘ while 'the para nltrovgroub is reduced to the
- amine. If"Is p6591615'td{deférmineitwo‘samplés‘pnly-1n dné/

14

pcrtion ofv analyte. "9-Nitrophenol undergoeé less then a
S-electron . reduction and so chromium(If) reductioh ie not

analytically useful because the reaction is not

1 -

stoichiometrice. m—Ni trophenol undergoes a 6—electron
reduction but the reaction is extremely slcw, too slow to be

_attractive as an analytical method,'n-Nltrophendl undergoes

@ 659Lectron‘redubﬁlanfinl¥hIé~Syatem'the first semple gave:
e AP g T - - ' r o /

‘:éonsistently' SCAtféred\resulfS, but subsedugnf samples were
‘"satisfactorye. Therefore {h? first cample in each freah cell

o .

solqtioni'was' considered f@ blank< and.not:used 10 the _

'a.
e~ °nE andns

}céléulafiohs; _

111; 4 Nltrophthallc acld 1% reduced stoicriometrlcally in>a‘
4- elocsron; ﬁrocese. thoﬁgh very slowly.. I;Nltnonqphthaléne»*
&unde;géeé ‘a  rdpld L6—e1ectron- reductIOJE with a éharp end
poin;. Up to three sﬁmples can be tftrgfed iﬁ one portion.of
cell ,sqlution bdt, aé.Wlth‘nfnltrophqnol; it.is b?sf-to use
thé_g f;fst'_ sample ?as.:a blank;‘ S;Nifro—l-naphthylamlne
'undérédge a stoichiometric S-eléc{rpn  redQc{ion; The
;ngctjon ﬁ?oduef“;;s‘ not ilsoleted ‘and i;entii;;d;vth;l
étolchiometry, corresponés»tg fQ;ﬁaxlon of a cohpled hydrazo
speﬁies: ' | |
H H
s I o
2RN02 + 10c:-2+ +. 1om* -—-> R=N~N-R + 4H,0 +-10Cr3+ (11)

- P

~
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- [

Hyvdrazo products of eleétrochﬂmlcal reduction 6f nitro

~

grdﬁps Aré well known lﬁ alkaline solutions, but rot 1& acid
(14). 1-N1tr0f2-naphthol gave results several percent low
for a 6—e1e¢tr§n reduction.‘perhaps bwiﬁg to stabilization
of the iIntermediate 1-nitroso=2-naphthol with chromium(III),.

Ni'troethane reacts too slowly to‘be«determlnable.‘The
gnulyt@cal applicability of redhctlon of the aliphatic nitro
compouhqé has?not been studied ag extensively as hasg' that of

the aromatic ones, mainly because of the 1nstab111ty of

Y

their redpct{qpxJlntermedIAteéw'and also perheps beéause of

the 1limited use of these compounds and their products in

6rganlc synthesis, The reactlonaotAthé‘hitflté”fén§-added,as

=

. . ‘ S s
o C /
sodium nitnitey al:o was too slow for 1t to be- determlned by

"4,,

“d‘rect chromium(II) reduction under our condifions.

o~ ‘_\

Neither' azobenzene nQr"Qfaminoaiobenzéne“ could be

"detérmihed stolchiometrlcally by our méthbd; The reduction
s ver& slow 1n both cases. Reduction is gpportedvto lead to
the format;on of séveral produéts suéh es aniline,
hydrazobenzeqe, and benzidine (37); therefore tre lack of
sfolchiométric reaction was not unexpecfed.
1-Chloro—4—n1trobénzene » undergoes  reduction
,cdrbesponding " to bétweeni 4 and S elec trons.’ Interaction
between this combound and its intermédlaté reduction

products and mercury has been reported (38), and is likely
L , ]

responsible for the nonstoichiometric results observede.

Constant-current potenticmetry was chosen for end=-point "

detection in this study because it often gives excellent
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potential changes at the . equivalence point for systems
involving one reversible and one irreversible couple, as are

encountered in this work (39). Examples of a ,set of

_ . . e
successive titration end-point plots in the same/g;;lyte

solution are shown in Figure 3 for Q—ﬁitroanisoler wtere
reduction 1is clean and stoichiometric, and 4=-nitrophthalic
acid, whéré the end points are successively more drawn ot

and slopinge. Satiéfactory results are obtalqéd, even in
‘those cases where slopes are sevére. i1f a straight line is

'drawn':through the two of three steepest points past the

.

<<

equivalence "~ point so as to intersect Wwith a horizontal line

- )
) i

drawn through the two or three polnts corresponding to the
blghest potential observed prior to the end pointa.

In ‘sSummary, sgmples of the order ‘of 6.2 .to 0.5
micromole can-,be determin§d with about_}% precision and
accuracy for a2 number of qubstances. others reacted too
slowly to permlt direct determlnatlon. Reductlon was -in most
instances to either fh?_ correséonéing hyd;oxyIAmlnes or

. N .

amines. . N

Ly

Vel
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PART 1I

STUDIES OF OXIDATION WITH COULOMETRICALLY GENERAfFD

COPPER(II) IN ACETONITRILE

(==
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Tgé slmplic{ty of syntﬁesis ahd ease of purlflcatloé of
terrocené, the s%ablllfy of.lts soLufioﬁs and the easy and
reversible oxidation of terrocéne to the'bLue ferricinium
‘ion have resul ted in much - sfudy ~He thlé ¢onmpound a§ An

analytical reagent. Its official " chemical name is

dicyclopentadienyliron, Fe(CgHs )2 In the last five years,

‘ferrocene has been widely 1nvestlgqud by several Russian

Lo

‘workors as, . &n analytlcal' reagent for the potentiometric
determlnatlon  of 1r9§ in alloysv(ld, aﬁd'for tte reduction
of silver(I) (2), both by‘ titration 1n.opganic-aqu?oué
media, Other' applf&at[ons of ferrbcené and lts'derivaflves
bhave ‘beenv suggested; For"example. feréocene thas been
proposed gs an &antianemic agent (3), and addition of
1,1t'-diethylferrocene by 0,05 fo‘S welgh¥ percent to diesel
fuel q}s reported to ,decrease' 300t fbrmﬁticn bty 50 to 60

percent (4)s Also, to obtain uniform discoloration and to

decrease the coOlor of polyethylene, ferrocere can be added_

at a level of 0.05 to 0.35 wt % to the compound (S).

Copper(II) in acetonitrile is a useful rngent for the

determination of oxidizable compounds that are lnsﬁlhble or
react with wa ter (6-16). Acetonitrile solutions of

copper( 11) are  fairly atable, but require perlodic
l-A_.,#A : . . .
standardization. Ferrocene has been prcoposed as o primary

&

‘standard for this purpose. because it is sotublo in

30 ’
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acetonitrile, can be purified readily, is steble on storage,

and 1is oxidized. quantitatively 'to the ferricinium ion by
copper(II) (9).

- . . e oo s
.y

. Asidigéu;ggg”lh‘f!bt'f?*csﬁsththCur;enf.gaﬁiom;tfy*gas
sever#l advantages over direct t;trationé. éhlef emong them
aré "the éllmfnai}on of the need for preparatlén, storage,
'And‘s+ﬁﬁdar&izdf16n of +if¥55t ;olﬁtidns} Q;&L;Qe Abiiity;fﬁ
Zenerate elgctroéhemically éxqeedlngly;sm;ll quqntltigs of
-chemicélli r;actlve‘_égqg§g§; with aécurgcy aqa-bfecisloh.
Quirk and 'Krat;Chvfl ;9}10) found “the’ reactiéﬁ betwéqn
coppef(II) - end. férrocene,» ‘dldné wi?h some ferrocene
derivatives, to be‘quagtltativq. The equation is

+

Fo + Cu?t @ Fct + cut - " L (12)

yhefe Fc is ferrocene and Fc* is the ferricirium lpn.-We
became interested .in :g}hdlng whether ;fhg;wgeneratlonlof
copper(II) from copper(I) in acetonitrile is gquantitative,
Therefore the ferrocene stteﬁ“ was - ehoséﬁ §§ a chemical
system for this investigcation. The method wag then tnstea‘

with sulfur—contalnlng compounds and hydrogquinone.

t
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VI. EXPERINENTAL

A. Chemicals = ; o  ' o ”'Vi“'f : . R Lt

 Commé£dldI‘QFEtonitrLle:QM-.ugggn“C91eman and Bell) was

elthen used  &5 rece ived ~f_}1£1ed by ‘the fqéthod of
O'Donnell, Ayers, and Mann (1 %‘ excépt that the decantation

following addltion ot sulfurlc acid was replaced by ‘a. vacuum

\ o

diqfillation below SSDC‘(9). - A ’

A

,Ietraklsﬂace%onifrile) C copper(1) perchlorate was

prepared by a&dlﬁg excess copoer‘powder'(Allled'Chemlcal) to

& so}utlop of hydrafed coppeE(II) perchlorate in

acetonitrile, allowlng the reductlon of copper(II) to - go to

-
-

cqmptet{dn, as" lndicated by the dlsAppearance of the blue

color, filtering off the excess, powder, evapareting the

solutlbn ;tb 'conéentrate"the'copper(l) salt, cooling, then
ddllectlvg . and  drying the salt under vacﬁum at room
temperature’ oJvernight - (18)e ~ Tke salt wes ‘analyzed by

oxidation of portlons"td copper(II) Wifh nitric scid,

followed by fitration of the copper(II) ‘wi th "EDTA. The salt
waé gfbgnd to be’ 99. 8% pure;“5the_ impurity is probably

acetonitrile (19).:ﬁ-Buty1—, amyl-, 1ebuﬁy1—. and di-n-butyl

- =0
el
\

";dé?!vaf1v€é off'.feffocene vgré* obth{n;d;-from Arapahoe
fqﬁém{qai;, ’ nﬁd: 'uﬁéd a; éécgivéd&liFérrocebe “ (Arapahoe .
éheﬁf&ﬁié) ‘was .réérystallized f;icé‘gfrbm heptane and
subllmé& .obeé; Tploﬁria»-'iBaker ;;& ‘Adamsén) and .

dodecanethiol (Matheson Coleman and Bell) were used as

received. Tetramethylbenzidine (Eastman Crghnic Chemicals)

, 32



33

was recrystalllze& vfrom acetonltr;}e. Thlophenol»(Téroéheﬁ
Latoratories Ltd.) was dietilled under vacuum. Hyd;;qUinqne
h;d beeﬁ‘prevlously ourified by P. Quirk of this ipborqtory.
He. recrystallized  commerclial material (Fispef Scientific
-pﬁrlfied 7grgd9) once féom 9S% ethanol and dried the produét’
R ~ hours under | vacuum to room . temperature,
Hexamethylénetetraélno (HMTQJ.(J- T; Baker ) was Qgiifind by

sublimation. - L 7

Be Apparatus and Procedure

éqlut%oqs approximately 0.02 M it copper(I) perchlorate
were.prépared in elfﬁer commérclal or purlf!ed'acefon}trfle.
About £ to 10 droes (0.15 to 0.30 mL) of distilled wster
were added in eqéh Eun because the presence of water Iin the
solutions bad been found previously to give sharp-ﬁotenflal
breaks and stable potentlals by stabillzlng the ferricinilum
ion produced from fhe oxidatlion of ferrocene (107,

Tre cqnstqnt.curr;nt coulometer“de§Cribed irn Part I was
used aé. the cur%ent source and timer. An Oricn Model 801
cdigital pﬁ ﬁetgr was used to locate the erd pointse.

The t;fratlo?_ vessel, shown- in Figure 4, was a
borosilicate H-cell with a 150~mL gnode-cpmﬁértment and a
60-mL cathode - compartment. SahBles_ Verqy introduced as

-

approximately 0.9  to \1.1 géams of solutions containing

X

ferrocenes in the range of 1072 o0 10”3 M (l.e.y one to ten
micromoles) by hypb@erm;q"qyr{hgo . through e rubber serum

cape The quantlfy of sample taken for each titration was

!

. .



determined by weighing the syringe to the nearest milllgram.

on a top-loading . balance before - and after sample
lntroduction.t:The endfﬁolnt -&qteétlon electrodes in tre
anode compartment consisted of a platinum wire as the

indicating ‘tl::trode and a sliver wire immersed in 0.01 M

AgNO3 . in _acefonltrlle in a glass tube 28 the reference

electrede, with a cracked glass ﬂJunc}ion separating the

AgNO3 solution - from the bridge solutior of 0.1 ¥ ltithium

berchlobate' and " a flﬁe”frit separating the bridge solution

frEm the titration compartment, The glass jurctions were

prepared after the ' design of Nils S, Moe (20) in tubes of

different diameters. Resistances of the junctions to IOOQ Hz

in Ool M aqueous KCl were typlcally on the'order of 20,000

to 100,000 ohme The anode and cathode compartments were

... Eeparated by an anion exchange memcbrane CAMF A104-EcC,

T e,

Ameriqah Machine and' Foundry Co.)e The anfbn'membrgne wa%
convertad from the chloride form to the perchlorate form by

scaking in 0.5 "M  aqueocus lithium perchlorate solution

overnight. After that it was dried in air for two hours,

then lmmersed 1in pure acetonitrile for a further two hours
betqre‘ uses The membrane was stored 16 acétonltrlle between
,fung. The catﬁode éompartment cpntained SO.mL-of O.14 ¥
acetic acid in 0.04 )N LIClO, as catholyte. while the an§d9
compartment ’congained 70 mL of 0.02 M CuClO. and 5 to 10
}drope of dlstilleg watgr- The generating elecfroqes in both
the ' cathode and a;ode coﬁpdrtmentq were‘plafinumﬂéauzo with

a3 .

large surface areass , .

,
i

Pt

&
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Air oxidation of copper(1) in<acetpn1trilp {8 not a

serious problem; = however, to - avold possible slight

oxidation, the cell contents were deaerated with ni trogen
that NHad been passed through a wash bottle of dcetonltrilg;
the stream-of nitrogen was directed over the surface of the

solution during the titratlons._uagnetic atirring wae used

in the anode compartment.

The experimental procedure was as followes A weilghed

~

ﬁortlonA of sample @ solution ‘was injected, an'd copper(YII)

titrant coulometrically gengerated from copper(I) at 5 mA

constant cu}rentr at a platinum gauze electrode { measured

valué, 5.000 mA Y. The end . point wa g determined
potentivometrically by following the rapid change in
potential irdicated by the dlgltal"pl{ meter until a

prbdeteémlned va lue was reached. The first sample was

considered as a blank, and successive portions were titrated

7

by injection of waighed samples into the cseme analyte
solutions The -current was stopped either automatically or
manually at a preset potential (end~point potentigl)~for all

samoles. = Seven to nine samp les could  be . titrated
’ . : .

successively in a single portion of:analyte solution before

the potential change at the end-point became too drawn out

to be useful. K . )
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Coulometer -

= =

oy NS -4
-4

- RPN SR

Figutre 4. Coulometr1c éelL‘And electrodes. A, platinum
' KA ‘ £&g8uze anode; B, platinum wire cathode; C, Ag,

: 0.01 M AgNO3 in acetoritrile reference
.electroce; Dy platinum indiceting c¢lectrode; E,
anion exchange membrare; F, magnetic stirring

X tar; G, 0.1 M lithium perchlorate ir
acetonitrile; H, glass Junction; J, tire frit,

-

A
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JVII.-RESULTS AND DISCUSSION

A. Ferrocene and Ferrpcene Dgrlv;tives

Results of a series ot titrations of ferrocene and four
derivatives with coulometrically' generated copper(Il) are
glﬁgn In Teble 2, Relative standard dgvlations ranged from 1
to 4 parts per fhdhsand.’Cons;dering the purity of purifiéd
ferrocene to be 100%,; the relative error found for the
detormiﬁation of ferroqene in the present work ranged from
0.06 'to 0O.14%. Fo; the ferrocene derivatives, which were
used as received, the résglts indice ted that the purity of
the deqivatlves ranges from 97.3_to Q0.,%%e Trese values were
1n\ the samé‘ generﬁl range as obtalinrned esarlier by

conventional:’ potentiometrlc titrations with e standard

solution ot copper(IL).‘

u

p-Butyl+ and t-butylferrocene eppeared to be thre most

pure of the deeratLvesk analyzede. Acetylferrocene and
8= any
: T

=g

benzoylferrocene gave too small a chenge in potential to be

determinable, confirming the earlier work (2).
T;trations of fercrocene in pure and ir commerciel
acetonitrile gave results that agreed witrin. O.4 part per

thousand. Therefore commercialxaceton;trile was used in the

‘-
%

remainder of this worke.

"Upon doubliné the amounts of ferrocene, and maintaining

—

the current at 5 mA, the same rercentage compositions vere
,obtalneg; Therefore the sample quantlty dces not aftfect the

precision or accuracy of the resultse.

-
S
\ : -
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TABLE 2.
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TiTRATIQN OF FERROCENEQCOMPOUNDS WITH COULOMETRICALLY

GENERATED COPPER(II) IN ACETONITRILE®

- Di-n-butylferrocene"

Potential Purity Rel..Std.
o % at'End _ of Com- "Dev.,_
Compound ’ Point, mV Detns. pound, % %

Ferrocene 317_ 7 99.86 ° .29
" 319 9 100.06 .23
" 320 10 100.09 .21
" 320 9 100:10 .40
n 320 9. _100.11 .11
" 320 g 100.06 .29
Férroceneb ' 246 7 100.08 .30
o é46‘ 8 100.02 .35
" 246 8 100.02 .18

n-Butylferrocene 239 9 99.66 .48
' ~Amylferrocene 234 | 8 99.17 .31
t-Butylferrocene 245 e 99.90 .31
' 244 9 97.30 .36

aSamples were in the range of_lO"5 1:0'110_~6 mole.

b . : . . oL
Solvent was commercial acetonitrile.

D
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.Acetylferrocéne ’ and benzoylferroceré "didéd not glive

- 1 .

satisfactory end ©polnts when titrated by tris ' methode -Most

of the ferrocene derivatives possessing a carbonyl function

»

ad jacent to one or both of thercyclbpentad;ewi} rirgs,
bes ides being more difficult to oxidize, were Yoxldlzed
slowly past 1:1 stoichiometry (10)e It was concluded that

these compoﬁnds could not be détérmlned.satisfactorlly by

the oxidation procedure described here.

»

N

Be Sulfﬁr-contalning Comboundg and Ietpgmethylbeniid{neﬂ

[

The same coulome tric procedure used for the
determination "of ferrocene derivatlves except for. tﬂe
addition of small amounts of water necessary to stablilize

-~ e

+he ferricinium oxidation product was algo investiga fed as a

possible aaﬁalyflcal method = for the determination of
. : ] ' g
thiophenol, tetramethylbenzidisd, . thiourep, . eand
) B YA
N o ; '
l-dodecanethiotl. The ‘thlolsiaﬂﬁnggng oxidation wunder
eppropriate condltions to +the dlﬁ@% Hges,
B . . . ‘-'u“; 3‘, w.:g_',}% ) v N
2RSH + 2Cu*2 &= R-S-S-R + 2cut + 2kt S (13)
) . c . -7 5 .

but the reduction potentlals of some of théso compounds were
too high to glve satisfactory flffafibn_cunves;’that is, the

; : T . . '
potential breeks were too small to be useful. Also, the lack .

of e :proton acceptor In the system may have contr:ihuted to

the ﬁoor results by this coulometric method.

Acetonl trile 1s a very weak Bronsted base, and in que

acetonitrile oxidation of compoundé such as hydrbqq%nohg and.

tﬁlophenoly_ls. inhibited by the absence of a sufficiently

~



-

S
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apiitqrﬁed ‘u-inéQ,thé titration cetl and proce

. ' : v' \ o o 40
.

. Btrong base to accept the hy#rogen 1ons produced (7)e Most
. \ 7 °, S . el

. e

Bronsted bases are also: Lewis DBases of some strédgth in

their rFeaction with copper(ll).yhowever, and the addition of

compounds such as ammonia of pyridine,résults;ln undesirable
' o B3 a . R -

-

complGXatlon of cOppor(II). Ot a numﬁ3é of proton scaveanging

‘species consldered-fof accepting the prqtoﬁ in'the oxidetion

of proton genera ting compoundg, it was found that

B}
v

R ' : ., » :
_hexa-ethylengtetramlng (HMT) appeared promising for this

-

purposé; Add;tlon of excess HMT to solutions of thiophenol -

——r 3

‘prior to generation of copoer(ll)t‘reéulted in sharp
? . ! s

potential changes of several hundred millivolts at the end

~ point, but the locatlon.ﬁof_the end po}nt vaeried with the

amount ~of _HMT present, and tended to be on the order of 2%

early. Also, a precipitate, apparently copper(I)

thloﬂhénolatey' appeared after addltibn of thiophenol to fhé
cell sgolution, Hquu.only

.pointe 'Tbo . presence of some undissociated ,copper(I)

v - .

 0th1Qpheno1ate at the end point may‘account'lhnpgrt for the -

s . - H

low quqlts 1n‘tée analysis.

- kao“ lniestlgatg‘tho reasons for the eaily,é@d poin* for

-
4

1. to .1 'stoichiometry, potentiometric titrations  .th

cbppdﬁ(ll) '¢t'thlophonol..l-dodecanethlol, end hydroquinene

. - R
=

~(HzQ) in ‘thﬁl presence  of varying amounts of HMT'JCfe

v B N L . M - )

. o ., . . - . (i

slowly redlséolved near the ede

dure deecribed
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{n Part IIT of this thesis, but with argon gas In place of

nitrogen. The results are represented in Tables 3 end 4,

N

Titrations df 2 to 1 mixtures of thioptenol and HMT\!n

0.1 M LicClo, with copper(II) showed two potential breaks.
“ :

The. first ‘break had an inflection of about BO'mV, was
gmaller than the second Sreak, and eppeared at a copper(lf)
to thicphenol mole ratio of less than 0.5. Tre second break
had a height of abopt 180 mV and appeared at. a copper(I1) to
thiopheﬁol” ;ole ratio of about 1 (0,998 and‘0.996;: A
precipltete appedred prior to thé firgf Qre&k:and diésolved

before. the second'break started. The preéipitate is thought
to be fﬁe cépper(T)tsdltlpf the thiol anione. The two brégks,
then, - hre: probab{y caused by formation of. the 'tblpl
pfeclpftate; followed by dLesolutlcn and ogldqtiéﬂ of the
precipttate according to the téllowing eguations:
ARSH + 2cu?* + 4ENT —> Rs§ﬁ3+ 2CusSRts) + 4H2MTf (14)
2CuSR + 2Cu%2 ——> RSSR'+ 4Cut B (15)

When :fhe amount of YHMT wasiincreaéeq to a level equivalgn&
to fﬁqt Qt éhiophenél, tﬂe';nd'point‘camé at a cobpéb(ll) tq
thlophenol mole ratlo‘ ot 115« When HMT was added to the .
copper{II) <t1trant solut@on inal to 1 mole ratio; and the
titration was _don; twovuhouré efter mixing, allarg§ sharp
bréak, on fhe»ordgr‘ot 640 mv, was ogfajned at. s coppc;(II)
to thiophenol mole faflo éf 0.942, No‘precipifafe gbppargd
in ‘fhlg_ tlffdtton;‘rhis is as e*pochd on tre bpsi§~;t_the
above  explanetion, since "exéess'hﬂuf,‘le_bot a;allible'tq

react with RSH to form CuSR and H,MT*. The reaction then is
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2CuHNT2* + 2RSH --> 2Cu* + RSSR + 2HLMT*? : (1l6)

Repeating the last +titration 24 hours after mixing of the

Y

HMT with cooper(II) gave a ratio of copper(II) to thiophonol
of 1.16, npd the sharpneéé ot ;he break decreased; This
indicates a slow reaction between copper(II) and EMT that
results in copper(II) nbt palng avallable for oxidation of.
" thiophenol. Solutions of copoer(lls -ln ‘ucetonltrile,are

blue, but  turn dark green on addlflgn of HMT. The reaction

possibly’ ie formatlion of a stable copper( TI) cotplex with

ByYT - or; mo re vlikely.‘a decompoel tion product of HMT. If a

~

coamplex 1is formed with ﬁMT the stebility constant must be
small, because ~potentiometric titrations of HMT with

. "
copper(11) show a steady chanae in potential with no visible

taflection at 1 to 1 or.2 to 1 stoichiometries. No evidence

for. a reactlog'betWeeh copper(II) and EMT has been reported
{ ; ‘ . .

in the 11 terature excepf for an observation b;rﬁel'nlcﬁenko_
end . Gyunner .(21) that copﬁer(l[)»chloride and BMT do not

react in water, but. do form a dark brown rreciplitate in
: - I3

~

methanol at an equivatence peint corresponding to a ratio of
: 4

copper to HMT of S to 3. The preclpifute cempoel tion was

-

given as SCuCl, «3HMT., Thev.onﬁy- other metal~-HMT complex
reported is that of silver; P. Job (22) and F. Pawelka (23 )

report the etabltlty constant,‘of silver 1oh with EMT in

Y

aguecus solutions as 3.1 x 103 and43Q75 x‘103nréspeét1velyo”
Overall, the addltlon ot HMT to eitrer the copper(II)

titrant or to  the solutlon being titrated doea not appear

AN

“useful from hn‘énalytlcal point of viewe
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When 1-dodecanethiol In 0.1 M LIClO, was titrated with

a ! to 1 mixture of copper(IX) and HNT, tre titration curve

showed a potential break of 280 mV at a

copper(Il)/1-dndecanethiol mole ratio of 1.41. Agalin the
large amount of copper(II) required 1is likely caused by

reaction of a portion of the coppex(II) with EAT.

Ce Hydrdqulndno

Titrations of mixtures of hydroguinone end HMT in a

"ratio of 1 to 1.96 in 0«1 M LiClO4 wilth copper(II) srowed a

potential break: of 400 mV at a copper(II) to hydroquinone

mole ratio of 1.997. When the amount of ENT was increased to
o . . . .
a level eqguivalent to exactly double the amount of ‘H>Q the

stdlchlohétry and size of break do not chengee. When the H>Q
: [

~

to HMT ratio was chnhged to 1 to 1.06 and 1 t;.l.eo the end

points came at copber to H2Q ratios of 1.15 and 1.68

rQSpectivgly, whiie the_pdtentiul breaks bécame larger and
s@arper. Increasing -the émount iof‘HMT to a ratio of 1 <to
2.04§” or. even to 1 to 4.1 HzoAto Hﬂf resuitod in a posiflvé
error at the end polﬁt of aboﬁt 7% relativé. Tye quality of
the end vﬁolnt was 1excellonf‘;nd gave géod'precislon:(see
Tablé 4). |

In summary, it heas been shown that coppéﬁ(ti) can bg
prodﬁ?ed' with iOO% current efficiency from‘séluf1665>§i
copper(tf }n acetdnltr;le, anﬁ‘that microgolar'&haﬁt;tles ot'
térfoéénof'and Qoao alkyﬁ-aubs;ﬂthed ferrocenes c;af be

-

determ;ned with high precislon and ‘dccuracy byféonstant .



b

current cdhlometric generation of copper(IIl)s The scope of

- the coulometric procedure for the determination of other

-
~ 2

substances appea rs moﬁa limited than does'&1rect titr&tlon.
Po¥eptlometr1c‘ ‘investigations of ;he effect iof proton
acceptorg‘ such 'asA AMT on ;Eé analyfléal utility of
copper(IY) oxidations of thi?ls and hydroguinone "indicate

thpt these systems do not appesar to be practlcal\
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.TABLE 3.
EFFECT OF HEXAMETHYLENETETRAMINE ON . POTENTIOHETRIC
TITRATIONS OF THIOPHENOL AND 1-DODECANETHIOL WITH . COPPER( II )
L IN ACETBNITRILE

' Ratio of Size of
Cu2*/thiol at. Break,
Tltrand* ) Titrant End point mV
........................... e e e ————
Thiophenol Cu(Cl0,)> C .998 180, poor
+ HMT ' T '
in 2:1 mole :
ratio - o ’ «996
Thiophenol Cu(Cloe)s ! l.s1l4dg . drawn out,
+ HMT . : " poor
in 1:1.07 . ) . 1.15,4
mole ratio . ‘ 14186
Thiophenol Cu(Cl04 )3 + HNT . 928 640, sharp
' ‘ in 1:1 mole ratio, ' ' 3
"ugsed 2 hours - « 956
after'preparatlon.
Thiophenol Cu(Cl0o4 )2 + HNT 1e164 . 620, not
in 1:1 mole ratio, 1.163 ’ sharp -
used 24 hours 1.16¢ s
after preparation. i
1-Dodecane-  Cu(ClO4) + HNT 1.415 . 280, fair
thiol. ' : : . S
: in 1:1 mole ratio 1.41,

used 24 hours
after preparation

—--—---..’“-—-———-———--‘-------,—-—-- —-----q-—-——“-----—-----

*0.1 M LlClO. 1n dry acetonltrlle used as solvent.

i
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TABLE 4, >
EFFECT OF HEXAMETHYLENETETRANINE ON POTENTIOMETRIC
TITRATIONS OF HYDROQUINONB W[TH COPPER(II) IN ACETONITRILE

................. e _-------11-4-.._-----_-__-

) Ratjio ot -
Ratio of T Cu?*/H,Q at Size of
HQ to HNT Titrant End Polint ‘ Breek, mV
1:1.96 - . Cu(ClOgdp 1.994 440

' 1.99,
1:2,00 ‘ - 1.995 400
1:2.02 : : 2.00¢ ' 400
1:1.06 o S 1.154 560, very
B : gharp
1:1.60 - - . 1.680 . 520, very-
' . sharp
1:2.04 . 2.13¢ - 440 -
. . , 24137 ' .
T 2. 137' . L )
( ! -, 2. 13‘ "
) , " 24139 : ‘
1:4.,08 : e 2.13¢ 440
H2Q only . ‘ . —— ' No/b}eak.
F2Q only ' Cu(ClO4)2 + HMT 2.357 120, poor
' ' in 1:2 mole ‘ 2.37¢ 120, poor

ratio (ueed
" within 24 hours
of preparation) - _

- . .
. Tt D D D D D — D A O o P P > VD T T S A D W e s W e GO B T s T . . B > A S i . e sty 0 o

»



(1975).

Prome Obreztsy, Touarnye Znaki. 53, 78 (1¢76).

3

lathérature Cited

a1
X

Ve Te Solomatin, Te Ne Artemova, and S« P « Rzhavichev,
Ncouya Me%ho&y Ispyt. Metallow. A. 47 (1977).

Ve T« Solomatin, V. I. Ignatov, ;nd Se Pe Rzhavichev,
Translated from Zhur. Analit- Khime, 32, S48 (1977).

A. Mueller, Arzhelm~?orsch. 25,/880 (1974).

A.? Ne Nesne}epov, Me Ao Mgrdanov, K; Ge Veliev, and N.
Se Hléashimova,l Khime Tekhnol. Topl. ,Marel. 3y 40
%

Ee« N¢ Borodulina, N« Z. Kurzenkova, Otkrytiya, Izobert.,

N

Be Kratochvil, Recs Cheme. Prdg., 27y 262 (1966).
) .

B

- Be 'Kratochvil, De A. Zatko and R. Murkuszewskil, Anale.

Cheme, 38, 770 (1966 ).

Be %En Kratochvil and Ds Ao Z.a.‘tko, lbi"ao' ‘mi 422 (196?’.

.y
L]

10.
11.

12.

13.

14.

15.

16.

17.

rdea.; ibide, 11, 481 (1873).

Be. Kratochvil and P. F. Quirk, ibide, 42,y 492 (1870).

Pe Fs Quirk and B. Kratochvil, ibids, 42, 535 (1870).
. v _ v . - : _

De A« Zatko and B. Kratochvil, ibid., 40, 2120 (1968).
. » : .
He Co Mruthyunjaya and A. Re V. Murthy, Indian Je« Chem.,

7, 403 (1969).

$
Be Co Verma and S. Kumar, Talanta, 24, 6%4 (1€77).
Me P Sahasrabuddhey and K. K. Verma, Talarta, 23;_725

(1€76).
/

Be C. Verma and S. i#mar{buicrbchém.ﬂJ.,'22; i49 (1977).
Je F; O'DonTiell, &- T _A&qrs. ;nd Ce K;_uann. Anal.
Cheme, 37, 1161 (1965).
; , ) . .
‘ ‘ : 47

[ I




/ e ﬂﬁe‘ BN 48

a

~

183. Be. Jeo Hathway, D. G. Holah and J; De Poétlethwaite, Je
t Chems Soc., 3215 (1961)s o
' “fﬂﬁ§%§'.iﬂ“w- (R

‘194 Jo S. Frltz; Je Eo Abbink.'an&iﬂb Kﬁﬁﬁiyne. Anal, Chema,_

" 1381 (1961). ‘ e,
- 232, 1), o

20. N, S-»Moe, Anal. Chem's 46, 968 (1974),

21; L. ¥. Mel'nlcﬁenko and E.« Ae Gyunner, Zh. N;ogran.‘xhim,
11, 529 (1966). - | | e

22. P. Job, Ann. Chim. (Erance), 9, 113 (1928). '

23. F. Pawelka, Z. Elektrochem., 30, 180 (1924).



&
pal

'

PART III o (
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WITH POLYAMINES IN ACETONITRILE

- Iy

49



VIIX. INTRODUCTION

o

Acetonitrile has been used as a medium for fundamental
solvatioﬁ ;tudies and has foPnd wice use as a practical
sol;ent for many synthetl; and enalytical appllcations. For~
this study acetonltrile was gselected as solvent since it is
e poor hYdrogenfdonor or qcéeptof,lls readily ‘available, h#s
] moqeratély’hlgh dielectric constant ( ) of 36‘which all&ws
dissolution éfv lonlci as  well as nanionic soluteé, is |
relativel& nontoxic, &n@ has a convenlenfl%iquid range and
low viscosity. Since acetonitrile i{s a pofar ﬁewls ba;e; 1t
stabilizes cations moderately well, althougb solubilities of

1

ionic salts are not always Large bLeceuse it does not solvate
o | 7 | .
anlons to any aporeciable extent. Salts which Lave large or

polar zable uni. - 1, ¢ anlons, such as‘éerchlorate or iodlde;
heve rcasonable solub’llt(es (1). It was reportecd that
#cefOHLtrile ie a Auseful solvert for‘oxldation-reducflon
/ . .
r ctloﬁs becaucse it has a wide potentlal“range which
extends ~from ;2.3 V to -2.,7 V vereus ttre aqﬁeous calomel
~lectrode (2),. |
-Deter;lnaflpns of a - number of metal 'éatibng' b&
complexatién fitratlnn wlth‘ a large numbeﬁ.»oi mbpd and

multidentate 1ligac.s have been carried out in aqueous media'

.by either direct -or back tltra

on (3). Aqueous‘tltgatlons

often involve ‘addition masking agents 'or edjustment of

- -

solution pH to provide the required specificity and keep

50 . -
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unwanted species from reacting wilth the tltn@nf{ Buffering
of - the solution also is often necessary to allow proper
indicator functioning, to prevent metal hydroxide formation,

or to decrease p: tonation of the ligand.

If chemic reactiong resulting in the formation of
iy ’ . ’
complex sgpecies in solutions ‘are to be applicable to
“b

automatlc‘ Tltrations,.they should,xpltll the following four
v : )
basicA requirements: (a) The complex which i1s formed during

the titration réaction must be sufficlently stable; (b) The

—

reaction must be stoichiowmetric, leading to the formatlon of

-

0 ' . ‘
a well-defined species iIn . one reaction step; (c) The
reaction- muet procee V“at a suiteble rate, preferably

instuntaneously; and (d)\ a sultab%f me thod of end point

detection must be avai ble. If potéentiometry is used, an

indicator aelectrode must exist, the potential of which

changes vuniformly and rapidly with the concentration ofo.one

of the species (reactant, titrant or product) involved ' in

the titration.

The practical application of reactants lea ing to’ the

formationv of complexes‘( became widespread ' iifh the

-

introduction of polydentate ligands ag titrentes. Such

reagents gonerayly ~form either one to one or two to one

complexes with, gﬁ%al iens, although ethylenediamine forms
’ " 'G’:‘ ’ L

three to ‘onegfg;ploxes wlth,so%eral metals;_?hé polyamines

o 2 ]
.

are oqe"clds§; of ligands that tend to form complexes of
apprecliable stabllltf with & number of me tals, esg:siﬁlly

.

coppér(fl) (4). ‘ . ' -
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"In this section a stud& is described cof the titraf;on
in gcetoni{rlle. of the ions of {rans;tiop metaie and -
alkaline earths, both 1nd1v1dua1iy~ and lp mixtures, with_
ethyléhediamlne (en), dleth&lenetr;anlné (dlen); and

frlethylenetetramlne (trien). These polyaminee were selected

as titrants because of their solubility aqdﬂthe salubility

Vi

,0T the corresponding metal complexes in acetdnltrile, and
because of the stability of some. of .the “Ilghdi-metal

complexes (4),

- : '}'Q,



'IX. EXPERIMENTAL

A. Chemicals "~ N

Ethylened{amine, diethylenetriamine - " and

&

*rlethyleaetétramlne (all J, T.‘jéake} ChemlcaIICo;) wérg
"purifled by redlstlllﬁtion under reduéed pressure (S5)e Ten
g}ams of potassium hydroxldeb;ere~nddedvto 300 mL of amine,
shaken occas;onally for two hours and left overn1ght fo
\allow“ the  hydroxide +to: react with the aglne oxi@es. fhe
amine was decanted lnto-a’dlstlilaiion flask and *hé'fhask
and conte;ts placed in a be;ting mangle andlstir;ed by a
magnetic Vstlrrer 'hndgr .v&;uﬁm for five'whours to remo;e
dissolved . ga;es. Neﬁt..fhe tempe rature of the mantle Qas,
1ncréased gradually from room tempe ra ture until cdistillation
started. The fiest 50 mL of distillate end the leet 50. mL
remalnlngﬂuln thé flask were bedecfed; @nd.only the middle
fractions were ﬁe%alned. En, glen,-;ﬂd trien weré distilled
at 'constant' femperatures of 50. 76 and 105°C reSpect%:eL;.
blmethylsulfoxlde (DMSO) (Cale&bh» Laﬁorotofieé‘ Ltd.) waé
- . ) ,

puri fied under fhe same conditions used for purification of

A,

amlnes,' except that the addltion of potassium hydroxlde was
’ ' .0

‘iqyft{ed; »lf‘ was dlstllled at 500c. Acefonltrlle,(uaihescn
‘Coieman ;nd:_Béll) was drleg overnlght;over éalclum ﬁ&dride
.and d1;t41ied. The first 100 mL of dlstillate and the last
100° mL remalning in the three liter dlstlllatlon flask vere

Il

rejected.,
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Th; hydratod perchlorate SQIts ot copper(ll). zinc(JI).

nangancs.(!l)# nlck.l(!l), iron(III),: cobalt(l!) ‘and

‘chro-iumtll!) : vofe - converted to the corresponding

‘e

“dimethyf!ulthldé iblvatqs by éithe: the method of Selbin,

, x : . :
Bull, and Holmes (6). or of .Cotton and Francls (7))« The

v

cpppef(ll) _si}t! prepcred follqwlng the outllned method (7)

~

' anulyiéd -as the 'pontasolvntc rather than the reported

ietrasolvgtc. (Table " S5). The dimethylsulfoxide solvates of

»
r

" the be?chlofates@ of magnesium, calcium,. and strontium have

nqubqoﬂ previously roboqted,'so,wote prepared as follows.

-

To - a saturated solutlon of" anhydrous Ng(ClO.)z in dry

aéetdno was added an equal volume ot'dlmeth¥1~sultoxlde.

AN

onn‘ additlon of ethanol a white areclpitate«tofﬁed.'The

Fx

préclpitato .was fllter.d.% washed twico wlth ethanol.)and

=

»

jdrl.d overnlght unden.vacuum at room tenperature.

v

*

. R . ) » ... . ’ -
A slarry of 20 g of.CaCOj in S0 wlL of water was treated

with 70% HCl0s_ in 1-sL portions -until evolution of CO,

! -

csased ‘and’ §,pu of 1 was ‘obtained. The eolution wqq‘placeg

-

qhd.r p_jacuué‘ untll 6011& .Ca(ClO;)z'”cppeaéed.W'dnd the

f’naUérifyb bttwgfgr wasg np-oved. The realdue ‘wae dis-olved in

g o -0 : o ' ’ .
a, minimum amount ,otﬂacotone, tllterod. an equal voluno of

. v . ) EY

. DMSO nddcd,' and the -1xtnre q@nkon.“Upon addltlon ot ethyl

. "
RERAN

5féfh§f;fa hoavy vhit. proclpltato tor;eda.Atfar cpollng-in

A s . . -
N

e o
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ice, the vpreclpltate wa s - flltered, w&shed twice with
portioﬁs. of ether, and dried overnight under vacuum at room_u

temperafure.

Sr(Cl0s)>,6(CHx)2,S0 . . *
hThis matqudl (:3//prepnrcd in the  same way as the

calcium saly except that the pfoclbltate obtained was

-

dissolved in ‘acetoﬂ§ ‘and reprecipitated with efber before

“drying overnight ~under vacuume. Results of the analyses are

Y

glven in Tdblg Se

B. Procedure For Tttration : SR )
R ' e . N - : n

Approximately 40 mg portions of each of the
M(Cl04);.XDNSO. ~ salts were diasolved 1in 40 mL dry

@éetonltrile and titrated with' 0.06 M eamine in dr;'

. -

ncefoﬁitrllp.'-An Sb-mL 'cylindrical cell vlth ‘a Tetlon 11&
was used as a tlfratlon vessel (Flgure S). A platlnum flag

Indicating' electrode and a sllver, 0.01 M sllver nltrate in, -
acetonitrile reference electrode wvere used, The reterenge

electrode was separa ted trom the cell solution by the same

3

Ubridge.'as descrlbed in Qhupter VI tor the coulometer cell.A

double. ‘Junction is 1mportunt hore to" prevént sllvor trom

entering the cell so(utlon.‘ slnce silver would ofhervlse

conplox. vlth the aulno titrants and cause error. A Metrohm

- potentlographJ E 436 eutomatlc recordlng tltrator dellvered,

’f

tltrant by noans o! a ayalnge burot vithouf exposure to ulr.

\\\

nnd' recoraod thQ tl}catlon - curves  on 'av-bhltt-ln‘chart

" - -
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recorder. Titrant was delivered from a S5 mL burgt at a rate

ot 0.25 aL per wminute. .Ailr oxidation was ainimgized by
starting each tlfrailoﬁ immediately upoﬁ glgsolution of the

sample, and by passing nitq&gon through the solution during
1o

the titratione. Magnetic stirring was used.

The reproduciblllty of de livery of the titrant by the

Metrohm automatic ’tltrator wasg determined by dellvery<of'

several samples and comparison of the amounts dellueéed with

theé

, "

recorded volumqs. As an example of the precision of -the

titration syqtem; a set of five weighlnge of the wster
delivered by the S-mL burot gave an average of 5 043 . g with

‘standard devlatlon of 0,002, The’welghf of water was divlded

by the density to obtain the volume. The distance traveled

Y the pen on the chart paper during dellvery of fhe-buret

-

.

ontents whs measured in centlmeters. and a’ facfoi/ior thke

3

1
umber of mllliliters per centlmetar was used 1in determlnlng

e volume of the titrant at the equivelence points in the

t trations;

The shapes of the fltratlon curves for the metal lbns
o . g v _
wi h‘ the amlnes rangad from symmetric_to rlghly asymmetrlc.

Algo  some of. the

metal—llgand complex reactlons. such as-
)

cdb er(II).fand' cobalt(II) with ethylonedlamine, have Iarge

pot ntial ch&nges at the inflectlon point while othere. such'

magneslum(l!) .and cobalt(![) vlth dlen, gave small

poto‘tial changes. Thorotore to provide conslstency the end

was. tqken in all- 'casqg as that point of ‘the curve

- - \“' N
egquidistant frOmf,paraltpL lines drawn targent to the curve

..
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in the potential break region (Figure 6).
To compare the platinum indicating electroce with the

Eercury and gsilver electrodes, which heve been suggested
- - . AY

v

previously as indicating electrodes tor potentiometric

complexation titrations in agueous medih, we used the same

titration system with the same'conditlpns described shove

except that the piatlnum‘elecfrodg Wug‘replhced'by & mercury

or silver indicating electrode, For the mercury electrode,

-
-

one of tﬁe arrqné&ments,pt Reilley and Séhqﬁd wae employed

(8)s . It consisted of a small circular gless cup sealed to

'\

the end of a pieée of glassg tubfng. Tre tube &and the annular
: . . v : ‘ .

cup were both partlally‘tk}léh with mercurye. Coh%gcf‘%etween

s
/

the +two was made ﬁy a short lengfh of pLat!aniﬁlre sealed

]

through the'tubing near the end éontalnlng‘fhe,cup;‘con#act

wltﬁ  thg pot?nflgl measﬁéeﬁenf.device was‘madg_by a copper
w!ré im;ersed in “the mércury An fhg thb;. Cne dfop‘of’a
1073 uwgolution of,mercury;én'dr.megéuryffflén wae added to
thi?golution to be‘fltrated;to‘pfovide a mgrcury(ii)-mercur?

ﬁetal céquQQ' For the silver-silver ion electrode a silver

wire 0.7 .mm in diameter was used in place ot the platinum.

-t .

and one drop 01'0.008 M silver nitrete in scetonitrile was

"added to the e=olution to provide a f!nltg~ emount of
silver(I) for the silver couple, agé described bty Fritz and

Garralds for gomplexation titratdons in aqueéuE‘media (9).

{
AR
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Flgure 6. - Potontiometrlc Tltrafion of Lopper(II) with en
: in Acefonl*rlle . e -

t .



X. RESULTS ‘ o

Platinuam has not’ boon reportec before ag an lndlcator

electrode 1in complexutlon titrations of metal ions. As part

of this study the metal ionea copper, cobalt, nickel, zinc,

manganese, iron, magnesium, calciun. éfrontlum, and chromlum

~

In the form of the DNSO solvatee of the perchlorate salts, .

M(Clo.) n® XDMSO, were fitrated potenfiometrlcally ‘wlthrdn

using & platinum 1ndlcat!ng electrode. B ‘
The key features le " that cobal}(II)-@ﬁd cdbpei(il)

show sharp inflection points Qt 2 to 1 ratioes of en to

metal, while mhnganese(ll) aﬂ& magresium(II) show smalter

}nflections at 3 to 1 ratios, For copper(II).a eet of

titrations in wﬁlch Cu(Cl04)2+4CH3CN we s ueeqjaé the sample

in ‘place of the. DNSO solvate éave’identical titration curves

.

to ' those in | which DMSO ' was present. Calcium(II),

Stront{um(li), chromium(IIXI), .and" silvef(l) do not yleld
. . . ! m -

titration breaké. but zlné glves tvo. a small sharp breek at

a. ratio of en to zlnc of about 1. 85 to 1, and & more drawn

out break at a ratio of somewhat over 3 to 1. The behavlbr>

’

" of 'ron(III) is slmilar to: that of zlnc(II),’butvthe break"

af the 3 to 1 ratlo is sharpev and;cleaner. Nlckel(II) gave

a small sharp break at a 3' to 1 éatib, with a slight

lnflectloh Jqét precedlng 1t at a. ratio ot abcut 2 S to 1.
e ‘ e ; .
Figure 7 raprosents the tltratlon curves of copper(II).

cobalf(II), mazneaium(lt), manganese(ll) ‘and nickel(ll) with

o

61
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enNne = . -
P

. The ihrgést potential change is observed with

. ‘ . fﬁ . ‘ ‘
cooper(1II). Mﬂpturos &%) equal amounte of copper with,
calcium, copperqgiﬁh strontium, copper with chrqmlum'_copper

with  a mixture of calcium, strontium and chromium and.

diron(IIX) ~with chfonlup, were titrated under the same

\ . , , . )
conditlions as .for the Individual icnse. The results showed
that calcium, strontium, and chromium bhave no effect on

stoichiometry or end polint detection, fhat'ls,'thgy do not

conmaplex strbngl?hinoughyior in the cease of‘chﬁomlﬁm, rapidly
'enough. to interfere ln.tho tlfqatioﬁs.
Tq vJudge the relatlvé basicity ot thé'two rl trogens in

en a sample. of the ligand wag tltrdtedfwlfh’perchlorlc Lcld

in acetonitrile. As canibe seen from Table 6 and Figure 8,
~ quantitative results were obtained with two sherp breaks at
1 to . 1 and 1. to 2 ratios of en to hyarégen ion,

v

correspohdlng to the reactions:

.

HaNCH2CHaNHp  + H¥ =——> HoNCHCHoNH3+ B 17y

»

HaNCH2CBNR3* + H* —3 (H3NCH,CHpNHz )2+ s S (18)

- : ' ('y:}

&

Titration of a mixture ofucdppef'and z1nc.gave a good

. v ' - . ) N ‘

break of about 600. mV, but: the end point was 3 to 7,percent
. / o . :

early for total . copper(II) and zinc(11), 'so analytical

dépllcatlon of the,methodltb thls'mixfure is ndt‘pbsslblq§-

>

Titretion of ‘a mixture of copper, zinc and silver gave a

L h2 .
very poor, drawn out break that could lnot.ibe used to



a

’(Flggﬁo 9).

- . o 63

calculef. an end point. A m!x;ure of mengénese and chromium
ias- als§ titrated but again the wmethod wag not analytically
useful because it gave a drawn ou} break about 2 percent
late for a 3 to L ep to manganese ratio. A mixfurc of nickel
withichromlum gavéia taiE break but scattered ;eéults.

Coopery, aluminum, cobalt, nickel, mangenese, iron(II),

iron(III)y end magnesium wefo also titrated in the form .of

%he hydrated perchlorate salts, N(Cl0O4) +€6H0. The results,

~

calculs+ed on the basis - that all the saits l;eref fhev
hexahydrates, _Qere w;thin 1 or 2 percent, except"fpé
aluman;.v Table 6 fisﬁ? the 1onlti rated, the size of the
Qr;aké in ﬁllllvolté, tge sharpne of tte breaxé,'and fﬁe
raf;os éf en +to :mefal; lons_or protons at theilnflectiqn
points for'a large number J} fitratlons with e;.

L4

Teble 7 summarlzes thg results of. titrations of a

serles of metal ions with diens Copper(II)‘shows breaks at

ratios of toth 1 to 1 and 2 to 1. In'both cases the curves
are <charp and \stolchiqmetric. The only other lons studlied

that react?d in a clean etoichlometric ratlo witk dien were -

magneslﬁm(lf),' cobalt(II), and manganese(1I), all,of which

- T . \

prodyced suallv\ght sharp  inflections at 2 to 1 ratios

ke W

A

Table § repr senfs the results obtained ‘when trien was
. . o ] v )
used as a tftfant.. atii}étlvo reaction wees obtained only

. . 5 - T > o PR ’

'wlth copper(II)Q Var. poor breaks ahnd undeterminable end

o ca PN

.poiﬁfs'occgrred in the \i:ration of megnesium and calcipm. -

Results Voft titrations of 2 series cf metal ilons with

3
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‘nrékel(II). \WLfb both eLectrodes manganese(ll) shovs drawn‘

‘T out potential bﬁeaks atf‘ubout 3 to 1 ratios that ate not

.8harp potehtlal breaka' but at a 3 to 1 ratlo of llgand to

3 o : 67

en, using either the mercuéy—en or gilverqsllver lon systems
. ! . *

as indicating electrodes and a silver-si Lver ion feterence
. 4 K s
electrodel are ,sum-arlzed in Tables 9 and 10. As with the

~

platinum indicatlng olectroda, copper(II) shows the aharpest

and .lavgest poten%ial breaks. Cobalf(II) titratlons also.

-

’ : . . ’ - ’ ) ‘\4_))
show sharp ‘1nftectlon points at 2 to-1 ratios of en %to.

cobalt([l) in the case ot the mercury electrode, but at less
LY . . t
‘thad 2 to 1 for the sllvervlndlcatlng electrode. Slmllar‘

P

v
oo

metal, are seen with both vlectrodes !or the tltratlon of
n W

4

RN .

Adnalyfldqlly ugse ful, Calclum([l) doee nof yield titration:

°

‘electrode.

breaks with either olectrode' while maiigsium(ll) shows a

v

poory - drawn out break at about 3 to 1 ratio with the silver .

-~

'

. \ L \ N ’ X i
indicating . electrode, . but 0 inflection wWith the mercury
Tables 11 and> 12 summarize fhe resultsfof:tltratlons ot

a series ‘bf_”lons wltﬂ trlen, uelng mercury-trlen or

silvgr#éllver 1on lndicating Qlectrodes and a silver-sllver
- V.'_" - ] )
ion reference electrpde, The only metgl studléd,that'reacted

in a éLean” stoichiometric, 1 to 1 ratio was magneslum([l)

N “

with the mercury-trlen 1nd1cAt1ng electrode- All the other

.

meta{s showed nonstolchlomefric ratios ot more than 1 to 1,

- v NN

even though some of them gave good 1nf1ectsons.

P
P o

Uslng the sllvenrsllver lon 1nd1cating electnode, no

petal gave stoichiometric btoaka. Instead all showed drawn
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A . " TABLE 6 e

RESULTS. OF TITRATION OF M(ClOJ); +XDMSO SALTS WITH EN IN
ACETONITRILE, USING PLATINUM AS INDICATING ELECTRODE

* ‘

Ty -

- Ion enimetal ratio ' Poten*ial éhdnée in oV
titrated : at inflection point and sharpness of break
, , ’ q ~ at inflection point
. Cu2¢ : o é.OOé. 2,001 rd60vvory sharp
. 200y 2,00 - .. (smooth break)
Cuz*x 24000¢2.000,1.999 950, very sharp
CuZtxs . 1.9994 1.99, 960, very sharp
Cu2tnxk - jv2r00°'10990'2‘000 . 860, very sherp
- co2¢ . 1.99942.00y 240, skarp
) 1 099.9 02 001 ) ..2:
zZn2+ . 1,83, 1.8, 1.86 . 80.’(lst) sharp; .
’ : v 3¢00,3.28,3.15 120, (2nd) -drawn out,
T ‘ ‘difficult  to locate 2nd
- end point
Mn2+ | . 2.994, 3.00; 120, good
o 3.000, : ‘ '
Fe3¢ . 2.09,,3.00, 120; fair, with small
: . "3.00¢ 43,003 _ ‘wiggle just before ma jor
‘ oL - break - . S
Ni2+ . 3.0093.00, 80, sharp, with small
- N © 3400 e wiggle at 2.5 to 1 retio
) . - ' L . : NI T . ) : '
 MgZ* . 2,994,3,00, . 80, falr to poor-
“ ." : . . -, 3;0‘02 - . . - ) . .
Ca?* i )Vf “"No lnflqgtibn )
sr2¢ : i'.' '¥o11n$iect1on | ° . ;.;"f
"c§3+> | - Ne inflection .
cut + cazv - 1.997,2.000,2:000 740, ‘very sherp, .only
P S L7 Cu2* titrated 1
e . .‘ :‘ . Q. . - ‘ v : v, B /,_ . PR o R .:a' - e -
: C#zf,#‘erf;?  ,2%90.;1.99q,2.00g‘-'840,; very - sharp; ‘only .
S L. cuf* tigratea | .o .
P Dk : S



’ 70 .
¥ Y
Cuz+ + 6,3* 2o00§,1.99¢,2.00“ ‘1040.extreme1y : abarp.

k : only Cuf? titrated >
ﬁe3* + Cp3t 3.00,,3.005 ' 100-150. fair; &nly Fc3*-
. : o " 7" titrated

2‘89u'20997pleQQ‘ ‘
Mnz2* + Crsf .'3-061;3-065.3-051A 140, . drawn oJut, “only
o S Nn?* ¢i tpated
Mgzt + cazt R o J -
4 g2y No inflection . ' '
le*-$scr§*>_' 3-085.2@95;". ' 180, feair to good'»oniy
- I © "Ni2%%* titrated
352* + Ca2* " No 1n£lection A
‘cqa"* Zn2+ . o . - 600, ve;y good, : end
oy o E : . point -3 to 7% early for
' ' “total Cuz* and Zn2+
‘Cua* + Zn2t +_Agh ot . . © . one very poor and‘dnqvn
‘ v ‘ o o out © ' break, not
. - 7 o ntolchtometrlc © with.
L T T ‘total of Cuz* + Zn2¢
cul+ f Zn2+ + Ag* - S ~ppt formed, vér? poor
T (hg*’ Qdded as AgNOs) T S ‘and drawn = out break
. . S . about 3% early for total”
ST I . ) v o ] ot cu2+ + .zZn2¢
Cua*'*-" i ..2.01:'f - ' @ 120. ppt torngdy“talf
ABNO3 ; x i_ ,V o 'V.ubroak,only Cu2¢ tifrated
Iiinnilan of dexsihd>5111g MLQLQ‘Jn;ﬁEzQ
Coestt 2,000, 1. 963 El0yanerp. o .
A3 1.47,1,43, 1.38. TN o o
- o . ‘1¢38'103& : : . - 200' (lﬂt)' VQI‘Y sharp
3,.092'3.11‘ '3004.(.) " .
. 2. 99;2 947 L L'§200. (2nd). vory sharp
, L s _ P : B R
Coa" o . s 1'.967 '2.-023 B 200 300' !h‘rp L * -
Ni2¢ . a,88 ¢, 100, fatr 'g.o‘- Cwdody
2 - L ST ;_f “‘,.'\alyllctrlc e mr DL
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MNn2¢

3.095,3,083, .+ 100-160, feir to good
3024434104 preceded with a very
drawn = out breek at more
¢ than 2 to 1 ratio
Fel2t - 16977,1.95, 120.-(1et), fair to good
’ ‘2072' 2.68 ’ 80 (2nd), failr to good
LT l ‘ 4. . ., ‘ - v' . '\_"
Fe3+ } 1 _ " ) (1st) very poor break,
' difficult to locate end
- point
2405, 2.074 , 240, (2rd) feir tc good
T break ;
CH* ke 1.002,1.000,1.005 300 (1st), sherp
. 1.99491.994,1.99¢ 140 (2nd), sharp
‘Mg2t - . 1204642465 : lﬂb, drawn btut
(fbpm anhydrous . s _;v‘qw a}“' '
Mg(Cl04)2 e el 2 o &
v . .. v-&? “;
. J:ujmyg - Jitrated witk en usips copper
lactive ‘electrode instead of -platinug
cuz+ o ; 2.1 5,2-143 ‘ ‘ o '450. !nflect1on point is -
V ’ 2.148,2.145 ° preceded by a large

wiggle; = difficult to
Y locate end point '
*Copper(1I) added @s bd(010§)§;4CE3CN."”':‘ RN
**Ptatlnuhlpketréatéq with_cbnqentrated nitric acdid.
_ *%%Platinum pretreated vith O«1 Y ferrous sulphates. .
 *#¥%%  HY  from HCl04.2H20 (70% aqueous ‘acic) used as titrant
: fon{en} therétore'rhtlos“!bbwn are for HY to en.,

\
v

- ' - —

.
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N

- - - - - - - “-—6—-—------—---—---—-‘—-—--———-
Ion : BN dienimetal ratio Potential change in mV
titrated at inflection point and sharpnees of break
- : at inflection point
Cuz+ . 14005,1.003,1.005 330 (1et); very shars
. "2.000.1-98.12.00. 630 (2nd)y very sharp
Mg2+ 2.003,2.00, 200, good
’ “"2.000' 1.993 - v
Zn2+ 2-00;,2,039' -360;.very sharp
2.01742.124
Fe3+ 1.69,1.68,1.68 300, very sharp
Ni2¢+ . 2402,2.03,2.04 220, very sherp
Co2* - Y "1.907,2.04,1:98 100, starp - -
oo O . : . :
Mn2+ "1.99,2.00,2.01 . 140, very sharp
Ni2+ + zn2+ 2.04" 180. one good breaf<
ST ' equivalent to total Niz*
- _and an+ ‘
?Caé*, v2.16.2.13ﬂhb14 60, very drawn out. ‘poor °
} S T . .’ 4 ' . _
Mg + cal2t 2.01, 180,‘ one failr to good
- . : S -
: . . btreak correspondlng to
. o - _total Ngz* and Ca2+ L
Iitration of Wmmmmwmz -
' Carbon Elactrods Inatead 9.1 P.h.unnn J.xuusulns R
Mg2* " No infleection- | .- -
cuz+ 1.0025 1.89; . 590,300, (1st) fair,
T P {2nd) eharp ST v
L -‘:'& ’__ . - 5 ¢ .‘bv ;

TABLE 7. !
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TITRATIQN OF I(CIO.)n.XDISO SALTS WITH DIEN IN ACETONITRILE
_USING PLATINUI AS INDICATING ELECTRODE




TABLE 8.

TI“TRA.TIO'N OFv M(ClO, )‘n' XDMSO WITH IR
'PLATINUK AS INDICATING ELECTRODE

73

: b4
IEN IN ACETONITRILE USI‘NG

- - — oo — — --—-—————----u--—---—-“;& ...... s > e o o o — ————— - - == -
Ton : Trienimetal ratlo ' Potential change in mv
titrated at 1nflection»polnt end sharpness of break
' o : . - at 1/;kggtlon‘polnt
Cu2+ 1.00g,1. 00,1 000 - '84o¢ very sharp - .
Zn2+ 11.07,1.13,1.08° -« 400, teir e
Co2+ 1.08,1.07 - : , 140, fair -
- . . . - - .a -
, . : . ° . 3 -
NiZ2¢ 1.09,1.09,1,09 120, poor to fair; drawn
o o B iQEf A .
' > g o - P‘ ‘ \/ ‘ ' I .
FQ’* ' 1-23,1044'1039 120 (llt)' poor
‘ 1b66§1£88,1;84 - 100 (2nd). poor \
L < e - £ EEE )
Mn2+ 1 0S, 1 07.1 07 70, ta;r to good ..,
. et ‘ e R B .
Mg2t ot.rnlnablo; ~ . ~80 very poor break:'
v polnt n " @ 4 T . '5- o ‘ IR
Ciz* not'qpnﬁkc’ : w.~100 véry. pbprj drawn
{ L ’ out '~ . . .

— ———b——



o

TABLE Qo
SUMMARY GF TITRATIONS OF N( CIO.) oXDMSO SALT‘S \UITB EN IN
ACETONITRILE' USING Hg/EN INDICATING ELECTRODE‘

Ion en: metal ratio et ' J'Potenfiel change in -
rtitrated lnflectlon pofnt' . mV “and sharpness of
. o : . . T break ‘at inflection

>‘ 4&--_--‘...--_,.-..---'.-:,q.-..-_--_-..-..---------------------_;
cu2+ 1:9941.994,1. 999 22 000 . 36__0-5?(1. very etarp
co2+ W 2.003,1. 999.2 00¢ 280, very sharp

. . . . R : \ ‘
, Mn2*¥ tA3 YT 7. drewn’ out, not
. . . o N . . \‘u!'eful " v - c

Ni2+ . 3.002, 3.00y . . 130, good

‘Mgz" ' ' no _Lnfl‘ect ion . . ' drawn out.
“Cug* " ne lntlectlon o
N e o

N .

a . ~ &

- . + } ’
.
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hJ

Y

SUMMARY OF TITRATIONS OF N(ClOg)noXDlSO SALTS WITH EN IN -
ACETONITRILE USING Ag/Ag* INDICATING ELECTFODE

an

- titrat

Cu?#¥

Culdt

TC°2+
CoZ+
an;
;le#
j’Mgz*

Caé§

enimetal ratlo at

ed inflection point

1.998’2 000'2 000

. i.99,,2,ooo (only -
gilver'wirey
1.99,, 1.91¢

1,99, (only
silver wlre.

~3°

3}00(,2.99@.3-003_"’l
~3
no inflecﬁlon'

.

e o e o e e

~

no ‘Agt* added)

L4

no gg* gdded)

'<t1tratlon

T T T R e e e D G W = . D - - - o -

_ ‘Potential change in
~. mV

about
60" mV -

- - - -

v

and sharpnéss of
break at inflection
point ' :
180. sharp- ‘

- 200, sharp

o N
240, sparﬁ
229,fvér§5sharb‘

. 120 poor, hard to-
1ocate the end point
150,'aharp,

" poor, drawn out
gradudi potential
change - ‘throughout

of



TABLE 11,
SUMMARY OF TITRATIONS OF M(ClO4 ), « XDMSO SALTS WITH TRIEN IN
ACETONITRILE USING Hg/TRIEN INDICATING 'ELECTRODE

-

- - o - - ---.. ------------- --q--- .......... -  and - - ----
Ion ' trienimetal rgglo' : _Poténtigl change in’
titre ted at inflection point " mV and eharpness of
. : , : e Break at inflection
- ‘ S o a | point
Cu2¢+ : ~1.1. Tet, f.1 ‘ T 360 - (1st),
: , s T . asymmetric :

) ) ~1.4' 103' 10.14\' . o 180 L - (2nd).
I o S ., .+  esymmetric o
COZ"' ) ‘ 10093’10 089'10095'10‘090 o 240' sh\arp
Mn2+ . 14065,1.05, . 120 (1et), good
Yoo 1.29,1.295 .~ 80 (2nd), fair
Ni2¢ 1:106,1.096,1113 " 90, good

-with a second break dravn
out at less than 2:1 ratio

Mg2+ : 1.000,1.002,1 000, 150, good
1.006, 1.005 ,
¢52f  - ”Q1.2‘ . °\,”' . A, ‘drawn . cut,  not
o . ' . : . calculateble

,---c--—---—-.—,—-——-——q-----'—--------—------—g—---—--—--’--

-
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TABLE 12.
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SUMMARY OF TITRATIONS .OF M(Cld‘) .XDMSQJ SALTS WITH TRIEN IN
ACETONITRILE USING Ag/Ag* [NDICATING ELECTRODE ‘

- Ton . _trien.mqtal ratio :Potential chanaevih‘
titrated  at inflection point mV. and sharpness of
: A ' break at inflection
point
---—-——--————-——---—---.(—h-.-—q» - - - .--- ————— -----—-q--———-
Cul+ ~1 : ' e 200 (lst) .poor
! ~1.4 120 (2nd)f drawn out
Co2¢ - \1.12; 120, poor-:
T Mn2+ Alel 100, poor
Ni2¢ ~lel, 131, 1.1 800, poor |
Mg2+ . 14103,1.087,1. 25011405, 180, fair Y
Ca?2¥ . ~1 drawn out
-'-_--'.-.--f".---‘---“---------—"'f“"'----,“..--~-.-f--.—------?:r-—
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XI. DISCUSSION OF POTENTIOMETRIC TITRATIONS

{

In the present vork,; several previously pnréporfed
salts have b,dﬁ prgpared ' --.( &g(clo.)z.énhso.
Ca(ClO4)2¢6DNSO, and Sr(Cl04)2.6DNSO. |

Titrations of . samples . of Mg(ClO.)z.6DMSOA and
Ca(ClO.)é.6DMSO' vith EDTA yloldoq torézlavvelghts°of 621.19
dnd?¢705.1 glmolo vhcroas the theoretxcai values are 691.23

/.

nd

07.7 g/mole respectlvely. Trese resulte in conJunctlon

with m_croanalysls ,fo.r hydrogen and carbon in the compounds
. ‘ ;
show that each fornula weight contalns 81x mdlecules of

DMSO. The results of the carbon analyses for the calclun and

strontium salts  do not agree very closely with the

v

& Ba—

'y

t?eoretlcgl value for. 5ix moleculeg of DMSG, , but the

hzﬁqqgen results  are soméwhat better; Further stud& of the
dﬁbonﬁium,,compound was not carrled out because it did not .

X

react wlth any of the amines’ in an analytlcall‘;’vbfql way.

. «
W - . e

nrqparatlon is. straight forward,, and will not be
¥ ;\% | . . R . . . .. ‘
Dt discussed fur%her. They  are easyfto hgndle'and-ptovlde a
Il . \ . . - - N

thqpm' {gi gﬁzao’metgl lione when water-free selts

j; 1n” qﬁfvents ‘of pbdof&té td«lbw‘dleleétric constant
: grgvnoédﬁuﬁ ' g“n“: ’

E T v e o - o SR
Aa["mentlon&d fé:%}lor. thqﬁcbﬁper(tf)‘veicblobatg salt
.vag»  1solatod' ‘&pwa l"7,§ontgébltho t rather. fhan’_tho

tetra.olvcte. '.vTﬁe

i tornula -‘velght ’éf:\'
‘o Cu(clo.)z@§nuso lj_ 653 07 gfnole. Tltratlon or - -umple ot'

. T .
2 L - SRS e S
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this compound with standard Na2S203 gave a' formula weight of
653.9.3Jm01e.
- Anelyegis of th;e compound for hy&rogen and carbon wes

;ddne ln the microanalytlcal laboratory at the Departmenf of

Chemlstry of the University of Alberta. The values found

wvere in satisfactory agreement with the theoretical values,
. . ) _ | NI

Therefore we have two pieces'of evidence that the éompound

prepared in . this wo rk .:!s Cu(ClO.)z.SD!SO and  not

Cu§C10‘5.4DMSO'as‘prevlously reportede. In chlporoform Greddon
. o . .

(10> has - shown tnut tlve-coordination appears to he qui te.

common in copper(II) complexes, and he-found no evidence of.

91x-coordlnatlon. 'Lle'eltyn end Waters also ' found
. ) . & . . '

: T ' ' Pl
"five-cogrdlnafion of i copper(1I) with

o

2—hydr9xy—1-naphthylaldehyde when 'crystall!zed from water.

The.nl'gands were arranged 1n a pyramidal contlguration vltb

-

tdur‘ "normal" planar bonds " and a fifth coppe:-weter‘bond

(11)e The <difference n the number of DMSO molecules found

~

‘here as compared to previous work could be related to
. P! . ,
differences in the cond;;loﬁs>6f drying for the salt.

(SN ) . w ' - “ .

A;'Ti¥fat1§na:;ith égp&}ojediamlno‘

fasie wé - shown lthe reaults of tlté&tions of éhlected
tranqltxon“and(_AIkaliﬁe nartﬂljn:tgl; lons with 'en,  No.
_'cnmplaxat;on occuvred with calcium. atrontlun, ahd,chfgdium.

~ . v

S*ablllfy ,-congtanjsbjtor the alkallne ‘oartha with  the

»pélyqnlnéd’}st“diéd here have not been reﬁofte&rtn va%eh’

ixg.p% “for . the .makngaidn(il)eon~aiyéfam,’yhéro,a,falﬁe §1 "

L

! . . . o N S e .. : -
Joe . . , . . . - 3
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: ' .
for log K, was fdund. This suggests that stabillfy

conéfgnté "of . these systemslln acetonitrile are also_llkely

o

to be small, and a0 the @bsence of an. inflection point in

 the titration curves fs not‘surprising. Chromium(lll) is

.

nénlgpkle €o it reacts »ohly very slowly with ligends.
. Therefore it would not be expec+ed to be direcfly fitratable

in water oT a ronaqueous solvent. o 7 (

.

Reactions - wﬁre stqlchlométrlc, WIjh_single bre&ks et 2

' tor 1 br 3’10 1 én ta metal rafloé, for all the franeltioﬂ

metal 1ons that formed complexes (Figure “7) except for zinc,
whaere - two breaks were observed, the.first at a Less,ttin 2

~ to 1. ratiéo end . the second at a more than a to 1 ratlo.»

Ditficulty - was tound in weighlng the zinc DMSO pexfhlorate

a , - .

salt becau%g._l . tendgd to pick up moisture from the

etmosphere [ readily, This could explain the less than two to

one ratio obderved. for the 'flrst . end point. Tre second
e . . .

s
- - Ry

e
inflection! as 'so broad and drawn out fhat locatior of the

.

eind point could only be roughlv estimated; 1t probably cdﬁes

t

'at & ‘ratio ‘of three to oné._ln wo ter bothk two to one ana

thré? ~to one ;complexes have' been found - to ‘exlst in

e ' - g

equllLbrium with each otber (12). o

Tﬁe~_sharpest and Largegf.potentlalvb;eak wvas ohthlned

with COppaf"ﬁt a 2 °to‘ 1 ratioe. ‘A provlous‘ study of-

© - Cuena(ClOg)z in methanol. dimdfhyltormamlde and nltroothane

“,fxlélf‘ehowod "that  the structuro ot tbe cpmplex 1: aquar¢ 

- planar. =~ o A I S A  H ’Tw“
e - S R S
~ Titration of coppsr in the form of Cu(Cl04)2¢4CH3CN in
e IR . o C N IR o :

N © - >

) . i B LT . : o . a
. | . 2 N . . N



by

reddlts  indicate - an @dvantage in seltg

'»s.vorol tltrctlonso Vé-'” T P T

. o 81

place of DNSO ‘solvate gave identical titration éurveé to

afﬂéct the shape of the curves.‘Perchlorlc acld wis uéed‘gs

e

a tlfrant  tor"'en3 Quantltatlve reaults were obtalne& vlth
: - ’ ,’ L -~ .
two breaks at 1 to 1 and 1 to 2 en to H’ ratlos. Theee agree'

'with resultg prevlously reported by Zgoda and Petrl (14).

.

: Eq proved to be a selectlve titrant tor copper in the

'those’ in which DMSO “was ‘present. fherefofe DMSO does not

presence " of calcium, strontium. ‘and chromlum(lll), for

e -
e o .

iron{III)f"ln . the presence \ot:JchFOmium(III) ;and for

canganese( II) in fhb-proqehée‘ofuchromliﬁ(llxxquéne of the

,oe v T C »

bydroxldes.M O , S . v

. L . . : . o - . : -
a : . Y

Be Titrations vlth Dlothylenetr!a-ino ”5;4 N

-y
B TR ~

’ Copper(II) vshowed a stolchiomefrlc reaction with dl‘n

with - very: sharp pot.ntial 'broaks at 'l' ‘to 1 and 2‘tp 1

rutlogs lagneslum(ll); '»cobalt(ll)o ‘aﬁq. ;anganese(ll)

A

) produced amall but eharp 1ntlectlonq at 2 t5 l ratio.

' R
. \

’nn-auona ot zn(u). se(tu). Nuu), Co(II){ umu),

ang Ca(II) were not stolchlo-etfic. Flture 9 represgnt. tho

r.latlon‘ hotwoen th‘ potontlal end. dien to‘netal patlo for
: S ST : __\.’w).

- .

e . A o . . . ) & L ;_ ‘.: .v ‘v““ R

\
‘stdichlometrlc. Tre reasonJmay'

-

<

.

-
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Ce Titrations with Trlethylenetotramlne

\

Copper( II) is the only metal {fon that vields a

\
«

stoichlo@etrlc reaction with trien. This may be due to the
strong affinity ~ of copper(l[i for llgaﬁds contalnfng.
nitrogeen donating at;ms. The solid Cu(CIC.)z.trien ccmplex'
has been ovreviously 1solgted and studied. This Tomplex has;
h{gh sf;blllty and a square ptan;&_sfructur; (15,16).

-

The observed nonstoichiome try of | trien with

" manganese(II) might be the »result in part, et least, of
it R

formation of mixtures of trien cdﬁplexes of 1 to 1, 2 to 1,
»

and -3 t9 2 ratios which have been reported in ethenol ard in
° ' : ‘ o

water-methanol mixtures by Chilswell (17).‘ This point is
d&@cussed later, It; may be that other métals suck as
nickel(II), 1iron(ITI), cobalt(II), anﬁ'zinc(li) form wlth\
c »
trien a series of complexes of more than 1 to 1 ratio in a
similar way. Part of thq uncertainty also cen be attributed
+o difficulty in selectlﬁz reproducible end points £rom {he
drawn out, asymmetric titration plotse. As yentione& ‘earlier,
the ‘ptatlnum elecfrodg has ’not been.used as &n indicator
electrode in éomplexatlon titrations of metal ions. Instead;
usuall; _the silver electrode or the merqufy electrbde thas

been employed as an indicetor electrode 1n potentiometric
. 4

titrations of K metal ions with complexing agenté (18,19).

However +the appl}gdf&on of tﬁb ﬁiatinum indicator Qleﬁtréde
to titrations with aliphatic amines in acetonitrile offers

several advantages compared to the other indlcgtlng
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™,

electrodes, glatlnum ;3 slgple and easy to use in that
pr;par;tion ‘And' addition 'ot other solutions such ag
mercury(II) compléxes or silver nitrate is unnecessary.
Aygo, platlnu; sometimes gives sharp and large}-potentlul
changes at eﬁd points.

How platinum functions as an indlcatiné electroqe in

3

these titrations is not clear. Measurements of  the

potentials of a series of solutions of varying copper(II)

concentrations in acetonitrile with platinum indicating and

+
silver-silver nitrate reference electrodes did not yield

linear or even reproducible response. Pretreatment of the

.
platinum with nitric acid or acidic iron(II) sulfate had no

effect. These résults indicate that the breaks are nofﬁ

likely to be du{\to a platinum=-platinum lop redox couple. A
possibility is a 'potentiaifshlftlng. effect caused by
adsorption or other interaction of tpe excess amln;s on-the
surface of the platinum dtter the metal is complexeds This
explanation is supported by the fact that the t;tratlon
curves are .not Nerngstian in shape, but instead tlat, prior
to and after the 1nflection. Figure 10 shows the response of
platlnug and copper ion selective elecfrodes to 1075 to

.

1071 M trien_ln solution of 0.05 M LiClO, in acetonitrile,
using a silver-silver ion reference electreode. N
Ni(ClQ.)2-6H20 ;As titrated with en using an SCE as the
reference electrodé instead >ot the silver-silver ion
electrode, and the platinum electrode was used as indicator

-

electrode. Potential breaks were obtained. This is an

a



) oo

indication that the breaks are not due to dlffuglon of trace
amoun ts of wilver ion from the silver reference compartment
into the ééll solution.

Othér . 1nd1c;t1ng electrodes were investigated in
addition to platinum. These included carbon end a copper ion
eelegtive electrodg. C?(Flo‘)szDMSO wag titrated ;ith dien
using a carbon rod (Spex Spectroscopic grade), treated Qlép
hot wax to decrease porosi ty (20), in place of the plat!num
'electgode. The remainder of the titration systey was as
previodsi& . described. The complexation reaction was
stolchiométrlc with fairly sharp breaks of 120 and 300
millivolts at ligand to metal ratios cof 1 *6 1 ugd 2 to 1.

Cu(ClO4)2.5DMS0O vq;n also titreted with en using a
copper ion selective vébectrode (Orion Pecearch, Mode 1
94f;9A) ‘1nstegd of a “piﬁ;ihgﬁ ;ndlcator électrode; The
results were not saflsf;ctéry. In foqr titrations inflection
points . were obtalned at 2,135 to 1, 2.143 ¢o 1, 2.148 to 1,
ancd  2.145 to 1 ratios of en to Cu2%, Tre ﬁagnltude of the

T » -
inflectlde was large enough to'be useful for the estimation’
ot copper, being on the order of 450 mV, but the inflectlyh
contalned a signlfléa;t wiggle which made end point locat gn
difficult. We‘concludq.that platlhum i the best choilce gs a
materlali'for the preparation of 1nd1catlﬁg elecfrodeé‘for
complexatio£i titrations in QCGtonit;ile because it gives
better results ,;nd is more convenient than the co#;er ion .

selective electrode or the carbon rod electrode. //

Mercury-en, mercury-trien and silver-silve ion were



¥ ‘f _ - S 4
~ v tt—y s . . * )
investigated as indicating electrodes'instead of platinum

for titration of several metal .jons with en and t}len.

Flgure 11 - shows the relaﬁ}vo magnltude of brecks at

5 \

inflectlon points for potentlometrlc tltratlon of copper(II) o

ionilwlth en in acetonitrile uslng three types 9f-{hd19af1ng
- o N - .

electrodes: platinum, mercury-en, and ailver-silveﬁflqm. The

-
’

largest break wasa obtained with the platigpum etlectrodes
' : 4 e

Figure 12 shows the relative magqltu&e';hdcéheﬁbnbf.fhé

'inflectlons fér potentloﬁetrlc titrations of ﬁdéné;iﬁm(1¥)
: e .

ion with - trien in acetoni trile using%j bla%}num.
mercury—trlgn, and gsilver-silver 106 indicatlhg eleéfrodesy
The‘ mercury-trien electrode was the only oﬁe fhaf wvas fohnd
useful for this system 'of'tit;ation; with tLis eleqfrg&e
magnesium(II) reacted Iin a clean ;folchlometric lhto 1
ratio. . " . ’ : o

All the titrations of metal salts with trlen.usfhg fhe
gilver-silver .1lon indicating electrode gave stoicﬁlométrles
that were -greater th;n unity. Two reasgns were congldered
for this, the first being titration of the silver ion added.
and the second being uncertulnty in selecflon of the en
point in the poorly defined lnflecflons of tbehtltration‘
cur;es as is 1llustrated by curve 'C'.in Figgre 12,
Cﬁlculatlon of the aéount of silver nitrate added shows theat
tﬂe end-point error owing to titretion of thé silver 1ion

would be on the order of one percente. Thls ie considerably

smaller than the errors observed in the tltratlons, whlch

4
K «

ranged typlcally from 4 to 15 percent. An end point that is
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close ito one to one stoichiometry must appear at the start

of the potential change. This would occur 1f all the metal

ion were complefed at that point and the silver ion formed
- 3 . . ) . v %
so0 ve?k a‘complex with trien in acefonitrilef%hat“the‘sleer

fon concentration, and thus the ‘potential, chqhged only
. K R - .

v & ‘ '
gradually as excess trien was added.

[N

Similar arguments are not easlly applied to the m@rcdby

indicating electnbde system because‘ho‘

g

free mercury(II) lons’
_ _ . - 4 B} -
have been added to the solution, and the stability of the

‘ , )
mercury(II)-trien complex could be expec ted to be large,

Furthermoré1 some of the titrdtioh breeks are qui te starp,
@ ' : :

so that end point location is not sub ject to signiftcdni
. . c.

error. An explanatlion for these results cannot be pdsulafedy

Titration of ; agqueotus _"sélufions of »manganesétll)

o : +

rerchlorate or‘tetggphenylbqrdte“with an e thanclic solution

of trlen’aﬁ%s been repovfed\ by Chiswell (17) to yield a

preclpitate of [Mnztriens ]X4e.nH,0 at a tifratlon'r?tlo of
two manganese(II) to three triens A one to' one salt could be

obtained by hixlng_xh(clo.)zldhd trien in eauimolar amounts

R b

~

in ethanol and allowing the solutien to crystallize over a

period of weeks. These results indicate that end points at

ratios of both cne to one and greater~tban’qpe to one might

be expected for the mangdnese(ll) and perhaps: other metal
. s . . .

S

titrations - with - trien. « This is ':séen “in {he

L

(‘.

menganese(II)=trien, titratlon[ using a mercury-mercury( II)

trien indicating eléctrode;vﬂ¥w9 smell breaks ere obgerved

(Table 11), the first at trien to manganese .raties of about



1

- . -~ .

1.05 to i, and the second at ratibs of about 1.2¢ to 1. Only

[ 4

5

single breaks, however, were seen with the pl&tinﬁs aﬁd
: .". \/J . ,
silver-silver ion indicating electrodes, at about 1.05 and

1.14 to 1 r}tiosk -

In conclusion, from: tpe resulte of titrations of.a.

variety of gmefal ~1o?s with en and trien, as‘aétailed in

Tables 6 to 12 using varidus indicating electrodes, platinum

13‘ conside}ea to be superior to any of the other indicating
W i . - j
'l‘ * ! . ‘ . N -
electrodes investigated, including the mercury, silver,
. ® .
carbon, and copper ion selective electrodes.

-~

87:

7
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¥

-200F
-400+

-600 f

A

Potential vs Silver Reference, mV B
I
0]

800} o S

1 i 1 _ i 1 1 :
11107 11x104  11x1073 11x1072 1110

[Trien] ‘

if"iquwe‘l(".' Responce of Copp;’r Ior, Selective Electrode 0 ,
and Platinum Electrode 4 , to trien .
Concentration Iin 0.05 4 LiClO4 ir Acetoritrile.

. ' .
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En/Metal Ratio >
Figure il RelatiQe Magnitude of'Bre;ak,s at Inflectlon

Points for Potentlometr'}'ri tration of"
Copper( II) Ion with en in Acetonitrile Using
Indicating Electrodes; Ay platinum; B,
HeoHg(IX )en; Cy Ag,Ag(I).
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" Millivolts

1 - 1 L ' ]

Figure 12.

05 0 | 15
Trien/Metal Rofiq

Relative Magnitude of Breeks at Inflection
Points for Potentiometric Titratlon of
Megnesjium(II) Yon with trien in Acetonitrile
Using Indicating Electrodes; A, platinum; B,
Hg Hg(IXI)trien; C, Ag,Ag(T).
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XIT. INTRODUCTION R a
- \. ‘ o -

a

. .
Extensive estudies oP complexsation’ equilibria between

copber(II) and _.the amine ligands en, dien, and.trlen in

"

aqueous solutiona under a variety of coﬁditiohs of pP and

.1onic stréngth .have . been 'made over the years;JStablilty

constants determined for- many of these systems have been
2 - ‘ .

_.tabulated by Martell and Sm!th (1). Some work has also»bgen

, o A . : : ‘ -
done on -these . and 7related ‘systemg€ in nomaqueous solvent

l
PRy

systems. For example, 1in 1961‘W1111ams (2) determined the
sfabitltx csnstaﬁts of»_c0pper(II)' and copper(l) wifh-en.

1, 10-phenanthrollne (phen), and -.2’-bipyridy1 (bipy) in SO%

dioxano—vater mixtures. The stepwiEe'tor@ntion congstants ot

the chloro éOmpléxes of copper( II) and oi;copperil) 1n‘

gcetonitrile were evaluated in 1965 by Manahan and Ywamoto

+hrough ‘ a comblination’ ot .§pectrophotometgij\ and

electrochemical methods. (3). In 1969, Kratochvil and Yeage:'

<

%

"

sfudieg the {on- palr _stablllty"constanté,aot the anjions

'ﬁerchforate, tetrafluoroborate and bexatluorophosphate with

copper(I) in 'apetonltrlle by conductance measurements (4).
3 1 .
In® addition the .stepwise formatlon conatants_ot several

. : ‘ »
other _univdlent anions wlth the chloride. bromlde; iodide,

s
>

nltraté,A and thlocyanate salts of cOpper({) in acetonitrlle’

han been determined by potentiometric tltration f%).
B X B ~
In Part*ﬂll of thls theslis lt was shown that copper(II)

can be titrated quankltatively with en, dien, ‘and’ v?len in

™~
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ucefonltrlle; Although the >tormatlon ot comélexes between
copper(1I1) gnd Aminéé' is woll_ known and hqs been
exhaﬁstlvely studied 1in .aqueous solutiens, comparatively
llftle information other than the dafa mentioned above 1&
avalilable in nonaquecus systeme, The present work reporfs
the spectrophétOmetrlc /dexfémlnation of thé sthlllty
constants of éopger(ll) ‘with en, ard ' dien, ‘the
spectr;photometrlc 'determinafion of the stablllfy constants
of Coppéfkl) with phen and’ bipy, and the potentiometric
'determlnationi of the overall formetion corstants of
feopper(l) wifﬁ‘ en, dien, and trleﬁ. all in acetonitrile;
Wi<+h this 1nform€tlon4‘the’ analyticel applicabili+y of

complexation reactions involving these species in

acetonitrile can be more readily assessede.



XIII. EXPERINENTAL

Ae Chemicals

Tﬁe purification of acetonitrile, eny, dien and trilen
was  as reported in Part IIl. Also cucloss4ctizcn anda
Cu(ClC,4 )2 *5DMSO were "the same materials reported in
Chapter IX. 1.10-P6enadthrollne (Fisher) and 2,2'-bipyridine
(Ge Foe Smith) were used as received. Anﬁydrous LiClO, (Gs F.
Smith) was dried overnlghf under vacuuﬁ at €0°cC.

<

Be Appara tus and Procedure for Spectropho tometric
Measurements
All sﬁectra were recorded wi th a Cary 118

spectroph&tometera All solutions were prepared in a glbve
bag unde; -nltrogen, .by dissolving - CuClO.-éCchN,
Cu(Cl04)2+5DMSO, en, dien, phen, end bipy {n O«s1 M LiIClO, in
acetonitrile. A bplank ‘solution of IO.i ‘M LiClO4 in
acetonitrile was used in *he reference compertment for all
spectrophotometric measuremenfs. Cne~centimeter quarfz cells
with feflon stoppers were usea 19r both blank'and sample
éolutionsj The cell comparfmeht of the spectrophotometer was
thermostated at 25 + 0.19C and was purged with dry niltrogen
dﬁrlng "the measurements to minimize ,posslble water
‘absorption by the solution.

| Copper(I) in acetonitrile -daes’ nof ebsorb at fhe

J . ,
waveleggths used for the Cul(blpy)t and Cu(phen )t complexes.

A
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Copper(I1) absorption at the same corcentrations and

wavelengths used for complex formatior calculations were

measurede. From thege values, molar absorptivities- of

ke

copper(II) were determined by using the quation A = B,
/7

where A is the abgorbance, a is the molar absorptivity of

Cu
copper(1I) perchlorate in acetonitrile, p is tte cell path
length, 1 cm, ;nd ﬁ {3 the copver(11) concentration.

Molar ;bsorptlvitles of lxto 1 ligand to metal complgx
rations of Cuz*;: such asg Cu(en)?*, and Cul(dien)2%, were
measured gy' preparing solutions with a 1 to 10 ligend to
retal {on concentretion ratio to ensure thatAaI} ligand was
present as the 1 to 1 complex. Tpe concentration cf complex
was calculétéd assuming all the ligand was in the complex
forme This was verified by measurement of absorb;nces in the:
same way with ligand to metal ratios ranglﬁg from 1 to 8 to
1% to 127 the same molar absorptivities were obteined in all
cases. A similar procedure was used for Cu(pﬁen)+ and
Cu(bioy)*, but with 1 +to 300 1iéand to metal ratiose The
concentration of Lree metal lén was calculated by
subtracting the concentraflon of the complex from the total
concentra{lon of metal _ion addede. The absorbance 61 free
metal 1on was then calculated and subtracted freom the total
absorbance tokobtain the absorbance of the 1 to 1 complexe.

To determine Ky and K;, the stabilltf constaqts“fdr thp‘
1 to 1 and 2 to l.complexés of copper(II) with en, sets of
five to elpght \solutlons "of dlfterenf conceptrafions vére

used in each experiment. The absorbance of each solution wae
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measgsured at two or three vavclgngths. 6ne at the wavelengfh
of mnximu‘ absorption and the othere on shoulders of thé
peak. A separate calculation of each K value was carrled out
using measurements at each wavelength as independent sets.,
Neone of the free llgandg absorbed at the wavelengths used to
measure cbmplex forﬁa&lon. A similar procedure was used with
coppe;(II) ;nd diens Increasing fhe dien to copper(II) ratio
up to 7 did not increase the_absorbance of the Culdien),2+

complex, or cause observable spectral shift.,

C. Apparatus and Procedure for Potentiometric Titrations
The titration cell was a borosilicete E-cell witL two

compartments separated by an anion €exchange membrane

e

v

(Amerlcan Machine and Foundry Coey AMF A194-EC) in the
perchlorate form (Figure 13). The methrod used for the

conve~cion of the anion membrane frem the chloride form to
<

the perchlorete form was as discussed in Part II of thls
. . T o

p—

thesis. Electrical con tact to. the amalgam electrodes was
made with a platinunm wire,sealed into the end of soft élass

tublng. ) \\
N ) "

The incicating electrode was a ea turated copﬁer
amalgam, prepared by électrolyzing an acueous 0.1 M CuSO,
solution, slightly acldlfledvvwitﬁ H>SO,, at o current
dehglty of about 0.05 A/cm? uﬁtil‘ the ﬁércgr& cathoce
contained about 1% copper by welght (S). The amalgam was

stored under aqueoug O.1 M H2SO4 in a weilghing boftle and

exposed to air only when the battle wag opened for removel

A
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of amalgame.
The reference electrode was a saturatec sllvor-;%rcury
amalgam in contact with silver perchlorate in acetonitrile.
The amalgam was prepared (S) by placing 25 to 35 cm?2 of
silver foil {nto a borosilicate gl;ss tube with about 30 mL
- of mercury, sealing fhe:tube in a flame and teating the tube
and contents " for 8 hours at 1009C with oécaslgnal shad}ng-
The ~ tube w&s allowe& to coof to room temprerature overnight
before being opened. The amalgam was stored ln'tontact with
silver foil 1in ‘n "dropping bottlé; and por{ions were
transferred to tﬁe reference-.compartment of the titretion
cell as needed with an gye dropper. The silver ehalgam balft
cell contains a solution of 0.1 M LiClO, ;nd 0.01 4 AgClO,
It did not require deaeration. The potential of this
reférence eleFtrode attained eqﬁillbrium within efecondse.
Data for the caléutat;on of formation constants were
obtained ﬁy titrating copper(I) with the appropriate liganc.
All solutiéns were prepared»!n purified, dry acetonitrile in
a glove  bag ‘under nitrogene. The titrent conteined, in
addition " to +the ligand, fhe.same formal concentration of
copper(TI) pérchlordte, :generally S.O x 1074 My and b.l M
Ilthium_ perchlorate \supporting electroly:e as the solutibn
in the copper half qell, as suggested by yanahdn and demofo
(3). By maintaining ‘a constant concentration °ot‘lcopper
during the titration, treatwent Qf‘the da te 1éjsimplifled-

v

The, ligand concentration typically was varied over the range

’

of 0.017 to 0.048 M. Titrant was added in 0.1 to 1 al.
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'gfabllize before starting the titrationge. No stirring other.

100

increments to the copper half cell. The solution in the cell

was deaerated continuously . by paéslnp g argon" gas,

.

presaturated with "acetonitrile, through ite Potentiel

. ’ "'b.,;\ , '
measurements were made to the nearest 0.1 mV wi¢h an Orlon
[ - ' . .

()

- model 801 pE meter., Approximately thirty eseconds were

required after each addition for the system to Yreach

. ™ “
equiliprium AJ;\ﬁlve astable potentials. It was necesssry to

walt abodf"ﬁ%hlrté minutes +to allow the cell pofent&ﬁl to

g

y o
LR

than argon bubbling was usede.
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X1V, RESULTS

¢

Table 13 summarizes the ccncentrations of metal ions

and amines takeén, the wavelength cf maximum absorption foﬁnd

.for each éystém, and valugs of log sfabillty constants
calculated from the-spectrophotométrlc measurements.

Values for the stabllity cohstants of the two to one
complexes of phenanthroline and bipyridine with copper(I) in
acetonitrlle coulq not be ‘measured because the complexes
decompoge too rapidly, as ‘1s‘ind1cafed by tre absorbance
décreasing after solution preparatior at a rate of about 10%
per hour. Figure 14 shows the relation between absorbance
end time for the Cul(phen)>* complexe. Cg(bip;); beraveg in a

similar way. The absorbance of the sclutions used to measure

the constants for the .Cu( phen)* ard Cu(blpy)f conplexes also

showed Ea alight decrease with time, but the error was

A\ ¥

negligible 1f measurements were made within twenty minutes
of preparation of the solutionse.
It was not possible to measure the forcation constnnts

of 'copper(I) with  en, dien and trien "in escetonitrile

P

spectropho tometrically because of turbldity and precipitate
14

‘Jforéation, Overall,tormatlon constan#s‘for these emines with

copper(I)"theretore were defermlned potentlometricnlly. and

5are represented in Table 14.

1l
-
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TABLE 14.

SUMMARY OF OVERALL FORMATION CONSTANTS MEASURED
POTENTIOMETRICALLY FOR COPPER(I) AND SEVERAL AMINES IN ACETONITRILE

- ~

Titrant ) - log 82a

En’ 5.33, 5.31, 5.20
’ Av. 5.28 * 0.07
Q.
Dien _ ' 9.92, 10.01, 9.88,
Av. 9.94 * 0.08 '

Trien ’ 6.40, 6.34, 6.45
"Av. 6.40 £ 0.05

b
<

%see Appendix, Tables 7, 8, and 9 for sample sets of raw data.

<
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DISCUSSION

A, Spectrophotometric Ne§sur6-ents

by means of
and

spectrophotonetric data.

the - poftlon .of their work appliceble to the
- ~

interest here and gives

calculationss. In these

1

The first

L

by the relation

{Mxq]
K,y = ==——-= -
q : q
- INIx)7
where [M] and (x] are
concestratlons. The

general

The

the equations used in

equations we

L. Newman and De. No Hume (6) derived general equations '
which successive formation constants of mixed:

single ligand complexes could be determined from

following section summarizes
systems of
éubsequeht
tﬁe

rave retained

symbols used by Newman and Hume for consistency.

step in formation of a complex 1s'expreséed

. _' _ (19)

e

tte metal ion

<7
(s

and ligand

expression for eddition of

sﬁbsequent ilgands'to the metal is ’

KX =
q+r (ux I x1”

The  absorbance at

a single wavelength of a

(20)

solution

)

“contalnlng a sebiesrot complexes of M and X ie given by

{
3

Fl

A= E[(M] + Eq [ MXq ] + V.Eﬁ-g-r (MX g4 ]

B

(21)
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E, Eq and Eq+r are : the molar absorptivities of metal ion,
first complex ' and sakond complex, respectivelys. When no
‘tigand is present the absorbance is given by

‘

A'g = EMg (22)

-

Equation 22 is  used when the abéorbance,is,méagured with
only.,meéal ion of concentrﬁtion Mg precent. It s also
use ful to ébtq}n the quantity A,
. .’
Ao,= E Xg - z . i (23)
| Z

r. .
where ' A", is the e bsarbance of the first complex‘when M is

added 1in large excess fo,nyEé is the molar ebscrptivity of
the 1 to 1 complex, .and Xo 1as the total concentratior of
ligand under these condjtions. The total concentration of

Mtié’glven by
My = [M] + [uqun+ 9.5 S I (24)

where qu and. “xq+r are the first and secodd[&ogglgéeé“"
produced by stepvise tormatlon-' | * |
Equations ’5 27 were d;rlved by Newman end’ Hume " to
calculate " the .stepvlsef stablill ty cénstahte fof ‘metel
coﬁplexee whe re ‘more than one species 18 preeent, bﬁt one'bh,_

all of which absorb at th$ wavelengths used. Thesé equatlons

are useful in the systems- under study here, ard arisinplled

b
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as indicated later. ' -
A= — (EM, - A)- = A + ey
x . (EM, ,m);?— A+ EM ot tE M . (25)
ctr g t+ t
'*!;;:.? ¢
1 'A—AO Mt/MO _ ) g A-A(') Mt/MO e v
og =aylog |X -q , + log K_ ' (26)
Ay M%) - A ‘ ¢ AL/X) = Al/M !
o] 1 | - L I ) |
o - " @
(- -
A . 1. '
lo = - - A_ . : .
| g a7 XO g }log Xt d zw X0 + log K . (27)
t -0 g ,
<
‘l
’ :\\

. In determining the first stabllity constant Ky for
‘copper(IT) and copper(I) with the amineé usedlin this work,
it was necessary to keep the.ratio of amine fo‘metal-lon,

concentration at less than dne to one so as to prevent thre
' - : g : o . -
formation 61"'apprec;ab1a " amounts of higher complé&es- To
- . L - o N - .

study K2, the experiment was done at,ihyels of.

. . . ,
. ; . - - T N .
Xtagpmpcrable to those of M, Equation Zﬁ.was originally -

3
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derived by Newmen and Hume for conditions under wrich M, is

greater than' Xy and tw6 species are present, but only one

ebsorbs. In this study Equation 27 wes. used to.calculate Ky
for Cu( phen)* "and Cu(bipy)*t. After substitution of q = 1,
A"y = E;Xg, and 1/E1= Xo0/A"g the equation becomes

o

= 1 {log (X, - A/E.
log A/EM, {log (X, = A/E])} + log Ky .

where A i3 the absorbance and Eq - the molar absorptivity of
the complex, and Xy is  the total éoneentratlon of the

ligande.

x,

A

Equation 26 was derived by Newmen and Hume for systems

2 “«

involving  two species, both of which: absorb at. the
wavelengths used, and under conditions where My is

comparable to Xt,dthérefqre this equation was used to obtain

N
Pl
s 5

. A
a value of Ky for the Cu(dien)?* complex. After substltution

¢ = = N " = g = :
o? A'qg EMg &y [Cu]t, and A o Eq Xo 8 udien [dlen]t,
equation 26 becomes KA
A - a_ [cuy] ‘A - a___[Cu] o e
dcudien Ty ~ A Scudien ~ Zcu ' B

where & cudien 18 the <ﬁélaf absorptivity of the Cu(dien)2+
.complex, ac, is  the nolabA absorptivity of Cu2t, and the
“§fhéf‘sythIS‘ar;‘&éfbefbt%;J

Equat;oﬁ‘_26 w@s‘glsd'uéed‘to~qbta;ﬂi§”:alu€‘;frxﬁ fo;L
t;?JC;(;ﬁ)é¥ 50@plex)'ATtér;sﬁséfituiipﬁv§f;A9&yé;£Mo.?

»
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th[Cu]t, and A"°,= E Xg = [en]‘. equatiop 2¢ becomes

q = ®Cuen

= ' r :
A - a, [cu] - ‘ fA-a. []
log Qa’ 't =1{ log |(en), - 1 Cu” °% + log K,
aCuen[CU]t - A , \2cuen ~ 3u
where a. ... 18 the nolar absorptivity of the Culen )2+

complex, ac, is the molar absorptivity of Cul+, and the
other symbolsg are as before.‘

Eguation 25 was used to calcupate Kéufor Cu(en)zz‘ and
_Cdkﬁlen)zz* " because three sﬁbéles may be pregent
sim#lteneously in solution, ali of which ebsorb, Here E and

E;y are known, and so the equatlon was used in the fowem

1 1 1 ' 1
JA = == Cul], - 34) —— -2+ _—
K| & Goul®le -2 A agylQly | mro * aglculy
2% o Xy - | XTI
where 8acux i® the molar absorptivity of Cu(en)?t or

Cu(dien)2+, a, is thé molar abéarﬁkivlfy'cf/CQ(éh)é?# q#f;
Cg&¢§9§)2€f(ﬁAngqs1;sgqatgsucflgulafgoanf the slope when ‘A.
i}sjpi§;¥;&vgg;£;éf %he ter;jin braékéts_in'eqﬁgflaﬁ'25l§1ves
th;'recip;péal of Kae B : » -

It !5 ob%eéi;d- ;n’ sSome .cASes.:fh;t, 'fé$  a Ri?en
netal=-11gand -systém,> tAe ;bsorptioﬁ ﬁaxlmum of tre compléx‘
shltfs to 1onge: wavelengths as the coﬁbinlng ratio
increases (6). Flggﬁe 15 represents the spPpectra of the
vcopper(II), dien compqueé 1ﬁ.acetonitrllg. It Qan be seen
f‘vhgt the wavelengthe ﬁé%@l'ﬁuﬁ..hbsbrstiq n sh 1‘f't'a" to_ 1‘0930«2‘: .

C - ke

.
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valuep/in this system.

The Stepwise forma tion constants of Cu(én)?f,
Cu(en)p2*, cCu(dien)2%*, and Cu(dien)22% ip ecetonitrile are
coéparaflvely smaller than the correspondirg valuesvobtalned
16 agueous solutions (Tabke ‘15)e As will be noted later,
thie difference holds for all copper(II) and (I) éomplexes.
Although aéetonltrlle is a relatively weak gaseucompared to
'water (7)y 1t may be that the lnterqctlon cf copper(Il) with
the nitrile gro;p is significant, since coprer(II) in
general tends to coordinate with cogp&unds conta;nlng
electron donor nitrogen »a*OmS.SUCh as ammOhla, aﬁlnes aqq
ni+triles, Perhaps:ion pairing of the divalent copper 1qq in
a. medium of lower dielectric constant also>help; stdbil!zg

uncomplexed copper(Il).

~Since copper(I) is stabilized in acetoritrile through

relatively strong Lewis aéﬁd;baSe' 1h{efeét1oh with this’

K

solvent, the stablility constants of Cu(phen)t and Cul( bipy)+

_are. smaller -than the 'values 'in water. The  stability'’

‘constants of Cu(phen)* and Cu(bipy)z* could not be. measured
in acetonitrile because the abgsorbance decressed after

solution preparation at a ra te of about‘ten‘bercent'pef

hour, indilcating decomposltion of.the complex. Trte nature of

decomposition products In water or acetonitrile ié_upyqdihf

Flgufe'f4_éﬁowsithé‘éeingSﬁﬁﬁéfiéeh Bbbofbarcéwaﬁd;flme for*

the Cul(phen),* complex. -

" Moss hnd‘Melfbn'(IO)ifépbrtea thet copper(I) ion reacts.

with phqn”_fo give an orange color in equeocus solutions,

5
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followed by elow precipitation of the complex. The time

required for precipitation to occur depends on the copper(I)
1 Th—

iom&Efoncentratlon. Precip’tation 18 prevented entirely by

the Jpresence of certain alcohols or other solvents miscible

with water including ethyl carbi tol
. . ,

(CH3CH,0CH,CR0OCH,CH0H), - methyl carblitol

(CH3OCH2CRpOCH2CH,0H), - dioxane, and methyl -cellosclve

(CH30CH2CH,0H), but all of these solvente cause the fading
//;tt fhn;;range color vifh tinme ekceét for me thyl cerbitol.

Wi +h eh Qé found‘ that " the vdlﬁes of 1;g.dz f;r the
COerr(Ii andu 6opper(II) complexes Iin acetoni;rile are of
the same Qrder. The reasons for this are not clear,

. N ,

Ky 'fbr the Culdien)2* complex was fouqd,toubg larger
than K> for Cu(dlen)éé*, which 18 in egreement with the
recsults obtalned 1n'water (1,8)‘and w;th the general trend
for most metal-ligand syétems. Potentloﬁetrié titraticns of
copper(II) with dien give two clean, wéll separated Ytreaks
corvosﬁondlng to foﬁmat}on of-1 to 1 and 2 to 1 complex;s.
It seems reasonable to assume that the‘central‘metal lon is
surrounded by +the tridentate dien ligand, leavirg only one
coorcdination nélte available for the second ligand. To form
the ‘2 to | complex, one ;f the NH> groupé oh the ehdiéfifﬁéi
tirst molecule of dien may dlssoclate to be replaced by ah -

;ﬁ‘ - . L o P :

NH, group from e second ligand.
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HQC CHz R 1R,
H2N &ﬁ NH\CHz | ‘-Hzc/N}\iéuNH\(l:Hz,,,,
CH CN NH’CH? o ,_'_”'Hzc‘NH NH;CH?
NHz

Cu(dien)*? | Cul(‘di’en)%+

Be Potentiometric Iltratloné}
. ' \ ,
Overall formation constants of copper(I) with en, cdlen,

and trien were determined potentiometrically, Values of B2
were calculated on a point by point basis from data taken at
ratios of ligand ¢to éoppgb'of more than-.two (S). Assuming

!

the concentration of CuL* to be negligible,

CCut 4 2L = culpt AT e s L gy
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r

where + concentraflon ot conplex at any point =

{L]) = - concentration oﬁ free'llaaﬁd at any boint =

[rL]o - 2(‘CUL2’]

’ ’ cne

[Cut] = concentratlon ot free copper(I) at any point
fr)o = total concentraticn of llgand
{cut]o = total concentration of coppef(I)\in

. 4

solutLoh
The free cbpper COncentratipn vas calculated from the

change in cell potential, using the Nernst equation

AE = 0.0591 log [Cu*].av/[.C‘u"] - : o 31y

where AE _ i the potential shift from the value before any
ligand has been added,

Values of B2 were calculated hslng tre following

equation

galowt Ll (ewt] - (culo =0 o  (a2)

- n

4Rééﬁlté}i£65i fhe amlnes invectigated are- elver ln Table 14.

-:Previous studlee of! the determinatlon of s*ablllty constants'

- -

ot copper(l) with %n; phenp ahd pry Ln ecueous solqtions .

n.have reporfed valuee or log ﬂz only'(l), no values have beonf“

reported for the stablllty constcnts ‘of copper(I) wlth dlen'

-5 o
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br trien. In the pregsent work we calculated log 82 for
Cu(eﬁ)zfy' Cu(dien)z* and Cu(trien)* complexes. Since we
ébservcd Tp;1y ”bﬁo’ potential break at a 2 to 1 ligeand to
1COPPer(i); ratio for atl the.potentldﬁetrlc‘tlt;ﬁtlons, it

";Qaéﬁﬂconcludcd that the complexes for the 1 to 1'1Igahd'to
metal ratlo-ﬂure \unstnﬁle"and"dispfbﬁérkionate 'in'a way

"similar to that discussed by Manahan. and- Iwamoto (3) for the-

’

-copper(t) chlorlde system 1n acotonitrilé.

From thg results.shown in Table 14 wcssee trat 1og 82
for the Cg(dieﬁ)g* complex ls la;ger than log Bz for either
the ‘Cu(trien)z; or- the'.Cu(Qn)z*l complexes. Assé@hly of
molecular models of the' compiexes of‘en, dien, and trien
.with a tetrahedral configuration for édpp!;(l) idm ého&ed

>

that . two  molecules of en can fit easily around cbpper(I).

Dien .can :qompléx_ qoppef(I)f;in3 fﬁo 'ways,‘dne‘witﬁ”tﬁﬁéé,“‘;

'nitrégen atoms from .one dled'_lihaﬁd‘and,bnly qhé'}fbﬂja f“

second ' dien ' goordinating to the metal ion, and’thé other
with tw04'n1trogen atoms from each dien cocordinatinge The

second " of these alternatives seems - more likely, because
models indicate there may .be some  steric hindrance to

attachment of the third nitrogen from a single dien; hoyever
N

the largé B2 value for dien over en may be the result of
'._@OOrqiﬁqtion of all three hltrogen atoms of one dien to at

least some extent; In the case of trien the thlrd and fourth

'nltrogen atoms may coordlnate to some’ extent, but the fourth

'fﬂiill fbéfimuch ‘weaker 'than'g¥hﬁ/ th!rd'fgn—stgrlg reasons..
-Theretoée, coordination of a second trien moleciile to ore of

. BT R J
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the sites . may occur, although 1ncre;§;aninferterence from
tﬁe"f;pg —CzH.NHz groups ;p?;afs fo preclu&e torn;tlon o¥ .a
complex .uln which Wtio1 trlenr'L&gands each_ §ccupy ltyo
‘coérdinatlon 2] tes on co?pep(l).:Fbp these regsona Bg.for.
tf{gn 19.»sd;t}er ?pqé,_tﬁ;t;:fdr;,dion-—wifﬁ.thisilon. In

S R N : - S
Qddi%ibﬁlf;éudépsgrQey~trom“'this work that +tre stability
constants of’ copoer(1) dnq_rquper(ll) iinyegtlgafeq.-in
1;ceton1tr1ie‘v;ré HBMaiidru‘ih&n {Hgdéo;;eépgﬁgiﬁg‘éalu;s iﬁn
;queous solutlopg.“ This wis because _acetonitrile has a
nlt;ogen -doﬁafiﬁé- atom which stabili;&s bo tr copprer(1I) and
copper(Ii) ions morevthan tbe oxygen atom in water,

Iﬁ the ﬁresent work we observe ‘that log £> fog

Cu(dien),* is larger than log B2 for Cul(dien)s2+, The

reasons for_ this ditterenco are unclear. Jakeé'and'W1111ams'

,(2) >ﬁave"rep§rted ‘that copper(l) f&rmFVAcomplexes wlth;
bpYrIdine “in ;éﬁéo;= solutions that ar;.éo;e‘stéble thun the.
correSponding comple*egf;bf' coopen(II). Also, thq‘shiff 19
pofential of tﬁe cOppef(ii)—iI) pbuplé'to:ﬁore positive, and
“+he cobpeT(I)-(Ol'couple_to more negative values on addition
of aéltonlfr;le‘ to aqueous ~solutlons_ of copper(1) (11),
indicates .the greatéf strength ofycqppgn(L)—acétonltriLe’

compléx_fbrmatiqn compabed‘t6 that.¢t copper(11).
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P

TABLE Al.

R ' - +
SAMPLE SET OF DATA FOR CALCULATION OF Kl FOR Cu(PHEN) 1IN TABLE 13.

Absorbance
' . R
Final Concentration Final Concentration Phen:Cu ° 4t A max. .
+ . . ‘
of Cu in 10 ml, M .of phen in 10 ml,. M ratio = - 3S§ nm Log Kl
.004162 4-.036 x 10f5 0.0096 0.0977 2.86
" : " " ©0.0954 2.82
" " "t 0.0994 2.89
oL e T T g 1014 - 2093
T - Lom s | "' 0.0989  2.88 -
L ..-01248. 0 - 7 4036 x 1970 .0032 .1300
5 P DR . 4"\ v' - ‘, . 4 .o . r’
Molar absorptivity of Cu(phen) at 356 nm: 3220 2
- E ' . 2

Value of'log Ki»calculated.fréﬁ'above data:- 2.88+0.14



TABLE A2.-

. o . . +
- SAMPLE SET OF DATA FOR CALCULATION OF K. FOR Cu(BIPY) IN TABLE 13.

1

~

. . . L. . +
Final Concentration Final Concentration Bipy:Cu

Absorbance

- at A max.

122

of cu’in 10 ml, M of bipy in.10 ml, M ratio 350 mm . Log kl
0.004162 4.124 ><_1o'5 .~ 0.0080 ‘i 0.0866 3.00
" " " 0.0868 3.0
" " Co 0.0868 . 3.0l
" | . " 0.0854gy  2.98" . .
©%0.01248, | ) BTV ?0"5“ d.0033 . ¢1070 -
~ " VAR -

. ) . , .
Molar absorptivity of Cu(bipy) at 350 nm: 2595

Value of log Kl

'caléulated from above data: 3.00+0.02



TABLE A3.

) 2+
SAMPLE SET;OF DATA FOR CALCULATION OF Kl FOR Cu (EN) IN TABLE 13.

123

Net
. . ‘ . +
Final Concentration Final Concentration En:Cu2 absorbance
+ A
of Cu2 in 10 ml, M of en in 10 m1, M ratio at 570 nm Log Kl
-3 =4 . ’
2.351 x.10 5.90 x 10 0.25 0.0445 "3.86
" : . 11.8 x 1074 0.50 '~ 0.0703 3.86
" © 16.23x 107° 0.69 0.0928 3.91
"o 17.71 x 1074 0.75 0.0953 3.75
" 23.61 x 10 1.00 0.1160 3.87
-3 ' c
2.351 x 10 *° -0 0 - . 0.0145
Molar absorptivities at 570 nm: a 24 = 6.17; = 60.8

Cu " ZCu(en)2+

Value of log K, calculated from above data: 3.85

1

'Average‘value,from three sets of independent data: 3.63*0.06

ey

P X . . -



" TABLE A4.
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2+
SAMPLE'SET-OE DATA FOR CALCULATION. OF K2 FOR Cu(EN)2 IN TABLE 13.

) Net
. . . . BN . +
Final Concentration Final Concentration En:Cu2 AbsQrbance at
N _
of Cu2 in 10 ml, M of en in 10 ml, M ratio . 550 nm
' -3 -3 \
2.351 x 10 ~ . 2.656 x 10 1.13 0.1094
" 2.952 x 10_3 1.25 0.1187
" // 3.30 x 1073 . 1.40 0.1253
" (”_' 3.54 x 10°° 1.50 0.1264
nod 3.72 x 1073 1.58 0.1318
2.351 x 1073 v 0 0 0.0078

aCu2+ = 3.32

—

l

Value of logAK2 obtained from slope of piot of above data according to Eg.

25: 2.43

Average value from ‘three plots of independent data: 2.33%0.06



TABLE A5,
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—_—

S

I

. +
SAMPLE SET OF DATA FOR CALCULATION OF K, FOR Cu(DIEN)2 IN TABLE 13.
Net
; . . +

Final Coqcentration Final Concentration Dlen:Cu2 agsorbance
+ .

of Cu2 in 10 ml1, M of dien in 10 ml, M ratio at 580 nm Log Kl

: -3 -4 )

2.483 x 10 8.23 x 10 0.33 0.1009 4.00
" 10.97 x 10”2 0.44 0.1247 .87
" 12.34 x 1074 0.49 0.1378 3.89
" 13.72 x 1072 0.55 0.1510 3,97
" 15.09 x 10%% 0.61 0.1626 3.87

t .
" 16.46 x 1074 0.66 0.1730 3.92
. <
" 17.83 x 1072 0.71 0.1875 4.00
, B |
" 19.20 %10 0.77 0.1990 3.85
. 7

2.483 x 1073 0 0 0.0205

Molar absorptivities at 580 nm: ac 2+ = 8.57; aCu(dien)2+ =,112

Value of 1og'Kl calculated from above data: 3.92

‘Average value from three sets of independent data: 3.87+0.06



. . + }
SAMPLE SET OF DATA FOR CALCULATION OF K2 FOR Cu(DIEN); IN TABLE 13.

N

TABLE A6.

. . Lo : . L2+
Final concentration Final concentration Dien:Cu™

Net absorbance

qcu(dien)2+

Value of log K2 obtained from

to Eq. 25: 2.32

'slope of pIot:pf above data according

Average value from three plots of independent data:

2+ :
of Cu in 10 ml{qg' of dien in 10 ml, M ratio - at 650 nm
.. * _3 - = _3 ;
2.483 x 10 2.940 x 10 1.18 0.1792
L " 3.116 x 107> 1.25 ' 0.1900
no . 3,293 x 1073 1.32° 0.1875
" 3.528 x 10°° 1.42 0.1932
R ©3.705 x 1077 ©-1.49 0.1950
. - K . .
: 3.881 x 10 1,56 3.2044
" 4.116 % 10°° 1.65 0.2041
. -3 ¥ '
2.483 x 10 0 0 0.0610
-3 -4
2.483 x 10 2.744 % 10 0.11 0.0739
s
= 71.4

2.33*0.06
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SAMPLE SET OF DATA FOR

RS

TABLE A7.

RPN

N

S & _ N
LCULATION"OF”SéfEQR;CuXEN)é‘IN:TABLE 14.

B

15 ml of 6.43 x 1074 M copper(I) perchlorate in

) -2 - .. : : . +
trated with 4.01 x 10 M en containing the same concentration. of Cu

acetonitrile.was ti-

Value of log 82 calculated from above data: 5.35

AVerage value from three sets of independent data:

5.28+.07

127

ml of . AE +
titrant in mv [Cu']® {en]® [en] Log 8,
added (from Eq 32)
. -5 -4 -3 -
5.0 66 5.0x10 . 6.43%10 8.0 x10 6.74%x10 5.48
. -5 " -3 -3
6.0 71 4.06x10 9.25x10 7.97x10 5.41
. - , c =3 -3
7.0 76 3 38x10 ! }O.4x10 9.12x10 5.37
L -5 ' \ -3 -3
8.0 - 81 2.74%10 w " 11.4x10 10.1x10 5.37
, : -5 . -3 -3
9.0 82 2.69x10 " 12.4x10 11.1%x10 5.25
‘ -5 . -4 -3
10.0 83 .- 2.56%10 ~13.3%x10 12.0x10 5.25



SAMPLE SET OF .

.. TABLE A8

128

. , . . _ + - .
DATA FOR CALCULATION OF 82 FOR Cu(DIEN_)2 IN TABLE 14.

o

ml of AE . . Loa 85
titrant . 4y fcu’] [cu’]® [dien]® [dien] (from Eq 32)
added s
5 112 6.40%10 5.027x10 1.047x10 9.47 x10 ~ .9.95
. ‘ -5 ) ’ -2 . e B
6 120 4.69x10 " 1.197x10 < %S;S6X10 19.96
' -5 , B I B
7 123 . 4.18x10 " 1.333x10 12.29x10 9.91
... -5 . . -2 -3
8 126 3.73X10 " 1:457%10 © ~13.56x10 _. 9,87
- ' -5 : " =2 -3
9 127  3.57x10 " 1.571x10 14.69x10 9.82
/”’ 7“

"15 ml of 5.027 x

/

1074 M copper (I) perthoréte ih»acetonitrile/@as ti-

/

. -2 S » 7 N
trated with 4.197 x 10 M-dien containing the same concentration of Cu .

Value qf?log~&2 calculated from_abo&e'data:. 9.90

Average value from: three sets erihdependent data: 9.94+0.08

t

/

/

/
y /



_ TABLE A9.

!
|
|
i
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. L ' + ’
{ SAMPLE SET OF-DATA FOR CALCULATION OF 82 FOR.Cu(TRIEN)2 IN TABLE 14.

k
ml of

o

o - e . -
titdant AE [Cu']l®° [trien]® , [trien] Log B,
added -in mV from Eq 32)
' -5 -4 -3 -3 .
5 : ‘93 . 1.332x10 4.99%10 4.287%x10 3.289x10 _ 6.55
"5. v"‘ " -3 | -—3
6.05 95 ‘ 1.232x10 4.929x10 ~v 3,931x10 6.43
B o . : _S " . —3 —3
7.0 7 .97 1.140%10 5.457x10 ° 4.459%10 °  6.35
e o ' -5 - " -3 -3
8.0 98 1.096%10 s * 5.965x10 4.967%10 6.27

15 ml of 4.99 x 10 4 M copper (I) perchlorate in acetonitrile was titrated

- o+
with 1.715 x 10 2 M trien containing the same concentration of Cu

#Walue of log 82 calculated from above data: 6.40

y

. Average value from three sets of'independent data: 6.40%.05



