
METilL CmiPLEJ.E3 OF BLhCK WAT'J' LE TANNINS 

AND RELATED HODEL POLYPHE NOLS 

by 

NEVILLE PEiTRICK SLABBERT, H.Sc. (CAPE TOWN) 

A Thesis Submitted to Rhodes University 

for the 

Degree of Doctor of Philosophy 

Leather Industries' fiesearch Institute, 
Rhodes University, 
GRAHANSTOWN. 
Republic of South Africa. 

November, 1972. 



FORE ,IORD 

This thesis is subr.litted in accordance with the regulations for the 

Degree of Doctor of Philosophy of Rhodes University. The work \'Tas 

carried out at th e Leather Industrie8' I<esenrch In8ti tute, Grahamsto;<TI, 

and is "holly original except where due reference is made in the text. 

It has not been suh.litted in >lhole, or in part, for any degree at any 

other University. 

;.I'he author wishes to o",pres s his thanks to : 

Dr. S.G. Shutt leworth, Director, for his continued interest in 

the work. 

Dr. N . Il. ilCJnew of the Chemistry Department of Rhodes Uni ver si ty 

for his help and advice. 

Dr. H.H. Saayman for his encouragement throughout and for 

supplying rare flavanoid compounds. 

Dr. A.E. Russell and other merabers of the staff of the Leather 

Industries' Research Institute for helpful discussions. 

The work Has supporteu by the annual grant of the hfrican Terri t­

ories vl"ttle Industry Fund to the Leather Industries' Research 

InGti tute. 

Finally, thanks e.re due to my "life, "Iendy, for typing this 

thesis. 



CONTENTS 

Page. 

FOREWORD 

INrRODUCTION 1 

LI ST OF PHEilOLIC LIGAHD5 13 

DEFINITIONtl OF EQUILIBlmm CONoTANTG 16 

EXPER Il1ElITnL 1 8 

RESULTS ,,~ID DlSCU,,;;SIOI: 26 

Section A. 

Section B. 

Section C. 

Polypheno lic dissociation constants 

1. Potent i ometric determi nation of the phenolic 
dissociation constants. 

2. Spectrophotometric deterrnination of the 

26 

26 

phenoli c dissociation constants. ·39 

3. The effect of substitution on the phenolic 
dissociation constants. 

4 . The ult raviolet spectra of the phenolic 
compounds . 

Ferric complexes of polyphenols. 

45 

53 

74 

1. Q-Dihydroxybenzene complexes. 74 

2. 1,2,3-Trihydroxybenzene complexes. 94 

3. Interpretation of the visible absorption 
spectra for the Fe (II) complexes of 
Q-diphenols. 106 

4. "Ferrous" tart rat e complexes of Q-di phenols .118 

Germaniwn( I'l), alwniniwn(III) and boron (III) 
complexes of Q-diphenols. 149 

1. Germani wn (IV) complexes . 149 

2. Aluminiwn(III) cOffi:Jlexes • 159 

3. Boron ( III) complexes. 167 

4. Correlations between metal Q-diphenol 
complexes. 172 



Page. 

Section D. Di val(.nt metal complexes of Q-diphenols. 193 

1. Co'-aU (II). nickel ( II ). copDer (II) and 
zinc(II) complexes . 193 

2. j'Jagnesiu':l (II) a!ld cdcium(Il) complexes. 215 

3. LeuJ (II) cor"plexes. 217 

4. Vanadyl(IV) cQ 'op l exes. 218 

~:)ect i on E. Char9':) transfer co.]y)l exeJ of Q- <..li';ilienols . 236 

1. 'l.'itanilli,l (IV) COillDlexBs. 236 

2 • Lolybdenur.1 (VI ) COl ,plexes . 245 

256 

REFEliENCES 259 



- 1 -

I NTI< OD UC':!.' ION 

Apart from t heir general usage as tanning agents for h i des and 

skins, t he natural tar,nins have been used since earliest times for various 

other purposes. The blue-black iron tannat e compl ex was used by ancient 

, Egyptians as a hairdye and for many conturies thi s complex was the main 

source of writing inks. 

\Jatt18 tannin is known to forn. complexes with many metal ions . l The 

chief use of tannin complexes has been in gravimetric analyses ,l since 

aqueous solutions of tannins readily precipitate metal ions under c er tain 

exper i me ntel condit ions. At t he present time the nature of the precipi-

tated "omplexes has not been investigated hO>Tever, because in the gravi -

metric method the complexes are i gnit ed and the metal determined as its 

oxide; hence no knowledge of the compl exes themselves was required . 

The present investigation ",as carried out to determine t he phys ico-

chemical properties of metal-tannin complexes. This study was undert"I-",-

so that it "ould form the f undamenta l basis for applied uses of metal-

tannin complexes, ~. i n the tr~nsfer of trace elements to plants in high 

pH sOi ls ,2 as complexing agents ire foliar sprays,3 depressants in the 

~ froth flotation of var ious minerc,l ores, as corrosion inhibitors for 

metals,5 and as fishnet preservatives,6 et c. The metal ions, iron(III) , 

germani um(IV) , alur,lini um(III), boron(III), cobalt(II), nichl(II) , 

copper(I1), z inc(1I), magnesium(11) , calcium(11), l ead (11), vanadium(1V) , 

t itanium(1V) and molybdenum(VI) were chosen for investigation because of 

the possible applied usage of their wattle tannin complexes. 



- 2 -

I'/attle tannin hils been shown to be made up of polymeric polyphenolic 

flavanoid molecules, linked by direct nucleus to nuc l eus bonds. 7 The 

average nwnber of flavaoid units per polymer chain has been established 

8 to be approximately equal to four. Because of the complicated structure 

of wattle tannin, the cowll,·x formation of Lhe individual phenolic mono-

mers was investigated initially. 

Pyrocatechol, pyrogallol, resorcinol and phloroglucinol nuclei have 

been shown to constitute the major aromatic portion of the tannin mole-

7 cules. The first h~o phenols were found to be the most important liganrl -

due to the presence of an Q-dihydroxo group capable of forming chelates 

with metal ions. For this reason t he complex formation of a series of 

twenty-three Q-dihydroxybonzene and 1,2,3-trihydroxybenzene derivatives 

has been investigated . These include the "attle tannin monomers, 

catechin, robinetinidol, leucofisetinidin, fustin, dihydrorobinetin 

and the closely related flavuoids br"zilin and dihydroquercetin. The 

results obtained for these complexes were subsequently related to those 

of wattl e tannin. 

A large nwnber of so l i d pyrocatechol complexes have been isolated 

9 and analysed and structures have been proposed on the basis of the 

analytical data. This type of investigation is not suitable for complex~: 

of wattle tannins because of the polymeric nature of the tannins. Hence, 

the prosent investigation deals only with complex formation in aqueous 

media and no attempt has been made t o isolat e pure complexes. 

Because the formation of phenolic complexes involves the liberation 
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of the hydroxy lie protons by the metal ion, it was possible to follow t he 

reaction by pctentiometric methods. In c ertain cases where complex for_ . 

mation occurred at 10K .:>Ii valu"s tho equilibria were studied by ultra­

violet spectrophotometric methods. Changes in the ultraviolet absorp­

tion spectra of the ph~nolic ligands on complex forr.~tion form the basis 

of this method. Visible spectrophotometric methods were used to deter­

mine the complex cOfoponent ratios of the hi<;hly coloured complexes. 

Electrophor etic iJcthods were us ed to deterroine tho overal l chargos of th" 

cQJ,tplexes. 

From the r esults of the potentiometric methods , the complex stability 

constants wer e calcul.ated. The stability constants of the simple model 

phenolic complexes and the wattle tannin monomers were then relatod to 

those of "attle tannin to determine whether tho latter conforms to tho 

normal complexation behaviour of phenolic compounds. The complex stabil-· 

ity constants "lero related to the ph :;nolic dissociiltion constants. The 

relationships which vlere obtained proved useful for comparing the bonding 

of the protonilted snecies I;i th t .. o~c of th~ metal complexes. Wider corr ­

elations were also obtained by comparing the stability constants for 

different pairs of metillG. 

The absorption spectra of the coloured metal phenolic complexes were 

recorded and thc spectral data used in various correliltions. The visibl e 

absorption bands of the h i ghly coloured compl exes were established to be 

due to charge transfer procGsses and wer e interpreted on electrostat-

1 
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, 10 11 , 12 13 
1 0 ' and molecular orbl t ,.l - models. 

In the pr8senc "wO:LI< the phenolic cOP.1'")ounds with an ortho- di hydroxyl 

g r oup are generally referred to as Q-diphcnols and are represented as 

H
2
L. However, becaus e different resultu were obtained fo r some of the 

metal complexes ,,,Hh Q' dihydroxybellzene and 1,2 , 3-trihydroxybenzene 

derivatives, the latter are symbolised as H
3
R. 

For the determim:t i on of the stability constants for foet al c omplexes 

of Q-diphcnols, a knowledge of the ligand dissociation constants i s neces-

sary. The lat t er constants were determined by potent i omet r ic and spect-

rophotomdric methods . Because of the overlappi ng naturE) of the poly-

phenolic d i ssociations, special techniques wer e employed to obtain accurate 

values. A method for determining the dissocia-c:ion constants of the flavan-

oi d compounds w"as derived. This method ut i lises thE) germanium(IV ) complex 

which simplified the interpretation of the results. The dissociat ion con" 

stants for eight of the twenty-three phenolS invest igated heve previ ously 

been determined under the same experimental conditions of i onic strengt h 

d t t d ' ~, t'"' t' 14 an empera ure as use In L!1e presen lnVGstlga -lon. 

Interest in the iron(III) complexes of phenolic compounds lies in the 

fact that the highly coloured wattle tannin complex forms t he bas i s of a 

, 15 
co l orimetric method of tannin analysIs . The intensel y coloured Fe (III ) 

complexes of Q-dihydroxybenzene derivatives have been used for t h e anal­

yt i cal deterninat i on of iron.
16 

'IhG 8mpirical formul ae of the Fe (III)-

Tiron (4,5-dihydr~xybenzene - l,3-disulfonate) complex species have been 
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determined by spectrophotometric methods.
17 

The complex species formed 

were found to be dependent on the pH of the solution. The succes3ive 

complexes formed ,rith increasing pH "Tere found to have component ratios 

of metal to ligand equal to 1 : 1, 1 : 2 and 1 : 3 . Stability constants 

for this system have been determined by. pctentiomet;:-ic and spectro­

photometric methods. 18 Of the other iron (III) complexes of .Q.-diphenols 

studied in the present investigatior<, the stab~lity constants of the 

3, 4-dihydroxybenzene~ulfonate19 and 2,3-dihydroxynaphthalene-6-sulfonate20 

complexes have also been determined. 

The bis- and the tris(pyrocatecholatoJi.ron(III) <.:nions have been 

l' solat ed.2l, 22 The 1 1 f ,,'- f th 1 f d L b mo ecu ar orm"""e 0 ese comp exes were oun LO e 

Na[Fe(C6H402)2}!l20 and ~Fe(C6H402)3J. The infrared spectrum of the 

tris (pyrocatecholatoJiron(III) trianion has been recorded. 23 No O-H stret-

ching vibrations were observed, as would be expected if all the hydroxylic 

protons are liberated on complexation. 

The value of the magnetic moment for tris (tetrachlorocatecholato)fer­

ratc (III) has been found
24 

to be eq,:al to 5.93 B .E., indicating that 

the iron(III) complexes of .Q.-diphenols are high- spin. 

The visible absorption spectra of a nUY.~er of iron(III) complexes of 

.Q.-dihydroxybenzene derivatives have been recorded in an investigation into 

suitable analytical reagents for the determination of iron.
25 

The strong 

visible absorption bands have been assigned to a charge transfer 

26 
process. 

The possible use of wattle tannin solutions for the extraction of 
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germanium has been investigated. 27 Tannin solutions have also been used 

for the detection of small quantities of germanium in solution. 28 Simil­

arly, the pyrocatechol complex has been used for the extraction29 and the 

determination
30 

of germanium. Germanium exists in aqueous solutions as an 

31 uncharged hydrated oxide, Ge02 • Polyphenols with an Q-dihydroxyl group 

have been found to react with Ge02 in solution to give the tr i s_chelate. 32 

Paper electrophoresis established that such complexes are anionic. 33 This 

was confirmed32 by the isolation of the pyrocatechol complex as the pyri­

dine salt, (C5H6 N)2[Ge(C6H402)3]' Stability constants of a number of 

germanium (IV) complexes of Q-diphenols have been determined and have been 

related to the dissociation constants of the ligand. 34 Linear relation-

ships were obtai ned in accordance with the usual general relationship bet-

1 t b ' l't d I' db' 't 34 '~een comp ex sa"y an Igan aSlcl y. The bis(pyrocatecholato)-

germanium(IV) complex was found t o form only ;n Rolutions of very high 

'd't 34 aCl 1 y. This complex has been isolated as the bis-pyridine adduct from 

35 34 non-aqueous solvents. Therefore it '~as suggested that the bi s (pyro-

catecholato)ger manium(IV) complex formed in aqueous solutions was 6-co-

ordinate, with water molecules occupying the unco-ordinated positions. 

This was confirmed
36 

by the isolation of the complex, [Ge(C6H402 )2(H20)2]' 

Trivalent aluminium chloride is commonly used as a diagnostic reagent 

for the elucidation of the hydroxylation pattern of flavanoids. 37 Combin-

ations of aluminium salts and tannin solutions are also used in the tannage 

of hides. 38 Aluminium(III) ions have been found to form successive Q-di-

hydroxybenzene complexes with molar ratios of metal to ligand equal to 
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1 : 1, 1 : 2 and 1 : 3.39-41 The last two pyrocatechol species have been 

isolated
42 

viz. Na[Al(C6H402 )2].4H20 and Na3[Al(C6H402)3].7H20. Conflic­

ting reports have been made concerning the values of the stability const-

, 39 40 ants for the aluminium(II~) complexes of pyrocatechol and Tlron. ' 

Also no relationship was observed between the complex stability constant 

d th 1 , d d' 't' 40 an e Igan ISSOCla lon. However as only three related phenolic 

complexes had been correlated it was hoped that the much larger range 

studied in the present investigation would clarify the position. 

The effect of ionic strength on the stability constants of the 

aluminium(III)-Tiron system has been found to be large because of the 

41 high ionic character of this complex. The influence of ionic strength 

has been found to be much smaller for those phenolic complexes without 

, , ub t't t 34 lon~c s S 1 uen s. 

An attefilpt has been made to resolve the tris (pyrocatecholato)alumin­

ium(III)trianion into optical isofilers. 43 It WqS found that due to rapid 

exchange of the ligand the complex was too labile to be resolved by 

classical chemical methods. 

The reaction of boric acid with certain organic compounds having 

adjacent hydroxyl groups is well known. 44 The boric acid complex is also 

one of the basic reagents used to determine the hydroxylation pattern of 

flavanoids. 37 The reaction of natural tannins with boric acid has been 

investigated. 45 However, the potentiometric method employed was the rev-

erse of that normally used to investigate metal phenolic complexes viz. 

the boric acid was titrated against a neutralised solution of the tannin. 
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The results obtained were inconclusive and did not shed light on the 

nature of the complex formation. A number of boric acid complexes of 

.Q-diphenols have been studied potentiometrically. 46,4 7 These complexes 

were found to have the general formula, B (OH) 2L -. A direct relationship 

has been found to exist bebTeen the acidity of the phenolic ligands and 

"6 the complex equilibrium constants. ~ Th" complex where two pyrocatechol 

ligands are co-ordinated to the central atom has been isolated,48 viz. 

[B (C6H
4

0
2

) 2 JK. HO'Never, the existence of this species in aqueous solution, 

with excess of ligand, could not be detected by potentiometric
46 

or 

calorimetric
49 

methods. 

The Q-dihydroxybenzene complexes of the divalent first transition 

metals, cobalt(II), nickel(II), copper (II) and zinc(II) have been investi-

, 50-54 
gated extenslvely. The mono- ctnd bis-complexes were generally found 

to form in aqueous solutions, although protonated species (MHL+) have also 

55 
been detected in solutions of low ionic strength. The complex stability 

order with a single phenolic ligand has been established to be, 

Co < Ni < eu> Zn with Zn> Ni. 51-54 The former of the two orders is in 

agreement with that of Irvine and Williams
56 

,,,hereas the latter is in 

57 
disagreement with that of hellor and l1aley . However the stability order 

Zn > Ni has been occanion .... lly obsceved ";i tit oxygen-type ligands. 58,59 

Conflicting reports have however been made concerning the relationship 

between the complex stability constants and the ligand association con-

t t R 51 d ' t 54 d 1 k f 1 t · 60 h b t d s an s. everse, lrec, an ac 0 corre a lon ave een reper e 

to exist. 

Both mono- and bis-pyrocatecholato complexes of the divalent first 
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transition meta.ls !-l2.V"'~ b'?cn i ~olated . 61 r! ~rr. i h~ rbslili:::i 0£ Cln inf:iar~d 

it has been propo:::2.J. i.i (r.l,"l -:':h ... , t~tTO pyrocat echol ions a.r~ t·0-ord:!.n~'.t.ed to 

t he copp~r ion as 't..i.!"ude':tate lig.:lI~df..: , J.i11k·2r; ~vi t~ t1-10 hydl'cXO g.rol...!ps 

. .,. 23 
t nrough H- cor:(;.J,ng . 'l:hi~:!.s in "iisa0r eo;IiifH,t l>1ith th2 gecl(;Tcl)ly fOl'nd 

The electronic ot;,scrp1.:.ion sp~ctre. of t ."1.E- c09per (II), nicy.~l (II) 3.!~d 

ba't(II) 't ~,. T' ,. d d 23 ,b'1 CO.J. co:'UrHc:.::es c ;:)yrOGcl.t2~~lO.J. and ').ron J.la-..re ceerl r eeoy c .. 

Because t h" absorption s;:>cci. ~e. of the Co (II) and Cu (II) cOlnp1exes difrel' 

. l 'd d 1" . t I' .2 3 th ~ t' c · ... -l.n So 1. an so ut:lon To;ms ,..;._ ... ',, :'" ... 3 beer. pro!')0sea. .l.o. L J,1~ RLruc ,-1~re~ or 

t he ccmplexeD in the,::;e b 'lo st~"!::..:;.5 3.::-e alf:c different . 'llhe n i crel {II) 

cornpl axes .. ...,i th the above tv;c litjanJ6 hay:: b -can established t o hava octR-

hedral ~ym::Hetry ".,rith wC;'er malcculefl rnH~~ing U9 the oct Rh 1;'\.ir a 1 co-crd ina-

tion in tho bis_che1ate .
23 

f" 
CCL!pJ e;(2ci cf Q ··cU, :-h'~n:;.12 : " 

(I I ),. calciundII), e.;!c"~ ~troi1tiu..i1l(II) and .Q-dih::d..rcj{"'"y '~,p r-S (;n0 d;,,~:i. ·{ ; ~ ~: i, v , [. 

. . , . 51 t 54 
has been studi ed hy p0t.: ~ rl: 1.0m\..! ·crlO methoa.r-: .. .l'1". p. .~1.:.:I.b i~.lt.y orc~~!:,: ( 

s ... · C''' (., ,', .;:" i\~~r h' • 0 
I..~. • .... ...... ~ ........... ;".:j ...1 .... 
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between i onic radii and con~lex stability. 

One of the [.,ethods of purifying wattle tannin is by the precipitation 

66 of t he l ead (II) compl ex . Potentiometric methods have been used to inves-

tigat e the soluble Tiron complex. 55 This investigation r evealed that 

the complex species , PbHL+ and PbL are formed in solution. 

'rhe oxidisable nature of the phellolic ligands results in the format-

ion of highly coloured charge transfer complexes with reducible metal 

. 25 10ns. Charge transfer complexes involve a redistribut ion of electron 

densities within a molecul e made up of an electron donor and an electr on 

1011 
acceptor.' The first charge transfer bands to be characterised were 

thos e of the halide ions,67 wheru the excited stat e was found to consist 

of a halide atom and an electron which has been transferred to a cavity 

bounded by solvent molecul es . The spectra of the alkali r.,etal halides 

68 
have been int ernreted in a similar manner, but here the electron has 

been transferred to an orbital of the alkali metal ion. 

The charge transf er spectra of molecular addition compounds in 

. h . t h b . d I' t· t d 69-71 organIC c effilS ry ave een WI e y Inves 19a e • In inorganic 

compounds, colour i s generally associated with d-d transitions, but there 

o 10 2-
are d and d compounds which are intensely colour ed ~. Hg I 4 is 

brick-red and has been assigned to charge transfer from the r eadily oxid-

72 isable iodide ion to low energy empty orbitals on the metal. Charge 

transfer pr ocesses are not confined to dO and dl O metal compounds , but 

73 
occur frequently in transition metal complexes. 

In general there are two types of charge transfer processes in 
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complexes. When an electron is transferred from an orbital lying pri nci-

pally on the ligand to an orbital lying principally on the metal, it is 

termed a ligand TO metal and, i n the r everse process, metal to ligand 

charge transfer. Both types of transitions have been i nterpreted on a 

molecular orbital model . 12 , 13,74 Certain co,plexcs ~. metal cyanides, 

are capab l e of exhibiting beth ligand to metal and metal to ligand 

" 75 70 transItIons II ( 

The metal ions , iron(IIIi, titanium(IV) molybdenum(VI) and 

tungsten(VI) hav~ been found to form highly coloured charge transfer 

complexes with phenolic ligands. 25 ,77 These complexes have been shown to 

h 'b't " dt tIt 't' 25 ex 1 1 J.lgan G me a rans1 10ns, 

110Iybdenum(VI) and tungsten(VI) complexes have been used in electro-

78 pheretic investigations of flavanoid compounds. These complexes are 

strongly coloured, red for molybdenum(VI) y.nd_yellow for tungsten(VI). 

The visible absorption Jp8ctra of a number of ~~ (VI) complexes of 

79 £-diphenols have been recorded. Thd colour of these complexes is due 

to the presence of strong absorption bands in the region of 400 nm. 

Spectrophotometric methods cstablishGd that the tungsten(VI) complex of 

00 81 pyrocatechol and the molybdenum (VI) complex of 4-chlorocatechol have 

1 : 2 component );a.t ios of metal t o ligand. This has been confirmed82 ,83 

by the isolation of the com~lexes , NH4H[W02(C6H402)2~20 and (C5H6N)2-

[H00
2

(C
6
H

4
0

2
)2]' The latter complex has been shown to be dimeric on the 

84 basis of its crystal structure. In addition the infrared spectrum of 

th ' I f d t xh' b' t f ° H t t h ' 'b t' 85 1S comp ex was oun 0 ell no ree - s r e c 1ng Vl ra 10ns, 

which is in agreement with t he abcve formula. 
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A detailed spectrophotometric and electrophoretic investigation 

has been carried out
86 

on the titanium(IV) complexes of pyrocatechol, 

protocatechuic acid and Tiron. Complicat ed equilibria, depe ndent on the 

pH and especially the concentration of the ligand, were shown to occur 

in aqueous so l ution. The final y e llo\V spec i"s has b een established to 

have a 1 3 ratio of metal t o ligand. 25,86 This stoichiometric ratio 

has bee n c onf i r med by the isolation of the pyrocatechol complex, 

K2[Ti(C6H402)3~20. 87 

In general it was found from the literature survey that extensive 

i nv estigations have been made on the metal complexes of Q-dihydroxybenzene 

derivatives and espec i ally those of pyrocatechol and Tiron. Few reports 

concerning the 1,2 , 3-trihydroxybcnzene complexes were, however , found. 

In many of the previous investigations on.1 y ,0 f eVl representat i ve Q-di phenol 

compl exGs were studied. 'l'he large range of £-diphenol derivatives used 

in the present investigation on metal complexes proved useful in comparing 

the r esults obtained \Vith those for th" monomeric flavano i d and ",att l e 

tannin complexes. 
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LIST OF PHENOLIC LIGANDS 

(al Simple phenolic ligands. 

Trivial Name 

t pyrocat echol 

• 4-methylcatechol 

. 4-tert.-butylcatechol 

4-hydroxycatechol 

3-methylcatechol 

protocatechuic acid 

Tiron 

4-chloroacetylcatechol 

protocatechuic aldehyde 

4"ni trocatechol 

, pyrogallol 

gallic acid 

propyl gallate 

-abbreviated DHNS. 

I.U.P.A.C. Nomenclature 

1,2-dihydroxybenzene 

4-methyl-l,2-dihydroxybenzene 

4-tert.-butyl-l,2-dihydroxybenzene 

1,2,4-trihydroxybenzene 

3-methoxy-l, 2-dihydroxybenzene 

3,4-dihydroxybenzoic acid. 

2,3-dihydroxynaphthalene 

3,4-dihydroxybenzenesulfonate 

2,3-dihydroxynaphthalene-6-sulfonate-

4,5-dihydroxybenzene-l,3-disulfonate 

~-chloro-3,4-dihydroxyacetophenone 

3,4-dihydroxybenzaldehyde 

4-nitro-l,2-dihydroxybenzene 

1,2,3-trihydroxybenzene 

3,4,5-trihydroxybenzoic acid 

n-propyl -3,4,5-trihydroxybenzoate 
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(b) Flavanoid compounds. 

Parent structure 6' 5' ,----;: 
8 

7~°'1 
1\ 1-\ I I 
6~3 

4 ' 

2' 3' 

5 4 

Trivial name L U.P.II.C. l.ornenclature 

catechin 3 ', 4 ', 5, 7-t etrahydrof lavan-3-o1 

H o 

robinetinidin 3 ', 4',5 ', 7-tetrahydroxyflavan-3-ol 

H 

H o 
H 

leucofisetinidin 3',4 ',7-trihydroxyflavan-3,4-diol 

H o 
)--OH 

H 

H 
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fuctin 3 , 3' , 4 ' { 7··tl;t rahydroxyflavan-4 - one 

d i hydrorobinetin 3,3 I { ll ', 5 I { '7 -pentahydroxyflavan- 4 - one 

dihydroqu8rcctin J i 3 ' , 4 1, 5 1 7 - pl...r.tahydroxyf lavan-4 - one 

brazilin 

Hate For brevity , trivial nill ,LOS fir-..; used throughout this thesis. 
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DEFINI'I'I0NS OF EQUILIBRIUJ._ COl:bT"Nl'S 

For the dissociation of an acid, EL, 

L + + H 

the dissociution constant;, Ka, is defined 

Ka = 

[ L- ] [;1+] 
[HLJ 

For the formation of t he il.et.:ll cor.i.plex, LL, 

~,-

the equilibrium consta'.t, 10
1 

is defined 

= 

For thc formation of the met,>l conple x, LL, 

1
,+ 
'1 + L 

the stability concta"t, K
l

, is d efined 

K = 
1 

~ 

INLI - " 
[ · +1 rL-1 

1, J L J 

The product of th e succe:;L ive st<:.bility constants is the overall 

stability constant, f3 . 'Lh" cons tc:nt s for "my oth,"r types of equilibria 

have been defined in the text. For th e sc;ke of dmplicity, the charges 

of ionic spccie ~ in general equations have be~n o1":1itted in the text. 

J3ecc.use the potentiometer , ""hich "',' s used to l!leaSUre tho pH of t he 
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solutions, was calibrated with standard buffers , the hydrogen inn activity 

and not the hydrogen ion concentration should be used more correctly in the 

above equations. Equilibrium constant" ar" then termed mixed constants 

because the equations c o ntain c)th activity and concentration terms. Since 

mixed or Bronsted equilibrium constants ar e only valid for a particular 

" d' 1 88 11 't d 'd d th d ' t' 1.onl.C me lUffi , a eXpOY l r:tcn.3 'Here con ueL u . un .. er €: Sa!:'.G con 1 1.0ns 

of ionic strength (KC1) and temperature. The mdhod of Irvine and Rossotti 89 

enabled the use of potentiometric data in acid Gnd alkaline media. Thermo-

dynamic equilibrium constants were not det e rmined since the present 

investigation was on a comparative basis and only results determined 

herein were compared. 
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E X PER I 11 E t: TAL 

Reagents. 

Pyrocat echol (Merck) -purified by slwlhation, fil .p. 105° (lit~28 1050
). 

Pyr ogallol (;!er ck) - purifi ed by sublLoation, m.p .132° (lit .128 1330
). 

4-Hethylcatechol (K and K Lab.) _ purifLd by sublir:.ation, n .. p. 650 (lit .128 

4-tcrt. -Butylcatechol (Koch-Light) - purified by sublimation, m. p . 540 

3-Methoxycatechol (Koch-Li ght) - purified by sublimation and stored in a 

refriger ator, m.p, 38 _ 42 0 (lit . 128 38 _41 0
). 

Prot ocatechuic acid (BDH) - reerystalliood f ronl water , wi th one molecule of 

o (. 128 D) water of crystallisation, m. p . 199 l1t. 199. 

Gallic acid (Merck - extra pure ) - unpurified, contains one water of 

crystallisation, m. p. 2530 (lit . 128 2530
) . 

o 2, 3-Dihydroxymaphthalene (Koch-Light) - r ecrystallised fron water , m.p. 159 

(lit. 128 160 -1 610
) . 

2 , 3 -Dihydroxynaphthalene-6 -sulfoni~ acid sodium salt (Koch - Light) - recrys ­

tallise<i from water, crith 0 . 5 ,,_t ere of crystallisation. 34 

Tiron (4 , 5 -dihydroxybenzene-l, 3-di sulfoni c acid disodiur.l salt) (l':erck) -

unpurif i ed, contains one Hater of crystallisation. 

o (. 128 Propyl gallat e (Koch-Light) - r ecrystallised from Hater , m. p. 152 ht. 

1530
) • 

4-Chl oroacetylcatechol (Fluka) - unpurified, m.p . 1730 (lit. 128 1730
). 

4- Nitrocat echol (Fluka) - recr ysallised from benzene, m.p . 1750 (lit. 128 

Protocatechuic aldehyde - recrystallised from benz ene, m.p. 1530 (lit.1281540
) . 
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3,4-dihydroxybenzenesulfonic acid potassium salt - this derivative was 

221 prepared by the sulfonation of pyrocatechol thus: 10 g. pyrocatechol and 

6 ml. concentrated sulfuric acid together with a trace of iodine were 

heated at 550 for 2 hO"T<; .. The product >laS poured int o 100 ml. wat er. The 

free sulfuric acid was removed with barium hydroxide and the acid liberated 

from the filtrate by neutralising with dilute sulfuric acid. The solution 

of the free acid «as concentrat eci and was poured into a saturated solution 

of potassium chloride from ,.,hioh tlte potassium salt of 3, 4-dihydroxybenzene-

sulfonate separat0d as "hite platel~ts. (Yield, 701.). The product was 

recrystallised from "later. Potentiometric ti trations with potassium 

hydroxide after addition of ar. Q)ccess of germanium dioxide 34 gave assays 

of 99 . 8"i • • 

4-hydroxycatechol was prepared by the hydrolysis of 1,2,4_triacetoxybenzene222 

(Koch- Light). 50 g. 1 , 2, 4-Triacetoxybenz(;ne "as dissolved in 100 ml. 

methanol. 10 mI. Concentrated hydrochloric acid was added and the solution 

was r ef luxed for 1 hour. The product "'as concentrated by distillation under 

reduced pressure below 300 until the dark green liquid acquired a brown 

colour . On cooliilg, 4-hydroxycatechol separated as small grey crystals. 

(Yield, 75ci.) . 4-Hydroxyca'~ecnol was purified by recrystallisation from 

o ( . 128 0) ether. m.p. 140 ht. 141 • The infrared spectrum of the purified 

compound showed no evidence of a carbonyl absorption band. This indicated 

that complete hydrolysis of the s tarting material had been achieved. 

223 
(±) -Fustin was extracted from the heartwood of Rhus glabra. Drillings 

from the heartwood of Rhus glabra (2 kg.) were extracted with 500 mI. 

cold water. Concentration of the extract in a r otary evaporator yielded 

a bright y e llow powder consisting of fustin and fisetin. 5 g. Quantiti es 

of this i mpure product were dissolved in 200 mI. water and the fustin was 
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separated by means of coluun chromotography using cellulose pcwder, The 

fustin fraction was concentrated to dryness under reduced pressure, The 

product Nas dissolved in ethyl a l<";ch:l and treated >-lith charcoal. On concen-

tration of the filtrate, white crystals of (±)-fustin were obtained. These 

were recrystallised from water. o n.p. 223 The infrared 

spectrum was found to be identical with tl,at of (±) -fustin . 224 

Wattle tannin was extracted frOT .. the bark of the black-wattle tree (Acacia 

moll issima) ,. Bark was coll ected from mature troes, cut into slivers with a 

stainless-steel knife and ir,1!1lersed in nethanol within 1 - 2 hours of being 

stripped from the tree. After 21 hours the methanol extract was concen-

trated to a dry pcwder (pale buff) in a rotary evaporator. The pLrcentage 

15 tannin was determined by photometric mGthods, and was found to contain 

75 percent wattle tannin. The r emaining constituents of the extract are 

aqueous insoluble material, solvent molecules and a small percent simple 

sugars, The insolubles were removed from the aqueous wattle tannin 

solutions by filtration. Although the aquEous solutions were still impure 

the nature of the i~mpurities did not affect the pctentiometric of the spec­

trophotometric results, The lead t annate method66 of purifying ,,,attle 

tannin was not used !J\,.,Q.....;.-J..jL it \:/QS found th.Jt it W(-tS impossible to remove 

all the l ead from the extract . In addition during t he isol~tion of such a 

purified extract, a f~ir amount of colour-d~rkening, due to oxidat ion, was 

found to be unavoidnblG. 

The sulfited derivative225 of w~ttle tannin was prepQred by heQting ~ con-

centrat ed solution of tannin and 10 percent sodium bisulfite under increased 

pressure for 2 hours. The solution was concentrated to a dry pcwder in a 

rot ary evaporator. The nature of the sulfited derivative of wattle tannin 

is not fully known. A chromatographic investigation158 suggested that 
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sulfonic acid-type addition compounds are formed , prob2bly on the hetero-

cyclic ring of the flavanoid molecul os. 

Brazilin (Pluka), r,l.p. 1280 (1i t.12 8 1300
). 

(±)-Dihydroquercetin (Flukel), m.p. 232 0 (lit.
128 234 _60

). 

The following phenolic compounds 11ere kindly su!"plied by Dr. Ii.H. Saayman. 

(+) C t h ' t' 4 t f t 11' t' 128 95 0 (l 't 128 - a ec J.n - con cuns wu"ers 0 crys <:.! l ": a l.on. m.p. 1. • 

960
) • 

( ) R b ' t ' 'd 1 t' 1 5 t f t 11' t ' 226 2060 
- - 0 lne 1m. 0 - con Ulna • >Ta ers c· crys a ~S,l ~on. m.p. 

(+)-Leucofiset inidin - contuins 2 water~ of cryst~11is~tion.227 m.p. 1050 

o ( ' 228 0) (+)-Dihydrorobinetin, m.p. 225 l~t. 225-226. 

All the chemicals including the met,ll salts used were of analytical reagent 

grade. HydrQted metal nitrates or chlorides were used except for germanium 

dioxide, boric acid, sodium molybdate and sodium tungstate. The above 

r eagents were chos en on the basis of the highest reported purity and were 

used without recrystallisation. 

Preparat i on of standard solutions 

Boiled de-ioniscd ,rater WQG used for illl the prepilrations. Aqueous, 

stand<:!rd solutions (0.05 - 0.OO5N) of the phenolic compounds were prepared 

by direct weighing. Only freshly prep<:!red s tock solutions were used, 

because it was found that even if precautions were taken, the oxidisable 

phenolic compounds still showed signs of decomposition (solutions became 

discoloured) after a period of one day. Aqueous, standard solutions 

(0.02 - O.OO2M) of the metal ions "dC prepared in a similQr manner. The 
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titaniUI!l stock solution 'Tas prepared by adding the liquid TiC14 dropwise 

to a concentrated hydrochloric acid solution and only then diluted. The 

presence of the acid was necessary to prevent hydrolysis of the Ti (IV) ions. 

The titaniUI!l(IV) stock solution contained a 50 : 1 molar r atio of acid to 

metal ion and was standardised spectrophotometrically . 25 The germaniUI!l 

stock so lution .;as standardised by potentioI,etric titration with potassiUI!l 

h dr . d ft 'd ' t . f . t 1 34 Y OXl e a er ud 1 lon 0 - mil.tn l 0 • The stock solutions of iron(III), 

a lumi niUI!l (III) , copper (II), vanadyl(II) and lead(II) were standardised by 

potentiometric ti trations of the stable Tiron complexes with standard 

potassium hydroxide. The nickel(II), cobalt(II), zinc(II), magnesium(II) 

and calciUI!l(II) stock solutions were standardised by the usual complexo­

metri c methods.
229 

Standard solutions of potassiUI!l chloride, sodiUI!l 

acetate, boric acid, sodiurr, tungstate and sodium molybdate were prepared 

by accurate weighing of the AnalaR grade (BDH) compounds. Standard solutions 

of potassiUI!l hydroxide and hydrochloric acid were made up to volume from 

standard ampules (Merck). 

Potentiometric measurements. 

Potentiometric titration curves were obtained on a Metrohm automatic 

potentiometer, Hodel E,"36 with a combi nation c;lass and calomel electrode 

(Metrohm EA121 UX). Instrvment driven plunger type burettes of 10 and 

20 mI. capacity >rere used . All the potentiometric measurements were made 

o at 20 ± 0.5 C. The ionic strength of the aqueous solutions was made 0.1 N 

by suitable addition of potassium chloride. In potentiometric titrations 

>lith 0.1 N KOH as the titrant , the decrease in ionic strength, resulting 

from the increase in volUI!le as the titration proceeds, is compensated for 

by the ionic strength of the titrant. However, with 0.01 N KOH, the ionic 
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of the titrant had t o be increased to 0.1 N with KCl. 

The potentiometer WilS cillibrated wi th aqueous buffer solutions prep­

ared from standard ampules (Merck). 

Potentiometric procedure : The required vollliaes of metal ion and ligand 

stock solutions were pipetted into the reilction vessel. A suituble volume 

of standard KCl was added so that the final ion strength, I, was 0.1. A 

total volume of 50 - 60 ml. .ms used, depending on the solubility of the 

ligand. Befor e the reaction vessel ,,"s placed i n position, the pen was 

zeroed on the chart pilper in order to eliminate any error due to backlash 

of the gears. The reaction vessel was then attached to the covering lid, 

which contained the combination glass and calomel e18ctrode, thermometer and 

alkali and nitrogen inlet tubes. Pure, presaturated nitrogen "laS bubbled 

through the solution for ten minutes prior to cOQillencement of the titration. 

Durin;r the titration a magnetic dirrer "ras used to agitate the solution. 

The speed of the titration was determined by the rate of equilibrium. This 

\~as check<.<i periodically during the titration lJy stopping the addition of 

alkali and observing if any drift in the pH reading occurred. The instru­

ment which was used, is also <.quipped with an automatic speed control which 

slows down the titration speed in the rLgion of the end points, where rapid 

increaGes in the pH occur with small additions of illkali. After each 

titration was run the caustic residues that adhere to the el ectrode were 

neutralised with dilute acid and thoroughly rinsed with water. 

Sp·ectrophotometric measurements. 

Ultraviolet and visible spectral datil were obtained on Beckman DK-2, 

Beckman DU (converted to mains supply) and Zeiss PHQ-ll spectrophotometers, 

at 20 + O.SoC , using 1 cm. quartz cells. 
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Spectrophotometric procedure: The required volumes of metal ion and ligand 

stock solutions were pipetted into a volumetric flask. Buffer and ~l 

solutions were added so that the final ionic strength was 0. 1. An acetat e + 

KOH buffer system was u~ nd. The pH of the solution '.as obtained on the same 

instrument which was used for thE: pot "ntiofcletr ic titrdions. The solution 

was allovred to equilibrate in the· "cll b efore recording the spectral data. 

In the spectrophotometric method for determining the dissociation 

constants of the phenolic ligunds, it wus found that although precautions 

were taken (only boiled out de-ionised water, saturated with nitrogen, was 

used), optical interference as a result of oxidation of the phenol was still 

observed. This was especiully noticClble ut the very high pH values r equired 

for the determination of the dissociation constant s of the l ess acidic 

phenolic groups. For this r eason a small amount of antioxidant was added to 

eliminate this interfer ence. It has been found
l05 

thRt hydrazine hydrate is 

a convenient ant ioxidant for spectrophotol.\etric investigations of phenolic 

compounds a t high pH, because this ant ioxidant only absorbs light at wave­

lengths less than 220 nrn. It was found that the presence of 0.01 M hydrazine 

hydrate had no effect on the value of the phenolic dissoc iation constants, 

by determining the dissociation constants of 2 stable phenol £9. Tiron in 

the presence and absence of the antioxidant. 

The absorption spectra of the divulent first transition motal phenoli c 

cornplelGes were obtained from solutions cont a. ining stoichiometric concentrat-

ions of metal, ligand and alkali. 

Electrophoretic measurements. 

Electrophoretic measurements ,<er c obtained using L.K-B. Paper Electro­

phoresis Equipment. Suitable buffers were prepared from sodium acetate, 
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acetic acid and sodium hydroxide. A final ionic strength of 0.1 N was used. 

Both tanks were filled with a buffer solution and the levels ,,'ere equalised 

with a syphoning tube . The paper strips were soaked in the buffer and then 

positioned on the perspox eonnecting bridge . Solutions of the metal comp-

leY-es , Iere made up 1Vith the buffer of tho r~quired pH and s Dotted on the 

paper. A constant direct current ,TaS appli ed and in g e naral the ionic 

complexes 1Vere observad to raigrate within 30 minutes. This technique was 

only used to determine the electronic sign of the complex speci e s and no 

attempt ,rae made to inte rpret the Dobili ties of th~ various complexes. An 

interned non-migrating standard WetS ho\, ever used to compensate for 

1 t d . 231 
e ec Toen osmOS1S. 

Infrared absorption spectra "ere determined on Nujol mulls between 

potassium bromide plettes on a Beckman IR-·IO spectrophotometer. 

Melting points ,"ere det ermined on a Kofler hot stage. 

All calculations were made on a Hewlett-Packard 9100B calculator 

fitted with an extended memory, Hewlett-Packard 9101A. 
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RE SULTS AND DIS C U S J ION 

A. POLYPHENOLIC DW~jOCII\TIOI: CQi"C;i'rL:.r.:J. 

For the dcterminc:.tion of sta.'?ility c onst ant s for t he met nl -polyphe nolic 

complexes , a knovrledge of ligand ac idity constants is e::;::;ential. 11hese 

values h~,ve been detcmni ned for t- 'Gnt y-t hr ee r el,- ted polypheno l s . 

Phenols aTO woak acids and owe t heir acidity to the dissociat ion 

PhO,i ->. PhO- + rr+ 
or-

For the general equilibrimn, 

(2 ) 

the dissociatio n constant, Ka, is given by 

Ka 

[HC_XL -XJ[ H+y 
= (3 ) 

hLJ 
'l\m methods "er e used to obtai n values fo r Ka, viz. potentioraetry and 

spectrophotometr y . 

1. Potentiometric det orraination of the ohenolic dissociat ion constants. 

All the potcntiomdr ic titrations ''''ere ddcrr.lined nt 20
0

C i n aqueolls 

soluti ons with Gn ionic strength of 0 . 1 (KCl). The presenc e of a h igh c onco,n-

tration of an xtrane01W salt ensure~ t hat thl! ionic strength of the colution 

r umJins constant during t~e t itr~tion. Di ~sociution constunts determined under 

identical conditions of ionic st r ength and tumperature can therefore be 

relat ed . This also applies t o th ... stability constants of metal complexes. 
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This pructice is quite general for such an investigation. 88 

(a) o-Dihydroxybenzene derivatives. 

The dibasic nature of these derivatives results in a t wo st DP di~soc-

iation : 

H2L -~ HL -+ H+ Ka = [HL-] [;{+] /hL J 
~ 1 

(4 ) 

HL- -" L2-+ H+ Kil2 - [L2J [H+J/[HC] .,-- (5 ) 

where Ka
l 

and Kil2 are the first and second dissociation cc'nstants respec­

tiv ely. Examples of the type of titr cltion curve obtained are shown in 

Fig. 1. The distinct inflection, after a( 'di tion of ona equivalent of alkali 

>Thich is observed in the titration curve of the more acid derivative, 

4-nitrocatechol, indicat es that thus" derivativec dissociLlte separately, 

according to equations (4) and (5). Thus no special calculations were requi-

red to o!:ltain accurate v,~lues of the di[3sociation constants. The very lot; 

acidity of the s l. cond ph"nolic dissociation for somG of these derivatives 

prohibi ted the deterl.1ination of the constant, Ka
2

, by this mathod. 

The dissociation ccnstGnts were obtained by first calculating the value 

of n , the ,"ean number of dissociable protons bounn per phenol - in what­
a 

eV er form, at various pH values by the electronoutrality equation
89 

= c -
(v" _ v') (Ii + EO) 

(Vo + v' )T~ 
(6 ) 

Hhere v" and v' are the H :s pecti ve volumes of alkali required to r each the 

same pH in titrations of the phenolic derivative plus fr ee acid, and the 

fre e acid alone; o 
T

L
, the initial concentration of the phenol; 
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initial total volume of th8 solution; EO, the initial concentration of the 

free acid; N, the normality of the alkali and c, the total number of diss-

ociahle protons of the phenol. 

If no free acid is added then the equation becrnnes 

-n = c -
a 

(v" - v') ll 

vo.:r° 
L 

(7 ) 

where v"and v' are the respective volum~s of alkali required to reach the 

same pH in titrations of the phenolic derivative and solvent alone. The 

constants were then calculated from the Ii values according to the follo,ling 
a 

equations 

-2 - n 
plCal pH log a 

= -
n - 1 

(8 ) 

a 

-1 - n 
pKa2 pH log a 

= - (9) 
n a 

For protocatechuic acid, the value of the carboxylic dissociation constant 

was calculated from the equation ' . 

3 - n 
pICa pH log a 

= - (10) -n - 2 a 

The experim'~ntal data uoed to calculate a feN representative constants and 

the results are given in Tables 13 and 14. The values of all dissociation 

constants calculated according to this method are listed in Table 1. 
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TABLE 1. 

Dissociation constants, Ka, determined potentiometrically and spectrophoto-

metrically for the Q-dihydroxybenzene derivatives. 

Phenol 

4-methy lcatechol 
4-tert. -butylcatechol 
pyrocatechol 
3-methoxycatechol 
protocatechuic acid 

2,3-dihydroxynaphthalen8 
~,4dihydroxybenzenesulfonate 

DHNS 
Tiron 
4-chloroacetylcatechol 
protocatechuic aldehyde 
4-nitrocatechol 

a 
p 

9.54 
9.55 
9.35 
9.31 
8.82 
4.38c 

8.55 
8.38 
8.18 
'1.65 
7.40 
7.19 
6.76 

pKa
l 

bS 

9.56 
9.54 
9.37 
9.30 
8.82 

8.55 
3.40 
8.19 
7.66 
7.40 
7.21 
6.75 

pKa
2 

a b~ p '" 
14.05 
14.05 
13.65 
13.60 
13.20 

12.36 12.43 
12.35 12.45 
12.14 12.19 

12.58 
12 .02 11.98 
11. 79 11.80 
10.91 10.90 

a and b, P and S reprasent tho potGntiometrically and the spectrophoto­

metrically deternined values, respectively. 

c, dissociation const"nt for carboxylic substituent. 

(b) Trihydroxybenzene deriv~t ives. 

The gonera l type of titr <::tion curve obti~ined for these deriv"tives is 

shown in Fig. 1. Their trihydric nilture results in three possible dissocLt-

ion steps. Howevor I from the ti trution curv .;:~ .s it 'Ylt2S obvious that up to 

p-l{ = 11, only h.o phenolic groups dissoci<ote. The <obsonce of a distinct 

inflection Qt tho end point of the first dissociated proton, points to an 

overlap of the successive titration curvos. Equations (6) - (9) would there-

fore yield inQccurut~ results especiully in the region of n = 2, becnuse it 
a 

91 
ha s b een shown that a separate dotermination of Ka

l 
und KU

2 
is only valid 

if Kul/Ka2 > 10
3

• Accurate results Here, however, obtained by application 

of the following methods : 
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Le~st squDres tro2tment : The v a lues of n , which were calculated a 

from equation (6), were used to d et er mine the constantu by means of a l east 

squar es treatment of the following equat ion f or iJ. strv.ight line : 

1 - n (3 n,AH] 1 il = (n - 2) [H] (n - 2)Ka
l

Ka
2 Ka

2 u a 

(ll ) 

for c = 3 i.e. for trihydroxybenz ene deriv2tives. 

(2) Overlapping i onisution treutruont 91 The folloHing equations wore ",lso 

used to calculo.te the c onst <J.nts 

.-,here 

Ka
l 

Ka 
2 

= 

= 

Y
I

Z
2 

- Y
2

Z
1 

XIY2 - X2Yl 

XI Z2 - X2Z
1 

YI Z2 - Y2Z
1 

(12 ) 

(13 ) 

(15 ) 

(16 ) 

where C is the total conc ontrution of the phonol e nd B t he concentration of 

the ulkoli added. P,;irs of readings have to b~ selected fron either side of 

the mid-point, when Xl' Y
1 

a nd Zl will be the reedings obtained with less 

than one equivalent, whil e X
2

, Y
2 

and Z2 refer to r eadings given by mor e 

thun one equivalent of titrant. The velues of B ilnd C ,,,,re obtained from 

the titrution data : 

B = N(v" - v') 

(v
o + v" ) 

(17 ) 
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C = (18 ) 
(V

o + v") 

(3) Correction term treiltnt8nt
90 

This method is based on the theoretical 

symm;:tric nature of the potentior.,etric titration curve about the mid-point, 

-It = 2 for c = 3. The follo;ring equations apply for c = 3 : a 

1 - d 
z = log + 

d 
(19 ) 

where z is the correction term; 

na = 2.5 and nu = 1.5; IH+J2+d 

d = 0 at mid-point (n = 2) and d = 0.5 at 
a 

and [H+J2-d are obtained from the ph at Ita 

-mid-point + d a nd n mid-point - d, r espectively. a 

Then : 

log !Cal = pH2+d - z 

log.KG. = pH + z 2 2-d 

(20) 

(21 ) 

The values of n calculated from equation (6) were used to plot a curve of a 
- u n vs. pi.!.. a From this curve the r~quired readings were obtuined. 

The experimc,ntal data and results, according to l.lethods (2) and (3), 

for pyrogallol are shOl·m in Tetbles 15 and 16 and Fig. 4. 'rhe dissociution 

constunts for other derivatives of this class arC' listed in Table 2. 

From this Tabl e it muy be ~cen thut all three methods give consistent 

result s . The v~lues of !Cal and !Ca
2 

for pyrogallol compare favourably with 

published values, cf. Table 5. The dissociation order for pyrogallol has 

been established
l03 

and is illustrated as follows : 
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H --J> 

H H 

The sirailnri ty beb<een the dissociation constnnts of r · 50rcinol nnd pyro-

g~llol (Tnble 2) supports the nbove order. 

TABLE 2. 

Dissociation constants, Ka, for the trihydroxybenzene derivCltives ilnd 

resorcinol det ermined potentiometr ically and spoctrophotometricnlly. 

Phenol Method 
a 

pKa
l 

pKa
2 

pKa* 

pyrogallol 1 9.05 11.23 
2 9.04 11.22 
3 9.05 11 . 23 
5 9.05 11.25 

1-hydroxycatechol 1 9.10 11.56 
2 9.09 11.53 
3 9.11 11.55 

gallic acid 1 8.96 11.32 
2 8.68 11.30 
4 4.28 
5 8.70 11.39 

propyl gallate 4 7.88 11.02 
5 7.90 11.05 

resorcinol 1 9 .31 11.22 
3 9.29 11.23 
5 9.30 11.22 

a. Method : Pot <mtiometric; (1) least squar es , (2 ) overlapping ionis -

(ltion, (3) c orrection ten·.l, (<1 ) equations (6 ) - (10) ; (5 ) spectrophoto-

metric . 

*Dissociation constant of the carboxylic acid substit uent. 
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(c) Polyphenolic compounds. 

The wilttle t annin monomers are polyphenolic f lavano i ds wi th up to four 

phenolic groups. Therefore a simple cil lculat ion of th~ dissociQtion const-

c.nto frolf. the potentiometric titrati on curves is not possible , because of tho 

multiple overlapping dissociations. However, if some of the phenolic groups 

can be comploxod wi til il met2l ion then this will remove thos ," groups involved 

in the ccmpluc from the titration curv e of tho unco-ordinated phenolics. 

Pro-req uisites of the comp10x "re (a) thilt it should be c0mplddy formed 

at suffici ently low pH villues , in order not to int erf ere with the phenolic 

titriltion and (b) thilt tho phenolic groups involved in tho complex may be 

pin-pointed. Thes e r equirements ure satisfied by the germanilli~(IV) compl exes 

(to be discuss ed later, Section C) which ,'Or<, found to b o completely fornlGd 

in ac idic solution. In addition germanium(IV) only f on ns complexe" with "n 

£-dihydroxobonzene function resulting in a fivo-munbered chelilto. Solutions 

of germanium dioxide (G90
2

) and £-diphenols roact as follows: 

(23 ) 

Howaver the assUlllption has to b <o made that t he presence of the mctc;l i on 

does not ilffect tho dissociation process of the uncomplexed phenolics. The 

fl 'd t t f ttl t ' , t 92 f t b ' ilvanOl s rue ure a wa C ilnlun raonoffiors canS1S S 0 wo onzcne rlngs 

scpariltcd by a satu.rilt ed hct.,rocyclic ring as illustrilted on page 14. The 

t HO uromatic portions ilr c therefore unconjug<.ted ilnd uny rOilction involving 

the one benz0no ring ",ould not bo expect_,'Cl to have any affect on the prop-

crti os of the other . 

(1) CQtLchin, robinctinidol and brazilin 
93 94 

The structur~s ' of these 

compounds are illustrated on ~,gcs 14 and 15. 
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Examples of the pot,:ntiomotric titration curves obti:ined for the froo 

phenolics ilnd the, Gc(IV) complexes ilra given in Fig. 2. The eontinuous 

n2turG of tho free phGnolic curve indicates uultiplG ovcrlupping diGsoci2t-

ions. The distinct inflection obGC2rv ·~d at z = 2 (z, the number of moles of 

alkali ildded por molo of metal) in the G,,(IV) eonlplGX CUTVU, with stoichio-

metric concentriltions (i.c. 1 : 3 moles) of Ge02 und ligand, is in accordancc 

with the requirements of oquation (22). This illustrates that the Q-dihy-

droxo group on the B-ring is completely co-ordinated. Since the titration 

curves for the uncomplexed phenolics of catechin and robinetinidol did not 

show distinct inflections, methods (1) - (3) were rGquirod to obtilin 

aCcUTiltc values. The results of method (1) for catechin and method (2) for 

robinetinidol arc given in Tables 17 and 18 respectively. These constants, 

calculated by the other methods, arc given in Table 3. The dissociiltion 

constant for thc singlG uneomplexed hydroxyl of brazilin required no speeii:l 

calculations. The value obtained using uquations (6) and (9) is given in 

Table 3. The assignment of pKa values to a ~rticular lucta-hydroxyl group 

for catechin was not possible a~ the constants could equally apply to Gither 

group. The more acidic of the two pKa values for the uncomplexed hydroxyl 

groups of robinetinidol, viz. 9.65, was assigned to the hydroxyl group of 

the A-ring because of the similiirity bot.<een its vi:lue and that of bra'~ ilin, 

viz. 9.69. Tho less acidic value of 11.21 may therefore be assigned to the 

third unco-ordinuted group on the B-ring. The l~tter value is, however, 

specifically for the Ge(IV) complex and need not be the same in the uncom-

plex<?d phenol. Ho'vever, an approximate value of 11.25 for the dissociation 

constant of this group in th<? uncomplexcd form was determined frol!\ plots of 

n vs. pH, by int erpolation at half n values . Complexation of the two 
a a 

ortho-hydroxyl groups adjacent to this group thus app<?ars to have very little 
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TABLE 3. 

Di3[;Ociation conatants, Ka, for catechin, robinetinicl~l and brazilin 

determined potentiometrically. 

Po lyphcmo 1 l1othod a pKa
l pKa2 

b C C
3

, 
or 4' 5 or 7 

C 

pKa 
3 

7 or 5 

o catechin 1 9.18 1l.22 
11.20 
11.24 

0 

2 
3 
4 9.01 

b C
3

, 
or 4' 

brazilin 5 
4 9.21 

bC 
3' or 5' 

robinotinidol 1 
2 
3 
4 8.80 

9.18 
9.17 

C
7 

9.69 

C
7 

9.65 
9.64 
9.65 

C 5' or 3 I 

11.21 
11.19 
11.22 

a. I1dhods (l) least square:>, (2) overlapping ionisation, (3) correc-

tion term, (4) difference technique, (5) equations (7) - (9). 

b. Assignments of pKa values to a particular hydroxyl group attach~d to 

the flavanoid carbon atoms, C (where x = carbon numbering). 
x 

effect on its discociation conctant. The simi l arity of this value with that 

obtained for pyrogallol supportc the above assignmont. 

In order to det ermino the dissociation constants of those hydroxyl 

groups involved in the Ge(IV) complex formation, a difference technique was 

used. The differ~nce betweon tho titration curves of the polyphenol with, 

and without, Ge02 present will give thE) titrdion CurV8 of the hydroxyl groups 

involved in thE) -,omplex. Allo,mnce hac to be made for the protons liberilt ed 

on complex forroation. Stoichiometric concentrationc (i.e. 1 : 3 mole ratio) 

of G~02 and polyphenol need not necessarily be used. The concentration, T~ 



- 30 -

used in equiltion (7) is then determined by the concentration of Go0
2

, provi­

ded excess ligand is present. Although free ilcid wa~ used to compensate for 

the protons liberated on complex fo~ation, equation (7) had to be used to 

calculate n values in thi~ type of difference technique because now the v" a 

readings refer to the uncomplexod titration and v' to the Go (IV) complex 

titration curve. An ox61J\ple of this appliciCtion for robinetinidol is given 

in Table 19. The constants for the other polyphenolG determined by this 

method are given in Table 3. The dissociation constant for the other 

Q-hydroxyl group could not be determined potentiometrically because of its 

very high pK value. 

For robinetinidol the pKa value of 8.8 for the most acidic B-ring 

phenolic group was assigned to onG of the two meta-hydroxyl groups as in the 

case of pyrogallol. For catechin and brazilin the B-ring value could be 

assigned to either of the Q-dihydroxyl groups. 

(2) Fustin and dihydrorobinetin These two wattle tannin monomers have 

structures 95 illustrat ed on page 15. The titration curves obtained for these 

phenols are illustrated in Fig. 3. The similar ity betweEm them io evident 

from the curves. A much more acidic phenolic group than found for the 

previous polyphenols results. The presence of this acidic group separates 

the titration curves sufficLmtly to allow calculation of th" dissociation 

constants without recourse to the Ge(IV) complex method. A correction 

method 1<as "till neccss<rry because of the overlapping nature of the curves. 

The applica.tion of method (3) to thO! titration data for fustin is shoun in 

Fig. '1 and Table 20. Tho constantG calculated by the other m8thod" aro 

li~ted in Ta.ble 4. 

The dissociation constants of tha hydroxyl groups involved in the Ge(IV) 



- 37 -

TABLE 4. 

Dissociation constants, Ku, for fustin and dihydrorohi netin determined 

potentiometrically. 

Polyphenol 

fustin 

dihydrorobindin 

wattle tannin 

11ethod
il 

1 
2 
3 

1 
2 
3 
4 
4 

a. Mothods : as for Table 3. 

b. Assignments. 

pKa
l 

be 
_7 
7.04 
7.05 
7.05 

be 
_7 

7.05 
7.06 
7.05 

pKc'2 

e3, or 

9.01 
8.98 
9.00 
9,00 

e 
3' or 

8.81 
8.78 
8.80 
8.79 
8.80 

4' 

5' 

11.19 
11.18 
11.20 

complex ware also determined by th~ difference method, for comparison. 

Tho values obtai ned ara given in Tabla 4. 

The most acidic value vi~. 7.05 for both polyphenols was assigned to the 

hydro~fl group attached to the C
7 

atom, because it was unaff ected by Ge(rJ) 

complex formation. The strongly electron-Hithdrawing character of the puru-

carbonyl group explains its more acidic nature. Th" other dissociat ion 

constants "Tere assigned on the same basis as those for catechin and 

robinetinidol. 

The similari t y of th 8 B-ring phenolic dissociation constants for fustin 

and d ihydrorobinetin with thoGe fer catechi n and robinetinidol, respectively, 

indicates that the dissociutien proc0ss is unaff ected by tho carbenyl groups 

in the former two compounds. This alsc illustrat es the unconjugated nature 
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of th~ flavanoid molecule. 

The close agreCITlent of the values, for the most acidic B-ring hydro}:y.L 

group, calculated by th" Ge(IV) comploc method a nd the frc" phenolic methods 

(Table 4), supports thc assumption L:adc pr 8viously - that the presence of 

the m~tal ion does not affect the dissociation of tn" uncornplexed phenolic 

g r oups. 

(3) I-Jattle tannin: The structure of wattle tunnins has been cstablished
7 

as being made up of polymeric polyphenolic flav0.noid molecules 

H 

H 
>--OH 

(arrm,s indicate 

polymer bonds) 

The average number of flavanoid units pelr polymer chain "as found to be 

approxi mat ely equal to four. 
96 

The polymer linkage hut:; been shmTn 
97 

to be 

e ither behmen carbon atoms C
4 - C6 

or C
4 - Cs' lt has boon established

7 

that wattle tannins arc made up of about 70 p8rC(mt flavanoid analogues based 

on a r esorcinal A and pyrogallol B nuclei, 25 percent resorc i nol A and pyro-

catechol B nuclei and 5 p~rcent phloroglucinol A and pyrogallol and pyrocat-

echol B nuclei. 

The potent i ometric t itrat i on curve obtained for wattlc tannin is give n 

in Fig. 2. The continuous nature of the curV i3 points to multiple overlap of 

the phenolic dissociations - as expect ed from it s po lyphenolic structure. 

The Ge(IV) eomplex method was therefore used to calculate thc dissociation 

constants. A speciul experimental pr oceduro was necessary because the 
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Ge{IV) complex of wattlc tannin "elS found to ;lr ccipitate from solutions of 

hi0h ionic str3ngth . , '!!len the potentionetric titracion of the Gc(IV)­

H'attle tannin systl-tn . !a ~ conducted in the ar.; ence of KCl no precipitate 

forItled.. If the Kel Has onl y dUC:8\t i..·d t8r cOlLtplete cOJuplexttion, to giv e 

I = 0.1, then "till no pr"cipi tilte fOH,,,d. The Hoiison for thi3 'ill be 

discU8 -; ed lat ~r (!3 cction C). 'l:}te ru:.ultc of thE? difference technique 

ap~)liec.: to the titri.:ri.. ion r ..:aciing:;; 'iti.l, and vlithout, Ge0
2 

present using' 

the a1::ove experia::ntdl prOC Cd1.lr 0 al- r ~ivell in 'l'able. 21. 

Because of thG poly .. lCric nature of . attl e tunnin molecule::: a l (..n;:ie 

excc.:..,~ of 'It/attle tannin ,1<..,. :::; found to be necev~":'J.r ~:.: in order to ensure comp ­

lete forr;lation . The 2.V (!l'L!g"C value of J . G rroEl Table 21 WuS a.::,signed to the 

most acidic 3-ring hydro_ :J-l group. It shonld be noted that thi>-J value i s 

specific,,-Uy fo r t:,ose hydro;.y l groups involv ed in the Ge(IV) coq.,lcx. 

Th~refor€ , beca1we of the sifLlilc.ll-i ty of bli>.> val uE" 'I:Ji th tho .: e for robinet ­

inidol and d i hycirorobinetin ('1'ab18G 3 and (1) , it appears that only the pyro­

gClllol E-ring ilnalo<]uc c Rre cOhlpl,.: .cd by Ge(IVj . 

The dissociCltion constant" fClT the other phC.l0 lic <]ro'lps could not be 

deten.dned, because stoichiol,' -:tric conc.:cntra~ion,'j of Gc0
2 

and l'iattlc 

tannin :·.lere found to give i !,compleTG COl' )lex f' o_.:jlIEttion as will be shoun 

in Ject ion C. 

2. bpect:rophotOj.~0tYic d:..tor. .. intltion of t he:: phenolic dis~oci.J.tion 

The .spectrophotolllc tric method proved uSEful in deterdining the dissoc­

iation constants of t :1C 1e::;$ soluble compound._ and also of the cOIT(x>unds 

available in lihlited .. mount. The constantz for the " eakly acidic phenolic 
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groups could be determined by this method since at high pH values the spec-

trophotometric mGasur,,[tlents are not complicated by the pres once of hydroxide 

ions ao in tho potentiometric method. 

Chunges in the ultrftviold absorption spectru of thc phenolic conpounds 

,lith pH form the bas is of this method. The absorption spectra >lOro first 

recorded at various pH values to obtain an analytical wavel ength most suitabl e. 

for the determination. A desirabl o l·",vel ongth is one which shows the gr8at-

est diffen.;nc e in absorbance for the two species of the dissociation process 

being investigated. The general f orm of thc absorption spectra and thc 

extinction curves (absorbance vs. pH plota) obtained at fixed wave18ngths 

are illustrat ed in Figs. 5 and 6. 

The follol<1ing equation98 was used to calculat e the dissociation const-

ants of thc more acidic phenolic groups 

AO - A 
pKa pH + log 

x 
= x A _ AO 

x - 1 

(24) 

wher e A i s the absorbanc 0 at corresponding 0 thc pH and A x 
o 

1 and Ax are the 

absorbances of the lindi5sociated and dissociat 8d species respectivel y. 

(a) o-DihydroxybenzGne derivatives. 

It was found in th~ pot ontiometric investigation that the pKa
l 

a nd 

pKa
2 

values of this cluss of phenolics are suffic i ently spaced so as not to 

interfere with each other . This is illustruted by the dofinit e plat eaus 

observed in their extinction curves (Fig. 6). Examples of the calculations 

are given in 'rable 22. 

Because of the VJry weak acidic nuture of the second dissociation for 
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most of the phenols, the "pure" absorption spectrum of the di-anion could 

not be detJrmined, because the constant ionic strongth of 0 .1 used, restric-

t €d tho upper pH limit. o Since the values of A2 were unobtainable equation 

(24) could not be used. 
91 However, the ubove equation ca.n be re.arrnngcd 

The method of lcast squares applied to the values of A and [H ] (A - A~) 

(25 ) 

o 0 
gave the required valucs of A2 and Kn

2
• Using the calculated value 0f A

2
, 

thc d i ssociation constant, Ka
Z

' was dderminod for each pH value from 

equation (24). An exampl e is given in Table 23. 

The dissociation constants, Ka
l 

and KaZ' determined spectrophotomet­

rically for all tho Q-dihydroxybenzene derivatives are listed in Table 1 . 

Ovling to the large extrapolations r oquired for the very high pKa
2 

values, the constant for pyrocatechol was also det8rminc:d for comparison at 

ionic strengths of 1.0. A value of 13.62 was obtained, which is very similClr 

to the value obtained at an ionic strength of 0 .1 (Table 1). The effect of 

ionic strength on thL value of pKuZ for 4-chlorocatechol has been investig ­

ated,99 _ little difference was found between the vo.lues a t I = 0.1 and l.0. 

However, for a highly ionic derivative such as Tiron the effect of I has been 

found to be quite substantial. 100 

The published pKa
Z 

values for pyrocat~lhol shm' considerable variation, 

ranging from 11.59 to 13.7.
14 

Howev"r the lower valu8s of pK
Z 

have be(lTI 

53 
shown to be erroneous . The dissociation constants, Ka

l 
and Ka Z' obtained 

101-110 
by Sommer and Bartusek Were found to compare favourably with thos e 

determined in the present investigation. The values of Ka
l 

and Ka
2 
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obtained by the above authors are list ed in Table 5. 

TABLE 5. 

Dissociation constants, Ka
1 

and Ka
2

, for phenolic compounds determined by 

the authors Sommer and Bartusck. 

Phenol pKa
l 

pKa
2 

r ef GrGnc es 

pyrocat echol 9.37 13.7 101,102,103 
resorcinol 9.30 11.06 102 
phenol 9.62 102,104 
pyrogallol 9.05 11.19 103 
protocatechuic acid 8.82 13.0 10'. :106 
3,4-dihydroxybenzenesulfonate 8.50 12.B 102, 107 
2,3-dihydroxynaphthaleno 8.68 12.5 lOB 
DHNS B.19 12.16 109,110 
4 -ni trocatechol 6.84 11.1 l OB 
Tiran 7.66 12.6 103,105 

I = 0.1, ter.lperatur e = 20oC. 

(b) l,2,3-Trihydroxybenzene derivatives. 

Potentiol.,etrically derived values of pKa
l 

and pKa
2 

for these derivat-

ives Were found to be '"ithin 3 units of each othGr; h ence a separate treat-

ment for each di s sociation was not poss ible. The main difficulty was in 

determining the "pure" absorbance of tho mono - anion, A~. Howevor I if an 

analytical wavelength io availabl e where two ef the species have the same 

absorbancc values and the absorbance of only one of the 1.. nic species 

changes " ith pH, the n e'luation (24) may be used. Suitable wavelonqths wer e 

found for all the derivatives of this class and the results of calculations 

for propyl gallate and pyrogallol arG given in Table 24. The spectrophoto-

metrically dGternined constants as shown in Table 2 compared favourably with 

the potentiometrically d etermined values. The dissociation constant for tho 

third hydroxyl group could not be determined however, probably as a r esult 
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of its very high vnlue. 

(c) Polyphonolic compounds. 

Due t o tho, mult iple overlapping dissociations ob~Grvcd in the potent-

iometric invustigntion of theso compounds, determination of thG dissociation 

constnnts from tho spGct r ophotometr ic clute could only be accomplished by 

employing tho Ge (IV) complex to sinplify the calculations. 

(1) Cat8chin, robinetinidol, brnz ilin nnd leucofisetinidin The structure 

f 1 f ' t' 'd' 111 , I 14 o ouco 1S C In! In IS Slown on page • 

The type of extinction curves obtained for tho Go(IV) complexed and 

uncomplexed pJ18nol at the nnnlytical wavelength nre sho"Tl1 in Fig. 6. 

Stoichiometric concontr~tions of Ge0
2 

nnd phenol wore used so that all the 

£-dihydroxo groups on the B-ring were co-ordinated. The dissociation const-

ants for tho unco-ordineted phenolic groups in the Ge(IV) complex were cnl-

cul uted initially using equation (24). Th", results of this treatment for 

brazilin nre given in Table 25. The absorbance values of the GdIV) complex 

spectrn were subtracted from those of the fr0e phonolic spectra to give 

~A values for the phenolic groups which are involved in the complex form-

ation. The ~A values wer" used subsequently to calculate (equation (24)) 

the corresponding dissociation constnnts as illustrntod for l eucof isetinidin 

in Table 26. 

Due to the very low acidity of the secend, B-ring Q-dihydro~Jl groups 

of cntechin, brazilin and leucofisetinidin the dissoc iation constants were 

calculated directly from the fr ee phenolic spectrophotometric data. Equat-

ion (25) wns used in t his cnlculation, as illustrnted for leucofisetinidin 

in Table 27. 
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Table 6 lists the assignments and the pKa ,alues obtained for these 

polyphenolic compounds. 

TIIBLE 6. 

Dissociation constants, Ka, for the polyphenolic compounds detern ined 

spectrophotometrically. 

Phenol - log dissociation constant 

ac C 
3' or 4' 3' or S' C

7 CS ' or 3' 
C 

4 ' or 3' 

catechin 8 .98 9.lS 11.25 13.25 
brazilin 9.20 9.68 13,40 
robinetini do l 8.81 9.65 11.2 
leucofisetinidin 9.00 9.55 13.20 
fustin 8.99(244)b 7.08 13.25(270) 
dihydrorobinetin 8.79(261) 
dihydroquerc ct in 9.03(260) l1.S6 

a. Assignments, (the Cs and C
7 

assignments 

the r everse of those given above). 

7.09 11.2 (23S) 
6.78 

for catechin could also be 

b. Values in parentheses are t L3 analytical wavelengths nIn. 

(2) Fustin, dihydrorobinetin and dihydroquercetin The structure of 

d 'h dr t' 112, h IS 1. Y oquerce 1n 1S s .)wn on page • 

It '''as evident from the extinction curves of these polyphenols that th" 

ionisation of the B-ring hydroxyl groups had no effect on the abGorption 

spectra, at wavelengths greater than 320 nIn. Therefore the dissociation 

constants for the phenolic groups on the A-ring were calculated at "'avu-

l engths in this region of the spectrum with the a1d of equat i on (24). The 

results of the calculation for dihydroquorcetin are giv"n in Table 2S. 

The determination of the dicsociation constants for t he phenolic groups 

on t he B- ring required careful selection of the analytical wavel ength . 

Isosbestic points were observed in the absorption spectra recorded at various 

pH values for the A-ring dis~ociations. The wavelengths at these points 
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(Table 6) were chosen for the determination of the B-ring dissociation 

constants. The results of the calculation using equation (24) for fustin 

are given in Table 28. 

The very high pKa value for the C 4' or 3' i>ydroxyl group of fustin was 

ca.lcul~.ted using equation (25). This con~tant could not be calculated for 

dihydroquercetin beciluse a suitable analytical wavelength WilS not available. 

Table 6 lists the assignments and t he dissociation constants obtained for 

the three polyphenols of this class. 

(d) I-lattle tannins. 

J)ue to the continuous nature of the extinction curve for HattIe tannin 

(Fig. 6) and the absence of isosbestic points in the absorption spectra at 

different pH values, dissociation constants could not be calculated by 

spectrophotometric means. Neither could the method using the Ge (IV) 

complex be used because of the insolubility of the HattIe tannin complex. 

3. The effect of substitution on the phenolic d i ssociation constants. 

The d issociation constants of the Q-dihydroxybenzene g rouping are those 

>lhich are necessary for determining the stability constants of metal 

complexes of Q-diphenols. The average values obtained fror., both above 

methods are listed in Table 7. In order to avoid confusion with the symbols 

used above for the polyphenols, t h e constants have been referred to as Ka 

and Kb for the first and second dissociations, respectively. Due to the 

limited accuracy in det ermining the second dissociation constant, the values 

of pKb and pKaKb have beer. rounded off to. the nearest half or whole number. 

A comparison of the pKa value for pyrocatechol viz. 9.36 with that for 
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TABLE 7. 

Dissociation constants, Ka and Kb, for the £-dihydroxyl group of £-cliphenols. 

Phenol 

4-methy lcat echol 
4-tert. -butylcatechol 
pyrocatechol 
3-methoxycatechol 
4-hydroxycatechol 
pyrogallol 
catechin 
protocatechuic acid 
fustin 
brazilin 
dihydroquercetin 
leucofisetiniclin 
robinetinidol 
dihydrorobinetin 
wattle tannin 
gallic acid 
.2 ,3-dihydroxynaphthalene 
3,4-dihydroxybenzenesulfonate 
DHNS 
propyl gallate 
Tiron 
4-chloroacetylcatechol 
protocatechuic aldehyde 
4-nitrocatechol 

pKa 

9. 55 
9.55 
9.36 
9.30 
9.10 
9.05 
8.99 
8.82 
9.00 
9.20 
9.03 
9.00 
8.81 
8.79 
8.80 
8.68 
8.55 
8.39 
8.18 
7.88 
7.65 
7.40 
7.21 
6.75 

pKb 

14.05 
14.05 
13.65 
13.60 

13.25 
13.20 
13.25 
13.4 

13.2 

12.4 
12.4 
12.15 

12 .6 
12.0 
11.8 
10.9 

pKaKb or average 

23.6 -.12 
23.6 -.15 
23.0 
22.90 .04 
(23.4 )a -.12 
(22.65) .06 
22.25 .08 
22.0 .15 
22.25 .08 
22.6 
(22.2 5) .08 
22.2 .08 
(22.05) .14 
(22.05) .14 
(22.05 ) .14 
(19.9) .20 
20.95 
20.8 .34 
20.35 
(20.0 ) .56 
20.25 
19.4 
19.0 .75 
17.65 .98 

a. Values in parentheses refer to proposed dissociation constants -

see text. 

phenol viz. 9.6 (Table 5) shows that the ortho-hydroxyl group of the fonner 

lowers the pKa value relative to the latter compound. This has been explain­

ed
l13 on the bas is of an intramolecular hydrogen-bond 

H , 
/ 

/ 

H 
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>lhich lowers the bond order and therefore the pKa valuo of the free hydroxyl 

group, relative to phenol. 

For the 4-substituted Q-dihydroxybenzene derivatives, there are two 

processes by which the dissociation may proceed as shown below : 

H 

n---H , , , 

_ -H 

H 

r.---H , , , 

_--H 

L 
2-

(26) 

(27 ) 

It has been assumed
114 

that thE: substituent effect which produces the low-

est value of pKa, determines which of the two processes will take place. 

115 
The electron density on the phenolic oxygen has been shown to be the main 

factor which determines the value of the monohydric phenolic dissociation 

constants. An electron-releilsing subst ituent vIaS found to increase the 

electron density and th" pKa value relative to the unsubstituted analogue 

and vice versa. The Hammet 0- function is a measure of the electronic 

effects of substituents. 
116 117 127 . . 

The r elavent values ' , are 11sted ln 

Table 8 . 

Linear relationships have been found
l14 

to exist between the dissocia-

tion constant~ (pKa) for 4-substitutGd pyrocatechol derivatives determined in 
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TABLE 8. 

Hamrnet a- values for phenolic substituents. 

Substituent a- u a-
m p 0 

He -0. 07 -0.17 -0.13 
t-Bu -0.1 -0.2 
MeO 0.08 -0.11 0.00 
H 
orr 0.12 -0.37 0.00 
0- -0.17 -0.52 
COO- -0.02 0.31 
CooH 0.37 0.73 
SO- 0.28 0.40 
CH6 0.48 1.03 
CH3CO 0.38 0.84 
HOCH2 0.08 0.08 
COOEt 0.37 0.64 
N02 0.71 1.24 

40 percent dioxane solutions and the substituent constant$, u. Similar 

graphs were plotted in order to establ ish whether the relationships are also 

valid for dissociation constants deternuned in aqueous solution. The above 

assumption concerning the dissociation process requires the algebraically 

highest cr value to be plotted against the pKa values as illustrated in 

Fig. 7. In order to include the B-ring dissociation constants of the 

flavanoid compounds, the a- value for the r elated -CH
2

0H substituent «as 

used. The linear relationship >lilich is observed is sir.lilar to that obtained 

, 1 114 
prev~ous y. Also, a linear relationship ,,;as found in a plot of the alge-

braically lowest 0- value and the second dissocial!lf: constant$ (pKb) as illus­

trated in Fig. 7. It has, however, been found
l14 

that a better fit is 

obtained in this type of correlation, if the average value of cr and 0- is 
p ill 

used instead. This I.,as explained on the basis of the intrur!lolecular H-bond 

which causes strong i nteract~on between tne oxygen atoms. Hence both 

Q-hydroxyl groups are equally affected by the substituent. The result of a 
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sihli l a r correla.ticn 'dith U .e pKa values determind in this invest i gation ,,1'.0 

gilVC a sUgi:tlr bdtsr linear fit, as i llu3trated il< fJ(1. 3 . 

Irl o~J.e:r t.o 1 elattJ the overall dissociation ~C ''' f~ cc.J.;-t:s , KafJ:., for the 

4-subst i t uted py:::- ccat e..:.:hoJ. derivatives , the avel''::';j& £"If 1:h3 ~~~~~~- ~r,:""j ~l~t.f .-

v va l ues (Table 8 ) WGr c used us illustrated i n ;-'ig~ 8 • .l'ho ~xJst€r.e:::: ci" tbS! 

obser ved l inea.r rel at i onshi p allowed unl:.:-r.o·wn ~iitisr;r..:iati c;n CC;lstan"i:a to be 

e.stiTIk"lt ed and aleo enabled propcspel values to ;"'(:; ct .. AC.ked. . 

T · h t '''J' . ~1i)3 he dissocJ.at i on order for pyr ogallo l hf"J.s ... ·een 60 ?w .1 sn8<.:. r ea-

etion (22» viz .• t he fi rst tHO hyciro:<yl grm:ps to lGni se ar ." those '"<-La tc 

der iv.ativ es behave s i milar l y . 'i'her efcre the second dis,:::o<.!i~tior. c~)nst"n::6 

f or t h ene der j.-.,rat i ves cannot be co;"tlpared t o those for the x-di~ycr()xybc:17..8r:e 

cieri vat i ves. The thi r d dissociai iOIl cOl.stant , [...8
3

' f or "-h l~ I , S, 3--trj 11) d:a:-o:.';::-

benzene derivatives c ould not be det c!cined, b~cause of its ",,'"ery l~w "'Ial~c . 

The acidity · of t!:e third hydroxyl group "i 11 of" necessity 108 ",01'j' 1'0''-, d '~e 

t C' t r,e ~lectrc,ni c inf l uerces of the t\·,ro adjacent ioni sed hyd..coA'fl ;;:':(:,-,1'::":. 

Even i f th~, constant , Ka
3

, could be obtai:-.ed., it co~ld nc·t D8 l~s-2d to ' :! o,;!t. ·~7r · -

, . " ... 
':lL8 '..l:i..: 6 r ;.,"":" ';. .J":J ...... :1 ,")rdE:r 

d-aH 
\ 

DH 
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118 
Since th e 0- val~e3 for the -on and -OXj:.! s \l.f:.zi:it uent s h tl.vc been found - t o 

o 

be the same , t.he val ~ll3 oi t he dissociat i nn Gnns-:" o.~lt , Kb .. fo!' :t"'nle"tho"'yca"t ... 

pyrog.:tllol (Table 7). Thi.s rKaKtJ 'Jal'lG wa~~ f .)u.r.a '7.0 f i t the l ine.:..:;: :relcri.-

ionship observed in Fig .. 8 .. if t:.hu vc:l1.H:~ 0i C-o for thE.: -C£i su...hstltuer.t \": a5 

taken as zero , aci f or the - OM8 sllnti"tibJelit. 

Due to the s irrd l ari ty in .9il> vaL.:.es }~or J -.m~thcxycc:.techol and py: "o ... 

cat echol, the pKaTh val .... ~cs for t he 1; 2. , 3·~t: rihydrc;.:ybAr.~~ene derivativ os t.olere 

obtained using t!--\e pE.'"..b val'.le fOl t he corr os:r:-ondi ng .Q.-d l hydroxybenzei"'.e 

derivative, if uva U "b19 . Thus t he pK"lKb va~ue for galJ.i c: acid (Table 7) 

",'"us 0htaiiled u~ i ng the pKb ';alue tor protc -::atec}~uic acid . The 0- average 

value for gallic acid (Tabl~ 7) , - \ < ased to ch '9.Jk tne accuya.cy OJ. this nle th()d, 

"ias ca10l21at ed as t he sum of the c.:-I8!·c..0 E.> 0- "1:1 .:tl"'J.e for t:he .Q.:t.ra and r:-:.eta 

- CCO- substituent and the aver".g" val lIe f 01" the :;:rtho (Hid rnet~ -OH sl'bstit -

ue;-,t. The position of the poin t for gallic <'.cid i.n the 0" E.ve>:age vs, pKaKL 

correlation (Fig. 8) was f o'!.:nd to C0:tI ...;s ponci axuctly to t!l.e .li ne.:Lr relutj c.l :' .•• 

s hip observed. In a silnilC'lr t:lil nn .')!" thg pKufJ:J val"J.E:~ for the wattle t nnnir: 

monomers \":i th r1. 1, 2 , 3-trj hycb:oxybe: .. ?,c i1A: B- r :-.n.; cmd for Hdttle t.a!11d n (c £. 



- 51 -

were checked by including them in the 0- average vs. pKa correlation (Fig. 8). 

All the points Were found to fit the observed linear relationship. 

The dissociation order for 4-hydroxycatechol Has assumed to be similar 

to that for pyrogallol, viz 

H H H 

(29) 

The similarity of the pK"l values for pyrogallol and 4-hydroxycatechol 

('fable 7) supports the first step, because in both cases the first hydroxyl 

group to ionise has two hydroxyl groups , ortho and Jueta , to it. The larger 

valu" of pKa
2 

= 11.55 for 4-hydroxycatechol relative to that for pyrogallol 

viz. 11.2 may be ascribed to the higher o-p value of the HO - substituent in 

the fonner, relative to the ero in the latter phenol. The final dissociation 

constant, Ka
3

, could not be determined, but it is not r elevant in the detern­

ination of the li1etal complex stability constants , as was the case for 

pyrogallol. The required value of pKaKb for t his ohenol (Table 7) was 

estimated directly from the linear relationship of pKaKb and 0- averag 

(F ig. 8). 

A comparison of the dissociation constants for Tiron (4,5-dihydroxy­

benzene-l.3-disulfonate) with those for 3,4-dihydroxybenzenesulfonate given 

in Table 7, sho>ls that the double influence of the electron-withdrawing 

sulfonic acid substituent lowers the value of pKa for Tiron relative to that 

for 3.4-dihydroxybenzenesulfonate, as would be expected. However, the 
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value 'of the second constant, pKb, for Ti~~n i~ relatively higher , tn8 

reverse of that expected. The presence of th~ ~l::j ' 1.0-.: .. u.lfonic acid to f.:. n 

hydroxyl gr0up i!l Tir-on,. makes it possiLl c 

H-bond to fonn. This ","culd E'AplaL,1 the observBd i1n:)itlO. l i..1.y, 

The dissocia .. tion constants f~}::: tn0 flaVCi1:oid A",Yin9' ph8nolics \-lure 

c~rrelatG\.' ~':ith the SUJil oi t.he s'.lbstituerlt c- vJ.lues (l'a=-le 9) as illustr.-

at.ed in FiC;. 9 . l'na ir>.dividuc:.l substit.:'J.e!".t 0- vc:lues \';hich -vrel-e used to 

a.etcrmir,e tr .. e S\:':\1 of t he \T yalu.es 6.r~ ciS foll ows : 'l'he substitulJnt - CCfR
2 

on carb::>n atom C 0- ~ 0.08 as lor -eMu; 91' In 
'che &ubsti.t.uent. -COR on C

3
, 

"p - 0.81 as for -COMo a"d n.'" 5ubs~itw"mT. -R 0;) C3 , o-p = -0.17 and 

""" = - 0.).3 as for - Me . The linou! rel,'"'::ionsh.tp observed (Fig.9) ;)lso 

held for t.he dissociat.ion co:\sta.1ts of the !elat"d phenols , resorc i nol and 

phenol. 

The dissoci~tion ordc;r for thc catechin A-rin<] !"eta-::lihyd.coxyJ. g""uUP 

could be ei t;'.ey of t~.,o procc:sse::: yj,z . the hyciroX'j 1 on Ca:r!:x'>n i::ltG:r~ Cs dissoc-

i ates Erst uno then the hydroxyl or: C
7

, ur vic(, verBa. The best L"!" ;-!i.t!, 

the 1 iIl e;lI reJ.2.tionship O'ig- c g) ' .. ;as ottUoined wit h the 0- values ct!lcu13t.;cl 

for t.he f0rffiH:' cf th~se tHO pa8si.l )il.lti~8~ sug~1 r->dting that this Jr-i the 

dj ssoniati:)ll c!"I.le.r. 

the second CO!lstV.Ilt r pKi1
2 

:-~ ]J. ~561 was f0u.nd to be In'.',ch ~';_g>I-Jr than 

eXPGctc'l if no H-Londin.;:; is taken' into uccor..nt ~ 
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TABLE 9. 

Dissociation constants, Ka, for the flavanoid A-ring phenolic groups and 

related compounds. 

Phenol 

catechin 

robinetinidol 
brazilin 
fustin 
dihydrorobinetin 
dihydroquercetin 
resorcinol 

phenol 

pKa 

9.16 
11.23 

9.64 
9.69 
7.05 
7.06 
6.78 
9.30 

11.22 
9.6 

4. The ultraviolet spectra of the phenolic compounds. 

Sum of. cr 

0.07 
-0.80 
-0.09 
-0.09 
0.92 
0.92 
1.04 
0.12 

-0.71 

The ultraviolet spectra were recorded for the s pectrophotometric 

determination of the phenolic dissociation constants (Fig. 5). The wave-

lengths of maximum absorption, the molar extinction coefficients and the 

proposed assignments for the main absorption bands of the undissociated 

phenolic compounds investigated are listed in Table 10. 

120 The assignments were based on thos e for the parent compounds. The 

119 spectrum of phenol shows two absorption bands , at 270 r® (1450) and 

120 _ ~--" 211 nm (6200) which have been assigned to the transitions, 7T--r 77* of 

the phenyl nucleus and electron transfer from unshared electron pair on the 

phenolic oxygen to the phenyl nucleus respectively. The absorption bands of 

benzene derivatives with the substituents, -COOR and -N0
2
,have also been 

assigned
120 

t o the above transitions, but the electron transfer is now in 

the opposite direction. In addition, the unsaturated derivatives shaw weak 

n ~ 77* absorption bands.120 In substituted phenolic compounds with the 
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TABLE 10. 

Spectral data for the 2-diphenol derivatives. 

Phenol 

4-tert.-buty1catecho1 
4-methylcatechol 
pyrocatechol 
3-methoxycatechol 
pyrogallol 
protocatechuic acid 
protocatechuic acid (mono-anion) 
2,3-dihydroxynaphthalene 

3,4-dihydroxybenzenesu1fonate 
Tiron 
gallic acid 
gallic acid (mono-anion) 
propyl gallate 
DHNS 

protocatechuic aldehyde 
4-chloroacetylcatechol 
4-nitrocatechol 

Local excitation of 

phenyl nucleus 

279a (2760)b 
280(2700) 
276(2360) 
267(855) 
266(670) 
259 (10,100) 
250 (8800) 
272,281(4130) 
311(2200),324(3200) 
281(3100),234(6500) 
233(6500),291(3800) 

280(4900),331(2330) 
360(2870) 
229(12,500) 
230 (11,830) 
242(6700) 

a. Wavelength of maximum absorption, run. 

Electron transfer 

293(5330) 
287 (4130) 

271 (9600) 
258(8330) 
271 (9800) 

278(10,250),307(8250) 
280(9330),309(7930) 
345(7000) 

b. Values in parentheses are the molar extinction coefficients. 

above substituents, the electron transfer band is shifted to lower energies 

(higher wavelengths), because the electronic effects are complimentary.119 

From Table 10, it may be seen that the 71 ~ 71* (phenyl nucleus) 

absorption bands for the phenolic derivatives ,lith saturated substituents 

and the higher energy electron transfer bands with the unsaturated substit-

uent, -CRO, occur in the same spectral region~. 270 - 290 run. The extinc-

tion coefficients for these bands may therefore be related. A set of extinc-

tion coefficients for the absorption bands in this spectral region was 

derived for the A- and B-nuclei of the flavanoid molecules and are listed 

in Table 11. The values were derived from Table 10 and from published 
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TABLE 11. 
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Approximate extinction coefficients for the absorption bands in the wave-

length region 270 - 290 run for the A- and B-nuclei of flavanoid molecules. 

B-nuclei Extinction A-nuclei Extinction 

coefficient coefficient 

R 

6 H~R 
2000 I~ 2800 

R 

~H 

R H R 

1000 

2600 

H H 

H 

R H1C(R 
I : .......... c/R 

13,400 

900 11 
H H 0 

H R. 
14,700 

H 
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Using the values given in Table 11, the extinction coefficients for the 

absorption bands of flavanoid compounds were calculated and related to the 

observed values, as illustrated in Table 12. 

TABLE 12. 

Calculated and observed extinction coefficients for absorption bands in 

the region 270 290 nm of flavanoid compounds. 

Flavanoid wavel ength Extinction coefficient Refer ences 
ma...ximum nm found calculated 

catechin 279 3800 3600 a 
280 3830 3600 122 

robinetinidol 280 4000 3700 a 
282 3992 3700 122 

epicatechin 280 3S80 3600 123 
leucofisetinidin 279 5600 S400 a 
gallocatechinX 271 1820 1900 122 

271 1734 1900 124 
7,3 ',4',S' -tetra- 279 3860 3700 125 
hYdroXYflavan-3,4-diol 
fustin 280 16,150 16,000 a 
dihydrorobinetin 278 14,180 14,300 a 
4',7-dihydroxyflavanone 277 lS.500 15,400 a 
dihydroquercetin 288 17,SOO 17,300 126 
naringeninY 288 17,000 16,700 126 
wattle tannin dimer, DZ 280 S,400 S600 122 

a. Present investigation. 

x. S,7,3',4',S'-pentahydroxyflavan-3-o1. 

y. S,7,4'-trihydroxyflavanone. 

z. Dimer of robinetinidol and gallocatechin. 

The extinction coefficient for the 279 nm absorption band of ,~attle 

tannin was calculated from the spectrophotometric data used in the spectro­

photometric method of tannin analysis. IS A.value of 3800 was obtained, if 

the molecular weight of the flavanoid monomer is assumed to be 288 (ClSH1206)' 

Using the percentages7 of the various A- and B-nuclei found in wattle tannin, 

a calculated value of 4000 was obtained. It therefore appears that the 

wattle tannin chromophores are additive, as was found (Table 12) for the 

monomeric and dimeric flavanoid compounds. 
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TABLE 13. 

Determination of the dissociations constants, Ka
l

, for 4-chloroacetyl-

catechol and 2,3-dihydroxynaphthalene. 

4-chloroacetylcatechol : 2,3-dihydroxynaphtha1ene 

pH v" - pKa
1 

pH v" v' -
pKal n n a a 

6.4 3.35 1.913 7.418 7.6 3.31 3.00 1.897 8.539 
6.6 3.54 1.865 7.407 7.8 3.45 3.00 1.850 8.553 
6.8 3.80 1.800 7.402 8.0 3.66 3.00 1.780 8.550 
7.0 4.14 1.715 7.400 8.2 3.94 3.00 1.687 8.541 
7.2 4.55 1.613 7.399 8.4 4.25 3.00 1.583 8.546 
7.4 5.00 1.500 7.400 8.6 4.57 3.00 1.477 8.559 
7.6 5.46 1.385 7.397 8.8 4.91 3.00 1.363 8.556 
7.8 5.86 1.285 7.401 9.0 5.20 3.005 1.268 8.565 
8.0 5.21 1.198 7.391 9.2 5.46 3.01 1.183 8.552 

Data used in equations (6 ) and (8 ) 
0 

TL = 0.008 M, 
0 

V = 50 ml, 0 
TL = 0.006 E, Vo = 50 ml, 

0 N = 0.1 N, v' 3 ml. 0 H, N = 0.1 N. E = 0.006 11, = E = 0 .006 

TABLE 14. 

Determination of dissociations constants, Ka2, for 4-nitrocatechol and 

protocatechuic aldehyde. 

4-ni trocatechol protocatechuic aldehyde 

pH v" v' pKa
2 pH v" v' - pKa2 n n a a 

10.0 7.50 3.05 .889 10.902 10.4 7.31 3.14 .960 11. 783 
10.4 8.10 3.14 .763 10.908 10.6 7.47 3.22 .942 11.810 
10.6 8.53 3.21 .675 10.918 10.8 7.73 3.33 .907 11.788 
10.8 9.12 3.33 .561 10.907 11.0 8.10 3.51 .963 11. 801 
11.0 9.80 3.51 .442 10.900 11.2 8.72 3.82 .794 11. 785 

Data used in equations (6) and (9) 

T~ = 0.008 11, VO = 50 ml, o E = 0.006 M, N = 0.1 N. 
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TABLE 15. 

Determination of the dissociation constant s , Ka
l 

and Ka
2

, for pyrogallol 

according to method (2). 

pHI v" 
1 

v' 
1 

pH
2 

v" 
2 

v' 
2 

pKa
l 

pKa
2 

9.6 6.23 3.02 10.4 7.51 3.14 9.052 11.207 
9.4 5.82 3.01 10.6 7.88 3.21 9.055 11.218 
9.2 5.38 3.01 10.8 8.39 3.35 9.052 11.218 
9.0 4.91 3.00 11.0 9.00 3.51 9.047 11.209 
8.8 4.46 3.00 10.8 8.39 3.35 9.045 11.219 
8.6 4.08 3.00 10.6 7.88 3.21 9.034 11.221 
8.4 3.76 3.00 10.4 7.51 3.14 9.031 11.214 

Data used in equations (12 ) - (18 ) 

0 TL = 0.008 M, VO = 50 ml, EO = 0.006 !oi, N = 0.1 N. 

TABLE 16. 

Determination of dissociation constants, Ka 1 and Ka
2

, for pyrogallol 

according to method (3) [eqUations (19) - (21)J 

d pH2+d pH2 -d z pKa
l 

pKa
2 

.50 9.01 11.21 -.009 9.049 11.201 
.45 9.13 11.13 .076 9.054 11.206 
.40 9.21 11.06 .162 9.048 11. 222 
.35 9.30 10.99 .250 9.050 11.240 
.30 9.39 10.90 .342 9.048 11.242 
.25 9.49 10.79 .439 9.051 11.229 
.20 9.59 10.G9 .547 9.043 11.237 
.15 9.71 10.57 .664 9.046 11.234 

Experimental data from Fig. 4. 
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TABLE 17. 

-Determination of n and dissociation constants, Ka, by the least squares 
a 

method for the A-ring phenolic groups of catechin. 

pH v" v' - pKa
l 

pH v" v' - pKa
2 n n 

a a 

8.4 2.44 2.00 1. 853 9.165 10 .4 5.39 2.14 0.920 11.458 
8.6 2.63 2.00 1.790 9.175 10.6 5.69 2.20 0.841 11.324 
8.8 2.86 2.00 1.713 9.196 10.8 6.12 2.33 0.745 11.255 
9.0 3.20 2.005 1. 602 9.179 11.0 6.62 2 .51 0.643 11.256 
9.2 3.56 2.01 1.483 9.171 11.2 7.30 2.80 0.523 11.240 
9.4 3.93 2.015 1.362 9.154 

From equation (11 ) correlation 
9.6 4.27 2.03 1.254 9.132 
9.8 4.58 2.04 1.154 9.060 coefficient = 0.99 , pKa

l 
= 9.18, 

10.0 4.83 2.06 1.078 8.926 
pKa

2 
= 11. 22 • 

Data used in equations (6 ) - (9 ) : 
0 TL = 0.006 M, 

0 V = 50 ml, EO= 0.004 ii , N = 0.1 N; v' = volume of 

alkali added to reach Sfu~e pH as v" in a titration of 0.004 N Hel, 

v" = data from the Ge(IV)-catechin (T~ = 0 . 002 Ii, 
0 

TL = 0.006 H) 

ti tration curve. 

TABLE 18. 

Determination of dissociat ion constants, Ka, of t he uncomplexes phenolic 

groups by method (2 ) for robinetinidol (equations (12 ) - (18». 

pl:Il v" 
1 

v' 
1 pH2 v" 

2 
v' 

2 
pKa

2 
pKa

3 

10.0 4.34 2.06 10.6 5.46 2.13 9.624 11.193 
9.8 3.92 2.04 10.8 6.00 2.32 9.635 11.196 
9.7 3.72 2.04 10.9 6.3'; 2. 40 9.637 11.213 
9.6 3.50 3.03 11.0 6.59 2.50 9.650 11.176 
9.5 3.30 3.03 10.9 6.24 2 .40 9.657 11.209 
9 .4 3.12 3.02 10.8 6.00 2.32 9.655 11.191 
9.2 2.82 3.01 10.6 5.46 2.13 9.643 11.183 

Experimental data as for Table 17. 
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TABLE 19. 

Determination of dissociation constant, Ka, of the most acidic hydroxyl 

group on the B-ring of robinetinidol by the difference method using 

equations (7) and (8). 

pH v" v' - pKa n a 

7.6 2. J 7 2.19 1.940 8.795 
7.8 2.52 2.25 1.910 8.805 
8.0 2.75 2.33 1.860 8.788 
B.2 3.05 2.45 l.8CO 8.802 
8.4 3 .45 2.60 1. 717 8.803 
8.6 3.95 2. ro 1.617 8.806 
8.8 4.56 3.06 1.500 8.800 
9.0 5.22 3.37 1.383 8.794 
9.2 5.93 3.77 1.28J 8.790 
9.4 6.66 4.25 1.197 8.789 
9.6 7 . 40 4.8J 1.133 8.787 
9.8 8.13 5.40 LOg) 8.795 

0 TL = 0.006 M, 0 V = 50 ml, N = 0.1 U, v" from titration of 0.008 M 

robinetinidol + 0.004 N Hel, v' from titration of 0.002 M Ge(IV) + 

0.008 H robinetinidol. 

TABLE 20. 

Determination of dissociation constants I Ka, for fustin by method (3) 

using equations (19 ) (21) • 

d pH2+d pHZ-d z pKa
1 pKa2 

0.9 6.10 9.97 -.955 7.055 9.015 
0.8 6.44 9.61 -.605 7.045 9.005 
0.7 6.68 9.37 -.373 7.053 8.997 
0.6 6. 87 9.185 -.185 7.055 9.{)(X) 
0.5 7.04 9.01 -.014 7.054 8. 996 
0.4 7.20 8.84 . 1.52 7.048 8.992 
0.3 7.375 8.665 .325 7.050 8.990 
0.2 7.56 8.47 .513 7.047 8.983 
0.1 7.77 8.25 .729 7.041 8.879 

Experimental data from Fig. 4. 
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TABLE 21. 

Determination of dissociation constant, Ka, for wattle tannin by the 

difference method us ing equations (7) and (8). 

pH v" v' - pKa n 
a 

8.2 4.55 '1. 24 1. 793 8.784 
8.3 5.00 4 .63 1. 753 8.785 
8.4 S. 'i5 5.025 1.710 8.789 
8.5 5.95 5.45 1.567 8.801 
8.6 6.'i9 5.92 1.620 8.813 
8.7 7.05 6. 40 1.567 8.817 
8.8 7.67 G.S3 1.507 8.812 
8.9 8.25 7.425 1.450 8.B13 
9.0 8.94 8.02 1. 38'1 8.800 
9.1 9.60 8.6lJ 1.333 8.799 
9.2 10.30 9.23 1.2 87 8.804 

VO = 50 r£ll, N = 0.1 N, TO 
L 

= 0 . 003 ii, v" = volume of alkali requirec. 

to reach same pH as v' in a titration of 0 .02 H wattle tannin + 0.002 H 

HC1, v' = vol1lI,letric data fro", Ge (IV) -wattl e tannin complex, ti trut i on 

curve (T~ = 0.001 E, T~ = 0 . 02 M). 

TABLE 22. 

Determination of dissociation constants, Ka
1 

and Ka
2

, for 4-methylcatechol 

and protocatechuic aldehyde, respectively, using equation (24). 

4 -methy lcatechol protocatechuic aldehyde 

pH A pK"l pH A pKa
2 

8.82 .128 9.569 11.30 .130 11. 794 
9.08 .187 9.564 11.53 .183 11.799 
9.37 .275 9.564 11.63 .210 11. 797 
9.56 .335 9.581 11.81 .258 11.806 
9.77 . 420 9.546 11.90 .288 11. 801 
9.87 .442 9.578 12.07 .332 11. '197 
10.10 .510 9.56Q 12.30 .385 11. 799 

wavelength = 2-15 nm, AO = 0.035 wavelength = 400 nm, A~ = 0.010 0 
° T

L
= 1.25 0-4 . . AO = .504, -5 

Al = 0.650, x 1 11 . 
2 TL = 4.0 x 10 M 

1 = 1 cm 1 = 1 cm 
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TABLE 23. 

Determination of dissociation constants, Ka2, fOT the less acidic Q-

dihydrc)xyl groups of Tiren and protocatechuic acid using equation (25) • 

Phenol (1) Tiron (2 ) protocatechuic acid 

pH A [H](A - AO) 
1 

pKa
2 

pH A [H J (A AO) 
- 1 pKa

2 

12. 03 .258 1. 661xl0-13 12.57 12.32 .120 3.829xl0-14 13.19 

12.4 9 . 150 1. 199xl0-13 12.56 12 .61 .183 3.51Oxl0-14 13.18 

12.77 .565 8. 2'~5xl0-14 12.58 12.80 .2'16 3.265xlO-14 13.15 

12.95 . 630 6.16OxlO-14 12.61 12.95 .282 2.715xlO-14 13.20 

13.05 .6 95 5.48xl0-14 12.53 13.05 .328 2.566xl0-14 13.17 

) - 4 ° ( ) -5 ° (1 TL = 1.5 x 10 M, Al = 0.08; 2 TL= 7.5 x 10 M, Al = 0.04 ; 

(1) and (2) I = 0.1 N, wavelength = 330 run, 1 = 1 cm. Least squares 

applied to columns 2 and 3 gave A~ = 0.88 , pKa2 = 12.57 and to columns 

° 6 and 7 gave A2 = 0.71, pKa2 = 13.18 . 

TABLE 24. 

Discoc i ation constants, Kal , for propyl gallate and pyrogallol, using 

equation (24). 

pyrogallol 

pl-l A pKa
l 

8.43 .236 9.051 
8.64 .260 9.059 
8.82 .286 a .060 
9.02 .319 9 . 056 
9.32 .368 9.05'1 
9.50 .395 9.043 
9.72 .420 9.040 
9.88 . 432 9.058 

wavelengt; 270 !Un, a 
= AO = 0.180 

° Al = 0.470, TL = 0.0003 H, 1 = 1 em. 

propyl gallate 

pH A pf"~1 

6.60 .112 7.900 
7.18 .187 7.901 
7.74 .356 7.895 
8 .34 .570 7.905 
8.45 .602 7.903 
8.63 .645 7.899 

° vlavelength = 310 run, AO = 0.08 
° -5 Al = .750, TL = 6.0 x 10 11 

1 = 1 cm. 
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Deterr.lination of di.:::sociation constc..nt::.;, l"Q r for the C
7 

hydroxyl group of 

brazilin and ci ihydroqucrcctin usinG cqucd:ion (2:~). 

pH 

8.93 
9.20 
9.65 
";75 

10.04 
10.22 
10.12 

braziJ.in 

j .• 

.710 

.730 

.775 

.790 

.820 

. 835 

. 850 

pKa 

9.683 
9 . G77 
\J . G9~ 

9 . 653 
9.ti72 
!J . 683 
0 .657 

p " .. 

6.18 
6.-,2 
6.60 
6.92 
7.13 
7.32 
7 .56 

dihyilioquercet i n 

n r Ka 

.158 6.776 

.201 6.785 

.245 0.772 

.327 6.760 

.370 6 .783 

.;08 6.778 

.~13 6 . 781 
._--

"avelength -

J,~ = 0.88, 

289 ro .l , }..:,O = ("11 .0 ..... lL , 

X 10
-? . 

1.i, 

1', . = 
1'1 

TL = l.U:; 
- 5 

J . 7 5 x 10 11, 1 = 1 cr.,. 

TABLE 26. 

Determination of dissociution constant" 

\!nvelength - 330 

A~ = 0.505, TL ~ 4 

1 = 1 CI ,l. 

tl~ = 0.070, 

., 10-5 h , 

for the C 3 ' t. ' hydroxy 1 .. or.t 

group of leucofisetinidin tlSin.;; ('--Illation (24) . 

pH j'l A2 6A 

8.33 .166 .025 .111 
U.6,) .2:.13 .0'15 .188 
8.87 .310 .07U .240 
n.98 .35(j .09U .2GO 
9.18 . 428 .1l5 .31 J 
9.38 .50 3 .155 .353 
9 .5 7 .590 .20.1 . 390 
9 .78 . 660 . 2·jO .-i20 

Havelen9'th = 295 T = 0 .0001 11, f\~ O.C65 , 0 = A~ free nm, = "1 L 

(A~ - J.~)be (IV) cOl"~)lex ~~ . 480, Al = freo phenolic absorbance, 

;'2 = (j, - A~)Ge(lV) cOHolex; 1" _ =3 .33 x lU-
5 

I •• 

pKa 

0.9'/9 
9.005 
9.f)07 
~) .0..>2 
9.OC8 
9.024 
9 .013 
9 .U03 

phenolic -



TABLE 27. 

Dt:..terrni1"l(·:tioll of dis~ocidtion COnS"l:dnt, I":u., for t ',\c C, I 3 ' hydroxyl 
'.! or 

group of 1eueoficetinidin usinc' E. :j'JC!t i on (25). 

pH [fl '-] (II 0 , 
pKa " - hI) 

12.59 0.210 1. /~91 
' -l/~ 

13.18 x 1t; 

12.74 0 . 232 1.J1G :: 1U-L 
13.21 

12.83 0.2:5 1. 252 - 1·1 
13.20 -- 1U 

12.~2 0.262 1.224 x 10- 14 
13.17 

13.05 0.280 1.069 " 
10-14 13.18 

llave1ength = 310 run, 1\ ° = 0.160, '.1..'1 = 1 x 10-'1 E, 1 = 1 CIH . 1 

Least squcl.res a;lpl:l.eu. to coll'f.ms 2 and 3 gave, A~ = 0 . 443, pKa
2 

= 13.19. 

Tt,BLE 28. 

Det :::n ,(ination of dis;:.:ocil.,tion con:~t ant I 

(rroup of fu ... tin USif1.(i cquu'i.:.i on (2 ·~). 

pH 

8 . 51 
8.8u 
9.G8 
9.22 
9.55 
9.77 

1 = 1 em. 

i\ 

• ·~1C, 
. '.~ 90 
.550 
.583 
.635 
.065 

v _ 
J"-I... , for the C 3' or ;;' hydroxyl 

p" .. a 

8.979 
9.uUO 
8. ::J 99 
8 . 9U.i 
9.017 
9.(lOS 
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B. IRON (III) COMPLEXES OF POLYPHENOLS 

Pyrocatechol, pyrogallol, resorcinol and p~loroglucinol nuclei have 

been found to be the ~ain DolYrhenolic constitutents of wattle tannin 

7 molecul es. Therefore, initially the complexes of these polyphenols and 

their derivatives were studied as rr.odel compounds for the more complicated 

tannin conplexes. 

The reaction of ferric ions with mono - and polyphenols is well known. 137 

The intense colours produced in these reactions is a definite indication of 

1 f t ' 138 comp ex orma Ion. Resorcinol and phloroglucinol were however found to 

be only weakly bound because on increasing the pH of the solution, the colour 

disappeared and ferric oxide precipitated. Pyrocatechol and pyrogallol on 

the other hand "'ere found to produce intense, stable colours with Fe(III) 

ions, even at high pH values. Resorcinol and phloroglucinol nuclei are there-

fore unimportant in the Fe(III)-tannin complexes and further studies wi th 

these compounds were not carried out. 

In view of the different Fe(III) complex species that formed with the 

Q-dihydroxybenzene (pyrocatG~hol ) derivatives and the l,2,3-trihydroxy-

benzene (pyrogallol) derivatives, these systems have been dealt with 

ser-arately. 

1. o-Dihydroxybenzene complexes. 

The Fe(III) complexes with fifteen Q-dihydroxybenzene derivatives were 

studied, including the wattle tannir. monomers catechin and fustin. 

The hue and the intensity of the coloured complexes in aqueous media 

were found to be pH dependent, indicating that hydrogen ions are involved 
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in the reaction. In general, the colours ranged from green in acid, to 

blue in neutral and red in alkaline solutions. Because of the pH dependence 

of colour formation, visible absorption spectra of the Fe(III) complexes of 

Q-diphenols were recorded at various pH values. Fig. 1 illustrates the 

general form of the curves . The wavelength of maximtUn absorption can be 

seen to decrease with increasing pH. This is the reason for the changes in 

colour observed. 

The variations of absorbance with pH at various fixed wavelengths 

(extinction curves) for some of the complexes are shown in Fig. 2. Three 

distinct absorption maxima are observed, indicating that three different 

species are formed. The presence of isosbestic points between each species 

in the visible spectra, indicates that the three species are formed separat~­

ly and that they are in equilibritUn with each other. 

Extinction curves for the pyrocatechol, 4-methylcatechol, 3-methoxy­

catechol and catechin complexes could only be determined after the formation 

of the first species, because at pH values lower than this, absorbance was 

found to decrease rapidly with time. The reason for this will be discussed 

later (p. 79). 

Table I lists the wavelength and the extinction coefficient of the 

maximtUn absorption of each species and the wavelengths at the isosbestic 

points for the complexes. The absorption maxima of the higher species for 

the 4-nitrocatechol, protocatechuic aldehyde and 4-chloroacetylcatechol 

complexes could not be determined because of optical interference from the 

coloured phenols. The fustin, brazilin and 4-t-butylcatechol complexes 

precipitated in solution and therefore these complexes could not be inves­

tigated by the available methods. 
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TABLE 1. 

Spectral data of the Fe (III) compl exes of Q-dihydroxybenzene derivatives. 

Ligand Havel ength Isosbestic Extinction 

maxima run points nm coefficients 

FeL FeL
2 FeL3 1st 2nd FeL FeL2 FeL3 

4-methylcatechol 710 585 500 730 565 1360 3440 4600 
3-methoxycatechol 710 590 500 725 570 1400 3480 4680 
pyrocatechol 700 575 495 710 550 1480 3400 4400 
catechin 690 575 495 700 550 1750 4000 5150 
protocatechuic acid 670 570 490 700 545 1780 4250 5450 
3,4-dihydroxybenzenesulfonate 670 565 485 680 535 1900 4000 5200 
4-chloroacetylcatechol 655 550 675 540 2100 4850 
Tiron 655 555 480 675 530 1980 4650 6000 
protocatechuic aldehyde 650 555 670 2100 4800 
4-nitrocatechol 640 670 2250 
2,3-dihydroxynaphthalene 600 525 455 600 510 3140 6950 9400 
DHNS 580 515 450 580 500 3480 7700 10600 

In order to determine the Fe(III) to ligand ratios of the three species, 

the methods of continuous variation (Job's methodl,139 molar ratio,16 and 

slope ratio17 were used. These methods have been used17 to det ermi ne the 

component ratios of the Fe (IIIl-Tiron system; it was found that the blue-

green complex had a 1 : 1 ratio, the violet a 1 : 2 ratio and the red a 

1 : 3 molar ratio of Fe(III) to Tiron. However, in order to establish 

whether the results are general for Q-dihydroxybenzene complexes, these 

methods have been applied to a number of the complexes. 

It is essential that the pH values of the solutions be fixed over a 

narrow range, correspondi ng to t he region >There each species exists sep-

arat ely. This information is obtained from the extinction curves (Fig.2l, 

the ideal pH being at the centre of the plateau. The result~ of the above 

methods are illustrated in Figs. 3 - 6. It may be seen from the molar 

ratio results that the plots all break sharply from the linear at Fe to 
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ligand ratios of 1 : 1, 1 : 2 and 1 : 3 for the green, blue and red species, 

respectively. The same result may be deduced from the Job ' s plots with 

sharp peaks occurring at values of 0.5, 0.66 and 0.75 for the ratio [ligand] 

to [Fe] + [ligand]. Similarly the slope ratios of 1, 2 and 3 calculated 

according to the slope ratio method indicate that the three species can be 

represented by FeLl' FeL2 and FeL3, where L is the phenolic ligand. These 

results are thus in agreement with those obtained for the Fe(III)-Tiron 

17 system and it appears that ratios of 1, 2, 3 are generally val id for all 

the Q-dihydroxybenzene derivatives. 

The number of hydrogen ions liberated on formation of the complexes 

has been calculated from the slopes of the extinction curves. 25 The slopes 

of all three species are equal to 2 indicating that both hydroxyl protons 

are liberated from the Q-dihydroxybenzene ligand on successive complex form-

ation as follows : 

+ (1 ) 

where x = 1, 2 or 3. 

Paper electrophoresis was used to determine the overall charge on the 

complexes. Results show that the I : 1 Fe{III)-pyrocatechol complex is 

cationic since it migrated to the negative pole. The 1 : 2 and I : 3 

pyrocatechol complexes migrate in the opposite direction, i ndicating anionic 

complexes. These results Were generally true for all the Q-dihydroxybenzene 

derivatives without ionic substituents. This is in accordance with the 

+ 3-formulae proposed above viz. FeL , FeL; and FeL3 • For the sulfonic acid 

substituted derivatives the overall charges were found to be cationic for 

all three species - as expected. The I : I protocatechuic acid complex 

proved to be cationic, thus the carboxyl substituent must necessarily be 
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undissociated. The 1 : 2 and 1 : 3 complexes, were highly anionic suggesting 

that the carboxyl groups are in the ionic form. 

The above formulae have been confirmed2l ,22 by the isolation of the 

solid pyrocatechol complexes, Na[Fe(C6H402 )2].H20 and K3[Fe(C6H402)3] • 

The crystal structure of the closely related tris(oxalato)iron(III) ion 

has been shown to have three 5-mEllllbered rings .Ii th six oxygen ions octahed­

rally co_ordinated. 140 A similar situation probably exists in the Q-dihy­

droxybenzene complexes. The structure of these octahedral complexes is 

thus : 

Fe 

where x is 1, 2 or 3. 

In the lower complexes, water molecules probably occupy the remaining octa­

hedral positions, since it has been shown21 that the solid, catechol complex, 

FeL2 is always .isolated Hith associated water molecules. The stable chelates 

formed by the Q-dihydroxybenzene derivatives explains the unimportance of 

resorcinol and phloroglucinol in complexation. 

Potentiometric titrations have also been used20,141 to study the Fe(III) 

complexes of Tiron and DHI~. The results ef these treatments indicated that 

it is possible to follow the successive formation of the complexes potentio-

metrically. Therefore a potentiometric study on the complex formation of 

the Q-dihydroxybenzene derivatives with Fe(III) ions was carried out to 

supplement the spectrophotometric observations. 
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Fig. 9 illustrates the general type of titration curve obtained with 

various ratios of metal and ligand. The curves with a 1 : 3 molar ratio 

were found to have inflection points, at z = 2, 4 and 6 (where z = the 

number of moles of a lkali added per mole of metal ion present). These values 

correspond to the complete formation of the FeL, FeL2 and FeL3 complexes, 

with two hydrogen ions bei ng liberated on each successive formation. 

The number of ligand molecules bound per metal ion can be inferred from 

the titration curves at lO"Jer molar ratios. Inflections occur at i = 2, 4 

and 6 with minimum molar ratios of 1 : 1, 1 : 2 and 1 : 3 respectively. 

These results are in agreement with those obtained from the spectro~~oto-

metric treatments. 

Titrations of pyrocatechol, 4-methylcatechol, 3-methoxycatechol and 

catechin complexes were started only at z = 2. v/hen the titration was 

started at z = 0, the position of the first inflection (z inflection) was 

found to be less than two, indicating incomplete complex formation of the 

FeL species. Also, the z inflection value was dependent on the speed of the 

titration. This suggests that there is some form of decomposition at these 

low pH values. This corresponds to the fade in colour at low ~q observed 

with these ligands in the spectrophotometric investigation. 

142 It has been shown that a product of reaction beh,een pyrocatechol 

and ferric ions at low pH, is ferrous ions. The reaction also produced a 

brown coloration generally associated with oxidation products of phenolics.25 

A:redox process must occur 

Fe3+ + ROH 

where ROH is a phenol. 

F 2+ 
~ e + ROH (2 ) 
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The radical produced would be unstable and react further to give oxidation 

products. 

Thus free ferric ions and the readily oxidisable phenolics mentioned 

above cannot exist together in solution without oxidation and reduction 

taking place. In the formation of the first Fo(III) complex, shown in 

reaction (1), th~ r edox process will remove both reactants and result in the 

observed dissociation of the complex. 

The potentiometric titration curves with 1 : 2 molar ratios illustrated 

in Fig. 7 were found to have additional inflections at z = 5. This could 

either be due to the formation of a hydroxo compound : 

or to the formation of the FeL3 species, with dissociation of some of the 

FeL
2 

species to provide the additional ligand 

2 2-
3 FeL3 + 

(3) 

(4 ) 

The Fe3+ ions would not remain in solution in this form because of the high 

pH, but would form the trihydroxide 

! F 3+ 
3 e -? 

Also, the hydroxide would not remain in solution, ferric oxide being 

formed143 and precipitated because of the expected high concentration. 

(5 ) 

The fact that no iromediat c precipitate of ferric oxide occurred suggests 

that reaction (3) occuro. Similar hydroxp species have been found to form 

in pyrocatechol complexes of aluminium(III)39 and tin(IV)144 and more 
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The non-formation of the FeL3 species at lower molar ratios was con­

firmed by spectrophotometric evidence. The wavelengths of maximum absorp-

tion of the red species, at high pH values, with molar ratios of 1 : 1, 

1 : 2 and 1 3 wer e found to be different. The wavelengtt-s of maximum 

absorption at molar ratios less than 1 : 3 were found to occur at lower 

;Tavel engths than the maximum of the FeL
3 

species. This can only mean that 

another species is formed because the maximwm cannot be associated with 

incomplete formation of the FeL3 species, otherwise it would exhibit a max­

imum at higher wavelength,. 

In the ,spectrophotometric methods used to determine the component 

ratios of the red species, a pre-requisite is the formation of tho same 

146 oomplex. Thus if it is proposed that at low molar ratios the species is 

not FeL
3

, but FeL
2

0H, then the results obtained are anomalous. However it 

will be shown later that the intensity of the absorbance is dependent on the 

nwmber of co-ordinated phenolic ligands. The extinction coefficient of the 

FeL
2

0H species will therefor e be ~ the value of the FeL3 species. Therefore 

the situation remains unaltered and the result obtained for the red species 

is still valid. 

The equilibrium constants, K', for reaction (3): ' 

K' = 
[Fe~OHJ [H] 

[FeL2 ] 

were calculated from the potentiometric data for the titration curves with 

a I : 2 molar ratio. The following equations were adapted from those 

normally used to calculate dissociation constants. 89 The value of n, the 

(6 ) 
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mean number of hydroxo groups bound per FeL
2 

complex present ",as calculated 

thus 

n = 
(v III _ V I ) N 

v"T° 
M 

(7 ) 

where v'" and v' denote the r0spective volwnes of alkali r equired to reach 

the same pH in titration of the metal ion plus ligand and free mineral acid 

To, N VO TO of concentration equal to 4 W " and H have been previously defined 

(Sect ion A). Th"n: 

pK' = log + pH (8) 
n 

Exrunples of the calcul&tions using equations (7) and (8) are given in 

Table 11. 

For the catechin complex it "laS necessary to allow for the dissociation 

of the unco-ordinated hydroxyl groups on the A-ring of the flavanoid 

molecule. The values of n were calculated from the equation 

n -
(v'" - v ' - v)N 

v"T° 
M 

where v is the volume of alkali required to r each the same pH correspond-

ing to v'" and v', in a titration of the unco-ordinated A-ring hydroxyl 

groups and was calculated from the equation : 

v = 
Ii [antilog (pKa - pH) + I] 

where Ka is the dissociation constant of the more acidic A-ring hydroxyl 

(9 ) 
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group (for catechin, pKa = 9.15). Results of the calculation for catechin 

using equations (8) - (10) are given in Table 12. The constancy of pK' 

in Tables 11 and 12 supports the above reasoning. Table 2 lists the con-

stants for the other £-dihydroxybenzene complexes. 

Table 2 shows that the constant is dependent on the acidity of the 

phenol - the more acid tho phenol, the lONer the value of pK' and vice versa. 

If it is assumed that the reaction is an acid dissociation of a bound H20 

molecule which make up the octahedral co-ordination 

(11 ) 

and if the el ectronic effect of the substituonts on the benzene ring is 

transmitted through the metal ion, thus : 

x 

(where X is an electron-Hi thdra1'Jing substi tUGnt) 

then the strength of the o-a bond will b" affected in a manner similar to 

that in the unccmplexud phenol. Plots of pK' for reaction (3) against the 

dissociation constants of the phenols are shown in Fig. 8. Except for the 

points for Tiron and 4-chloroacetylcutechol, the best linear correlation is 

>lith the combined phenolic dissociation constant, KaKb. This is expected 

because the electronic process illustrated above has two ways in which it 

may operate and both the phenolic constants must be used to give the overal l 
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TABLE 2. 

Hydrolysis constants, K', for the .Q.-dihydroxybenzene complexes, FeL
2

• 

Ligand 

4-methylcatechol 
pyrocatechol 
3-methoxycatechol 
catechin 
protocatechuic acid 
3,4-dihydroxybenzenesulfonate 
DUNS 
Tiron 
4-chloroacetylcatechol 
protocatechuic aldehyde 
4-ni trocat echol 

pK' 

9.40 
9.20 
9.10 
8.81 
8.78 
8.28 
8.35 
8.59 
8.25 
7.75 
7.18 

effect. The slope of the plot with pY", (Fig. 8) shows that the effect of 

the substituent is stronger in the Dhenol than in the complex, probably due 

to the fact that the relativ e" distances involved for the electronic effect 

are much les s in the former caSE:. 

The anomalous positions of the poinu for t,-chloroacetylcat echol indicate 

there is some othe r factor involved il< the ,"omplex >Thich i3 absent in the 

uncomplGxed phenol , making it mora difficult for the bound H
2

0 to be 

hydrolysed. This is ascribed to tho presenc o of an intramolecular hydrogen 

bond between the phenolic substituent and a bound water molecule, 

thus 
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The devi a tion of the poi nts for Tiron fro.1 the linear correlations 

could be due to a numbar of r oasons. It was observed in Section A that the 

values of the dissociation constants for Tiron aro anomalous. The values of 

complex formation constant ~ for Tiron have also been shown t o be dependent 

on the ionic stre ngth of the solution to a much greater extent than for 

34 
other phenolic complOlCes. It is also possible for intramolecular H-bonds 

to form b ehre en an oxygen ion on the ortho-s ulfonate substituent and a 

bound water hydrog en. Thi s wou ld af fect t he value of pK' in a manner 

s imilar to that found for the 4-chloroacetylc<,t echol complex. 

The titration curves with a 1 : 1 molar r atio (Fig. 7) of Fe (III) to 

ligand were found to have additi onal inflecti ons at ~ = 3.5 and 'LO. The 

former is propos8<l to corr eepond to th e for J.1ation of tho FeL2 complex 

from the FeL complex, >lith d i ssociation of some of the latter complex to 

provide the extra ligand mol ecules, thus : 

This is similar to the alternative reacti on described above, and has also 
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, ' (II) 1 f d'h d b d' t' 232 boon ohserv eCi. In copper coup m e...;/3 0 ,£- 1 Y roxy J:nz·..::nc erlV<..;. lves. 

Equilibyiurr. con.s t l:.nts f or r (;action (12) c':nlld r.ot 1,...; dot €rrain~)d hcc:.use 

of the prcs"nc <' of the precipi tut ed ferric oxide . 

The inflection at z = 4 in titrations "lith 1 : 1 molar ratios (Fig. 7) 

c orr esponds to the compl ete formation of th" hydro><o species, FeL
2 

(OH), from 

the FeL
2 

complex formed in refiCtion (12). 

The stepwise equilibrium constants, k,for the following reactions 

Fe 3+ + H2L ---" FeL+ + 2H+ 
[FeL] [H]2 

(13a) kl = 
~ 

[Fe} [H2LJ 

+ ---" FeL; + 2H+ 
[FeL2] [HJ2 

(13b) FeL + H2L k2 = 
~ 

[FeLJ [H2L] 

3- + FeL
3 

+ 2H 
[FeL3] [HJ 

[FeL2J [H2L ] 

(13c) = 

were calculated from potentiometric data, according to the equations (14)-

(17) which follow. The value of n, tho mean number of ligands bound per 

metal ion present was calculated by the e l ectro - neutrality equation
89 

-n = 

(v'O - v" ) [;'i + EO + T~ (c - na) ] 

(V
o + v" )T~ na 

where v fI' and v" are the respective volumes of alkali required to reach 

the same pH in titrations of the metal complex plus mineral acid and the 

ligand plus free ac id; n , c, Nand T? as defined previously. Then for 
a ~l 

the general reaction : 
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ML + H L ---'>. MIn +hH a c ~ 
(15) 

(Ii - a) [H Jh (VO +V /ll
) 

~ = 
(b - Ii) (T~ - nr~) (Iia _ 1) VO 

(16) 

Equation Q4) may be simplified89 if N>Eo and VO '5;> v " , thus 

-
n = (v"'- v" )N 

(17 ) 
v"T~Iia 

Solutions of excess of ligand were used in the potentiometric titrat-

ions to ensure that only the above three species were formed. The general 

form of the titration curves is shown in Fig. 9. 

For pyrocatechol, 4-methylcatechol, 3-methoxycatechol and catechin 

only the constants, k2 and k3,could be determined because of non- equilib­

rium conditions at low pH values. For the 4-nitrocatechol, 4-chloracetyl-

catechol, Tiron and protocatechuic aldehyde complexes the first constant, 

k
l
, could not be det"nnined, becaUSE; it was found that the FeL species was 

formed completely at t he start of the titrations. In calculations involving 

the flavanoid compounds the n values used are those for the B-ring hydroxyl a 

groups. 

Worked examples of the calculations using equations (14) - (17) 

are given in Table 13. The complete list of equilibrium constants is shown 

in Table 3. The valuE;s of the constants, k2 and k3,for the 4-chloroacetyl-

catechol complex "Gro found to be dep,mdent on the concentration of the 

complex (Table 3). 

The above equilibrium constants were also calculated from tho spectro-
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TABLE 3. 

The equilibrium constants, k, for the Fe(III) complexes of Q-dihydroxy-

benzene derivatives. 

Ligand 

4-methylcatechol 
3-methoxycatechol 
pyrocatechol 
catechin 
protocatechuic acid 
3,4-dihydroxybcnzenesulfonate 
2,3-dihydroxynaphthalene 
DHNS 
Tiron a 4-chloroacetylcatechol 

protocatechuic aldehyde 
4-ni trociltechol 

pkl r-k2 

* P S P 
-------

8. 30 
7.98 
7.97 
7.40 

1.55 
1. 75 1.7 6.58 

1.7 
1.43 0.85 5,;96 

.0.10 5.08 
1.1 4.50(1) 

4.82(2) 
l.00 5.18 
0.45 1.53 

pk3 

S P 

8.25 13.74 
7 .9 13.06 
7.95 13.16 
7.4 12.50 

12.30 
6.55 11.21 
6.5 
6.05 10.55 
5.1 9.19 
5.2(3) 10.32(1) 

9.99(2) 
5.2 9.04 
4.5 8.16 

* P and S represent potentiometrically and spectrophotometrically 

determined values respectively. 

a. Concentration of complex (1) T~ = 0.002 i1, (2) T~ = 0.00111 

(3) T~ = 0.0002 H, 

S 

13.6 
13.0 
13.1 
12.45 
12.25 
11.2 
11.4 
10.5 

9.25 
9.7(3) 

9.1 

photometrically det erminod extinction curves (Fig. 2). The constants, k
l

, 

could not be determined for pyrocatechol" 4-Llethylcatechol, 3-methoxycatechol 

and catechin due to interfering factors mentioned previously . For the 4-

nitrocatechol complex also the constant, k3' could not be determined because 

of the optical interference of tho phenolic absorbance. 

The following equations were derived for the calculations involving 

spectrophotometric data 

n = a + (l8a) 

where a and b are as in reaction (15), A is the absorbance observed for a 
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particular pH at a fixed wavelength, A~ and ~ are the respective absorb­

ances at complete formation of the FeLa and F8~ species. Then for 

reaction (15) : 

= (18b) 

(b - ii) 

where Ka is the first phenolic dissociation constant. 

The spectrophotometric data used to calculate a few representative 

constants and the results are given in Table 14. The other equil ibrium 

constants are incorporated in Tabl e 3. Except for the 4-chloroacetylcatechol 

complex, good correlation was generally found between the spectrophotomet-

rically and potentiometrically determined constants. 

The variation of the successive equilibrium constants, k, for the 

complexes with the phenolic dissociation constants is shown in Figs. 10 and 

11. The direct correlations observed illustratG the depende.nce of complex 

formation (reactions 13) on the acidity of the ligand. The fact that the 

catechin complex does not deviat e from the linear correlation indicates that 

the rest of the flavanoid molecule does not interfere with complex formation. 

The position of the points for Tiron wer~ found to deviate from the linear 

correlation. This can be ascribed to the factors which have been mentioned 

previously. 

The spectrophotometrically determined constants, k2 and k3,for the 

4-chloroacetylcatechol complex were found to fit the linear correlations, 

whereas the potentiometrically determined values deviated quite markedly. 
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In addition, the deviations incr eased with increasing concentration of the 

complex. The only difference between the two I:lethods is that in the former 

the concentration of the complex is much lower. Hydrogen bonding, such as 

that proposed in t~e FvL
2 

species, could cause the observed differences. 

The situation shown in the diagram on page 84 approximates the ideal, since 

there will be rapid exchange between the bound and unbound Hater molecules. 

Thus it would be expected that in the extrc":le cas", ",here this exchange is 

very rapid, the effect of the hydrogen bond will be negligible. This would 

occur at vary loV! concentrations of the complex where the large excess of 

"Tater molecules "ill promote the exchange. Also, as the concentration is 

increased, so the exchang" will decrease and the effect of the hydrogen 

bond will increase. In the F eL2 species tho more pronounced the hydrogen 

bond is, the mon:, favourable will be complex formation. This is reflected 

in the value of the constant, pko' which decreases as the concentration of 
" 

the complex increases (Table 3). 

In the fully co-ordinated FeLS complex no hydrogen bonding is possible. 

Therefore the hydrogen bond in the FeL2 complex will have to be broken in 

forming t he FeL3 complex and the stronger the hyd",gen bond, the more diffic­

ult will be th~ transfor~tion . This is r eflected in the value of the 

const a nt, pk3 ,which increases as tho concentration of the complex increases 

(Tabl e 3). 

The spectrophotomctrically determined values probably correspond to the 

extreme situation, with little or no effect due to the hydrogen bond, 

because they fit the linear correlations (Figs. 10 and 11). 

In the protocatechuic acid complex, FeL, the carboxyl group was shown 

to be undissociated. Therofore the constant, k
l

, cannot be correlated with 
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the dissociation constants determined for this phenol, because the values 

are related to the ionised carboxyl form. An estimation of the pKaKb 

value _for this phenol in the undissociatod form may be made from Fig. 10, 

where the value corresponding to pk, for the complex was found to be 20.2. 
~ 

This decrease from 22.0, the vnl'oefor the ionised form, seems reasonLble in 

116 view of the fact that it has been shown that the electron-wi thdr".ling 

charact er of the carboxyl group is much stronger in the undissociated form. 

The FeL3 species was found t o form only after complete carbcxyl ionisation, 

therefore the constant, k3 ,may be correlated ,lith the normal dissociation 

constants of this ligand. An accurate value of the constant, k2' f or the 

protocatechuic acid complex could not be determined because it was found 

that the value of pk2 was dependent on the pH. This is due to the fact that 

the FeL2 species formed in the pH region in which the carboxyl group 

ionised. Therefore the constant, k2' will be dependent on whether the 

carboxyl group i s i onised or not. 

. 14'1-149 It 1S normal, however , to r elate the acidity of the ligand with 

the stability constants, K, and not the equilibrium constants, k, of the 

complex. This enables correlations to b8 made between the bonding in the 

protonated ligands and in the metal corr.plexes. 

The stability constants, K, for the r eact ions 

Fe3+ + L2- ~ FeL+ 
[FeL] 

Kl = ..,--
[Fe] [L] 

(19 ) 

FeL+ + L2- ---" FeL; K2 

[FeL2 ] 
= ..,..-

[F eLJ[LJ 
(20) 
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= (21 ) 

were calculated frora the formation constants with the aid of the equation 

Kl 2 or 3 , 
k 

1, 2 or 3 

KaKb 
(22 ) = 

and are listed in Table 4. The stability constants for the Tiron141 and 

DHNS20 compar e favourably with the published values. The values quoted for 

the 4-chlor oacetylcatechol complex are the spectrophotometrically determined 

constants. 

The relationships between the overall stability constants of the 

complexes and the association constants of the phenols are shown in Figs. 

12 and 13. The association constants for the equilibrium : 

(23 ) 

Here used so that they are in the sam", form as reactions (19) - (21). The 

points for Tiron have not been included in these plots, because of the 

anomalous behavi our of this ligand. 

The existence of the observed dir ect 'correlation enabled the quant-

atative prediction of unknown constants. Log Kl (log ~l) values for the 

more oxidisable phenolic complexes could not be determined. These values 

are necessary for determinirq the overall stability constants, tl2 and tl3 • 

However they could be estin,ated (by th2 least squares method) from the extra-

polated straight line in Fig. 12. Kl Values were also obtained from a sim­

ilar extrapolation of the linear correl ation observed between the l og Kl 

values for the Fe{III) and Al{III) complexes {to be discussed later, 
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Section C) as shown in Fig. 14. The values obtained from both these 

methods are given in Table 5. 

TABLE 4. 

Stability constants for the £-dihydroxybenzene complexes of iron(111). 

Ligand log Kl (log Ill) log K2 log 112 log K3 log 113 

4-methylcatechol (20.85 ) 15.3 36.15 9.9 46.05 
pyrocatechol (20.5) 15.05 35.55 9.9 45.45 
3-methoxycatechol (20.35) 15.05 35.4 9.8 45.2 
catechin (20.0) 14.85 34.85 9.9 44.75 
4-protocatechuic acid 18.8 9.7 
3,4-dihydroxybenzenesulfonate 19.05 14 .25 33.3 9.6 42.9 
2,3-dihydroxynaphthalene 19.25 14.45 33.7 9.55 43.25 
DHNS 18.9 14.35 33.25 9.8 43.05 
Tiron 20.35 15.15 35.5 11.05 46.55 
1-chloroacetycatechol 18.3 14.2 32.5 9.7 42.2 
protocatechuic aldehyd~ 18.0 13.8 31.8 9.9 41. 7 
4 -ni trocat echol 17.2 13.15 30.35 9.5 39.85 

TABLE 5. 

Estimation of stability constants, log Kl , from Figs. 12 and 14 for the 

Fe(111) call1plexeG of pyrocatechol, ,k,.methylcatechol , 3-methoxycatechol and 

t;atechin. 

Ligand log Kl from Fig. 12 log Kl from Fig. 14 

4-methylcatechol 20.9 20.8 
pyrocat echol 20.S 20.5 
3-methoxycatechol 20.3 20.4 
catechin 20.0 20.0 

The direct correlations obs erved in Figs. 12 and 13 illustrate that 

the factors which influence the bonding of the hydrogen i n the phenols have 

a similar influence on the bonding of the metal in the complexes. The 

strengths of the O-H bond in the phenols have been shown to be increased by 

electron-releasing substituents and weakened by electron-withdrawing 
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substituents. Therefore similar deductions may be made for the M-O bonding 

in the compl exGs. tJ imilar lint-ar relationships have been found for a series 

, 150-157 of cl osely relat ed 11gands by many workers. 

2. 1.2,3-Trihydroxybenz ene compl exes . 

Fe(III) complexes ''lith four 1,2 , 3-trihydroxybenzene derivatives were 

studied, including the wattle tannin monomers robinetinidol and dihydro-

robinetin. 

Only t"O coloured species wer e formed wi th phenols of this c lass. In 

general, the colours were blue to violet i n slight ly acid to neutral solut-

ions and red in alkaline solutions. In order to follow complex formation 

the vi sible absorption spectra of the Fe(III) complexes were recorded at 

various pH values. Fig. 15 illustrates the goneral form of these curveS. 

The variation of absorbance with pH (extinction curves) at various fixed 

wavelengths is shown in Fig. 1.6. 

Spectra and ext inction curves for all t hese complexes could not be 

obtained at low pH values, bocauue the colours, especially for the pyrogal-

101 complex, faded rapidly >li th tifiL. The r eason for this has been discuss-

ed previously (p . 79) . 

Although the general form of the spectra (Fig. 15) appears to be sim-

ilar t o those of the Q-dihydroxybenzene complexes (Fig. 1), the successive 

complex formation and the type of 1,2 , 3-tr ihydroxybenzenG complex formGd 

were found to be much more complicated. 

(a) Pyrogallol and propyl gallate complexes : In order to determine tho 

Fe(III) to ligand stoichiometry of what appeared to be the "normal" blue and 
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the red species ("normal" denoting those found for the Q-dihydroxybenzene 

complexes) , the continuous variation (Job's) and molar ratio methods were 

used. The pH values at >Jhich these methods were applied were those at the 

·centre of the plateau observed in the extinction curves (Fig. 16). 

The Inolar ratio plots showod no sharp breaks, but rather a gradual 

sloping away of the curve. No definite formulae could be assigned to the 

complexes on th8 basis of these measurements. Although rounded maxima were 

observed in the Job's plots, they were not found to correspond to any defin­

ite ratio as in the Q-dihydroxybenzane complexes. There are two probable 

reasons for the abcve results. Either the complexes are appreciably dissoc­

iated in solution or there is more than one complex formed. If the former 

pcssibility occurred, then it would be expected that the wavelength of 

maximum absorption should remain constant no matter what mole ratio was used. 

In order to distinguish between the twa possibilitie3, the visible absorp. 

tion spectra of the blue and the red Fe(III)-pyrogallol complexes with 

various mole ratios were recorded. It was found that the blue speci es had 

absorption maxima at 575 and 560 nm with rbspectiv8 mole ratios of 1 : 1 

and 1 : 2 (Fe to ligand) and the red species at 510, 500 and 495 nm with 

respective molo ratios of 1 : 1, 1 : 2 and 1 : 3. This indicates that the 

latter possibility probably occurs. 

As a direct comparison it was found that the wavelength maxima of the 

violet pyrocatechol complex remained unchanged with variation in the mole 

ratios, suggesting that only one complex is formed. Although the wavel ength 

maxima of the red pyrocatechol species ;'ere found to vary ,·lith the mole 

ratio, the changes were in the oppcsite direction to the above values, 

indicating different complexes being formed in the two cases. 
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The extra hydroxyl group in the 1,2,3-trihydroxybenzene derivatives can 

only be r esponsible for the diff erences observed between pyrocatechol and 

pyrogallol complexes. The caus e cannot be steric in character because it 

was found that 3-.mdhoxycat 8chol b " hav.,d as a nomal Q-dihydroxybenzene 

derivative in Fe(III) complex formation. 

The molar ratio and Job's methods wer~ also applied at a pH slightly 

lower than the first plateau observed in the extinction curves for pyrogal-

101 (Fig. 15). The re&ults are shown in Figs. 17 and 18. The sharp break 

in the moJilr ratio plot at a 1 : 1 r.lole ratio and the sharp maximum in the 

Job's plot at 0.5 for the ratio [ligand] to [Fe] + [ligand} , suggests 

that only one blue complex is fonT.ed viz. FeR. The reason for th e non-

formation of any higher species is that th., lower pH value prohibits their 

formation as in the case of Q-dihydroxybenzene complexes, even with an 

excess of ligand. 

The absorption spectrum of th., 1 : 1 Fe(III)-pyrogallol species at 

these lower pH value" was found to have a maximum at 575 run (Extinction 

coefficiont = 2,600), suggesting that it is the same species (wavelength 

maximum = 570 nm, extinction coefficient = 2,600) which is formed with low 

mole ratios at the higher pH valu'o3 of the first plateau. 

Electrophorcsis applied to the FeR speci es of pyrogallol showed that it 

has a neutral oVGrall charge as no migration Has obsorved. 

Potentiometric titrations Here a190 recorded in order to supplement tho 

spectrophotometric results. Titrations of the pyrogallol complex were only 

started at z = 2 because of the complicating redox reactions at very low 

pH values. From the potentiometric titration curve for the Fe (III)-
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pyrogallol system in a 1 1 mole ratio (Fig. 19) it was _found that an 

inflection occurred at z = 3, indicating that three hydroxyl ions are invol­

ved in the formation of the blue FeR species. This inflection was found to 

be absent in solutions with excess pyrogallol (Fig. 19) and in Fe(III)­

Q-dihydroxybenzene titra-Lion curves , lith a 1 : 1 mole r at io (Fig. 9). 

The Fe (III) -propyl gall.ate cOffi:olex--s proved to be more interesting 

than those of pyroroallol .. bvcauGe this ligand is less susceptible to 

oxidation. The potentiometric titr0tion eill·vas of Fe(II1) ions and propyl 

gallate in a 1 : 1 .lol e rdi::J abo shoHed an inflection at z = 3 (Fig. 20). 

However, the results with excess of lit}, nd solution were different from 

those of the pyrogallol cOEnlex, in t;-.at an inflection was still observed 

at z = 3 (Fig. 20) , indica-ring t hat separation of the successive complex­

ation occurred. The stee~ rise in the spectrophotometrically determined 

extinction curves (Fig. 16) for propyl gallate, between p.1-! 3.0 and 4.8 was 

found to correspond to the cormation of this speci cG. The results of the 

molar ratio and Job's methcJs for U:is species are shown in Figs. 17 and 18 

and indicate that this bl"e species has a 1 : 1 mole ratio, similar to that 

of pyrogallol. Electrophoretic stuc;i es established that this species (FeR) 

is neutral. 

The first propyl gillIete species ·.hich ;-Ji>O formed at very low pil values 

1:as found to have .'i. very :.>n,ad absorntion spectnu,l (Fig. 15) with no 

definite maximum. The J"11ok ratio of this species could not be d(~ter!Jined by 

sp,--ctrophotonetric method_. because prcci-.'itates tended to form in solutions 

with excess of metal iansi Eloctrophoretic measurements on this species were 

also unsatisfactory ilG the complex forcled a precipitate on the paper. 

However, the potenti -')raetric titration curve (Fig. 20) showed an inflection 

,at iii = 1.5, correspondin9 to the compleb" fOTOlation of this species. 
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If two of the orth£ hydroxyl groups of pyrogallol or propyl gallate 

are co-ordinated to an Fe (III) ion, as in the Q-dihydroxybenzene complexes, 

then the remaining hydroxyl group cannot cO!i1bine ,lith the central metal ion, 

because of it s spaci ;:~l arrangeri':.ent. Such a 1 : 1 complex "lith an undissoc-

iated adjacent hydro"yl g rQup ,,,0..0 not observed. ~t should produce an absorp-

tion band in the region of 700 r.r.., as for all Q-dihydroxybenzene deri v-

ative. No such absorption band .. ,as observed. 

The third hydroxyl group in the above specie~ could combine with 

another metal ion : 

+ (24 ) 

102 
A similar structuro has been postulated for the first uranyl(VI)-pyroga1-

101 species formed. This dructure satisfies the potentiometric results for 

the first Fe(III)-propyl gallate species formed at low pH. The absorption 

spectrum of this speciea can be eX;JLdn,,d on the basis of this formula as 

well. The broad ab"orption band observed could be due to a corr.bination of a 

band at about 700 rum, due to the Q-dihydroxo . g roup co-ordinated to one of 

the Fe(III) ions, as in the pyroci.tecilo1 derivativ0s, and a band at approx-

imately 550 nm due to the Fe (III) ion attached to the third hydroxp ion, as 

171 
in the Fe(III)-monohydric phenol compounds. 

At higher pH values the second Fe(III) ion, 'lhich is less strongly 

bound, could dis~ociate and react ,·Ii th another ligand molecule 
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2 

where H3R is a pyrogallol derivative. 

+ (25) 

A similar reaction has been postulated in a study of the uranyl(VI)-pyrogall-

102 
01 system. This formula satisfies the spectrophotometric, potentiometric 

and electrophoretic results of the blue, 1 : 1 Fe(III)-pyrogallol aad -propyl 

gallate complexes. An hydroxo species, FeRH(OH), can be ruled out because 

the equilibria were found to be dependant on the concentration of the ligand. 

The formation conctant for the first Fe(III)-propyl gallate species , 

Fe
2
R, could not be calculated from the potentiometric results since the complex 

was found to be completely formed at the start of the titration. Also the 

constant could not be determined from the spectrophotometric data as it was 

found that the colour faded rapidly at pH less than 3. 

The formation constant, k', for the second propyl gallate complex 

according to the equilibrium 

+ 

was calculated from the potenticmetric data with the aid of the equations 

below. 

For the general reaction : 

+ y H R 
c 

+ h H (27 ) 
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[ (v 'N _ V" ) _ v] (N + EO) 

(Vo + v") h TO 
I; 

(this equation is only valid for n = 3 ,.:.en c = 3) 
a 

(28) 

where v'" and vl'l .:ire the respectiv e volurl18s of alkali required to reach 

the same pH in titrations of the !.letal complex plus free acid and ligand 

plus free acid, and v is the volume of alkal i required to reach z = 1.5 in 

a titration Hith no free ucid. 

Then : 

" , 
(n T~t [H]h 

(29) " - [(1 -dn)T~r [[T~ - T~(a/d + yn) ] 
vor 

(vo + v" ) 

The symbols have been defined in equation (14). 

The results and t he exnerimental data used in the calculation are given in 

Table 15. The equilibrium constant, k', for the propyl gallate complex, 

FeR, could not be determined from the spectrophotometric data because an 

accurate value of the lo,rer absorbance; limi t, A~ , was unavailable. The 

constant for the equivalent pyrogallol complex could also not be determined 

because of the non-equilibrium at low pH. 

The violet "g(IIIJ-pyrog.::. llol species fou-,ed at higher pH values and 

in excess of ligand solutions, h"s been e otablished to b e different from 

the ilbove species by Virtue of its different wavel ength of maximum absorp-

tion. From an el ectrophoretic treatment it was established that the violet 

pyrogallol c omplex has a negative overall charge. For the complex. to be 

anionic it i s necessary for at least four hydro}",,),l groups, per metal ion, 

to be ionis ed . The following formula ' iOuld s atisfy this requirement 
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H 

This formula was confirmed by the potentiometric results obtained in titra-

tions of Fe(III) ions and excess of pyrogallol (Fig. 19). On complete 

formation of the viol Gt complex an inflection occurred at z = 4 . The 

minimum mole ratio of metal to ligand required to produce the inflection 

was found to be 1 : 2, i.e. n = 2. 

The corr esponding propyl gallate complex also gave an inflection at 

z = 4 and n = 2 in titrations with excess of ligand (Fig. 20) and a 1 : 2 

molar ratio of metal to ligand. The sloping plateau observed in the eA~inc-

tion curves (Fig. 16) between pH values 4.5 and 6.5 corresponds to the 

formation of thi s species. The wavelengths of maximum absorption and the 

extinction coefficients of the 1 : 1 and 1 : 2 complexes arc obviously very 

similar. Electrophoretic measurements established that the complex is 

anionic as expected. 

The formati o'"\ constantfor t he violet Fe(III)-pyrogallol species could 

not be determined because of the simultaneous formation of both the blue 

and the violet species . 

The formation constant, k" I for the propyl gallate complex, Fe(!ffi); I 

according to the equilibrium 

FeR (30) 
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was calculated from the potentiometric data with the aid of equations 

(28) and (29). The results of the calculation are given in Table 16. The 

spectrophotometric data could not be used t o calculate this constant because 

the formation of the Fe(h1<)2 species had onlya slight effect on the absorb-

ance values. 

The anomalous results of the molar ratio and Job's methods for the 

red Fe (III) -pyrogallol and -propyl gallate systems must obviously be due 

to the formation of different species dependent on the mole ratio of the 

reactants . Also th~ visible absorption SDectra at various pH values for 

the Fe(III)-pyrogallol system, showed that the formation of the red species 

was not a simple one-step process, as in the 2-dihydroxybenzene complexes , 

since no isosbestic points "'€Te obser ved. A detailed analysis of the 

various species was not attempted, because the situation was even further 

complicated by the ionisation of the uncomplexed phenolic ligands at the 

high pH values necessary for complex formation of the red species. However, 

it was established from the potentiometric results that the final red 

species formed in solutions of excess of ligand is similar to those of the 

2-dihydroxybenzene derivatives, viz. Fc(HR);- with the third hydroxyl 

group not co-ordinated and undissociated. This was established from cal-

culations using ~uation (14). Consistent values of n = 3 obtained at high 

pH values for both the pyrogallol and propyl gallate complexes. 

The visible absor ption spectra at various ~i values for the Fe(III)-

propyl gallate system (Fig. 15) gave only one isosbestic point at 560 run 

on formation of the Fe(HR)3 species. This suggests there is only one 

complex being formed in solutions of excess of ligand 

)3-
Fe(HR 3 + (31) 
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The formation constant, k3' was calculated from the spectrophotometric data 

using equations (18a) and (18b). Results are given in Table 17. The 

constancy of the value of k3 confirms the proposed one-step process. 

(b) [iobinetinidol and dihyclrorobinetin complexes : Robinetinidol and 

dihyclrorobinetin both have 1,2, 3-trihyclroxybenzene B-rings (cf. p. 14). 

The Fe(III) complex of dihydrorobinetin precipitated in solution and 

therefore could not be investigated by the available methods. 

Robinetinidol formed similar complex species with Fe(III) to those of 

pyrogallol. Potentiometric titrations of Fe(III) with an excess of ligand, 

gave a sharp inflection at z = 4 and n = 2, corresponding to the violet 

FeL2 complex. The abscrption spectrum of this species had a maximum at 

555 nm and extinction coefficient of 3700, very similar to that of pyrogallol 

(Table 6). A detailed study of the other blue species that could be formed 

in solutions of lower mole ratiO$was not performed due to the limited 

quanti ty of robinetinidol. 

The potentiometric results indicated that the final red species had the 

usual formula, FeL
3

, and again the absorption spectrum was found to be sim­

ilar to that of pyrogallol, with a maximum at 495 nm (extinction coefficient 

= 5000). It can therefore be assUJaed that this compound reacts as a 5-

substituted derivative of pyrogallol and that the rest of the flavanoid 

molecule does not interfere with complex formation. 

(c) vlattle tannin complexes: The Fe(III)-wattle tannin systen caused some 

complication because a blue species precipitated under the conditions used. 

However, this difficulty could be overcome if a sulfited derivative of 

wattle was used. Sulfitation has been assumed
158 

to attack the aliphatic 
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portion of the flavanoid molecule and therefore should not interfere with 

the complexing groups on the B-ring. This was verified in the study of the 

boric acid complexes, (to be discussed later, Section C) where it was found 

that the equilibrium constants for bot!1 the sulfited and unsulfited wattle 

tannin complexes were identical. 

The absorption spectra at variouL ~{ values for the Fe(III)-wattle 

tannin system are illustrated in Fig. 22. The spectra at low pH values 

could not be obtained because of rapid fading in cclour, similar to the 

other Fe(III) comploxes with nore oxidisable phenolic ligands. 

A comparison of the visible absorption spectra of the Q-dihydroxy­

benzene >lith the 1,2, 3-trihydr oxybenzene complexes showed that the general 

form of the curves for the t wo classes were different. In the former 

complexes, the tail of the red band, duo to the FeL3 species, was found 

to cross the violet band, due to the FeL
2 

species, at lower wavelengths 

than the maximum, as indiacted by the isoRbestic points in Table 1. In 

the latter complexes, hO>lever, the tail of the red band .TaS found to cross 

the violet band on the higher wavelength side of the maximum. The fact 

that the wattle tannin complex follows the latter rule, suggests that it 

reacts as a pyrogallol derivative. This was supported by the similarity of 

the wavelengths of maximilln absorption at 555 nm (extinction coefficient = 

3650) and 495 nm (extinction coefficient = 5000) for the wattle tannin 

complex with thos e for pyrogallol (Table 6). Thus , although wattle tannins 

are known to contain both Q-dihydroxybenzene and 1,2, 3-trihydroxybenzene 

rings,17 it appears that the latter are more prominent in Fe(III) complex 

formation. 

The formation of the Fe(III)-wattle tannin complexes could also be 
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TABLE 6. 

Experimental results for th e Fe( III) complexes of 1,2,3-trihydroxybenzene 

derivatives. 

Ligand *Species Absorption Extinction -log of Symbol 

rnaximuI:1 r~'t1 coefficient the ec;uilibri um 

consta nt 

pyrogallol FeR 575 2600 

Fe (RH) 2 560 3·350 

Fe(RH)~- 495 4850 

propyl gallate Fe2R3+ 1500 

FeR 550 3900 5 . 85 k' 

Fe (RH)2 545 4200 2.82 k" 

Fe (RH) 5- 485 5950 10.77 k3 

Robinetinidol Fe (RH) 2 555 3700 

Fe(RH)~- 495 5000 

wattle tannin Fe(RH)2 555 3650 

Fe(RH)~- 495 5000 

• where H3R is a 1 , 2, 3-trihydroxybenzene deri vati ve. 

followed by means of potentiometric titrations . The titration curve with a 

large excess of wattle tannin, illustrat 2d in Fig. 21, was found to have a 

sharp inflection at z = 4, corresponding to the complete formatio n of the 

violet, FeL
Z 

species. A larg o exces s of wattle tannin was necessary for 

complet e complex formation, because of the polymeric nature of the ligand. 

It was hoped that the spectrophotometric methods used to determine 

component ratios would indicate the nuuilier of polymeric tannin units which 

would be necessary for complete complox formation. However, the complicated 

nature of the results applied to known simpler 1,2,3-trihydroxybenzene deri-

vatives pr ec luded any definite conclusions to be reached. 
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Unfortunately, equilibrium constants for the formation of the various 

wattle tannin and robinetinidol complexes coul d not be determined for the 

same reasons as those for the pyrogallol complex. 

The various species and their related forAation constants, wavelengths 

of maximum absorption and extinction coefficients for the F&(III) complexes 

of 1,2,3-trihydroxybenzene derivatives are sunu",erised in Table 6. 

The only formation constant which can be r elated to those of the Q-di-

hydroxybenzene complexes, is the constant, k3' for the propyl gallate 

complex. None of the other constants could be relat ed because of the differ-

ent equilibria which are involved. The posit ion of the point for propyl 

gallate (pKaKb = 20.0) in thepk3 vs. pKaKb correlation (Fig. 11) was found 

to correspond to the linear relationship . Thus it appears that when the 

extra hydroxyl group of the 1,2,3-trihydroxybenzene derivatives is not invol-

ved in complex forn~tion, then the phenolic ligand reacts as a 3-substituted 

derivative of Q-dihydroxybenzene. 

3. Interpretation of the visible absorption spectra for the Fe(III) 

complexes of o-diphenols. 

(a) The nature of the intense colours. 

The magnetic moment of 5.93 B.N. at 25° for the complex, tris (tetra-

chlorocatecholato)iron(III) ion 24 shows that Fe(III) complexes of Q-di-

phenols are high-spin. The Glectronic spectra ofhigh...sptin Fe(III) complexes 

have a number of absorption bands spread over the visible region, but 

because the d-d transitions are all spin-forbidden, the intensity of these 

bands are al l very low (extinction coefficient = 0.01).160 
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The intense natur J lOf the absorpt ion bands of the Q-di phenol compl exes 

rules out the possibi lity thi.t they "re Cl.ssociated 1<ith d-d transitions 

(Tabl e 1). 

The phenolic ligands lU-C .:~no·v!n to ha.v e V_l:y inten3e bands in the ultra -

violet rc.gion of the S~,3ct:.l':"'"J~ The .J.b~orptiJ)n t::tnd for pyr ocatechol, vii th a 

-1 -1) maximum at 36,000 C~.1 I ,-laG f ,)und to shift r:light:!.y (1000 em t o lower 

energy on formatiun of tlw c(ll~u.~less Ge(IV) conplex . However a shift of the 

order of 15 , ()(X) - 20,000 em -1 for this il0sorption, to correspond to th" 

Fe (III) -pyrocat"chol absorption bands, seelr", very unlikely. 

Thus the s trong visible pLsor,Jtion bands "lUst be due to trans i tions of 

electrons wh i ch take plac e as a result cf complex rornL..:ion. The intens o 

colours of the Pe(III) complexes of Q - diphenols SUggcsts
lGl 

that the 

absorption bands are due to charge t r ansfer transitions. 

Charge tra nsfer complexes have been interpreted on the b asis of .an 

10 
electron donor D and an electron acceptor A. The energy required for 

transi tion to the electr onically ",;cei ted state 1 'as sho,m to be dependent 

on the ionisation potentiill nf r; am' the electron affinity of A. The 

charge transfer sp" ctra of the Fe (III) h',).:ic!8R have been shovm
162 

to be in 

quantative agreeI ..... nt ' Tith titt' .ro:lc.,wing .Jquation JXlsc..d on an el ectrostatic 

model : 

u = L:, + I (32 ) 

wh ere U i E: the energy required for charg e transf er, 6 asswned to be 

constant 
163 

for a set of r elated comp'JUndf;, is the difference of elec-

trostati c formation energies for the grOlcnd and excited otat e , I i s thE. 

ionisation potential of the donor and E is the electron affinity of the 
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acceptor, This equation is similar to the one used for interpreting the 

energies for electrcnic tran~itions in alkali halides,154 

The strong absorption band ill the s""ctrum of hexa-aquoiron (III) 165 and 

the yellow colours of Fe (III) hydrolysis ..,roducto
166 

have als o been assigned 

to charge transfer processe~. In oxides containing trivalent iron both 

charge transfer froLl oxygen to iron and 3d
5 

3d
4 

4p transitions were 

considered as possible sourCG8 for the int "nse absor..,tion bands ,167 However, 

it was found that the charge transfer model best suited all the experimental 

results. 

The blue colours produced b"h,-een solution,; of ferric chloride and 

monohydric phenols is a well known diagnostic test for phenols,16B-169 dnd 

71 
have also been assigned to a charge transfer process. Thus the generally 

166 
found charge transfer nature of Fe (III) complexes was expected and has been 

25 170 
found' to apply to the Q-diphenol compl exes, 

(b) The effect of ring substitution. 

The 1Qavelengths and 1-laVe numbers of the maxima of the main absorption 

bands for the Pe(III) complexes of Q-diphenols are givGn in Table 7. Ring 

substitution can be seen to have an appreciabl e effact on the values of the 

wave numbers of maximum absorption for all thr ee speci es'. In order to corr-

elate these b-lo functions according to equation (32), the ionisation poten-

tials of the ligands need to be kr.o1<TI. Unfortunately these values for the 

Q-diphenol ligands are not known. However, it has been shown that in a set 

of related substances, the ionisation potentials are directly related to the 

174 
oxidation potentials. Oxidation potentials of phenols are difficult to 

determine
175 

because of the labile nature of the radical. However, the 
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TABLE 7. 

Absorption maxima for the charge transfer of Fe(III) compl exes of .Q.-diphenols. 

Ligand FeLl FeL
2 FeLo 

0 

Absorption Absorption . Absorption 

maxima maxima maxima 

run kK nm kK I'ID l:K 

4-methylcatechol 710 14.08 585 17.09 500 20.00 
3-methoxycatechol 710 14.08 590 16.95 500 20.00 
pyrocatechol 700 14.29 575 17.39 495 20.20 
catechin 690 14.49 575 17.39 495 20.41 
protocatechuic acid 670 14.93 570 17.54 490 20.41 
3,4-dihydroxybenzene- 6'70 14.93 565 17.70 485 20.62 
sulfonate 
pyrogallol 560 17.86 495 20.20 
robinetinidol 555 18.02 495 20.20 
wattle tannin 555 18.02 495 20.20 
1-chloroacetylcatechol 655 15.27 550 18.18 
Tiron 655 15.27 555 18.02 480 20.83 
protocatechuic aldehyde 650 15.38 555 18.02 
4-ni trocat echol 640 15.63 
propyl gallate 545 18.35 485 20.62 
2,3-dihydroxynaphthalene 600 16.67 525 19.05 455 21.98 
DHNS 580 17.24 515 19.42 450 22.22 

"critical" oxidation potentials, E , 
c 

of a nQ~ber of related compounds includ-

, .'- 1 h b d t 'd 176 lng ~,eno save een e ermlne • The effect of substitution on the 

oxidation potentials, tJ E I of these compounds \ as also det ermined.·
176 

A 
c 

plot of these values against the energies requir ed for charge transfer 

for the FGL complex s pec i es (Table 7) i s illustrated ill Fig. 23. The direct 

correlation which is observed indicates that the less oxidisable the ligand, 

the higl,er is the energy of the charge transfer band relative to the unsub-

stituted ligand and vice versa; cf. equation (32). This result is in acc-

ordance with a charge transfer process from the oxidisable phenolic ligand 

to the reducible metal ion. Similar correlations Here found for the FeL2 

and FeL3 species. 



- llO -

(c) The effect of the increasing number of ligands. 

From Table 7 it may be seen that on successive formation of the Fe(III) 

complexes of Q-diphenols, th" wave numbers of maximwn absorption are shifted 

to higher energies. This may be interpreted using the electrostatic model 

for charge transfer (equation (32». 
'77 

It has been shown~ that the electron 

affinity of the acceptor in a charge transf er process is proportional to its 

oxidation pot ential. Thus thG higher the oxidation pot ential of the 

Fe3+/Fe2+ couple, the lower will be the energy for charge transfer and vice 

versa. Although it would be expected that the oxidation potential of the 

Fe3+/Fe2+ couple and thus the electron affinity ,qould increase on successive 

formation of the Q-diphenol complexes, due to the readily oxidisable nature 

of the ligand, the reverse in fact occurs. 178 In general it has been found 

that on complex formation the higher valency state will be stabilised relat-

i ve to the lower and that the degree of stabilisation (Eo _ EO 
aquo complex 

will increase with increased polarisability of the ligand. Thus for the 

redox reaction178 : 

11Lm+ + 
x 

ne ~ NL(m-n)+ 
~ y 

+ (x _ y) L (33 ) 

where n is the number of electrons involved, x and y the number of ligands 

and In the higher oxidation stat e , it Has silo;'1 n thilt : 

EO 
complex 

= 
RT r 

In --'L 

nF K 
m-n 

where K and K are th", respoctive oV8rall stability constants of th8 
ill m-n 

higher and lovmr val8ncy complex<-s. 

K < K • m-n m 

Thus EO 
compl8x < if 

(34) 

The equilibrium constants for th8 formation of tho Fe (II) -pyrocatechol 
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complexes have buon detorminGd
53 

and found to be pk
l 

= 14.33, pk
2 

= 16.74. 

The stability constants calculatud fron th"se values are log i\ = 8.67 

log 13
2 

= 14.93. Using the stability conGtants for the Fc(III)-pyrocatechol 

complexes (Tabl<J 4) of log )\ = 20"5 , log 's2= 35.55 and log,B3 = 45.40" the 

3+ 2+ fo11ovdng oxidation pot~ntials for the Fe /Fe system wore calculated from 

equations (34), with n = 1, R = 8.3143 JK-lmole- l , F = 96,487 C/mole " 

EO 178 = 0.77 v and T = 2930 K. 
aquo 

1£ 
+ EO x =y = 1, then for t~-tG FeL /FeL couple, = +0.08 

complox 

1£ 2, then for the -/ 2- EO -0.43 x =y = FeL
2 

FeL
Z 

couple, = complex 

1£ 3, 2, th0n for 
,.3-, 2-

couple, EO -loW x = y = the F eL3 /FeL2 = complex 

Consequently on successive formation of the £-diphcnol complexes, the oxidil-

tion pctentiill ilnd thus the electron ilffinity of the acceptor decreases and, 

from equation (32), the energy required for charge transfor increases, as 

observed. 

(d) Molecular orbital approach. 

Charge transfer spectra have b~en successfully interpreted on a molecul-

ar orbl'tal mod<1.12,13 Th" fl 'b' d . t· f tl It ~ l C gl ves il IT.on. exl ~e escrlp'lon 0 18 resu s. 

From th·" simplified molecular orbital diagram
13 

(Fig. 24), four typos of 

transi tions can be "xpoctcd for ligand to rndal charge transfer, viz. 'V l' 

e • It is 
g 

also expect ~d that th.] enGr gy of tho transitions incrGases in the order 

\! 1 < \! 2 and -V 3 < \! 4' Tho relati V8 ord']r of \! 3 and \! 4 wi 11 depend on 

whether the energy difference beh10,m tho 7T - and CJ" -orbitals is smaller or 

larger than 10Dq. 
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Fig. 24. Simplified molecular orbital energy level diagram for octahedral 

nd metal complexes with n- ligand donor orbitals. 

Charge transfer transitions from spin-paired ligand orbitals to high ­

spin d
5 

metal orbitals result in no change in the overal l spin state and are 

thus all spin-al l owed. Thoy are also La~orte-allowed because the wave 

functions involved are u 
180, 185 

g. l'he probability of thE: transition 

and thus the extinction co efficicmt are thorefore. very large. 

In order to interpret tho charg e transfGr bands of the Fe( I II) compl exes 

of £-diphenols on 'l. molecular orbital basis a closer examination of the 

absorption spectra of these comple.l<Os was I!I<.tde. Th" spectra (Fig. 25) sho'" 

in addition to the mai n crl(lrge transfer absorption bands further bands at 

much higher energies than the main bandsfor the FeL and FeL
2 

complexes. In 

the FeL3 sp<;-ctru1!l, only a shoulder may be observed on the I mler wave number 

side of the phenolic ligand absorption, also a t much higher energy than the 

main band. It is obvious that the higher energy bands are not due to the 

d-d transitions of the metal ion b ecause of their large extinction co offic-



- 113 -

ients. Tho possibility that they might be due to phenolic absorption was 

rulc~ out, since they WeI"e found to absent from absorption spectra of the 

free phenols and the colourlJss Ge (IV) compl 'JXes of .Q.-diphenols. 

The absorption maxif'la and extinction coefficients of all the higher 

energy bands for thc Fe(III) complex" s of Q-diphenols are list",l in Table S. 

Unfortunately the close proximity of the strong phenolic absorption made 

detection of some of the high energy bands im!,ossiblc. This applied to all 

the 1,2,3-trihydroxybenzenc complex,;:; and the 1-nitrocatechol, 3-methoxy-

catechol and 4-chloracetylcatechol complcx"s. 

The high en"rgy band3 for th e) Fe (III) -'firon complex may be observed in 

17 the published spectra, but no COIIL'llcnt was made concerning th8ffi. Similar 

179 
bands may be obs erved in the Fe (III) -salicylate compl,;xes as shoulders on 

the low energy side of the ligand absorption band. 

The higher energy absorption bands, V
2

,are clearly due to charge trans-

fcr, because they folloH the main charge transf er bandsup to higher energies 

on successive complex formation. They also show the same shifts in absorp-

tion maxima with the various substitut ed Q-dipheno13 as observed in Table S. 

The charge transfer absorption bands of metal-nhenolic cor.Lploxes have 

been assigned to an electronic transition fro!" the ligand 7T -orbital to a 

metal orbital. 25 Th8Yefore the lowest energy bands, -V
l

, of the Fe(III) 

complexes of G-diphenols can be similarly assigned viz. IT --'J> t 2g' The 

assignment of the higher energy tands, V
2

, to a IT ~eg transition '"las 

proposed as in the heavy metal halides,12 tris(oxalato)iron(III)lSO and 

lSl 
other Fe (III) compounds. 

The substituent effect on the energy for charge transfer can also be 
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TABLE 8. 

Absorption maxima for the charge transfer FdIII) complexes of Q-diphenols. 

Species Ligand 'VI Extinction 1J
2 

Extinction 
coliff ici ent coefficient 

FeLl 4-methy1catechol 14.08 1360 22.73 1,040 
pyrocatechol H.29 1480 23.JO 1,080 
catochin 14.49 1750 23.00 1,460 
protocatechuic acid H.93 1780 (25.32) 1,380 
3,4-dihydroxybenzene- 14.93 1900 23.50 1,250 
sulfonate 
Tiron 15.27 1980 23.81 1,200 
protocatechuic u1dehyde 15.38 2100 24.10 2,000 
2, 3-dihydroxynaphtha1cne 16.67 3140 (28.17) 1,600 
Dm:S 17.24 3480 (27.40) 1,800 

FeL2 4-methy1catecho1 17.09 3440 26.32 2,160 
(29.85) 2.260 

pyrociltecho1 17.39 3400 26.67 1, 380 
(29.85) 1,960 

catechin 17.39 4000 26.67 2,500 
(29.85 ) 2,660 

3,4-dihydroxybenzene- 17.70 4000 28.57 2,600 
sulfonate 
Tiron 18.02 4650 28.99 3,200 

FeL3 4-methylcatechol 20.00 4600 (30.77) 
pyrocatechol 20.20 4400 (31.25 ) 
catechin 20.20 5150 (31.25) 

interpreted on a molecular orbital rr.~del. The energy of the bands will depend 

on the energy Im'cl differenccs between the TT ligand orbitals and the metal 

d ligand orbitals. It has been shown182 that the ionisation and oxidation 

potentials in a series of related compounds are inversely related to the 

energy levels of the highest occupied molocu1ar orbital. Thus a substituted 

Q-dipheno1 with a higher oxidation potential (electron-withdrawing substit-

uent) relative to the unsubstituted phenol would have its highest occupied 

molecular orbital (TT ligand orbital) at a relatively lower energy. From 

Fig. 24 the energy necessary for charge transfer would thus be higher and 

vice versa, as observed in Table 8. 
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From Table 8 it may be seGn that for the FeL2 sp~cies 0f"4-mcthylcate­

chol, pyrocatechol and cct uchin, two '12 bands "'ere assigned to a TT --?> e<g 

transition. The occurrence of two bands i n the '1
2 

class could be due to a 

number of reasons 

(i) The presence of dissimilar phenolic and Hat er ligand molecules could 

resul t in the splitting of th" metal G orbi tals. 13 
g 

(ii) The transitions could be from non-degenerate ligand TT_orbitals.
12 

(iiUln the excited state \<lith electronic configuration, t
2
3 

e 3 " Jahn­
g g 

Teller (dynamic) distortion could split the e orbitals. 183 
g 

It ",ould be expected that the energy difference between the TT --'l> t
2g 

N
l

) and TT ~ eg (V2) transitions would be of the order of laq. The 

values obtained are given in Table 9. 

TABLE 9. 

fSV values for the F'e(lII) complexes of 2.-diphenols. 

Ligand 

4-methylcatechol 
pyrocatechol 
catechin 
3,4-dihydroxybenzenesulfonate 
Tiron 
protocatechuic aldehyde 

-V2 - VI 

FeL 

(kK) 

8.65 
8.71 
8.51 
8.57 
8.54 
8.72 

-V
2 - -VI '12 - VI 

FeL 
2 FeL3 

(kK) (kK) 

11.00 10.77 
10.87 11.05 
10.87 11.05 
10.87 
10.97 

As seen from Table 9 the values obtained for each species are approximately 

all of the same order. This provides some justification for the above 

assignments. The lower difference value for the FeLl species is probably 

180 a result of the lower symmetry of this system, relative to the others. 
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The 6 V value of 11,050 cm- l for tris(pyrocatecholato)iron(III) compared 

with 10Dq for hexa_aquoiron(III)186 of 13 , 700 cm- l and for tris(oxalato)­

iron(III)180 of 12,600 cm- l , is some..,hat lower than expect£<l because similar 

values of 10Dq were found for aquo and 2-diphenol complexes of nickel(II) 

(Section D). However, Jj, V v<:lUGS ,"hich w<-re Im-ler than the expected 10D.q, 

12 , 180 
have been found for other charge transf er cOMplexes. 

(e) The intensities of the charqe transfer bands. 

The half band widths, J,and the oscillator strengths, f, '''ere determined 

wi th the aid of the _quCttions 

(35 ) 

is the "'ave number on the lower energy side at half the extinc-

tion coefficient of the maxima , and 184: 

f = (36) 

(E. values from Table 1) for the main charge transfGr absorption bands. The 

results arc shown in Table 10. 

FrOIO Tables 1 and 10 it may be see n that the extinct ion coefficients 

and the oscillator strengths 
185 

are d S expected for charge transfer bands. 

The increase in the extinction cOGffici cnts observed on successive 

fornation of the Q-diphenol. complexes is probably due to the increasing 

number of co-ordinated ligands which increase the probability of the charge 

transfer from ligand to metal taking place. 

From Table 1 it may be seen that the various phenolic ligands have con-

siderable effect on the extinction coefficients . An interesting correlation 

>Tas found to exist between the wavelengths of maximum absorption and the 
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TABLE 10. 

Halfband ",idths and oscillator strengths fo r the Fe(II) £-diphenol charge 

transfer absorption bands. 

Ligand FeL 
1 FeL2 FeL3 

J /2 f J /2 f 
r 

f d /2 

kK kK kK 

4-methylcatechol 2.72 .034 3.01 .095 3.19 .135 
4-methoxycatechol 3.06 .098 3.30 .142 
pyrocatechol 2.80 .038 3.00 .094 2.96 .120 
catechin 3.00 .048 2.90 .107 2.96 .140 
Drotocatechuic acid 3.15 .052 3.05 .U8 2.90 . 146 
3,4 -dihydroXYbenzenesulfonato 3.03 .053 2.99 .110 3.08 .147 
4-chloroacetylcatochol 3.00 .058 3.03 .135 
Tirol'. 3.00 .055 3.03 . 130 2.97 .164 
protocatechuic aldehyde 2.85 .055 2.87 .128 
4 -ni trocat echo 1 3.13 .065 
pyroqallol 3.87 .119 3.33 .150 
robinetinidol 3.70 .126 3.30 .152 
wattle tannin 3.66 .124 3.30 .152 
propyl gallate 3.64 .141 3.38 .185 
2,3-dihydroxynaphthalene 3.06 .089 2.92 .186 2. ~3 .253 
DHNS 3.16 .102 3.03 .215 3.35 .326 

corresponding extinction coefficients of th3 hands as illustrated ill Fig. 26. 

A similar correlation has been found for charge transfer complexes of iodine 

172 Hi th aromatic hydrocarbons. The explanation ;,hich was given, that the 

intensities are dependent on the stability constant of the complex ~ the 

more stable the lCwer the intensity, doos not hold for the Fe(III) cOl.iplexes 

of £-diphenols. Although the 2,3-dihydroxynaphthalene complexes are not the 

least stable, they have the highest extinction coefficients. However, an 

~lternative explanation for the observed correlations could not be formulated. 

The different correlation which may be drawn for the FeL2, 1,2,3-tri-

hydroxybenzene complexes, as illustrated in Fig. 26, is useful because a 
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distinction may be made between these complexes and those of the £-dihydroxy­

benzene derivatives. The fact that in the graphical representation the point 

for wattle tannin corresponds to this corn,lation, again illustrates that it 

belongs to the 1,2, 3-trihydroxybenzenc clas s . 

Correlations with extinction coefficients are, ho;;ever, only valid if 

the band widths are the same. From Table 10 it may be seen that the band 

widths for all the Q-dihydroxybenzene complexes ilnd the FeL
3

, 1,2, 3-tri­

hydroxy benzene comple.'{es are of approximately the same order. HO>Tever, the 

FeL2 species of the latter comple."es all have broader bands relative to the 

above. Therefore the oscillator strengths, f, should actually be used in 

correlating data. A plot of the ",ave numbers of maxiTIl1.uu absorption for the 

FeL2 species against the corresponding oscillator strengths gave a linear 

relationship for both the £-dihydroxybenzene and 1,2,3-trihydroxybenzene 

complexes. 

4. "Ferrous" tartrate complexes of o-diphenols. 

The complexes of ",attIc tannins 1<ith ferrous tartrate solutions form 

the basis of a colorimetric method of tannin analysis. IS In the light of the 

results obtained for the Fe(III) complexes of Q-diphenols, the nature of 

the complexes forn _d acc ording to the above method should be reviewed. 

Although ferrous salts are used to make up the iron solutions, on 

addition of the Rochelle salt (sodium potassiur., tartrate) the pH is raised 

sufficiently for oxidation by molecular o~fgcn of Fe(II).187 Thus the 

coloured metal-polyphenol complexes produced according to the above method 

in fact contain Fe(III) and not Fe(II), as previously thought. IS The 

tartrate is added as il sequestering agent to prevent the precipitation of 
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ferric oxide, because t he analysis is carried out at pH 7 (al'IIllOnium acetate 

buffed. 

The pyrogallol and pyrocatechol complexes which are formed with ferric 

tartrate solutions "ere invest igated by spectrophotometric methods. The 

experimental conditions were the same as t hose used in tho analytical method. 

The results of the Job's method applied to the pyrooatechol complex at pH 7 

is illustrated in Fig. 17. The maximum obs erved at a 1 : 2 molar ratio of 

Fe(III) to ligand for the blue complex formed, indicates that the tartrate 

does not interfere ,"i th the complex formation, since this is the same molar 

ratio found previously for the blue pyrocatechol species. 

The same method applied to the blue pyrogallol complex produced a sim­

ilar plot, with a maximum at a 1 : 1 molar ratio, as previously obtained 

without the tartrate present at a much lower pH value cf. Fig. 17. The 

presence of the tartrate therefore prevents the formation of the higher FeL2 

complex. 

The significance of these results is that in large excess of ferric 

tartrate, as used in the analytical mete-lod, there "auld be complete formation 

of the FeLl speci8s ". Ii th thr ee ionisud hydroxyl groups. The possibility of 

higher complexes being formed would be small. Reoulting from the similarity 

which has been found between the pyrogallol and wattle tannin complexes, it 

is expected that the wattle tannin species formed in such an analytical 

method would follow' a silnilar tr end. 

These result s may be used to interpret the comparisons which have been 

made between pyrocatechol, pyrogallol and wattle tannin complexes, formed 

with excess of ferric tartrate.
189 It vias found that the absorbance value 



- 120 -

at complete complex formation was larger for pyrogallol than for an equiva-

lent molar concentration of pyrocatechol. The extinction coefficionts, based 

on the concentration of the phenol, were shown to be 2500 and 1650 resp8cti ve-

ly. However the r e ::ipccti ve cOLplexes Here found in the present investigation 

to have molar ratios of 1 : 1 and 1 : 2 (F , to ligand), hence such a com-

parison is not valid. The extinction coefficionts should be deter; ·.in8d on 

the basis of the complex concentration and thus the above value for pyrocat-

echol should actually be 3300. A comparison of these values with thos8 

listed ill 'lao18s 1 and 0 shm' close agree.[nent. 

The assumption
189 

that wattle tannins r8act similarly to pyrogallol 

m08ities in Fe(III) complex forrr,ation, has been confirmed in the present 

investigation. 

TABLE 11. 

Determination of hydrolysis constants, K', for the 4-nitrocatechol and 3,4-

dihydroxybenzenesulfonate complexes, Fe (OH)Lo ' 
L. 

Ligand 4-nitrocatechol 3,4-dihydroxybenzenesulfonat8 

pH Vi" n pK' pH v'" n pK' 

6.2 4.09 0.09 7.205 7.4 4.12 0.12 8.265 
6.4 4.14 0.14 7.188 7.6 1;.17 0.17 8.289 
6.6 4.21 0.21 7.175 7.8 4.25 0.25 6.277 
6.8 4.30 G.30 7.168 8.0 4.34 0.34 8.288 
7.0 4.40 0.40 7.176 8.2 4.45 0.45 8.287 
7.2 4.50 0.50 7.200 8.4 4.56 0.56 8.295 
7.4 1.60 0.60 7.224 8.6 4.67 0.67 8.292 
7.6 4.70 0.70 7.232 8.3 4.77 0.77 8.275 
7.8 4.79 0.79 7.225 9.0 4.84 0. 84 8.280 

Experimental data used in equations (7) and (8 ) : 

V
o = 50 ml H

2
O, TO = 0.004 N, 0 H, N = 0.1 II KOH 

L TN = 0.002 
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f'ABLE 12. 

D f ·" '· t F ( .. ' ) L2-Gtermination 0 - pk vc\_l '(") .:; fer ti t · Co -bchin complex, c I)li 2 . 

pH _, II , v' v n pK' 

8 .2 4. 'll '1.00 0 .2G 0 .21 8. 'i 75 
8. /1 .;. b 9 .~ . 00 O. vO 0 .29 8.789 
8.6 ', . 84 4.00 0./:1:11 G.40 8.776 
8.8 5.12 4. 00 0.62 0 .50 8.800 
9.0 5.43 LUO 0 .83 0.60 8.824 
9 .2 5.77 'L OI 1.06 0.70 8. C 32 
9 . 4 6.09 1.02 1.28 0 .79 8 . 825 

EXpLri1.~cnt 6.1 datil used in E. :ilii:, t ion.'] (9) und (lU) : 

VO 
= 50 ral, TO = li.U04 J'i , 110 

- 0 (XY' 1 ;, ij = 0 .1 N. L L - • L. 

TABLE 13. 

Dcten,lination of th :.. successive Gquilibriuln consta.nts l k, for the 4-

nitrociltochol and c"t cch ilC complc.:c.;c of Fe (iII) • 

Ligand : (1) 'I -ni trocat echol 

pH V III v" 

a = 1, b = 2 

3.2 3.84 2.68 
3 " oX '1.10 2.'19 
0 .6 .J . 38 2.86 
3.8 '1.62 2.91 
4 .0 '1. 79 2. ~h: 

e. = 21 b= 3 

5 .2 5.23 3.05 
5 .4 5.40 3.U8 
5.6 5.60 3.125 
5 .8 5.80 3.20 
G . U 5 . 94 3.30 
6.2 6.05 3. ,is 

-n 
il 

2 
2 
2 
2 
2 

1.970 
1.955 
1.935 
1.900 
1.850 
1. 77 5 

-n 

1.1S7 
1.315 
1.524 
1.713 
1.352 

2.2h 
2 .3 74 
2 .569 
2.737 
2 .854 
~ .93() 

pk pH 

• c;: ~ n 
I ... • ,-, .1 0 /,~ .6 
4.5:;1 1 .7 
-".515 4.8 
'1. 525 5 . U 
-l .531 ~. " 

;) .~ 

8.163 7.2 
8 .172 7 ". . -
8 .1 6C ,. c 

I • v 

8 .160 7.6 
2.172 7.8 
[.'.152 8 

(2) Ce1.t 8chin 
-v nl v" n 

a 

1.23 G 2 
1. 32 0 2 
1.<11 0 2 
1. li2 () 2 
1.79 0 2 

2.31 U.I0 1. 965 
2.52 Cl .16 1. 975 
2.65 0 .19 1. 968 
2 . 800.23 1. 96 
3 .05 U.36 1.9" 
3.29 0.53 1.91 

-n 

1.23 
1.32 
1.41 
1.62 
1.79 

2.227 
2.390 
? . 50 
2.62 
2.773 
2.890 

Exp"riw-'ntal dil:_a us~d in e( ju<5.t ions (H) - (17) : 

pk 

7.393 
7.3G6 
7.4tJ8 
7. 415 
7. 431 

12 .'183 
12.520 
12. 508 
12 . ,: 71 
12.52'1 
12.515 

TO
L 

= (1) (;.001 ";, (2) 0 .006 L,_ '1'0 = O.(JOI h , ~' = 0.1 N, EO = (1)0.006 N, 
" 

(2) U, ° V = 50 ml, I=(J.IN , c ~ 2. 
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TABLE 14. 

Det._rninat ion of (. '1uiliJJri lUll ccnstar.ts ( k, for tho 2, 3 - dihydroxyna.phth ... 

alenE:, tf-chlorodc:;t:ylctit(:cHol and PfYocutec.:io1. cOI:l.T)le;~es of Fe (III) .. 

Ligand ( 1l~ , 3-di- (2)1-c~loro~cotyl- (3) ')yroeat eehol. 
hydroxynaphthalene cat eC:lOl 

• 
pH A - pk pH - pI: . prl 1\ -

pk3 n 1:' r. n 
1 

a = 0, D = 1 " -- I , t> -- 2 a = 2, b = 3 

2 . 45 . 141,. 0.12 1.09 ~i ~ 93 ,515 1. :32 5.16 7.70 . 500 2.21 13.12 
2.55 .1 75 U. S::: 1. '12 .~ .1,1 .. 5 ;'30 1~ i.i.5 S. 21 7.86 • ']2 5 2.37 13.08 
2.62 . 200 O .. ~; .::1 1.73 .~ .25 • 6 ~ 1.58 5 .20 7.~8 . 365 2 . 50 13.08 
2 .70 .23<) 0 .68 1. 71 .~.[)() .7-15 1.BO ~) .. 20 8.25 .253 ~. 74 1".14 

Data us ed in C,1ua t.ions (18a) ,:md (l8b) : 

i':avelength = GJU nL', 
, 0 0 r·o = 0 , i .1 = O.3 tl , 

a1jelGltgth ;.::: 6U() lL! , 

i.~ = 0.3G5 , J'~ = o.S· ... , 

1 = 2 ~ 10-4 ,_, 

\'!"velengi:h = 660 run, 

,.~ = 0 . 50, ll~ = 0 .1 3, 
_tl 

TL = 1.05 x 10 L , 

TL = 5 " 10-
4 

if, 

pKa = 8 . 55 

, . 
\\ = 1 x lU - J __ , 

pKa=7.~ 

_-4 
T; j = 2.5 x lU H, 

'I'L ::;.:: 2 x 10- 3 1~1 
pt":a = 9 .4 

For (1), (2) and (3) ionie strengt:, = 0.1 L <:.J. :; 1 = 1 em. 

TABLE 15. 

Determination of equi libriUlTl con:~tant , k I r ror the propyl gallate 

complex, FeR. 

(l) pH v ' II V II roy' 
~ . (2 ):,;~ v I , I v" 

3.4 2.7S 1. 79 ~.85 "::'.4 3 . v8 2.78 
3 . 5 2 . ;3:: 1. ;;4 5 . 22 3 • ~) 3.79 2. C3 
3.6 2 . 98 1. CE 5.:}6 3.G J . 9 2 . 87 
3.7 J . 07 1.90 r: ,-.~ . 

. ) . <:'- 3.7 1 . 0 2.90 
3.8 3 . 17 1.91 5 . 88 3.8 4 .07 2 . 91 

~c..tH u:::ed in equations (2 £ ) and {2DJ 

(llT~ = 0.W8 ;;, ;;:0 = 0 . 004 ;'. (2)T~ = 0 .004 11, EO = 0.006 

For (1) and (2): VO 
=. 50 I,ll , 'l'~: =::; G.GOl ~_, ~f == 0. 1 1" 1= 0 . 1 ~·r , 

x = y :::;: 0.5, z :;:; I, CL = 1 , d :,;.; 2 I - : = O. '15 : .Ll and 11 ;:;: 1 . 5. 

pk ' 

5.85 
5.03 
5 . 82 
5 . 83 
5.88 
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1'ABLE 16. 

---------------------_._---------
pH v " of 10 : n pk f I 

--- -~ .. -.-. - . -- - - ---- '- " 
5 . 0 2 . 0 3.7~ 4G 2.854 
5 . 1 !. • Q :L 7;: .52 2 . 845 
5.2 2 .. G .~ o· e~; . ~~) 2. 798 
5 .3 2.lJ 3. r; _~ .5: ?.822 
5 " . , 2 .D ~ . ·Fj -70 2 . 799 

-----------._------
Experil 1ntal (luta l~sed ir: ',.:Iu':'.tionr; (Z[) dnd (29) : 

rn O 0 - , 1,0 ()' ) 8 1 l.M = . UU ..... .i.·1 L = . lil _ J , N - 0.1 N, 

v = 1 . 5 ml , x =: y = z = II = d :::; d = 1 ,. 

Tl ).13 LE 17. 

DeterP.1ination of the equilibriwi": conste r:.T., !:3' f0~' t~.1C Fc:(III)-

propy 1 gallat e cyst 8fl1 .• 

----------------- ----
pH A n 

---------_ .. _-_._-_._- - --_.- .. _---
6.75 
7.0 
7 .2 
7.5 

viavelencrth = 7<Y..; rur., 

. 283 

.?2 

.1.021 

.. 095 

T~l = 0 . 0002 j ~l T~ -- c. c;~n .1 and J. = 1 em. 

.'" i )'" . , Iv>.} 

2£Sl'j 
%. l150 

;;;: 1" b - - 3, 

10.'174 
10.776 
10.792 
10 .7 36 
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c. GERMANIUl.(IV), ALUhINIUH(III) AIm BORON(III) COHPLEXES OF 

o-DIPf'.ENOLS • 

Although the chemist ry of germanium(IV) complexes is not related to 

that of aluminiu!ldIII) and boron (Ill) complex<:s , the Q-diphenol complexes 

of Ge(IV), Al(III) and B(III) are her e diBcussed to']ether firstly, because 

of the colourless nature of the cor.Lplexes and secondly, because the form-

ation constants for the 'Jattle tannin complexes could be determined for 

all three metals. 

1. Germanium (IV) complexes. 

Gen"anium(IV) salts, Jl9:. GeC1
4

, could not be used as a source of 

metal ion because of the very rapid hydrolysis of Ge(IV) .190 In addition 

acid could not be used to sup;or <cs s the hydrolysis because it has been 

found that the addition of ac id merely decreaGes the solubility of the 

191 
hydrolosis product. The hydrolys is prod uct , 8e0

2
, exist s in h:o forms; 

one, with a quil r tz l attic e, is moderately soluble i n aqueous media and the 

other, with a rutile lattice, i5 i nsoluble .
192 

The former is the more 

cornmon and h"s been used as th" source of Ge (IV) in this investigation. 

Germaniwn di oxide, Ge0
2

, lldS been sho ..... m to exist in aqueous solutions 

' d 1 . 193 as an uncllarge mononuc ear speCl.es. It ic a ,leak acid and the first 

hydrolysis constant, Ki' according to the equilibrium 

(1) 

was calculated fraP.! potwtiornetric titration data (Fig. 1) with the aid 

of equQtions (7) and (9), Section h. The value of pKi = 9.12 compares 
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f ' 1 't' th . 1 d t ' d194 1 f 9 08 avouraD y "11 n • e prevIous y e ermIne va ue 0 • • 

It is known from earlier investigations 32 ,195 that £-diphenols have 

a marked tendency to fom. chelates with Ge0
2

• The stoichiometry of the 

£-diphenol complexe8 of Ge (IV) has been determined by the continuous 

variation(]ob's) method, utilising the ultraviolet absorption band of the 

phenolic ligand. 32 It "Jas foun,:: that 3 l.,oles of the ,£-diphenolato ligand 

are bound to one Ge(IV) ion. A similar result has also been obtained 

, d t · t ' 196 d t t' t· 197 th 1 uSlng con lie lome rIC an po en lome rIC me O( s. 

On the basis of the above results, the reaction taking place betHeen 

Ge0
2 

and £ - diphenols in aqueous solution at pH :> 2, 

to be : 

+ 

34 
has been shown 

(2 ) 

It has, however, been established that at high acidity the bis-chelate is 

f d 
36,198 

crme . But since this complex fOTl:lat ion only takes place at very 

low pH, it has not been studied in th present investi<;ation. 

Both potentiometric and spectrophotometric methods were used t o det-

ermine the equilibrium constants for the Q-cliphenol complexes of Ge (IV). 

(a) Potentiometric investigation : The general type of potentiometric 

titration curve obtained in titrations of GeU
2 

with presence of excess of 

ligand is illustrat'Ocl in Fig. 1. The distinct inflection "hich may be 

observed after addition of two moles of alkdi per mole of metal (z = 2) 

is in agreement with reaction (2). 

In order to establich I<het!\er the only species formed is GeL3 ' 



- 151 -

solutions containing 1,,38 than the stoichi ometric concentration of ligand 

were s t udied. The potent iometric titration curves obtained under this 

condition ure illustrated in Fig. 1. The inflection a t z = 1.33 for the 

solution with a 1 : 2 molar ratio of metal to lig-and is also in accordance 

,·ri th re" ction (2), since i n this the end point "'ill be deternined by the 

concentration of ligand present. lh<- .,;:cess of Ge0
2

, after complete 

complex formation may be obr: 0rved (Fig. 1) to ;,ydrolyse a t higher pH 

values, as required by (p)hydrolysis constant of 9.12 . The final inflec-

tion at z = 1.66 for the titration "ith a 1 : 2 molar ratio is in agree -

ment with both reactions (l) and (2), thus : 

+ + + 

1 -3 Ge0
2

(OH) + (4 ) 

The titration curves for the Ge(IV)-polyphenolic flavanoid complexes 

are shown in Fig. 2, "ection A. It waG shcMn that Ge (IV) only co-ordin-

ates with the B-ring 2,-dihydroxo group. Use was made of this fact to 

calculate the dissociation constants of the uncomplexed A-ring hydroxyl 

g roups • 

The nature of the titration curves for the 1,2,3-trihydroxybenzene 

complexes were found to have the same forr.1 as those for the 2,-dihydroxy-

benzene complexes. This indicates that the former phenols react wi th 

Ge0
2 

as 3-hydroxycatechol derivatives. This has been confirmed by the 

isolation
32 

of the pyrogallol complex, [Ge(C
6
H

4
0

3
)3] (C

5
H

5
NH)2' 

Solut i ons of wattle tannin and GeO" formed an i mmediate white preci­
~ 

pitate. Complexcltion was obvious bec~use of the marked decrease in the 
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pH of the above solution relative to solutions containing only metal or 

tannin . The potentiometric titration curve f or t he Ge (IV) -watt le i:annin 

system .. lith excess of ligand is il l ustrated in Fi(J . 2 . The sharp inflec­

tion at z = 2 indicates t hat although precipitation occurs, t he complex­

ation is still i n ;::qreement .,ith reaction (2). Use was made of this fact 

t o determine the minimUlTl p.,olar concent ration of Hattl e tannin necessary 

f or comp lete complex formation . Froin r ', act i on (2) t he theoretical number 

of moles of alkali per mole of lig2.nd at the end po i nt is 0.06. Titration 

curv es obtained with excess of Ge02 and varying amounts of wattle tannin 

are illustrated in Fig . 2. It ,,,as found that the average number of mo l es 

of alkali per mole of watt l e tanni n reL~lired to reach the end point was 

0 . 45. Comparison of t his value ",ith that required by theory, indicates 

that one-third of t he B-ri ng Q-dihydroxyl groups are not available for 

complex formation because of the plymeric nature of Hattle tannin. 

The precipitated Ge(IV)-wattl e tannin complex was found t o dissolve 

at pH greater than 10. This may be ascribed to the ionisation of the 

u ncor;lplexed A-ring phenol ic g r oups, raaking the complex more hydrophilic. 

The solubility of the Ge (IV j -wattle t annin complex also was found to be 

dependent on the i oni c str ength of the solution - at zer o ionic strength 

the complex is completely soluble whereas ',ith increasing ionic strength 

(KC1) the solubility decreases - indicative of a salting - out effect .
199 

When the potentiometric titrati on of t he Gc(IV) -wattle tannin system was 

conducted in the absence of KCl no precipitate formed. If the KCl was 

only added aft er complete complexation, to give I = 0.1, t hen still no 

precipitat e formed. This also may be ascribed t o the ionisation of the 

uncompl exed A-ring phenolic groups increasing the solubility of the ,lattle 
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tannin complex. Usc "as made of this procedure to determine the dissoc-

iation constants of the B-ring phenolic groups (Section A). 

The equilibrium constants, 1.3' for reaction (2) were calculated with 

the aid of equations (14) and (17) Section:B, and the equation: 

k' = 
3 

(5 ) 

Worked <lxanlples of the calculations are given in Table 7. 

o.·ling to the insolubility of the Ge(IV)-wattle tannin complex in 

aqueous solution of I = 0.1, the equilibrium constant could not be deter-

mined. Ho,.,ever the sulfited derivative of wattle tannin was found to form 

a soluble complex with Ge0
2 

and the equilibrium constant was determined 

from the potentiometric results. In calculating the equilibrium constants 

of complexes the total concentration of the ligand is r equired. It has 

been sho>m above that only b.,o-thirds of the complexing B-ring Q-dihydro-

xyl groups of wattle tannin are av~il~ble for complex formation, hence it 

is necessary to multiply the concentration of wattle tannin used by a 

factor of 0.66 'n order to o.Jt ain the true ligand concentration. Results 

of the calculations of the equilibrium constant , k';, for the Ge(IV)­

wattle tannin complex are given in Table 8. The close agreement between 

'ehe values of log k3 with differ ent concentrations of wattle tannin 

supports the above reasoning. 

Potentiometrically determined va luos of log kj for the Q-diphenol 

complexes of Ge(IV) are listed in Tablo 1. 
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TABLE 1. 

Log k5 and log P3 KG! values for the Ge(IV) complexes of Q-diphenols. 

Ligand 

4-tert.-buty lcatechol 
4 -methy lcat echol 
4-hydroxycatechol 
pyrocatechol 
3 -methylcat echol 
pyrogallol 
brazilin 
catechin 
leucofisetinidin 
fustin 
robinetinidol 
dihydrorobinetin 
wattl" tannin 
2,3-dihydroxynaphthalene 
3,4-dihydroxybenzenesnlfonate 
DHNS 
Tiron 
protocatechuic acid 
gallic acid 
propyl gallate 
4-chloroacetylcatechol 
protocatechuic aldehyde 
4 -ni trocat "chol 

*p 

-1.39 
-1.32 
-1.08 
-0.63 
-1.03 
-0.15 
0.02 
0.39 

0.43 
0.94 
0.98 
1.02 
1.67 
1.60 
2.17 
2.79 
2.55 
2.68 
2.66 
2.89 
3.35 
4.13 

-0.68 -0.77(201) 

-0.18 -0.22(201) 
0.04 
0. 41 
0.42 

0.96 

2.62 

3.11 

2.0(34) 
2.74(201) 

4. 22 3.90(34) 

*p represents potentiometrically determined values. 

S represcnts spectrophotometrically determined values. 

69.41 
69.48 
69. 12 
68.35 
67.67 
67.78 
67.83 
67.15 
67.02 
67.18 
67.10 
67.13 
67. 17 
64.52 
64.0 
63.22 
63.57 
63.30 
62.68 
62.64 
61.09 
60.38 
57.23 

L represents published valucs I = 0.1, T = 25 0 C, references given 

in pa.r~ . thesi..). 

The formation of the Ge (IV) -protocatechuic acid and -gallic acid 

complexes was found to take place at pH values below the ionisation of 

the carboxyl substituent. Hence, the equilibrium constunts (Table 1) for 

these complexes are related to the co).lpl exes "ith the carboxyl groups in 

the undissociated form. 
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Since the Ge (IV) -prctoco.techuic and -gallic acid cO[;lplGxes forH before 

carboxyl ionisation, the subsequent ionisation and the corresponding 

dissociation constants of this group >!ill not be related to those of the 

uncomplexed, protonated phenoh,. The dissociation constants >!ere deter-

mined from the titration curve of Ge0
2 

and ligand in stoichiometric 

concent rations, ' . .,ith the aid of equations (6) and (9), Section A. · It 

has been sho~m that the electronic inf luence of the substituent in substit-

uted benzoic acids (end phenols) has a direct bearing on the value of the 

dissociation constant
l16 

- the mor e 81ectron-releasing the substituent,the 

higher t he value of pK and vice verSil relative to the unsubstituted 

benzoic acid (and phenol). The increase in the pK (carboxyl group) val ues 

of 5.10 and 5.01 for the Ge(IV)-protocatechuic acid and -gallic acid 

complexes res pectively, relative to the uncomplexed respective values of 

4.35 and 4.25 (Tables 3 and 6, Section A), indicates that the e lectron-

releasing character of the Ge (IV) complexed Q-dihydroxo g'roup is greater 

than that of the protonated species. This can be ascribed to the overall 

2-
dinegative character of the tris-complex, GeL3 ,as will be sho>!n belo>!, 

The dissociation constants of the third uncomplexed hydroxyl group in 

the Ge (IV) -trihvdroxybenz une cOf.Lplexes >!ere determined in a similar 

manner to that described above. The values obt ained are compared to those 

for the corresponding protonat ed speciec (Section A) in Table 2, A com-

parison of the values in columns 1 and 2 (Table 2) reveals that the 

electron-releasing effect of the Ge (IV) complexed Q-dihydroxo group is 

greater than that of the fully protonated species, Ill. This is similn 

to that obtained for the carboxyl dissociation constants. H01 .. ever the 

values in column 3 indicate that the qlectron-releasing effect of the 
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TABLE 2. 

Dissocic.tion cons t ants, K, for th" uncol.lplex".ct hydl-o_,yl groups of the 

G,,(IV) -trihydroxybenzene cc .. lpl,,_,es and the diss ociation constants, Ka
1 

and 

Ka
2

, for the free phenolic ligands. 

Ligand 

pyrogallol 
gallic acid 
propyl gallate 
robinetinidol 
4-hydroxycatechol 

pK 

Ge (IV) compl ex 

11.18 
11.15 
10.82 
11.2 
11.05 

pKa
l pKa2 

free phenolic groups 

9.05 11.23 
8.68 11.30 
7.88 11.04 
8.81 11.25 
9.10 11.55 

complex,,'C! groun is less than the singly ionised species, H
2
R-. On the 

basis of electroneutrali ty, the rGsidual dinegati.ve charge in the GeL~­

complex will result in tho electron-releasing character of the complexed 

groups being greater than the fully protonated nhenol. But as the dineg-

ative charge of the cOl~plex must be divided amongst three ligand molecules 

(Le. six hydroxo groups) the electronic effect will be less than for the 

s i ngly ionised specie3 , H2R 

(b) Spectrophotometric investigation: Changes that occur ir. the ultra-

violet absorption spectr e. ot the phenolic ligand on conplexation of Ge (IV) 

form the basis of this method. Abs orption spectra of solutions contain-

ing stoichiometric concentrations of Ge0
2 

and ligand >Tere recorded at 

various pH values as illustrated in Fig. 3. Spectral data of £-diphenol 

complexes arc given in Table 6. The follmring equation for the spectro-

photometric determination of the L::::ruilibritull constants, kS' has been 

d . d 34 erlve : 



., l~'; ,-, 

k' = 
3 

(6A/6An) [H]2 ------ ,--,-- ". 
('I'll - 6A/ 6Anl (TL - 3 6h/ /.:" An)3 

(6) 

when /.:" A = A -

Examples of the calculatiomare given i;-t ri.'-:'.01 'J., The spectrophotomet-

rically deter.ained equilibri<lB consta"t.3.- ;:~." r0,:'~h" !? .. diphenol complexes 

are listed in Table 1. I,ot all of the ,o.d,'".ph mol compl<...xes were studied 

spectrophotometrically. 

From Tabl eli t may b" s'"en that the vaJ ue of kij for th(O Ge (IV)-

wattle tannin complex is very similm" to ·chos ., for the .'obinetinidol and 

dihydrorobir.etin complexes. This sugged" that Hattle tannin reacts with 

Ge0
2 

as a l,2,3-trihydroxybenzen<: derivative. This result is similar to 

that found for the Fe(III) cornple:c . 

The equilibrium constants, k.3, determined in the present investigat-

ion are generally in good agreement Hith ~nhl:lj,ished values as sh01:n in 

Table 1. 

ThG effGct of changing the substituent 0.' the benzene ring may be 

seer. in Table 1 to have an appreciable eff,,;:;t on ':'100 values of log kS' A 

plot of the combinod ligani dissocio.tion cnnsta~lt.s, KaKb, aguinst the 

complex equilihriuh constants r k3! is illust=::atldd i n Flg. 4. The k3 value 

for the Ge (IV) -protocatechuic acid cor.:i,leo: ' Ias correlated with the KaKb 

value for tho ligand in th" undissociated (carboxyl group) fo1IIl, viz. 

pKaKb = 20.2 (Section B) . T11<"= Kc.1J) va.luG: used for gallic acid in the 

undissociated forr.: was that for ti13 rel.:.tE .. d ligand, propyl oJallate. The 
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non-linear relationship observod (Fig. 4) illustrat~3 tho direct depen-

dcnce of complex forr..ation (rcactiol: 2) on L:e Clcidity of the ligand. 

It has been ";\01'n
34 

that the , quillbri\;.ITl constant, k3' is related to 

the stability constant, P3' 

thus 

= 

-1 
log .B3KGe = log k' 

3 + 

(7) 

3 (pKaKb) (8 ) 

the hypotheticaT hydrolysis constant 

of Ge(IV). for the £-di phenol complexes are 

listed in Table l, and a plot of th~se values against those for the ligand 

association constants cr",Kb) is illustrated in Fig. 5. The direct linear 

rel" tionship observed is similar to that obtained previo,;,sly34 with five 

£-diphenol complexes. The fact that the points for the 1,2,3-trihydroxy-

benzene derivativ ~s correspond to thL linear relationship indicateo that 

the third, adjacent hydroxyl group do"s not irlterrcre >Iith comple..'{ form-

ation. The point for 3-nethoX'.!cJtechol : JaS found to deviate from the 

linear in a manner which sugg ..... sts that the. bulkier nethoxyl group roduces 

t he stability of t;le complex by :oteric int ,,·ference. The fact that the 

point for 'Iattle tan:1in falls on tl,Q straight lIne is noteworthy as it 

shows that the G,,(IV)-wattle tannin comnlex conforms to the normal 

complexation behaviour of £-di~~enol compounds. 



- IS J .~ 

2. Aluminium(III) complexes. 

The hydroly~is of Al (III) ions in aqueous f.1Gdia has been shown 40 to 

occur at p..'-! greater ti-,an 4. At lower pH v.:tlues the Al(III) ions exist 

as octahedral hex~-uquo species
202

, [rll(H20)G]3+. 

It has been establiched that the stcichior .. etriGs of the Al(III)-

2-dipheno! c::)IT!!'lex s~ecies in acid, l1ou.l.:ral and alkalinG media are 1 : I, 

. . 39 41 204 
1 : 2 and 1 : 3 (!.letal to li<;and) respec-~i"cly, by potentIometrIc ' , 

and calorimetric
203 

methods. Th" nu;rJoer of hydrogen ions liberated, froIT, 

40 
the Q-diphenol li0an<..l, on 3UCC8[,si ve corr:ple::. formation has been shown 

to be equal to t 'w, according t o the general reaction 

,Ii th x = 1, 2 and 3. 

AIL3-2x 
x + (9) 

£-Diphenol cOElple::,-s of Al (III) are colourl"s~ if the ligand itself 

is not colour e . Hence potentionetric '_.ethods ware used to study the 

compl ex formation. j, i <:Ts . 6 and 7 illuutrate the general form of potont-

iometric titration curve !.; for the .Q-di::>henol couplexes . Excess of ligand 

was used to pr event any hydr-olytic r e acti ons in al!-::aline nedia.
40 

Free 

mineral acid ;<as aLo used to enabl G the low pH rrgion to be interpreted. 

Inflections obs erv e,; (Figs. 6 ",-:i 7) at i3 = 2 and 4 correspond to the 

complet e fon.li tion of thb filL anc AIL2 spec ies. The f inal species, AIL
3

, 

forms in the r egion of the ligilnd dis[;ociation, hence no inflection is 

observed at comp12te com~lex formation. 

The titration curve for t h,,, Al (III i - pyrogallol system was found to be 

different from those of the Q-dihydroxybenzene derivatives, in that an 
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inflection was not observed at z = 4 but at z values ranging from 3.6 -

3 . 9 depending on th~ concentrction of the ligand" Thio indicates that more 

complicated coraplcx forrnc.:.tion occurs than sho .. .;n in reaction (9). lim·rever 

an inflection "laS al'.-mYG observed at ;; = 2 as r<.;quired. by reaction (9). 

Therefore the fir3t species, JilL, is sirrJ.la!" to -[hose of the .Q- dihydroxy -

Dem:cn8 derivatives. The clove r~sultc ilLo apply to the Al(III) - robi ne -

tinidol and -dihydrorobin"tin SYStu.lG . 

Stubility consnnts of the Q-diphenol compLx_s of Al (III) were 

determined directly from the potentiometric result s by the m",thod of 

I · . R tt· 89 rV1ne ana ossa 1. 

A1L5 - 2x + 
x-l 

"There x = 1 , 2 and 3 

For the Y:Jdction 

(10) 

the succe .... sive stability constant s , K I -;';Efl.. detc: . ."i.:inl J by first calcula­
x 

ting the value of Ii "'ith the aid of 0CjuationG (14) and (17) Section B 

2-and then th8 conc€ntration of the ionised ligand, L ,t,\Us 

j = J ;: [H] j :> (Vo J +.,,'" 
pL log = 0 X = 

'00 •. 0 
V

O 
1L - n T" . 

" 

where ~ is the overall li~and association constant . For Q-diphenol 
J 

ligands : 

j = J 

2 + 1 
j = 0 

-The values of pL at n = 0.5 , 1.5 and 2 .S correspond to the values 

of log Kl ( log K~ , and log K
3

, resoecti vel),. How ~ver this i~ only 

(ll ) 

(lla) 
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result s the following '-'quat ion 90 "; laS also used to det~rwi ne the stabi lity 

constants : 

l og K = pL x log 
-x - n 

n··x+l 

Use of equation (12) OV0r the whole range is only justified
90 

if . Kl/K2 

and K2/K3 > 10
4

• 

Exampl"s of the forf.Lation curves (Ii VB. pL plots) for th e Q-diphenol 

comDlex ~s of Al(I I I) a r e illustrated in Fig. 8. From the stability 

constants detert:lined by i nterpol ation at ':he half -Ii valu"s, it was found 

that t he requirement of K2iK3 > 10
4 

o:lly h eld for -:h" l ess acidic o-di­

phenol ligands. HO>-Iever, the r equireraent K~ /K3 > 10
2

•
5 

held for all the 

complexes. Therefore the stability con::i:alri4i-:3.",~·edetermined from the 

half - n values. The values obtained are listec in Table 3. 

The r equirement l~l /~ .> 10
2

•
5 

was only md by the less a cidic Q-di­

phenol s , indicating overlap of the formation curv es. This was confinned 

by the drift of the Kl and ~ values c3.lcul:lh,d with the aid of equation 

(12), especiaLJ in the ngion of Ii = 1. Ac{;urat e values of Kl and K2 

wer e obtained by two met ;lOds : 

Values of nand [L] 'tler€ used to det er­

mine the stability constants, Kl and K
2

, by means of a least squares 

(a) 
90 

Least squares t r eat ment 

treatment of the follovTing equation f or a straight li ne : 

-n 
= K. (13 ) 

(Ii - 1 ) J. 
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(b) Correction term 1.tethod90 The corroction term, y, is given by 

1 - d [, (l + d) [c] '_d] y = log --- + log (14 ) 
d (1 - d) [LJ l+d 

where d = 0 at the ",id points (n = 1) of the formation curves (Fig. 8) for 

systems ,·,here 1; = 2 i.e. for Kl and K2 ; d = 0.5 at n = 0.5 and 1.5 and 

[L] I-d and [LJ l+d are obtained from the formation curvesat n = I-d and 

-n = l+d respectively. 

n Values of less than 1.5 w~r~ used in methods (a) and (b) to avoid 

interference from the possible overlap of the AIL3 complex formation. 

Examples of the calculations using methods (a) and (b) are given in 

Tables 10 and 11. The average value obtained by these methods for the 

constants Kl and K2 are listed in Table 3. For the cases where only the 

calculation of Kl was possible (Table H the value "as obtained by inter­

polation at half-n values. 

A white precipitate formed inunediately on adding "attle tannin to a 

solution of Al(III). Even using the more soluble sulfited derivative of 

"attle tannin only the stability constant for the first species, AlL, 

could be ddermined because a precipitate still formed at z = 2.ll. The 

inflection observed at n = 1 in the formation curve (Fig. 8) indicates 

that the AIL species i s cOl:lpletely formed before precipitation occurred. 

The Kl and K3 val'les in Table 3 for the protocatechuic acid complex 

are related to the carboxyl substituent of the ligand in the undissoc iated 

and dissociated forms respectiv~ly. The AIL2 species was found to form in 

the region of the carboxyl ionisation and the value of log ~ was found 
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TABLE 3. 

Stability constants, K
1

, K2 and K3, and equilibrium constants, k1' k2 and 

k
3

, for the £-dipheno1 compl exes of A1(III). 

Ligand 

4-tert . -buty1catecho1 
4-methy1catecho1 
4-hydroxycatecho1 
pyrocatechol 
3-methoxycatecho1 
pyrogallol 
brazilin 
catechin 
fustin 
robinetinido1 
dihydrorobi net i n 
wattle tannin 
2,3-dihydroxynaphthalene 
3,4-dihydroxybenzenesu1fonate 
DHNS 
protocatechuic acid 
propyl gallate 
gallic acid 
Tiron 
4-ch10roacety1catechol 
protocatechuic aldehyde 
4-nitrocatechol 

17.15 
17.11 
17.02 
16.75 
16.59 
16.60 
16.50 
16.32 
16.36 
16.30 
15.35 
16.30 
15.G4 
15.80 
15.47 
15.18 
15.05 
15.00 
16.62 
14.59 
14.37 
1~3.54 

13.90 
13.85 
13.60 
13.43 

13.60 
13.5 
13 .58 

13.12 
12.75 
12.98 

12.61 

13.68 
12.50 
12.31 
11.60 

9.25 
9.2 
9.0 
9.05 

9.0 
9.2 
9.2 

9.0 
8.90 
9.35 
9.00 
9.05 

9.8 
9 • .3 
9.25 
8.85 

5.45 
6.49 
6.38 
6.25 
6.31 
5.95 
5.9 
5.93 
5.87 
5.75 
5.70 
5.75 
5.31 
5.0 
4.88 
5.02 
4.95 
5.0 
3.63 
4.81 
4.63 
4.11 

9.70 
9.55 
9.40 
9.47 

8.80 
8.75 
8.67 

7.83 
8.05 
7.37 

7.39 

6.57 
6.90 
6.59 
6.05 

14.35 
14.2 
14.0 
13.85 

13.6 
13.05 
13.05 

11.15 
11.9 
11.0 
13.0 
10.95 

10.45 
10.1 
9.75 
8.8 

to be dependent on the pH. Obviously the state of the carboxyl group 

affects the complex formation, due to the: dHfer ,.ont electronic effects of 

the carboxyl gloup in the dissociated and undissociated forms. This is 

similar to the observations on thE< Fe (II I)-protocatechuic acid complex. 

The values of th e equilibrium c onst~nts, k1' k2 and k3' for reaction 

(9) were obtained from th e stability constants using equation (22), 

Section Band aro listed in Table 3. 

Values of the equilibrium constants, k, for the pyrocatechol, 
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3,4-dihydroxybcnzenesulfonate and Tiron complexes of Al (III) (Table 3) 

compare favourably with tho,'e obtained by Havelkova and Bartusek.
40 

Values quoted by Dubey and :iehrotra39 ,204 for the Al(III)-pyrocatechol 

and -'riron systems hc.vB been shovln to be orroneous . 40 However, the reason 

40 
given that the error lay in the fact th2t the constants were determined 

from potentiometr i c titrations 'lith only a small excess of ligand is 

incorrect since the ligdnd concentrctions used in the pr esent investigat-

ion are similar to those used by Dubey and l'iehrotra yet equilibrium const-

ants comparable ,lith those of Havelkova and Bartusek were obtained. 

Equilibrium constants were recalculated from the potentiometric results 

of Dubey and Mehrotra. It was found that the error in fact lay in the 

calculation - the values of Ii should be half the values quoted. The 

recalculated equilibrium constants were found to compare favourably with 

those quoted by Havelkova and Bartusek
40 

and with those in Table 3. 

Stability constants, Kl and K
2

, "ere correlated '4ith the combined 

ligand association constants, KaKb, ilnd the result is given in Fig. 9. 

The linear relationships observed in this figure are similar to those 

obtained for the .Q.-diphenol complexes of Fe(III) and Ge(IV). The only 

points that dev i ated frOl il the straight line are t r.ose for Tiron. How-

ever a similar observation was made for the Fe (III) complex and the same 

reasons apply. The fact that the points for 4-chloroacetylcatechol do not 

deviate indicates that the hydrogen bo nding that was proposed for the 

Fe (III) complex is not an important factor in this case. The .Q.-diphenol 

1 AIL . AIL tl f f 11 th lIt · l' 151-157 camp exes, 1 anL. 2' lere ore 0 Old e genera re a 1.0ns up 

between ligand acidity and complex stability. This refutes the observat-
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40 
ion that has been made, that there is no correlation between these t wo 

functi ons for t he Al (III) complexes. Ho",evor as only three £-diphenols 

were compar ed and the fact that Tiron was included in the cor relat ion 

explains the converse obser vat i on. 

From Fig. 9, it may be observed that tho s l ope of the linear relat-

ionsh i p is less for the K2 cor relation r elative to t hat for K
l

• Thus 

the effect of ligand acidity on t he successive stability constants 

decreases and from Table 3 it is appar ent that the final constant, K
3

, is 

almost independent of the ligand ac i dity. This may be ascribed to t he 

electr ostatic nature of the bonding. On formation of the first species, 

+ AIL the effect of t he ligand acidity ,·,i11 be gr eatest. However on further 

- 3-cOF.lplex formation, the species AIL2 and AIL3 become progressively over-

saturated with negat i ve charge and the effect of the ligand acidity 

decreases correspondingly. 

The values of the successive stability conctants , K
l

, K
2

, and K
3

, 

(Table 3) for a single ligand decr ease in the above order. This i s a 

206 
gener al result due to the statistic,,-l decrease in frequency of co-

ordination bec'use of repulsion of t he incoming l i gand by the co - ordi na -

t ed ligand or ligandc . 

The values of the e~~ilibr ium constants, k
l

, k2' and k3' f or reaction 

(9), listed in Table 3, may be observed to be di r ect ly dependent on the 

acidity of the ligand. Thi s is eXnected, as the reaction involves dis -

placement of the phenolic protons by the metal ion. I n correlations of 

these constants with the ligand disEoc iation constants, linear relation-
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ships were obtained similar to t hose for the Fe(III) complexes of o -di-

phenols (Figs. 10 and 11, Section B). 

Stability constants of a few Q-diphenol complexes of Ga (III) >Jere 

cor,'pared with those of the corresponding 1;1 (III) complexes. Both metals 

belong to the Group III b . The general form of the potentiometric 

titration curves for the Ga(III) complexes Here found to be similar to 

those for 1\.1 (III). This indicates the same successive formation of the 

ML , NL
2

, and hL3 complexes. Stability cons t ants Here calculated in the 

manner described above and the values of K2 and K3 >Thich were obtained are 

listed in Table 4. Values of Kl could not be deten"ined because the 

GaLl species was completely forned ut the start of the potentiometr i c 

titration. 

From the values of K2 and 1::3 for the Al(III) cor,'plexes (Table 3) and 

the Ga (III) cor"plexes (Table 4) the stability order Ga > Al holds for a 

particular Q-diphenol ligand . A similar order has been found for the 

214 
acetylacetonate complexes of these metals. It has been proposed t hat 

t he abi l ity of a metal ion to accept electron« from co- ordinated ligands 

is relQted to +he gaseous ionisati on potentials of the cations, since 

these are a measure of the ener0Y involved in the reverse process .
56 

Therefore this will also determine t h e stability of the com"lex, The 

above stability order i s in agreement with this since it is also the order 

, 215 
of the third ionisation potenh al. 
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TABLE 4. 

tltability constants, K2 and K
3

, f or Q-di ph8:lo1 r.on.plGxes ef Ga(III). 

Ligand log "2 

------------------ --_ .. _--------
pyrocatechol 
catechin 
Tiron 
4 -ni trocat echol 

3. Boron (III) complexe s. 

16 . 05 
15"o3 
15,,7~ 

13.5.'~ 

10.2 
10.2 
ll.l 
10.0 

The source of B (III) used in the pre~eni: investigation was boric 

acid. At concentrations of l ess than 0 . 025 ;·1, boric acid is essentially 

a mononuclear species, B(Oil ) 3' but at higher c:onc'")rr:'rations polymeric 

species form.
20 7 

As t hE: c c nc entrat i onL: u:' J..., ..... .. .1.....: L'. .... ..i.~ used 'WeTe l ess than 

the above value, only the forner speci 3::; need be cO':1sj.dered. 

The v}eak acidic nature of boric acid is ill" .. ··"a·cee! in Fig. 6 whic h 

1 th t t . t· f +;.... e --e.'-"·'-l· on207 . s 1m.;s e po en iometrlc ti r atlcm curve or ..... ':'L .L _:~L 1 • 

+ iI' 

The hydrolysis constant , Ja~ cc:lcuLrh.!d i;ith ti1P aid of equations 

(7) and ( 9 ), :>ecti on fl .• A value of p.l( .• = 9 . 08 (Et?08 9 . 00 ) cras obtained. 

Tho ability of boric acid t c form complex E.J '.d.th polyhydr oxo compounds 

209 
i s well kn01-.rn . Q-Diphenols including .i. .. 2, 3-tr.~hydroxybenzene deriva-

tives have been shovm, by potentiomctric 46 • 47 ,210,2l1 end calorimetric 49 

methods, to react Hith boric acid to fonr. a mono-chal.ated compl ex in 
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The bis (pyrocatecholato)bomnO:II) anion h.as been isolated 

(16 ) 

from concentrated aqueous ~01utions~8 In general however , only the mono -che­

lated specie:;, BL(OH);, have been d etected in dilute solutions~6,49 B(III) 

complexes \..,ith bidentat~ oxyg sn lie]&nds hav e been shown to have tetra-

212 
hedral symn6try. This is based on t~le ability of these complexes to 

form optical isomers -'i th asyrr.metric ligands, .£9:. salicylic acid. 

The boric acid-;Tattle tannin complex "TaS found to be completely 

soluble in aqueous solutions of I = 0.1 and the use of the sulfit 8d 

derivativ e Has not necessary. A posdble reason for the solubility of 

the boric ~cid-wattle tannin complex, ~s oppcsed to the insolubility of 

the Fe(III), Ge(IV) and Al(III) complexes, is th 2 nature of the boric 

acid complex formed, 

(17 ) 

H 

results in there being no change in th~ number of hydrophilic hydroxyl 

grouDS. Increasing complexation (;.lso api,ears to decrease the solubility 

of the Vlattle tannin cOl.tplexes. The 1 : 1 boric acid and Al (III) com-

plexes are soluble whereas the higher Al(III) speci~s and the tri-nuclear 

Ge(IV) complex are insoluble. In addition, it has been found that the 
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Fe (:II) -;'lattle tannin complex is soluble in tartrate solutions, if the 

wattle tannin is added to a solution, at pH 7, containi ng excess of Fe(III) 

213 
tartrate, vrhereas the comple:, is insoluble for the reverse process. 

It was shown in tlection B that the mono - nuclear species, FeR (RH
3 

= pyro­

gallol derivative), is formed in the form8r process , whereas in th~ latter 

process the initial excess of .,attlc tamiin would result in the formation 

of the dinuclear spec i es, Fe(RH)2' 

Figs. 6 and 7 illustrate the general type of potentiometric titrat-

i on curve of solutions containing boric acid and excess of ligand. Be,,_ 

iUSe the boric acid complexes form in the same pH region as the acid 

dissociation of the ligand, both the titration curVeS of the complex and 

the free ligand are necessary to determine t he equilibrium constants. 

The equilibrium constants , k1, for reaction (lG) were calculated 

with th~ aid of the follo-:ing equations 

- (v lIT - v" H; 
n = 

V~?_ (Ii. - 1) 
" a 

(18) 

and 

-
[HJ (Vo + v'" ) n 

k' = 
1 (1 - 0 - 0 - l)Vo - n) (T L - nT j,,) (na -

(19 ) 

(the symbols have be~n defin€d previously) • 

Examples of the calculations are given in Tabl e 12. The values of kl 
wer e calculated at pH < 7.5 to avoid any interf erence from the hydrolysis 

of the uncomplexed boric acid. 
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Th0 equilibrium constants, ki' for the Q-diphenol complexes of boric 

acid are listed in Table 5. Equilibrium constants for a number of o-di­

phenol complexes have been determined. 46 ,47,210 Generally it was found 

that ther ", was good agreement b GtwG·jn the published values of pki and 

those det ermined in the present investigation as sho"ln in Table 5. 

TABLE 5. 

pki and log Ki v~lues for Q-diphenol complexes of boric acid. 

Ligand 

4-tert.-butylcatechol 
4-methylcatechol 
4-hydroxycatechol 
pyrocatechol 
3 -methoxycatechol 
pyrogallol 
brazilin 
catechin 
robinetinidol 
wattle tannin 
wattle tannin (slllfited) 
protocatechuic ac i d 
gallic acid 
2,3-dihydroxynuphthalene 
3,4-dihydroxybenzonesulfondte 
DHNS 
propyl gQllate 
4-chloroac0tylcatechol 
protoc2.techuic aldehyde 
Tiron 
4 -ni trocat echol 

• Published values , I = 0 .1, 

parentheses. 

pk' 
1 

5.26 
5.23 
5.15 
5.15 
5.10 
4.98 
4 .95 
4.89 
4.81 
1.83 
4.82 
4.85 
4.75 
4.10 
4.48 
3.94 
4.26 
4.06 
3.93 
3.68 
3.75 

T=20_25°' , 

pki (lit.)· 

5.17(46) 

4.98(46) 

4.13(46) 
4 .6 (46) 
3.98(46) 

3.95(47) 
3.73(46) 
4.0 (218) 

4.29 
4.32 
3.95 
4.21 
4.20 
4.07 
4.25 
4.10 
4.00 
3.97 
3.98 
3.97 
3.93 
4.45 
3.91 
4.24 
3 .64 
3.34 
3.27 
3.97 
3.00 

references given in 

In order t o determine ,·rhether slllfitation of wattle tannin had any 

effect on the cOf,1plex formation, the equili.br ium constant, ki, fur the 

boric acid complex of this derivative was determined. From Table 5 it is 
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seen that sulfitation has no effect on the value of pk1 for the watt le 

tannin complex. 

The equilibrium constants, k1, for the boric acid complexes were 

correlated with th~ ligand dissociation constant, Ka, and the result 

illustrated in Fig. 10. The linear relationship observed in this figure 

46 
is similar to that found previously and illustrates t he generally 

found dependence of the equilibriwn constant on the acidity of the phenol. 

Three points "ere found to deviate from th e straight line (Fig. 6) ~. 

Tiron which is generally anomalous and the two Q-dihydroxynaphthal ene 

derivatives. An explanation for the devi,"tion of the two Q-dihydroxy-

naphthalene deri vati ves could not be formulated. It is again noteworthy 

that the point for wattle tanni n lies on the straight line. 

In order to convert the equilibrium constants, k1, for the Q-diphenol 

complexes of beric acid into a form similar to the stability constants of 

the other metal complexes of Q-diphenols, a reaction independent of 

hydrogen ions is rE.quired. The follo,;ing hTO r Gactions satisfy this 

requirement : 

B(oH)~ 

The constants, K1, for r eaction (21) were calculated by the equation, 

log K' = pKa 
1 pk' 

1 

(20) 

(21 ) 

(22 ) 

where Ka is the first ligand dissociation constant. The values obtained 
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are listed in Table 5. The constant for reaction (20) can be similarly 

calculated by substituting the hydrolysi::: constant of bor i c acid in placo 

of the ligand dissociation constant ill cpatior. (22). From Table 5 it 

may be observed that the ligand a~idity aHect,- th~ constants, Ki. in a 

similar manner as it does the const ilnts, ki. 

Neither of the constants ror "Cletion (20) l1.Jl- 'GI) can be relatod to 

th" ot her Group III b uetals, becalls ,- 0;: eho <.li fferen': equilibria. 

The li"litations of cOf .. paring the ccmpl -:>:: stability constants with the 

ligand acidity constants have been pointed out.
216 It was shown that 

stability correlations involvir.:J pairs of raatal ions (lre more advantageous R 

If the metal ions h4ve the sa~e v~lency and can ~ss~~e the same co-ordin­

ation number, th" n the properties affectir,g tho stabilities of the 

complexes can be assessed. 

Although t he metal ions, Al(III) "no F",(IIl) do not belong to the 

same period, thE.Y do satisfy th" al:ove rE'Olllir=CLts of charge and co-

ordination. 2orrelations of the stabilL:j c,)n.:;t:::nts , k1 and ~, for the 

Q-diphe nol complexes of Al(III) and Fe (IE) 'Ee sh"wn in Fig. 11 Sect ion 

B, and Fig, 11, r espectively . The linca,- :celationships obtained indicate 

that the factors which influenc e t;,e stabilities of the hl(III) complexes 

have a similar effect on t hose of the Fe(IIl) complexes. Furthermore, 

the slopes of approximately unity chow that the rin~ substituent affect s 

the stabilities of the two sets of complex(;s to the same extent. A 
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similar result has been found for the r elated Si(IV) and Ge(IV) complexes 

of Q_diphenols.
34 

The advantages of t h is type of correlation i s shown by the fact that 

the position of the points for th_ Tiron complex es corr,"spond to the 

above linear r e lati onships. i'Jhereas in correlations v i th the ligand 

association constants, thG ",os ition of the points for Tiron were found 

to be anomalous. 

In similar correlations between the Q-diphenol complexes of Al (III) 

and boric acid (Fig. 12); and Ge(1V) and hl(III) (Fig. 13), linear relat-

ionships were also obtained. In these correlations, the equilibrium con­

stants, k, and not the stability c onstants are used. The position of the 

point for Tiron i n the Ge(lV) correlation (Fig. 13) was found to d oviat e 

markedly from the straight line. Thi:: shows that for the successful 

application of t his type of correlation the metal ions should have t he 

same valency and th e equilibrium reactions should also be similar. In the 

boric acid correlation (Fig, 12), the previously observed anomalous 

behaviour of the two Q- dihydroxynaphthalene derivatives (cf. Fig. 10) was 

confirmed by the deviation of th" points for th ese phenols from the 

straight line in Fig. 12. 

Because the eor.lplex forn..t ion i nvolve differ ent equilibria, the 

slopes of the straight lines in Figs. 12 and 13 cannot be int erpreted 

as above. 

In conclusion, it is significant that the flavanoid monomers and the 

wattle tannin complexes of G.;(IV), Al(IlI) and boric acid c onfonn to the 

J 
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normal complexation behavi our of Q-diphcnol compounds, i n that they all 

corr espond to the linear relationshios in Figs . 4, 5, 9 - 13. 

TABLE 6. 

Spectral data for the GeL3 complexes of Q-diphenols. 

Ligand 

pyrocat echol 
3-methoxycatechol 
catechin 
leucofisetinidin 
robinetinidol 
pyrogallol 
brazilin 
propyl galliite 
4-chloroacetylcatechol 

protocatechuic a ldehyde 

4-nitrocatechol 

Absorption 

maxil<La ron 

286 
278 
290 
286 
280 
276 
303 
302 
247 
345 
2';5 
2 9~..[ 

33 3 
258 
392 

Extinction 

coefficient 

x 10-3 

14.5 
7.7 

22.0 
24.3 
19.8 
5.8 

24.5 
36.0 
40.0 
37 .5 
4 ·1.3 
2'; .0 
44.3 
30.C) 
29.0 
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Tid3LE 7. 

Det :>r mination of l og k:3 for t " 0 '~ - .. ,et h.'lc2t " chol and robinetinidol 

. 2 -
cor,lpl exec r G:: L 3 

Ligand : (l) '~ -uethylc~b,cr.ol 

pH VIII 

0 .6 3 .21 
~.7 3.335 
3.8 3. , 7 
3 . 9 3.61 
4 . 0 3 . 74 
1.2 4.0 
<- . :J '~.1 2 

y' , 

2.87 
2.89 
2 . 91 
2."3 
2 . 9·: 
2.95 
2.96 

n 

.170 

.223 

.2 80 

.340 

. ·:00 

. 526 

. 560 

log k ' 
3 

-1. 337 
-1.329 
-1. 323 
-1. 32 2 
-1. ,, 25 
-1. 312 
-1.~21 

, 
p. l 

3.0 
3.2 
3 . 4 
3.6 
3.8 
J: . 'J 
~ . 2 

(2) robindinidol 

V II I 

1. 30 
1. 78 
2.1·1 
2. 39 
2.59 
2.73 
2. 835 

y" 

. 40 

.51 

.79 

.86 

. 91 

. 93 
• '35 

. 455 

.574 

.677 

.767 

. 8'11 

.901 

.9'13 

0.946 
0 . 954 
0.917 
O.9JS 
0.9 04 
0.940 
0 . 908 

Data used in equution (14) Section 

(1) T~ = U.U02 I" T~ = 0 . OU8 H 

13 , und L. ..,fUI,...t i OIl (5) 8ectiolt D : 

£0 = 0.006 h, VO = 50 111 
-11 = 0.1 N, c = 2 and n = 2. a 

Tl.BLE 8. 

() 
0 . -3 

2 T __ = 1.767 x 10 ii, 
I 'J 

TO - 7.067 x 10-3 
L -

EO = 1.76'/ J: 

~j , 

10-3 ;.1, .. 0 = 

-
56.6 ml 

~·1 =0 .1 I:, c =2 and n -2. 
a 

Det8YL1ination of l og k' for t :,G wattl" tannin coc,-plcx, 80L2
3
-. 

3 

pH VI/I 

2.8 1.65 
2.9 1. 90 
3.0 2.14 
:3.1 2.32 
,) . 2 2. '17 

Data used in 

T~ = 0.001 E, 

EO = 0.(,0 4 I "~ 

y" log 1:3 

1.15 1.lJ2 
1.32 1.02 
l . l( 7 1.05 
1.58 1.05 
1.68 l. Ov 

equ....ltions ,-.J J.~ or ~f'ab1 0 3. 

T~ = 0 . OC8 ;0; 

Va = 50 .. 1 , 

-
N = 0.1 .' , C = 2, n = 2. 

a 

pH 

2.8 
2 . :} 
:1 

", ,0 
L ., 

V'II 

1.23 
2.U8 
2.30 

8 . ,,3 lU 
-.:. x 

1.30 x w-2 

n = 2. 
a 

y" l og k3 

1.0 Lv': 
1.2 1.05 
1. 38 1.01 

i 1, 

I i , 
o 

V = 6U [,11, 

t: =:; (; .1 1: , 
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Detcr.~iin . ..:.tion of log k3 for t:1 p~oto(;o.t.;.:chuic ale. :hyd<.::: and catechin 
<, 

GOJ.lpleoc'Jc, G '~L; - . 

Ligand protocatE.::huic 
aldehyde 

pH 6r.. loc) 1:' • 3 

3.02 0.U58 3.39/ 

:' .1 5 0.087 3 .121 

3 .30 0 .12 2 3.Hll 

3 .4 3 Ll .154 3.3~3 

3.66 O. L2() 3.3::;-1 

3.96 u . 293 .3 . -.. 15 

4.18 0.340 3. :23 

Data used in .. ,u •. ti()!1 (6) : 

,, 0 _ 0 "98 
J l

l 
- . ~ I 

340 nu, H~ = U.068 , 

61\" = 3 . 97~ x 10
3 

1 = 1 .. I.l , ionic stYGn<]th = U . .!. 1:. 

r T
-' - ' 

5 .1 

5. ~ 8 

5 . 76 

S . lle 

6.35 

6 .6 

0 .95 

o 
"I - 0.412, 

catechin 

6" log \0-' --3 

0.028 0.424 

0 . 074 0.415 

0 .114 0.393 

U .160 0.-114 

0 .1 91 0 .4C0 

0.215 iJ.419 

0.240 0.{27 

o 
255 nrc" ~ AO = 0.118 

3 6 ],n = 5.U8 y: 10 

'1\; = 5 x lc..; - 5 H, 

I
', -4 ~ I 'J:. = 1.5 x U d, 

L 
1 = 1 em, 

ionic str .ngth = 0 .1 N. 
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TABLE lU . 

DetcrILiin.3tion of .: i l C ::;tabillty c:-_.n::t.-; nt ~ 1 ~::1 ( nd ~~f)1 for th<:... 1 .. 1(11I )-
'" 

V N I v " n 

3.0 1. 73 1 . .'10 0 .. 1.:.6 l5.1'13 
3 .1 1.98 1.58 0.202 1'1.953 
:; . 2 2.25 1.68 U.28'/ 1 ': . 765 
3 . 3 2.51 1. 75 0.382 1-: . 578 
3. 11 2 . 76 1.79 U. '87 11 . 393 
3.5 3.02 1. .3 3 O. G97 14 .~O9 
3.6 3.25 1.8b O.6S7 l ' . 0 24 
3 . 7 3.46 1.89 0 . 787 13.837 
3 . 8 3 . 66 1.'.'1 O~ I.. 75 13.551 
: .2 4.~1 1. 94 1.L6 12 . 9Cl 
1 . 3 4 . 50 1. 95 1.276 12 . 717 
.' ... 4.70 1. 96 1.371 12 . 534 
:: .5 ·j . 92 1.97 1 . "176 12.353 

Least squares troatm8nt using tll'~ v6.1uo..:; in colu.r::ms :1 and 5 in 

log K 
x 

14.3·12 
1 ·:. J55 
11 . 06 " 
14 . 369 
14 . 370 
1':.379 
14 . 3£5 

H . 5U2 
12.2 G1 
12 . 299 
12.305 
12 . vll 

equat i on (13) ccrrclt.tion coeff ici ent = 1.001' 10( .. "1" K1 = 1 '1..35 and 

ValueD used in cc;ut:lion (14) ~~2Ct ion : 1 ,-tL,.~ "juat i .-)ns (11 ) and (12 ) 

0 
1. 92J 10- 3 

]:·J.I TO 7 c ........ 1C- 3 
~,<. 

~o 0.8.,6 10-3 , . 
Tl = x 'L = '; 0 "L, X ~ - X .. , , 
VO 52 ml, - 2, 0 pK,,;0:; 1'., lind p,.J.J 11.8. = n _. c - . ", = -a 
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d pL
1

_
d pL1+<i log v log "1 "0 

" 

0 . ,15 13 . , r. l1.G'; 0 . 069 13.549 11.611 

o . . ~ 13. ,;0 11. 70 0 .lG2 13.552 11.608 
o .~~ . 0, 13 . 31 11.85 (J . 23G 13.5·:6 11.61 ( 
U ., 

. 0 13.2 2 11. 9" 0 . 323 13. 5 '~3 11.G17 

0 . 25 13.13 12. (). 0 . 11'1 13.51<1 11.626 

G.2 13 . U1 12.1· 0 . 511 13.551 11.629 

c) . IS 12 . 9'j 12 . 2~) (j . 61 J 13 . 553 11. 637 

0 .1 12.83 12 . :JS C.7 22 13.552 11.b38 

O.uS 12 .72 U. _7 O. B'lU 1 3 . 55U 11.G30 
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2 4 6 

,/ -------
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D. DIVALENr HETAL COMPLEXES OF o-DIPHENOLS. = 

The Q-di.menol complexes investigated in this section are those of 

the divalent first transition metals, cobalt (II) , nickel(II), copper (II), 

and zinc(II), the alkaline-earth metals, magnesium(II) and cal cium(II) and 

two other divalent metals, lead(II) and vanadyl (IV). 

1. Cobalt (II) , nickel(II) , copper(II), and zinc (II) complexes of 

o-diphenols. 

Potentiometric and spectrophotometric methods were used to invest i gate 

the Co(II), Ni(II), Cu(II), and Zn(II) complexes. 

(a) Potent i ometric investigation : 

The Q-dihydroxybenzene and the 1 , 2, 3-tr i hydroxybenzene complexes are 

dealt with separately, because different complex species are formed. 

(i) Q-Dihydroxybenzene complexes It has been establi shedSO- SS that 

Co(II) , Ni(II), Cu(II) and Zn(II) ions and Q-di hydroxybenzene der i vat i ves 

f orm successive chelates in aqueous media according to the reactions : 

M2+ + H L --">. ML + 2H+ 
2 -;;--

(1 ) 

11L + H2L ~ ML~- + 2H+ (2 ) 

Potentiometric titration curves of the above metal ions and excess of 

ligand are illustrated in Fig. 1. For the Cu(II) complex the inflections 

observed at z = 2 and 4 correspond to the complete formation of the I1L and 

}~2 species, in accordance with reactions (1 ) and (2). The mi nimum ·molar 

ratios of metal to ligand required to give the inf l ections at z = 2 and 4 

were 1 : 1 and 1 : 2, respectively. This corresponds to n = 1 and 2 
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(£t. reactions (l) and (2». 

Titration curves for the copper (II) complexes ,<ith 1 : 1 molar ratios 

gave ~dditional inflections at z = 3 . In addition, precipitates formed 

after the complete formation of the first complex species, ML
l

• The 

formation of a precipitate suggests that the ;1L
2 

species is formed with 

dissociation of the HL species to provide the extra ligand and precipita-

tion of Cu(OH)2' thus 

1 ML2-
2 2 

1 + 2 H(OH)2 (3 ) 

A similar reaction was found for the Fe(III) complexes of £-dihydroxyben-

zene derivatives (Section B) and has been shown to occur in a number of 

copper (II) complexes of £_diphenols .
232 

Equilibrilliu constants for 

reaction (3) could not be determined, because of non-equilibria as a result 

of the precipitate. 

Titrat ion curves for the Co(II), Ni(II) and Zn(II) complexes of £-

d ihydroxybenzene der i vatives (F i g. 1) gave no distinct inflections, because 

of the overlap of complexation and ligand dissociation . However , the step-

wi se formation of the 1111 and YJ,2 species (reactions (1) and (2» was 

established from the formation curves (Ii vs. pL plots) for these complexes , 

cf. below. In titrations with I : 1 molar ratios of metal ion and ligand, 

precipitates formed as found for t!.e eu (II) complexes . No precipitates 

formed if I : 2 molar ratios of met a l to ligand wer e used. This suggests 

that reaction (3) also occurs for the Co(II), Ni(II) and Zn(II) complexes. 

Val ues of Ii and pL for the Co(II), Ni(II), Cu(lI) and Zn(lI) complexes 

of £-dihydroxybenzene derivatives were calculated from the potentiometric 

J 
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data with the aid of equations (14) and (17) Section B, and equation (11) 

Section C. Examples of the calculations and the formation curves (n vs. pL 

plots) are given in Tables 8 and 9 and Fig. 2, respectively. The inflec-

tions observed at n = 1 and 2 (Fig. 2) for all the metal complexes are in 

agreement with the formation of the complex spec ies, ML and ML
2

• The form­

ation of the higher Co(II) and Iii (II) complex spec i es was evident from the 

formation curves (Fig. 2) and have been shoNn to be NL
3

• 51,53 ,54 

Approximate values of the stability constants, Kl and K2, for 

reactions (4 ) and (5 ) , respectively 

M2+ + L2- -" ML (4 ) 
~ 

1-1L + L2 - -->. HL2- (5 ) 
~ 2 

were determined from the forraation curves by interpolation at half-n 

values. Generally, it Nas found that 10
1 > Kl/ K2 > 10

2
•
5 

for the Cu(ll) 

and NUll) complexes and that Kl/ K2 < 102 •
5 

for the Co(II) and Zn(II) 

complexes. 
90 

Therefore the method of least squares was used to obtain 

accurate values of Kl and K2 for t ile last two metal complexes. Stabili ty 

constants for the Cu(II) and Ni (II) complexes Nere determined as well, by 

the least squares method, sinc e this enabled the use of all the experi -

mental data and not only one ')oint, as in the half-integral method. 

Examples of the results obtained using equation (13) Section C, by the 

least squares method" are given in Tables 8 and 9. The stability constants, 

K
3

, for the Go(II) and Ni(II) complexes were not determined, because of 

the limited eAperimental data above n = 2. The f~3 spec ies only form at 

very high pH and do not overlap with the formation of the ML2 speci es. 

Values of K
l

, determined with the aid of equation (12) Section C, 
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Here found to increase in the r,mge n = 0.15 to n = O. This indicates the 

formation of the l JiL+ species. as observed previously for the pyrocatechol 

53 system. In order to avoid interference from this species, the above 

least squares calculations employed Ii values greater than 0.15. The 

equilibrium constants for the formation of t "e protonated cpecies were 

not determined, because of their narrOH formation range. 

The stability constants, Kl and K
2

, for the Co (II), Ni (II), Cu (II) 

and Zn(II) complexes of Q-dihydroxybenzene derivatives are listed in 

Table 1. Values quoted for the protocatechuic acid complex are related 

to the carboxyl substituent in the ionised form, because the complexes only 

form after c ompl ete ionisation of this substituent. Stability constants, 

K
2

, for the Zn(II), Ni(II) and Co(II) complexes of 4-tert.-butylcatechol , 

. the Ni(II) complex of 4-methyl catechol and the Ni(II) and Co(II) complexes 

of 3-methoxycatechol could not be determined because of precipitation at 

n values greater than O.S. 

From Table 1, the stability order (K
l

) for a particular ligand is 

Co < Ni < Cu >Zn and is in agreement Hith that of Irvine and Will-

o 56 
2aInS. The above order has been established previously for a number of 

51 53 , 54 
Q-diphenol complexes.' From Table 1, it is obvious that it is 

quite general for all the Q-dihydroxybenzene complexes investigated, 

including the HattIe tannin monomer, catechin. The above stability order 

has been related to a number of factors viz. ionisation potential of the 

meta1 56 ,231 _ the higher the ionisat ion potential, the greater the complex 

stability; 56 ionic radius of the metal the smaller the radius, the 

greater the complex stability and crYGtal field stabilisation233 Hith 

J 
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TABLE 1. 

Stability constants, Kl and K
2

, for the Cu(II), Zn(II), Ni(II) and Co(II) 

complexes of 0- diphenols. 

Ligand 

4 -methy lcat echol 
4-tert.-butyl­
catechol 
pyrocatechol 
3-methoxycatechol 
catechin 
protocatechuic 
acid 
2,3-dihydroxy­
naphthalene 
3,4-dihydroxyben­
zenesulfonate 
DHNS 
Tiron 
4-chloroacetyl­
catechol 
protocat echuic 
aldehyde 
4-ni trocat echol 

Cu (II) 

14.71 
14.78 

14.60 
14.38 
13.99 
13.70 

13.42 

13.46 

13.30 
12.62 
12.41 

11.61 

14.38 

11.93 
12.00 

11. 71 
11.48 
11.30 
11.02 

10.87 

10.65 

10.46 
10.22 
10.05 

9.32 

11.56 

Zn (II) 

10.71 
10.8 

10.45 
10.55 
10.12 
10.10 

9.62 

9.60 

9.60 
10.30 

9.06 

8.91 

8.26 

8.66 

8.46 
8.10 
8.13 
7.8~ 

7.90 

7.56 

7.71 
8.53 
7.50 

7.33 

6 .85 

Ni(II ) 

9.85 
9.9 

9.53 
9.6 
9.37 
9.44 

9.02 

9.05 

9.12 
9.90 
8.57 

8.45 

7.90 

6.20 

5.90 
5.85 

5.98 

5.75 

5.98 
7.12 
5.90 

5.76 

5.38 

Co (II) 

9.60 
9.5 

9.31 
9.3 
9.00 
9.08 

8.59 

8.65 

8.60 
9.41 
8.12 

8.04 

7.42 

6.65 

6.60 

6.45 
6.30 

6.20 

6.18 

6.10 
6.91 
6.04 

5 .87 

5.50 

Jahn-Teller distortion234 ,235 to explain the higher stability of Cu(II) 

complexes. 233 Crystal field stabilisations have generally been used to 

explain the above stability order for amine complexes. Increased 10Dq 

produced by these ligands, relative to water, results in those metal 

complexes with the highest crystal fi 81d stabilisation energy to be the 

most stable as well. However, this cannot be appli ed to the £-dihydroxy-

benzene complexes, since it ~Ias found i n t he spectrophotometric investi-

gation (p. 205) that £-diphenolato ligands occur in the same position as 

H
2

0 in the spectrochemical series. 

The stability order Zn > wi (,cable 1) for the Q- dihydroxybenzene 
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complexes is in d i sagreement with that of i'lellor and l-ialey57, 236 who 

established the order Zn < Co < Ni < Cu for the divalent metal com-

plexes of salicylaldehyde and ethylenediamine. However, it has been s hm-ln 

t hat the stability of Zn(ll) complexes relative to those of d(ll ) and 

Co (II) is dependent on the nature of the ligand.
56 

A similar stability 

order Zn :> Ni has been found for a number of oxygen- type ligands cap­

able of forming 5 -membered chelates viz. t ropolone derivatives,217,237 

k .. ' d 58 , 220 d 2 h d hth ' 58 OJ1C aCl an - y roxynap Oqul ncnes. 

From Tabl e 1, the stability order for t he const a nts, K
2

, (1-lith the 

exceDtion of those for Tiron) is Ni < Co < Cu > Zn. The order 

Ni <Co is in disagreement with t hat of Irvine and IHlliams.
56 

However, 

for the Tiron compl exes the s tability or d 0r i s the same as t hat for the 

constants, K
l

, viz. Co < iii < Cu> Zn. Although published5l , 63 

v alues of K2 for a number of £-dihyc!roxybenz ene complexes are in agreemcJnt 

wi th the o r dur Ni < Co < Cu > Zn, no cOl!1I1l8nt was made in the discussion 

concerning the anomalous stability order, Iii < Co. A poLsible expl ana-

tion of the higher stabi lities of the Co(ll) complexes, NL
Z

' (except for 

Tiron) , relative to t hose of Ni(ll) tvill be given in the spectrop_hoto-

metric inv est igation (p. 210 ). 

Th", stubility constants , Kl and K
2

, for t he conI) , Ni(ll), Cu (ll) 

and Zn(II) complex~s of £-dihydroxybenz ene nerivatives were corre lated 

with the ligand associ <ltion const ,mts , KaKb, and the results are shown in 

Figs . 3 and 4 . The direct lim)ar r e l at ionships are s imilar t o those 

obtained pr eviously (Sections B and C) and illustrQte that the general 

r81ationship behleon ligand clcidity and conplex stability hol ds for the 
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above complexes. The position of the points for Tiro~ al l deviate from 

the linear (Figs. 3 and 4), as found previously (Sections B and C). 

Various relat ionships have been found between the stabilities of the above 

metal complexes and the ligand acidities . 51,54,60,63 '1'he r everse relat­

ionship5l and the lack of correlation~O have been shown
34 

to be due to 

erroneous values of the ligand dissociation conutants. For this reason 

t he stability constants obtained in the present investigation cannot be 

compared with the published values. Direct relationshi ps have also been 

shown to exist between the stability constants and the ligand oonstants , 

Ka 63 and Kb 54. Hm.,ever, since both hydroxyl groups of the 9.-dihydroxy-

ber.zene ligands are involved in complex formation, the combined ligand 

constants, KaKb, should be used rather than individual constants. 

The slopes of the straight lines obtained in the correlations between 

the stability constants, Kl and K
2

, and the ligand associat i on constants, 

KaKb, (Figs. 3 and 4) are higher for the Kl plots relative to those of K
2

. 

This indicates that the substituents affect the stabilities of the first 

speci es , ML , to a larger extent than those of the second species , ML
2

• 

This is similar to that found for th e Fe(III) and Al(III) complexes 

(Sections Band C, respectively). 

Fr om Figs. 3 and 4, the s lopes of the straight lines for the Cu (II) 

complexes may be observed to be higher than for those of the Co (II), 

Ni(II) and Zn(II) complexes . A possibl e explanation of the greater effect 

of the subs tituents on t he stabilities of the eu (II) complexes will be 

g·iven in the spectrophotometric investigation (p. 214 ) . 

The stability constants, K
l

, of the Zn(II) and Ni(II) complexes were 
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216 correlated, as suggested and the result is illustrated in Fig. 5. 

The linear relationship with slope of approximately unity is similar to 

that obtai ned previously. 54 The advantage of this type of correlation is 

shown by the fact that the point for Tiron falls on the straight line in 

Fig. 5, whereas in correlations with the ligand acidity (Figs. 3 and 4) 

its position is anomalous. This indicates that the inf luences (£t. p. 85) 

which result in the d ev i at ion of Ti ron in the ligand acidity correlations, 

have sirclilar influences on the stabilities of the Tiron compl8Xes. 

The fact that the pcints for t Ile wattle tannin monomer, catechin, all 

correspcnd to the linear rel"t ionships observed in Figs. 3 - 5 indicates 

that the metal ions, Co(II), Ni(II), Cu(II) and Zn(II) react normally 

with catechin. 

(ii)1,2,3~rrihydroxybenzene complexes: Results obtained from the poten-

tiometric titrations for the Co(II), Ni (II), Cu(II) and Zn(II) complexes 

of 1,2,3-trihydroxybenzene derivatives were all complicated by the form-

ation of precipitates during the course of the titration. That the preci-

pitates were actually complex species and not metal hydroxides, was 

deduced from the lower pH values of solutions containing metal ions and 

ligand, relative to thos e containing thes e h ro components separately. 

Attempts to isolate pure soo"ples of tho precipitates for analysis failed, 

because of the extreJlle suscepUbili ty of the 1,2, 3-trihydroxybenzene 

ligands to oxidation. 

A satisfactory int erpretat ion of the pctentiometric results was only 

pcssible for the Cu(II) complexes, because the results obtained for the 

Co(II), Ni(II) and Zn(II) complexes were even further complicated by the 
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overlap of complex formation and ligand dissociation. 

Potentiometric titration curves for the Cu(II)-propyl gallate system 

with various molar ratios are shown in Fig . 6. In the titration of 

Cu(II) ions and ligand in a 1 : 1 molar ratio , the initial precipitated 

complex dissolved at z values greater than 2.9. '1'his is the converse of 

that observed for the Cu(II) complexes of Q-dihydroxybenzene derivatives. 

'['he extra hydroxyl group of the 1,2,3-trihydroxybenzene derivatives must 

therefore be responsible for the differences observed. The sharp 

inflection at z = 3 in the 1 : 1 titrati on curve (Fig. 6) was proposed to 

correspond to the complete formation of the HR species (electrophoresis 

established that this species is anionic) thus 

eu (6 ) 

A similar reaction was proposed for the Fe(III) complex (Section B). 

The hydroxo species, CuRH(OH)~ is another possible formula which would 

explain the inflection at z = 3. However, this formula was ruled out, 

because in the 1 : 1 titration, no evidence '''as fo und for the ionisation 

of the third, undissociated hydroxyl group at high pH. 

In titrations with excess of propyl gallate further complexation 

takes place, as is evidont from the titration curves (Fig. 6). The 

formation of the complex species, M(lm);- , was deduced from the applic­

ation of equat ion (14) (Section B) to the potentiometric data; consistent 
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values of n = 2 '''ere obtained at high pH. The reaction 

)2-
Cu(RH 2 

satisfies the experimfl ntal rosults. The formation of this species .Tas 

(7 ) 

confirmed by the inflection at z = 4 in the titration with a 1 : 2 molar 

ratio (metal to ligand) as shown in Fig. 6. The final species is thus 

similar to those of the Q-dihydroxybenzene complexes, with the third 

hydroxyl group undissociatnd. 

Similar result~ were obtained for the Cu( II)-pyrogallol system. 

Unfortunat e ly, robinetinidol, dihydrorobinetin and gallic acid formed 

precipitates with Cu(II) ions w;,ich did not dissolve at higher pH, there-

fore an interpretation of the results was not possible. 

Equilibrium constants for reaction (6) could not be determined 

because of the presence of a precipitate. 0imilarly the equilibrium 

constants for reaction (7) could not be determined from the potentiometric 

data with excess of ligand becauBe a precipitated complex species ",·as still 

present during the formation of the Cu(RH)2 species as shown in Fig. 6. 

The .,attle tannin (sulfited £lnd unsulfited) complexes of Co(II), 

Ni (II), eu (II) and Zn (II) all formed precipitates in aqueous media 

(I = 0. 1) as found for the 1,2,3-trihydroxybenzene complexes. l'he form-

ation of pr ecipitates was unaffected by the ionic strength of the solut -

ion since even in solutions of low ionic strength precipitation occurred. 

Although precipitat i on occurs, the order of complex stability can never-

theless be determined from the pH values at incipient precipitation. 

238 The lower the pH, the more stable i s the complex. The approximate pH 
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vlues at precipitation for t he wattle tannin complexes are given in 

Table 2. These values established the stability order, Co < Ni < Cu> Zn, 

which is the sar"e as that obtained for the Q-dihydroxybenzene complexes 

and illustrate that the stabilities of the wattle tannin compl exes are also 

in agreement with the order of Irvine and Williams. 55 

TiillLE 2. 

pH Values at incipient precipitation of metal-wattle tannin complexes. 

Hetal ion Vanadyl(IV) Cu(II) Pb(ll) Zn(ll) Ni(ll) Co(II) l'.g(II) Ca(II) 

Incipient pH 3.4 4.2 4.3 5. 1 

(T? = 0.001 L, TO

L = 0.02 l-l, I = 0 .1) . 
1'1 

(b) Spectrophotometric i nvestigation : 

6.4 6.5 8.8 9.2 

The colours of the Co(II), Ni(Il) and CutE ) complexes of o-diphenols 

are generally pink, green and yellow-green, respectively. Transition metal 

complexes owe their colour to absorption bands i n the visible region of 

the spectrum due to d-d transitions of the metal. 

The spectrophotometr ic investigation of all. the MLl complex species 

was not possible, because precipitates formed under the conditions 

requir ed to obtain reasonabl e spectr " , viz. hi<;;h concentrations of motal 

ions and ligand. The close proximity of the strong phenolic absorption 

bands in t he Ultraviolet and visible r egion of t he spectrum, prevented 

the det oction of the high energy absorption bands of the meta l complexes. 

Since large quantities of ligand were r equired in the investigation of 

the Co(II) and Ni( II) complex es, those phenols available in limited 

supply viz. the flavanoid monomer s HGre not studied. 



(i) Nickel (II) complexes : The light green colour of the Ni (II) 

complexes of Q-di"henols is charact eristi c of octahedral nickel (II) 

complexes ,·,i th ligands close to water in the spectrochemical series. 239 

The electronic spectra sholm in Fig. 7 for these complexes are similar 

23 54 
to published spectra of the pyrocatechol end 'ri ro!1 compl exes. ' 

bpectral data of the Ni (II) complexe" are giv en in Table 3. Three ab-

sorption maxima were observed in thl regio!; of 8500, 14,000 and 25,000 

cm- l , corresponding to the spectra of typical octahedral Ni (II) coraplex-

240 
es. The absorption bands are due to the respecti va spin-allowed 

NiL2 Complex species of pyrocatechol and Tiron have been isola ted 

23 
and were shown to have octahedral symmetry with associated "ater mol-

ecules making up the octahedral co-ordination. '1'he similarity between 

the spectra of the l.JiL and NiL2 species (Table 3) indicates that the 

former species also has octahedral symmetry. Bis (pyrocatecholato) nickel­

ate (II) has been isolated without associated water molecules.
24 

Thi s 

24 
complex "as shown to be square planar on the basis of its diamagnetic 

character and its visible spectrum in a non-polar solvent. However, in 

a polar solvent (~. water) this complex attains octahedral symmetry as 

shoHn by the spectral dda in Table 3. 

If the ,,'ave numb er of band VI is taken as a measure of lODq (the 

transi tion 3A --7 ~ of Ni(II) complexes (d8 ) is mainly an electronic 
2g 1<; 

of t
2
5 e2 ~ t

2
5 e 3 )241 then fro m Table 3 the similarity 

g g g g 
transi tion 

between the wave numbers of maxir.1illn absorption (VI) of hexa-aquonickel (II) 

ion and Q-diphenol complexes indicates that the 10Dq values are also 
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TABLE 3. 

Spectral data for Ni (II) complexes of Q-diphenols. 

Complex Ligand 3 A -» 3.r 
2g 2g 

3A ~ 3.r (F) 
2g Ig 

species -VI (kK) -V 2 (kK) 

NiLl Tiron 8.55(5.5)a 11.3(5.6) 
DHW 8.5 (5.3) 14.3(5.6) 
protocat echuic 8.55(6.0) 14.5(5.9) 
aldehyde 

NiL2 4-methylcatechol 8.5 (4.6) 14.2(6.5) 
pyrocatechol 8.55(4.0) 14.3(6.0) 
DENS 8.55(6.9) 14.5(7.9) 
Tiron 8.6 (6.3) 14.4(7.5) 
protocatechuic 8.55(7.11 14.5(8.0) 
aldehyde 

2+ 4-nitrocatechol 8.55(7.5) d 

[NHH20 ) 6 ] 8.5 13.8 

aExtinction coefficients, 

hwave numbers in parenthesis refer to shoulders, 

cReferonces 267 and 268, 

dObscured by phenolic absorption. 

3A ~ 3T (P) 
2g 19 

-V 3 (kK) 

(25.6)b 
(25.6) 

d 

(25.0) 
(25.0) 

d 
d 
d 

d 
25.3c 

similar. Therefore, applying the average environment rule,242 the 

Q-diphenolato ligands are ph.c od close to water in the centre of the 

h d I ' d 243 spectrochemical series, s imilar to t e relate oxalate J.gan. 

The close proxil.li ty of w~ter and the Q-diphenolato ligands in the spectro-

chemical series is the reason for band -VI remaining relatively unchanged 

on successive formQtion of th e NHII) cor.lplexes of Q- diphenols by ro-

placement of the bound water molecules (Table 3). 

From Table 3, a change of the phenolic substituent is seen to have 

little effect on the position of the absorption bands, indicating that 

the electronic influences of the substituents are not sufficiently 
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large to affect the energy levels of the metal ion. 

(ii) Cobalt (II) complexes The pink colour of the Co (II) complex es of 

2 - diphenols i s due to an absorption band in the blue r egion of the 

spectrum (F ig. 7) . 1\<0 main absorption bands , typical of octahedral 

244 
Co(II) complexes, were observed in the spectra of the CoL

l 
coraplexes 

-1 
in the r eg ion of 8000 and 19,000 cm Thio indicates that the remainirq 

four co - ordination sites i n the CoLl species are occupied by water mol­

ecules. The above two absorption bands, -V
l 

and \13' are due to the spin­

allm'led (for d
7 

high-spin) transitions, 4T19 --:. ~29 and ~19 --'J> 'l.r19(P ), 

t ' 1 244 respec 1 ve y. The shoulder observed on the h igh energy side of band 

245 4_ 
\13 has been proposed to result from 3pin-orbit coupling in th e ' l'lg (P) 

stat e . The high- spin stat e of Co(II ) complexes of 2 - diphenols has been 

established by the magnetic mo],\ent of 4. 96 B.11. (2SoC) for b is (tetra-

24 
chlorocatecholato )cobal tate. The higher value than required by the 

spin-only moment viz. 3 . 89 B.N. is associated with orbital contri -

b t ' 245 u lons. 

The spectra of only three CoLl 2-di::>henol complexes c ould be 

obtained, because of interference from precipitation by t he other com-

p l exes . ::Jpectral ddt a are listed in Table 4. The simi larity between t he 

wave numbnrs of band \)1 (the trans ition 4T19 ~ 4T29 is a pprcxi mately 

equal to 8Dq)246 for hexa-aquocobalt(II) ion and 2- diphenol complexes, 

indicates that the values of lODq are also similar , as found for the 

Ni (II) complexes. 

On formation of the second s pecios, CoL
2

, the low energy band, \)1' 

was found t o become very broad "<"ith nc defini te maximum. HO\'/Cv€r, in 
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TABLE 4. 

bpectral data for Co (II) corJpl ox~;.:::: of Q-di,monols. 

4T ~ 41' --'3> " Comr,lex 'Ligand -'T ~ 
19 Ig 19 

Species 
4 4A 'S'lg(P) T

2g 2,) 

\}l (kK) V ;, (kK) il3 (kK) 

CoLI 1 8.20(3 .9) '" (lS.8)b 18.9(20) 

2 8. 10(3.2) 19.0(20) 

3 8.15(4.0) d 

CoL2 1 8.15(4.0) 18.8(25) 

Co[ (H
2
0) 6J2+ 8.1c (16 ) 19.': 

, , 
4A '"A

2 
-;;. '"A

2 
-;;. 'A -;;. -;;. 

2 2 

4E 1 4E (p) 4A2 (P) 
2 A2 

CoL3 4 12.0(8.5) (16.2) 18.0(38) 20.9(2 /j) 

5 12.l( 8.0) (16.1 ) 17.9(36) 20.8(22) 

2 12.0(9.0) (16~2~ 18.0(40) 20.8(28) 

3 12.1(9 . 5) d d d 

*Ligand (l) Tiron, (2) DHNS, (3) protocatechuic aldehydo , 

(4) 4-methylcatechol, (5) pyrocatechol. 

aExtinction coefficients, 

hwave numbers in parentheses r efer to shoulders, 
c 
Reference 267 , 

dObscured by phenolic absor~tion. 

the absorption spectrum of the bis (tetrilchlorocatecholatolcobalt (II) 

dianion, band ~l 24 
vI has been reso l ved 

bandc a t 70l1J 
. -1 and 8700 ern ; wherec.s 

i n the region of 8100 cm-
1 

(Table 4). 

into a well defined doublet with 

f or t he CoLI species bands VI are 

ThE> splitti ng of band 1,)1 is 

indicativ}44 of some form of distortion in the CoL2 species which is 

absent in tho octahedral CoLI species. 
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Th" CoL2 species of Tiron is however an exception to the above 

spectr al behaviour. The absorption spectrur" of this species i s indicat-

ive of a rE:-gular octahedral cOlr:pl c c, as sho"'n in Table 4. The pres ... nce 

of an ortho-sulfonic acid substitu"nt probably prohibits the distortion 

of t he octahedral symr.,,,try in some uanner. 

The Q-diphenol cOl:lplexcs, CeL
3

, wer e sho en , in the potentiometric 

investigation, t o form at very high pH. The absorption spectra of these 

specie3 vlere obt ined by using stoichiometric conc entrations of metal ion 

and liqund (1 : 3) and a high concentration of alkali (2 H). The spectrum 

of th~ pyrocat echol complex (Fig. 8) is sLlilar to the published spect­

rum
23 

of the compleX, K4[co(C
6H4

0
2

)3] AH
2
0. Spectral data f or the oth" r 

CoL3 species are givon in Tal:>le 4. The lO~i energy b.:.nds in the region 

-1 ~1 of 12,000 cm cannot b 8 Clssociilted >Ii th band v
l 

of the CoLl octahedral 

species, bccause they would place the Q-diphenolato ligilnds far to the 

right of ,.ater i n the sp0ctrochemical series. It is proposed that these 

bands are associated with the h igher enmgy band of the CoL2 doublet, 

shifted to even higher energies as a r ' ,sult of further distortion of the 

octahedra. 

Two forms of distortion corrmonly occur in pseudo-octahedral comp­

lexes viz. tetragonal and trigonal distortion.
2

·
17 

The for,ner may b e ruled 

out, since it ~lOuld not be expect cd i re the tris-ch£lat<., GoL3' 'fhe latter 

distortion ~akes th" form of compres s ion or oxtent ion along an octahedral 

three-fold axis. 
248 

Trigcnal distortion has been proposed to occur in 

complexes of the related toluene-3,'1-ditholate ligand and has been 

shot;TI249 to occur in tho rhenium(III) complex of the rigid, bidentate 
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ligand cis-l,2-diphenylethene-l,2-ditholQte dUG to ring strain imposed 

by the 5-membered chelat" . 

The effoct of trigonal distortion on the energy levels of a d 
2 

octahedral complex is kno·,m.
136 

Tho. publi=hcd correlation diagram for il 

d 2 , '1 1" 1 t tl Co(II) l'on (d7 ) .13b lon 18 a so app lcar> e 0 18 Fig. 9 illustrates 

tho corrolation diagram for a d
7
ion. 

4A 
2 

4E 

4A 
2 

4E 
2 

4A 
1 

4E 

4A 
2 

a b c 

(a) spherically perturbed free ion, (b) octaheeral (Oh) enviroThTIent, and 

(c) trigonal (D
3

) environment. 

Fig. 9. Energy level scheme for a d
7 

ion. 

The assignments of the absorption bands of the .Q-diphenol complexes, 

,1 

CoL
3

, given in Table 4 are proposed on the basis of a "A
2 

ground state 

in a trigon~l (D 3) environment and the energy levels shown in Fig. 9. The 

lo,;er energy bands of the ~2g (in 0h) doublet were not observed probably 

because of their very Imr energy. 

The proposed trigonal distortion of the CoL2 .Q-diphenol complexes 
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would expl uin the anoma.lous stubili t y ord"r, Co > Ni for the constants, 

K
2

, observed in the pot entior.etric investigc.t ion (p. 198). The presenc e 

of any ring strain imposed by the 5-mombered chelat e would result in the 

stabilities of th" l/i(II) complexes (octahedral r;yr,unetry) being relatively 

lower than t he Co (II) cornpl()xbl., bcciluse in the l att er complexes tho ring 

strai n ",oul d be relieved by distortion of th.:. octclledra. This is supp-

orted by the fact th"t for tho Co (II) -Tiron system, ",here no distortion 

",as observed., t he norma l stability order Iii < Co holds (Tuble 1). 

The int GrGlectronic repulsion (Racah) parameter, Band 10Dq for the 

octahedral CoL2 complex of Tiron were caleulatEKi fror~ th" ratio of bands 

1)1 Rnd V 3 iind tho transition 

Values of lODq = ~ 300 cm- l and 

263 
energy ratio diagre.Hs given by Lever. 

. -1 
B = 800 cm Ner e obtained. 1'1 comparison 

of the ubove 10Dq ,,,ith that of 9200 cm -1 for the hexa-aquocobalt (H) 

, 244 " 11 t t th t t· d' h 1 t 1 ' d 1 ' 1 t ~on, aga~n 1. us ra eG a - He Q- l.p ena a 0 l.gan S 1e c ose 0 

'vater in the spectrochemical series. From the ubove i<acuh B value , a 

value of ~ (the ratio of B in th" complex to B in the free ion (Bo), for 

Co (II), Bo = 971 cm- l )159 equal t o 0 .83 is obtained . This {:> value 

indicates that the metal to oxygen bonds i~ the Q-dipheno lato cornplex0s 

are partidlly covalent since complexes .,i th purely ionic ligands have 

values close t o 1 and the great or the reduction of j:>, the gr eat or the 

covalency i n the meta l ligand bonds .159 A cor.lparison of ~ = 0.83 for 

211 4 
the Tiron complex ,,,ith other f> values for octahedral Co(II ) complexes, , 

shows that the position of t he Q-diphenolato ligands in the nephe lauxetic 

, 173 ser1es is bet ween water ",nd the halide ions, Cl and Br - • 

(iii) Copper (II) complexes The spectral data ror the Q-diphenol 
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complexes of Cu (II) ar 3 given in Table 5. Typical absorption spectra 

for the CuLl and CuL
2 

complexes arE: illustrated in Fig. 7. Two visible 

absorption bands, 'VI 

-1 

and 'V
2

, H CI-C observod in the region 13,000 -

16,000 cm and 23,000 - 26,000 
-1 em I r espectively. rrhose have been 

assigned to the d-d h -anni tions of 6-co-ordinate Cu (II) and to charge 

, , . 23 
transfer trans). tlons rcsnectl VGly. 

The similarity of the spectral data for the Q-dihyclroxybenzene and 

1,2,3-trihyclroxybenzene comple.xes (Table 5) illustrates that the same, 

final species, CuL
2

, is formed. This confirms the assumption "hich was 

made on the b asis of the potcntiometric r esults (p. 202). 

From Table 5 it may be obsorved that for an electron-releasing 

phenolic substituent, the charg" transf er band is at lO1Yer energy, relat-

i ve to the unsubsti tuted phenol and 'lice versa. This established t hat 

the charg~ transfer is from l igand to metal as for the Q-diphenol com-

pI exes of Fe (III) (Sect i on B). In a molecular orbital interpretation of 

charge, t ransfer tho charge trallsf" r t r ansitions of lowest energy have 

been shown to be between a ZT ligand orbital and the lowest, vacant metal 

orbital.
l

:
l 

Since Cu(II) has a d
9 

configuration, vii th only one vacant 

d-orbital, the charge transf ', r can be assigned to the transit i on 

ZT-'>e. g 

On success i ve formation of tho CuLl and CuL
2 

species, the charge 

tranofer bands are shifted to highe,r energies (Table 5), as found for the 

Fe(III) c omplexes. The int erpretations Which were fi'ilde on the charge 

transfer results of the Fe(III) complexes, based on an elect rostatic model 

(p. 107) and a molecular orbital model (p. Ill), also hold for the Cu(II) 



- 212 -

TABLE 5. 

Spectra l data for Cu (II) complexes of Q -diphenols. 

Complex 
species 

Ligand 

Tiron 
3, 'l-dihydroxy­
benzenesulfonate 
DHNS 
protocatechuic 
aldehyde 
4-methylcat echol 
pyrocat echol 
catechin 
protocatechuic acid 
pyrogallol 
Tiron 
2,3-dihydroxy­
naphthalene 
3, ·l-dihydroxy­
benzenesulfonute 
DHiJS 
propyl gallate 
protocat echuic 
aldehyde 
4 -ni trocat echol 

d-d 

\)1 (kK) 

13.50(30)b 
13.70(27 ) 

13.50 (40) 
13.15(38) 

15.50(33) 
15.38(31) 
15.38(33) 
15.38(33 ) 
15.15(28) 
15.27 (35) 
15.27(34) 

15.15(30) 

15.27(45) 
14.93(32) 
14.93(40) 

(14.80)a 
12.60c 

OCu 

~i 

1.58 

1.59 
1.57 

1.82 
1.80 

1. 78 

1.79 

1. 75 

1. 73 
1.48 

"<Jave mmbers given in parentheses ' r efer to shoulders 

bExtinction coefficients 

cRefercnce 262 

dObscured by phenolic absorption. 

complexes of Q-diphenols. 

charge 
transfer 

23.0(90) 
23.3(85) 

25.3(150) 
(23.5) -

24.4 (190) 
25.0(180) 
25.3(210) 
25.6(240) 
25.3(170 ) 
26.3(200) 

d 

25.6(220) 

d 
cl 
d 

d 

The d
9 

configuration of Cu(II) results in considerable distortion due 

t o the Jahn-Teller eHect. 250 The majority of 6-co-ordinate Cu(II) 

complexes ar'] t0tragonally distorted wi th four short metal to ligand 

bonds in one plane (xy) and hro longer bonds (z axis). 250 The energy 
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levds of such tetragonally distorted Cu(II) cOElplexes are illustrated 

in Fig. 10. 

/ 

E d-----' , 

'-

c a 

--.' 

x 

xx , d 2 
XX z 

-"'- d xy 

-::" XX XX -__ d 
xz 

b 

(a) octahGdr&l field, (b) tetragonal field, (c) spherically perturbed ion 

Fi g. 10. Effect of tetragonal distortion (elongation along z axis) on 

the energy levels of cm octahedral cdnplex (d
9 

configuration). 

From Fig. 10, three d-d transitions are Qxpected viz. from the dz2, 

dxy and d ,d pair to the half-filled d 2 2 level. In general, xz yz x -y 

however, the spectra of Cu (II) complexes show only one asyItlffietric absorp-

. -1 250 
tion band in the reglon near 16, 000 cm. This band has, hO>lever, 

been sho>1l1 to be made up of two of three overlapping symmetrical bands. 250 

If it is assumed that the band due to the d-d transition of the £-diphenol 

complexes of Cu(II), (Band '\' Table 5) is from an average of the dz2 ' 

d and d ,d levels, then from Fig. 10 an increase in tetragonal xy xz yz 

distortion >Ii 11 result in a shift to higher energy of the absorption 

band. Jorgpnsen
251 

has defined the term "cui"!'i' as the ratio between the 

wave number "cu of the principal band of a Cu(II) complex and ~'i' the 

>lave number of the first, spin-allowed band of the high-spin, oc·tahedral 

Ni (II) complex with the same ligand. This ratio varies from l.0 to 1.8 

depending on the extent of tetragonal distortion and consequently Cu(II) . 1 
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complexes may be divided into three classes
251 

(i) the complexes with 

large tetragonal distortion with OCu/uiu = from 1.6 ~ 1.8, (ii) those 

with moderate distortion with o;c /er." = 1.4 and (iii) those with low 
U In 

distortion ,;ith OCu/"IJi = 1.1. The values of o;c /a-:. obtained for the 
u l'.~ 

Q-diphenol complexes are given in Table 5. The d~d absorption bands 

(\)1) of the Q-diphenol complexes of Cu(II) would be expected to be sim­

ilar to that of hexa-aquocoppor (II), as found for the Ni (II) complexes . 

From Table 5 it is seen that band\) 1 of the Q-diphenol complexes are at 

higher energies r e lative to thO l:i 8 of the hexa-aquo complex. This 

anomaly may be e"plained on the basis of a change to lower symmetry on 

formation of the Q-diphenol co,.,.plexes. From Table 5 the OCu/"IH values 

of 1.55 - 1.8 for the Q-diphenoi compl~:es, relative to that of 1.48 for 

the hexa-aquo complex, shows that the former complexes are highly tetra-

gonally distorted . In addition, the increase i" "eu/er
Ni 

on successive 

complex formation (Table 5) shows that the tetragonal distortion also 

increase;:; on successive replacement of the bound water molecules by the 

phenolic ligands. 'l 'his large tetragonal distortion alGo accounts for the 

relati vely higher stabilities of the Cu (II) complexes (Table 1), because 

from Fig. 10 the larger the tetragonal diGiortion, the lower is the energy 

of the system and hence the more stable is the complex. 

The effect of the 'O."enolic substituents on the values of O:;c /rr.
N

, 
u I1 

(Table 5) s h olls a parallel r31ationship to the electronic character of 

the substituent - the more electron~releasing the substituent, the greater 

is the tetrayonal distortion relative to the unsubstituted phenol and 

vice versa. This would account for the greater substituent effect on the 

stability constants of the Cu(II) complexes relative to those of Ni(II), 
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Co(II) and Zn(II) cOfaplexes (c£. slopes in Figs. 3 and 4 and p. 199) 

since in addition to t he normal stabilisation by the electron-releasing 

substituent, the stabilities >lOuld be increaseci by the tetragonal dis­

tortion relative to the unsubstituted phenol and vice versa. 

2. Magnesiur:dII) and calciur., (II) complexes of o-diphenols. 

Complexation of £-dihydroxybenzene derivCitives with l1J(II) and 

Ca(II) ions have been shown to take place according to reactions (1) and 

(2).51,54 Potentiometric titration curves for the 11;r(II) and Ca(II) 

complexes illustrated in Fig. 1, Sh01 ; that these complexes are only 

formed at high pi. HO\,ever, the forffii!tion of the l1JLl and HgL
2 

and the 

CaLl species >ms evident frol., th e fOYf1at ion curves (ii. vs. pL plots), 

illustrated in Fig. 2. Values of ii. and pL vlere calculated us ing 

equations (14) and (17) Section B, and equation (11) Sect ion C. Exar,~les 

of the calculations are given in Table 10. 

Similar HgL
l 

complex species for'led ",i th the 1,2,3-trihydroxybenzene 

and Q-dihydroxybenzene deriv<lti'ies. This is shoHn by the similarity of 

their formation curves (Fig. 2). The 1,2,3-trihydroxybenzene complexes 

of Ca(II), hOHever, formed precipitates in solution, similar to those 

of Co(II), Ni(II), Zn(II) and Cu(Il). 

The st~bility constants, Kl and K
2

, Here calculated by the least 

squares m<,thod, using equation (13) Section C, as shoHn in Table 10. In 

the cases where the stabi lity constants, K
2

, were unobtainable because 

of the high pH of complexation, approximate values of Kl Here obtained 

from the formation curves by interpolation at half-ii. values. The 
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stabili ty constants obtained by these methods are listed in Table 6. 

TABLE 6. 

Stability constants for Q-diphenol ccmplex8s of Hg(II ), Ca(II), and 

Pb(II). 

Ligand lI.g (II ) Ca (II) 

log Kl 

Pb(II) 

4-methylcatechol 
4-tert.-butylcatechol 
pyrocat echol 
3-methoxycatechol 
pyrogallol 
brazilin 
catechin 
robinetinidol 
protocatechuic acid 
gallic acid 
2,3-dihydroxynaphthalene 
3,4-dihydroxybenzenesulfonate 
DHNS 
propyl gallate 
4-chloroac ety lcat echol 
Tiron 
protocatechuic aldehyde 
4-nitrocatechol 

log Kl log K2 

7.06 
'1.10 
6.80 
6.47 
6.6 
6.65 
6 .6 
6.6 
6.55 
6.5 
6.28 
6.27 
6.32 
5.8 
5.91 
6.76 
5.83 
5.26 

4.49 

4.45 
4.33 

4.10 

3.93 
3.72 
3.70 

3.81 
4.72 
3.72 
3.38 

4.8 
4.85 
4. 7 
4.55 

4.65 

4.65 

4.2 
4.2 
4.15 

4.05 
4.6 
3.95 
3.6 

log K 
1 

11.95 
11. 9 

12.86 

5.95 

6.55 

The stability order Hg > Ca (Table 6) is similar to that obtained 

. 1 51 preV10US y . This stability order is in agreement ,lith the theoretical 

order bQsed on the ioni c radii of the alkaline-earth metals
252 

and 

results from the smaller ionic radius of Hg(II) relative to that of 

Ca(II). A comparison of the stability cunstants of the Zn(II) complexes 

(Table 1) wlth those of Mg(II) (Table 6) shows that the stability order 

Zn :> Mg holds for all the Q-diphenol complexes. In general, this stab-

253 
ility orde r has been found to hold for many complexes of these metals. 

The potentiometric investigation uf the 'tattle tannin complexes of 
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M;r (II) and Ca (II) .ras hampered by the formation of precipitates. HowGver, 

the above stabiHty orders also hold for the >rattle tannin complexes as 

shown by the pH at incipient precipitation, given in Table 2. 

The stability constants of thc i-i.] (II) and Ca(II) complexes were 

correlated with the ligand association COftstants and the results illus-

trated in ;"ig; 11. The observed linear relationships (excent for Tiron) 

are similar to those obtained for the other Q-diphenol complexes studied. 

In the correlation for l'q(II) complexes, thG 1,2,3-trihydroxybenzene 

derivatives ilnd the flavanoid conpounds all follow a linear relationzhip. 

3. Lead(II) complexes of o-diphenols. 

In general, the Q-diphenol complexes of Pb(II) were insoluble in 

aqueous media. The only exceptions were those phenolic derivatives with 

ionic substituents. Although precipitation occurred, the titration 

curves showed sharp inflections at z = 2 and n = 1 as illustrated in 

Fig. 1. Th i s corresponds to the fonnation of tJ:e PbL complex species, 

according to reo.ction (1). It has been established tCtat the precipitation 

of the 4-tert. -butylcatechol, 4-rtlethylcatechol and pyrocatechol complexes 

of Pb(II) is quantitative and that complexes <11'e only formed ,dth phenolic 

25/l 
ligands containing an Q-dihydroxyl group. 1 The pyrocatechol complex 

was isolated as a white, amorphous solid. The infrared spectrQ~ of the 

compound showed no O-H stretching vibrations, in accordance with the 

formula, Pb(C
6
H

4
0

2
), which has been estarlished

255 
f or the pyrocatechol 

complex. 

Solutions of Pb(II) ions and Hattle tannin form an immediate white 
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precipitate. A potentiOl,letric titration of Pb(II) ions <.nd excess of 

'lattle tannin also gave an inflection at a»pnnir,lately z = 2, indicating 

that t he smue complex species, PJoL
l

, is formed as in the case of the 

other Q-diphenol ligands listed in Table 6. 

It was evident fro~ the for.not ion curves of the soluble Q-diphenol 

complexes of Pb(II) that in addition to the PbL
l 

species, the PbL
2 

species form <.t high pH. The least squares method for determini rq the 

stability constants was unnecessary [;ince the st!cCeGI31 ve complexes form 

separately. The stability constants given in Table 6 for the soluble 

Pb(II) complexes were determined using equation (14) Section B, and 

equations (11) and (12) Section C. A comparison o f the stability con-

stants in Tables I and 6 shows that the stabilities of the MLI species 

increase in the order Co, Ni , Zn, Ph, Cu, whereas the s t abilities of the 

NL2 species increase in the order Pb, Ni, Co , I:\n, Cu. It has, however, 

56 
been shown that the position of Pb(II) in such stability orders is 

dependent on the ligand and no general order could be established for 

Pb(II) complexes relative to other d i valent metal complexes. 

4. Vanadyl(IV) complexes of o-diphenols. 

Vanadyl(IV) ions have been shmm63 ,65,256-258 to form successive 

complexes "lith Q-dihydroxybenzene and 1, 2, 3-trihydroxybenzene derivatives 

in aqueous media, thus 

V02+ + H2L --" 
,.-- VOL + 2 H+ ( 8 ) 

VOL + H2L ---> VOL2+ + o H+ (9 ) l _ 
,.-- 2 

The tris-pyrocatechol chelate, 1'12 [V(C6H40 2 )3] has been isolated
259 
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as ,,,ell. However, in dilute aqueous solutions only the VOL
l 

and the 

VOL
2 

species have been detected. 53 •55 In vanadyl(IV) complexes with 

bidentate ligands, ~. acetylacetonccte and oxalate, t he VOL
2 

complexes 

consist of two chelate rings in the xy plane and the V = 0 band perpen-

260 
dicular to the xy plane. 'I'he £-diphenol complexes would be expected 

to be similar. 

Potentiometric titration curves of vanadyl(IV) ions and excess of 

£-diphenol showed no distinct inflection at z = 2, as illustrated in 

Fig. I. indicating overlap of the successive complex formation. The 

inf lection observed (Fig. 1) at z = 4 corresponds to the complete forrn-

of the VOL
2 

species. Due to the overlapping nature of the complexation, 

the least squares method was us ed to cbtil in the stability constants, Kl 

and K
2

, for the Q-diphencl complexes. Examples of the calculations are 

given in Table 11. 

In the pot entiometric titrations of vanadyl(IV) ions with the less 

acidic phenolic ligands, inflections at s lightly less than z = 2 were 

obtained. 
, 6,1 

This suggests additional formation of the hydroxo spec~es, 

VOL (OH) -, at the :cigher pH values required for complete complex formation. 

I ' , t' t' 65 th 't f f th f t ' f th n prevlous lnves 19C't 10ns, .. e J.n er erence rom e orma. lon 0·' e 

hydroxo species Vias overcome by deprecsing the pH of complexation with a 

large exceGS of ligand. However, the limited solubility of some of the 

phenolic ligands used in the present investigation only permitted the use 

of a moderate exces s of ligand. If, however, n values of less than 1.5 

were used in the calculation (least squares method) then correlation 

coefficients of close to unity were obtained, as shown in Table 11. 



Table 7 lists the stability constants, Kl and K
2

, for the vanadyl(IV) 

complexes. Equilibriunl constants, kl and k2' for reactions (8) and (9) 

were also determined using equation (22) Section B. Values of kl and 

k2 determined in the pre3 cnt inv(!stigation compare favourably "lith pub­

li8hed65 values for a number of Q-diphenol complexes, as shown in 

Table 7. 

TABLE 7. 

Stability constants, Kl and K2, and L~uilibrium constants, kl and k2' 

for vanadyl (IV) complexes of £-diphenols. 

Ligand log Kl log K2 pkl pk2 

4-methy lcat echol 17.95 15.80 5.65 7.80 
4-tert. -butylcatechol 17.86 15.70 5.74 7.90 
4-hydroxycatechol 17.78 15.70 5.62 7.70 
pyrocatechol 17. 52 15.57 5.48(5.43)a 7.43(7.30) 
3-methoxycatechol 17.37 15.30 5.53 7.60 
pyrogallol 17.35 16.21 5.30(5.21) 6.44(6.51) 
brazilin 17.41 15 .44 5.19 7.16 
catechin 17.09 15.10 5.16 7.15 
robinetinidol 17.10 15.78 4.95 6.27 
dihydrorobindin 17.07 15.68 4.98 6.37 
2,3-dihydroA~naphthalene IG.31 H.29 4.64 6.66 
3,4-dihydroxybenzenesulfonate 16.19 14.02 4.61(4.56) 6.78(6.81) 
DHNS 16.07 13.91 4.28 6.44 
propyl gallate 15.76 14.32 ·1.2", 5.68 
Tiron 16.80 14.44 3.15(3.49) 5.81(5.91) 
4-chloroacety1catechol 15.29 13.55 4.11 5.85 
protocatechuic aldehyde 14.97 13.2·} 4.03 5.76 
4-ni trocatechol 13.98 12.38 3.67 5.27 

a parentheseG published65 equilibrium constants. Values in arG 

T = 200
, I = 0.1. 

A comparison of the stability consta:1t s , K
l

, in Tabl es 1, 6 and 7 

shows that the stabilities of the ,ilil species increases in the order, 

Ca, H., Co, Ni, Zn, Pb, Cu, va. This stabil ity order also holds for the 

wattle tannin complexes, as shown by the pH values at incipient 
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precipitation, givvn in Table 2. 

Ratios of Kl and K2 (Table 7) for the va nadyl(IV) complexes are 

generally much lo'''or than for any of the other Q-diphenol complexes 

studied. This is attributed to the presence of the V = 0 bond in the 

vanadyl (IV) complexes being able to relieve the high electron density on 

the IT.etal in the VOL;'- species resulting in a more st;.ble complex. A 

similar electronic effect has b een shown to take "lace in vanadyl com'Jlexes 

with ~ (i. e; . ~ to the V = 0 Dond) electron donors.
261 

Correlation between the ligand association constants ~nd the stabil­

ity constants, K
l

, for the vanadyl(IV) complexes gave the normal linear 

relationship (except for Tiron) as shown in Fig. 12. However, in a 

similar correlation of the stability const a nts, K
2

, (Fig. 12) the points 

for all the 1,2, 3-trihydroxybenzone deri vati ves deviate from the straight 

line drawn for the Q-dihydroxybenzene derivatives. The direction of 

devic.tion indicates that the vanadyl(IV) complex species, VOL
2

, are more 

stable for the 1,2, 3-trihydroxybenzene complexes relative to those of 

the Q-dihydroxybenzene complexes. Hovrever, the general relationship 

between ligand acidity and complex stabil.i ty ati 11 holds for the forr:ler 

complexes as Shovlll by the separatE' linear relationship in Fig. 12. 
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TABLE 8. 

Determination of stability constants for the Cu(II) and Zn(II) complexes 

of catechin. 

Metal ion: (1) copper (II) 

pH Vi" Vi' 

5.0 0.48 0.00 
5.2 0.85 0.00 
5.4 1.27 0.01 
5.6 1.51 0.015 
5.8 1.840.02 
6.2 2.16 0.03 
6.4 2.42 0.04 
6.6 2.77 0.05 
6.8 3.17 0.06 
7.0 3.53 0.08 
7.2 3.81 O.ll 

-n 
a 

-n pL 

2.000 0.240 14.521 
2.000 0.425 14.146 
2.000 0.630 13.786 
2.000 0.798 13.420 
2.000 0.910 13.045 
2.000 1.065 12.281 
1.998 1.191 11.913 
1.996 1.363 11.560 
1.994 1.560 11.220 
1.990 1.734 10.880 
1.985 1.864 10.532 

(2) zinc(II) 

pH ViiI v" 

7.00.600.08 
7.2 1.02 O.ll 
7.4 1.49 0.165 
7.6 1.990.75 
8 .02.800.55 
8.2 3.27 0.80 
8.4 3.81 1.12 
8.6 4.40 1.55 
8.8 5.01 2.12 
9.0 5.53 2.71 

-n a 
-n 

1. 990 0.261 
1. 985 0.458 
1.975 0.671 
1. 960 0.888 
1.910 1.178 
1. 863 1. 326 
1.800 1.49<1 
1.715 1.662 
1. 61:1 1. 792 
1.500 1.880 

pL 

10.521 
10.159 

9.805 
9.458 
8.753 
8.417 
8.100 
7.805 
7.521 
7.2·16 

Application of the least squares method to v~lues in columns 5 and 6 for 

system (:) and columns 11 and 12 for system (2), using equation (13) 

Section C gave (1)corre1ation coefficient=0.99, log K
1
=13.99 and 

log K
2
=11.30 and (2)corre1ation coefficient=0.9~ log K1=10.12 and 

log K
2
=8 . 13. 

Experimental data used in equation (17) Section B, and equation (11) 

Section C : 

T~ = 2 x 10-3 M, T~ = 8 x 10-3 h, VO = 50 ml, 

pKaKb = 22.25, pKb = 13.25. 

o N = 0.1 N KOH, E = 0, 
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TABLE 9. 

Determination of stability constants for the Ni(ll) and Co (II) complexes 

of 4-chloroacetylcatechol and 2,3-dihydroxynaphthalene. 

System: 

(l)Ni (II) -4-chloroacety1catecho1 (2) Co (II)-2,3-dihydroxynaphtha1ene 

pH v'" v" - pL p.'i ViII v" - pL n n n n a a 

6.4 4.00 3.35 1.912 0.340 8.834 7.0 2.52 2.10 1.975 0.213 9.120 
6.6 4.55 3.54 1.865 0.541 8.485 7.2 2.93 2.17 1.958 0.388 8.751 
6.8 5.12 3.80 1.800 0.733 8.148 7.4 3.41 2.26 1.935 0.594 8.391 
7.0 5.64 4.14 1.715 0.875 7.819 7.6 3.89 2.39 1.903 0.788 8.037 
7.6 6.96 5.46 1.385 1.083 6.925 7.8 4.31 2.58 1.855 0.933 7.685 
7.8 7.33 5.86 1.285 1.144 6.670 8 ' . , 5.60 3.66 1.585 1.224 6.700 
8.0 7.67 6.21 1.197 1.220 6.436 8 .6 6.10 4.10 1.475 1. 356 6 .419 
8.2 7.96 6.47 1.132 1.316 6.220 8.8 6.60 4.54 1.365 1.509 6.165 
B.1 8.20 6.66 1.086 1.418 6.016 9.0 7.04 4.96 1.263 1.647 5.931 
8.6 8.40 6.80 1.052 1.521 5.821 9.2 7.36 5.26 1.190 1.764 5.712 
8.8 8 .56 6.89 1.031 1.619 5.630 9.4 7.61 5.54 1.123 1.842 5.499 

Least squares method (as for Table 8) gave 

(1)corre1ation coefficient = 0 .98, log K1 = 8.57, log K2 = 5.90, 

(2)corre1ation coefficient = 0.99, log K1 = 8.59, log K2 = 6.20. 

Experimental data used in equation (14 ) Section B, and equation (11) 

Section C : 

) 
0 -3 

(l TM=1.887xlO H, T~ = 7.547 x 10-
3 H, VO = 53 ml, 

pKaKb = 19. '1 , pKb = 12.0 

(2) T~ = 1.923 x 10-
3 

1-1, T~ = 7.692 x 10-3 N, o 
V = 52 m1, 

o -3 E = 3.846 x 10 N, pKaKb = 20.95, pKb = 12.4; 

N = 0.1 N KOH 
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TrIBLE Ill. 

Determination of stilbil.ity co n:, tant.J for the Lg(J.l) cNlplex of 

4-nitrocatechol ilnd dct Lrnin,'li.ioll of ;:, iOn" )'1L v'llucc; for the Ca (II) 

complex of 4-chloroi....cetylc,ltecjl01 . 

lJystem: (1) ;.:g (n) <-nitro­
catechol 

pH v'" v" - pL n n 
a 

7 . 6 5.8B 5.S1 1.121. U.321 5 • ..55'1 
7,8 6.16 0 .6 ~ l.O80 0, 'l4.; 5.351 
8 .0 6.'10 5.80 1.050 0 . 571 5.156 
8.2 6 .60 5.8r 1.030 0.699 -1,0;;5 
8.4 6.75 5.94 1.015 (,.798 ';.775 
8 .6 0.88 5.98 l. 005 0.886 4.560 
9.2 7.20 6.035 0 .982 1.125 -i. O~ 9 
9," 7.34 6.15 0.971 1.225 3 . 8·: 5 
9 .6 7.5(j 6.24 l ' .J55 1. 317 3 .668 
9 . 8 7.68 6.J55 0 .927 1. ·i 28 3.499 
10.0 '1.90 6.54- O.8£::9 1.527 3 • ...;36 

(2) Ca(II)-1-chloroacetyl­
cat ",chol 

pd v'" v" - -n n 
a 

9.0 5.98 5.91 1.023 0.068 
9 .) . " 6.06 5.95 1.013 0.109 
g . '1 6 . I /L 5.98 1.008 0 .159 
9.6 6.23 6.Ul l.LYJ3 0.219 
9.8 6.36 6.05 0.998 0.310 

10 . 0 6. 51 5.100.991 O.·~l~) 

10 . 2 6.68 6.16 0.379 0.510 
lO.~~ 6.87 6.2 8 0.368 0.608 

pL 

5.1BO 
4.981 
4.785 
tl.592 
4.404 
4.218 
<l. 033 
3.851 

Least squares nethod (as for Tabl e 8) gave (l) correl"tion coefficient 

= 0.99, log Kl = 5.26 and log K2 = 3 .38. 

Data l tsed i n ec.ua-i':ion (14) iJec-cion L.: 0nd equation (11) Section C. 

(1) anC: (2), o -3 j' l' = '1.692 x 10 " L 

EO = 3.846 " 10-J :" VO = 52 rd, ;; = C.l . ;, I ~ 0.1; pKalJJ = 

(1) 17.65 '1.1d (2) 19.'~, pili = (1) 10.0 and (2) 12.0. 
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TABLE 11. 

Determination of stability con3tants, Kl and K
2

, for the vanadyl(IV) 

complexes of catechin and robinetinido1. 

Ligand : (1) catechin 

pH V'If 

3.6 2.25 
3.7 2.38 
3.8 2.51 
3.9 2.63 
1.0 2.75 
4.1 2.86 
4.4 3.10 
4.5 3.20 
4.6 3.30 
4.7 3.40 

v" 

1. 89 
1.91 
1. 92 
1. 93 
1.95 
1.96 
1. 98 
1.985 
1.99 
1.995 

n 

0.361 
0.471 
0.591 
0.701 
0.801 
0.901 
1.120 
1.215 
1.310 
1.405 

pL 

17.318 
17.128 
16.938 
16.748 
16.557 
16.367 
15.788 
15.597 
15.407 
15.216 

(2) robinetinidol 

pH V"f 

3.4 2.10 
3.5 2.24 
:l.6 2.38 
3.7 2.55 
3.8 2.71 
3.9 2.83 
4 .0 3.00 
4.1 0 .13 
4.2 3.~4 

4.3 3.34 

v" 

1.82 
1.86 
1.89 
1. 91 
1. 92 
1.93 
1. 95 
1. 955 
1. 96 
1. 97 

-n 

0.281 
0.381 
0.491 
0.641 
0.791 
0.901 
1.051 
1.176 
1.281 
1.371 

Least squares method (as for Table 8) gave 

(l)correlation coefficient =0.99, log Kl = 17.09, log K2 = 15.10; 

(2)correlation coefficient = 0.99, log Kl = 17.10, log K2 = 15.78. 

Experimental data us ed in equations as for Table 10 : 
o -3 0 -3 

TH = 1 x 10 M, TL = 6 x 10 h, 
-3 x 10 H, V

o = 50 ml, 

N = 0.1 N, I = 0.1, ii = 2' a ' 

(l)pKaKb = 22.25, pKb = 13.25; (2)pKaKb = 22.05, pKb = 13.25. 

pL 

17.511 
17.319 
17.129 
16.943 
16.756 
16.566 
16.381 
16.193 
16.003 
15.813 
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E. CHnRGE lliANOJFER COi1PLEXEG OF o-DIPHE~OLB. 

The oxidisable natur e of phenolic ligands results in the format ion 

of intensely coloured charge transfer complaxos \.;ith a number of reducible 

t 1
, 25 

me a lans. 

1. Titanium(IV) complexes . 

Due to the high charge to radius ratio of Ti(IV) ions, no simple 

tah d 1 h ' t ' d' 131 oc e ra exa-aquo specles are presen I n aqueous me lao One of the 

main hydrolysis products in acid solution has been shown to be Ti (OH)~+, 
131 

which exists as an hydrated octahedral speci es. 'rhe aqueous stock 

solution of Ti(IV) was made highly acidic to prevent the formation of 

insoluble titanium dioxide, which forms at pH greater than t wo. 

The intense yellow colours of the o-diphenol complexes of Ti (IV) 

enabled the equilibria to be studied by spectrophotometric methods. The 

intensity of the colours was found to be depe ndent on the pH indicating 

that protons are liberated on complexation. Absorption spectra of sol-

utions containing Ti (IV) ions and exces" of ligand were recorded at 

various pH values as illustrated in Fig. 1. The yellow colour of the 

complexez is due t o the strom, absorption band in the blue region of the 

spectrum . The final yello" species of both Q-dihydroxybenzene and 

1,2,3-trihydroxybenzene derivatives has been shown to be the tris-chelate, 

T 'L 25,86,1~9,130 
1 3' Spectral data of the Q-diphenol complexes ,are given 

in Table 1. Absorbance values at 130 nm for the pyrocatechol , protocat-

echuic acid, LHNS and Tiron complexes are i n agreement \'1i th published 

1 
25,86 

va ues. 

J 
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TiJ3LE 1. 

Spectral data and equilibrium constants, k1, for Q-diphenol complexes 

of Ti (IV). 

Ligand 

4-n18thylcat r;chol 
pyrocatechol 
catechin 
pyrogallol 
robinetinidol 
3,4-dihydroxybenzenesulfonate 
Tiron 
protocatechuic acid (-COO- ) 
protocatechuic acid (-COOH) 
gallic acid (-COO- ) 
gallic acid (-COOH) 
propyl gallate 
4-chloroacetylcatechol 
protocat echui c aldehyde 
2,3-dihydroxynaphthalene 
DmlS 

Absorption Extinction 
maxima 

kK 

25.8 
26.0 
26.C! 
26.3 
26.3 
26.3 
26.3 
25.1 
26.3 
26.5 
26.7 
26.7 

(26.7)a 
(26.7)0. 
27.3 
27.6 

coeff icient 

x 10- 3 

10 .8 
11.3 
12.5 
12.0 
12.7 
14.4 
15.5 
14.3 
16.0 
16.4 
18.4 
19.5 

32.0 
39.0 

aValues in par enthes es ref e r to shoulders. 

Extinction 
coefficient 

-3 x 10 at 
430 run 

8.3 
8.2 
9.5 
8.3 
9.2 
9.8 

10.0 
9.9 

10.3 
11.2 
11. 7 
12.6 
15.7 
15.0 
13.3 
15.0 

pk' 

6.63 
6.16 
5.42 
5.50 
4.95 
4.30 
3.03 

3.80 

3.45 
3.33 
3.27 
2.82 
4.18 
3.69 

The intermediate complex species have been sho,;n to be dependent or. 

th I , d t t' 86,129 e 19an conc en ra 10n. In solutions containing a very large 

excess of the Q-diphenol ligand (T LITH = -;00 - 400c), the follo,Jing equi-

1ibria occur 86 ,130 : 

TiO(l.H ' 2 

Th ' T 'O (LH)+ h also b"'en detected at low pt-r. 86 ,129 e specles, 1 ,ave ~ How-

ever, a very large excess of ligand ,"as not possibl e for some of the 

Q-diphenols due to their limited solubili ty in aqueous media. In order to 
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ensure similar experimental conditions, the spectrophotometric investig-

ation was carried out with molar ratios of Ti (IV) to ligand in the range 

1 : 30 - 40. Under these conditions the formation of the TiO(LH)2 

, 'th 1 t'- ' ' th ' f435 13(J t specl.es, Wl wave eng !l maxl.ma 1n e reglon 0 run, were nn 

observed as shown by the absorption spectra (Fig. 1). The only maxima 

are in the region of 380 nm, corresponding to the direct formation of 

the species, TiL
3

• 

The equilibrium involved in the formation of the species, TiL3' 

under the experimental conditions used, was solved by 10garithI<lic anal -

yses of the extinction curves (absorbance vs. pH plots), shown in Fig. 2. 

For the reaction : 

+ x H L ~ TiL2
3

-
2 .".--- + ( 3 ) 

the number of protons liberat ed on complexation and the number of ligand 

molecules involved >lere det cr:tlined with the aid of the equation
86 

log 
A 

+ l og k' hpH + = 

v,here k' is the equilibrium constilnt f or reaction (3), A is the absorb-

ance ~t a fixed wavelength and A~ is the maximumAabsorbance at complete 

formation of the TiL" species. 
v 

Slopes of log 0 VB. pH plots give 
Al - A 

the number of protons liberated, if the concentration of the ligand is not 

appreciably 2.tered by complexation. Slopes of log _A_-A vs. log [H2L] 
A~ -

plots at fixed pH give the number of ligand molecules invol ved in the 

equilibrium. The application of these treat ments is illustrated in 

Fig. 3. Slopes of the straight lines gave h = 3 and x = 2. The follow-

ing equilibrium, for t he formation of the TiL3 spec i es, would satisfy 
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these results : 

+ (5 ) 

It was evident from the absorption spectra (F i0. 1) that the extinct­

ion coefficients of the initial species, TiO{Ui)+, are negligable relative 

to the very large extinction coefficients (Table 1) of the fin"l species, 

TiL
3

• The metal ion reactant (reaction 3 ) cannot be an uncomplexed species 

because comple.xation occurs at pH> 2 (Figs. 1 and 2). Hence insoluble 

1 2 9 
Ti02 would be expected to form, '.;hereas no such precipitates were 

observed. The equilibrium conGtants, k', for reaction (5) were deter-

mined from the extinction curves ue ing the following equation : 

k' = (6) 
(A

l
o 

- A)[{TL - 1\ .) - 2T . . A/A
O

l
}2 

1.1 1'1 

",here TN and TL are the r£~pective metal ion and ligand concentrations. 

Values of kl for the Q-diphenol complexes of Ti (IV) are listed in Table l. 

Examples of the calculation are given i n Tabl& 4. 

Values of k' (Table 1) for the protocatechuic acid and gallic acid 

complexes are related to the carboxyl substituent in the undissociated 

form, since com"lexation is cO!:lplete at pH values lower than the region 

in which carboxyl ions form. Absorption 3pectra of these complexes at 

higher pd values did not reuain unchanged as for the other Q-di phenol 

complexes. This is shmm in Fig. 2. The decrease in absorbance between 

pH 4 - 6 for the protocatechuic acid complex has been interpreted as 

b · d t th ft· f th T' L . f th T ' L ,122 elng ue 0 e orma 10n 0 e 1 3 specles rOp.l e 1 2 speCles. 

The author is of the opinion, ho,rever, that this interpretation is 

incorrect. The decrease in extinction coefficient and the shift in the 
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absorl::ance maxima for the protocatechuic acid and the gallic acid complexes, 

in the region from pi! 4 - 6 (Table 1) is ascribed to the ionisation of the 

carboxyl groups of those ligands co-ordinated to the metal ion. The 

electro'nic influences of the carboxyl substituent in the dissociated and 

undissociated state are different,116 hence these will affect the charge 

transfer process as will be shown later (p. 242). Approximate values of 

the dissociation constants for the carboxyl groups in the TiL3 complexes 

of protocatechuic acid and gallic aci d were determined from the extinc-

tion curves (Fig . 2), at the half-neutralisation point (ii = 0.5, 
a 

Section A). Values of pK = 5 for both the above complexes were obtained. 

These values compare with pK = 5.10 and 5.01 for a similar dissociation 

process in the Ge(IV)-protocatechuic acid and -gallic acid complexes, 

respectively. Both the Ti(IV) and Ge(IV) complexes have the same overall 

h . 'iL2 -c arge ~. r 3 • Therefore the electronic inf luences of the Q-dihydroxo 

complexed group (cf. p. 155) ,.ould be expect ed to be the same. This is 

reflected in the close agreement of the above dissociation constants for 

the two sets of complexes. 

An i r:mediate orange precipitate formed in solutions containing 

Ti (IV) ions and wattle tannin . Although the sulfited derivative of wattle 

tannin formed a soluble, yellow complex with Ti(IV), the equilibrium 

constants, k', could nct be determined. Tho large excess of wattle tannin 

which was necess ary to meet the requirement, TL/TN = 40 as for the other 

Q-diphenol complexes and also to allow for the polymeric nature of wattle 

tannin, result ed in gross optical interference from the tannin solut i on. 

However, the absorption spectrum of Ti (IV) ions and a much lower concen-

tration of wattle tannin (TL/TM = 15) at pi! = 6, compared with a blan'( 
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of the same tannin concentration, gave an absorpt i on maximum at 

-1 ( 26,300 em extinction coefficient = 13,000). A corr~arison of these 

values with those for the ;;attle tannin monOl.<ers (Table 1) indicates 

that the same TiL3 speci es is formed. 

The equilibrium constant s , k', for the Q-diphenol complexes of 

Ti(IV) were correlated with the dissociation constants of the ligand and 

the result shown in Fig. 4 . Tho linear r elationship (except for Tiron) 

again shows the generally fcund dependence of complexation (reaction 5) 

on the acidity of the ligand. SiElilar rela t ionships have also been 

obtained for the equilibrium constants of roactions (1) and (2).129 

The constants, k', for the Ti(IV) complexes WerL also correlated 

"lith the equilibrium constants, k3' for the Ge(IV) complexes (Section C). 

Although the r equi rement
216 

of similar valencies is satisfied, the nature 

of the equilibria are not similar. However, the linear relationship 

shown in Fig. 1 includes the point for Tiron, indicaticg that the latter 

requirement is not an important factor in this correlation. The points 

for the two wattle tannin monor,lOrs, catechin and robinetinidol, may both 

be superimposed on the straight lines in Fig. 4 

The strong absorption bands of the 'Q- diphenol complexes of Ti(IV) 

25 have been assigned to a charge transfer process from ligand to metal. 

From Table 1 the wave numbers of maximum absorption move to higher 

energies, with increasing electron-withdrawing character of the substit-

uent relative to the unsubstituted phenol and vice versa. Hence, accord-

ing to the electrostatic interpr etation of charge transfer (p. 107), the 

process is from ligand to metal as found previously.25 Because Ti(IV) 
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o 
has a d configuration, the charge transfer bands in Table 1 may be 

assign(.<:\ to the transition IT ~ t
2g 

on a molecular orbital r.lodel (p. 111). 

The close proxin ity of the strong phenolic absorption bands prev(!nted th," 

detection to any higher energy bands (IT ~ e ). 
g 

Correlation between t he wav," numbers of l1k"1Ximurn absorption and the 

corresponding extinct i on co ~fficients (Tab1 8 1) yielded separate linear 

r elationships for t he Q-dihydroxybonzone and 1,2,3-trihydroxybenzene 

complexes as illustrated in Fig. 5. fo imilar ruldtionships were found for 

the Fe(III) complexes (Section. B). This figure r.:lay be used to illustrde 

the correctness of the previous assumptions, concerning the protocate-

chuic acid and gallic acid complexe~. From Tabl e 1 the effect of carboxyl 

ionisation is to lm'ler the extinct i on c oeff icient and the energy required 

for charge transfer. Fig. 5 sho',ls that the decrease in extinction 

coefficient s hould result in a decrease in trLl!lsi tion energy I as observed 

for both protocatechuic acid and , Jallie acid. In addition t he electron-

withdrawing character of th~ carboxyl group i b Qreatest in the undissoc­

iated stc':tte.
116 

..:ience, on ionisation of the carboxyl group the electron-

wi thdrawing charact ur decreases, th ... refor o the charge t ransfer process 

(ligand to metal) 'J ill be les s hindered. This rc:;ults in th" observed 

shift to lower energies. 

Corrc ] 'tion of the wave numbers of maximum absorption for the 

Q-diphenol complexes of Ti(IV) with those for th" Fe(III) complexes, gave 

a linear relationship as shown in Fig. 6. This illustrates that the 

electronic influences of the different phenolic substituents have a 

similar effect on the charge transfer processes in the two sets of 
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Q-diph8nol complexes. 

Optical e l ectronegativit ies ex. t) have b20n determined from the op 
133 

spectrophotometric data of many charge t rancfer complexes. For ligand 

(L) to metal (M) chv.rge transfer, Jorguns81,131 dey i ved the equation : 

= 30,000 ex. ttl) - x t(l;)) op op 

where \leT is the enerqy of the charge transfer band, corrected for 

changes in s pin-pairi ng "nergy durinq the transition (see below), and 

X t (M) and X t (L) are the opticnl electronegat iviti 8s of the acceptor 
op op 

and donor orbitals on the metal and ligard, respect ively. Jorgensen, in 

considering the optical electro negativity of a particular metal ion in an 

octahedral . complex, ref ers to the approximatElly nonbonding t
2g 

l evel 

(ligand field approaoh). The spin-pairing energy (SPE) of a given con-

f · t· . . b,,133,134 19ua 10n l8 g1ven J 

SPE = [-Q(S + It> S (S + 1) ] D 

where ¢>(S + It> is the average value of S(S + 1) for a given 

configurntion 1 q and is g iv en by : 

q (q + 2) (21 -I- 2)q(q - 1) 
s (S + 1) 

(8) 

(9) 

(l i s the orbital quantum number, S is the total spin quantum number , and 

q is the number of electrons in the d-subshell). D is the spin-pairing 

energy parameter and, for d electrons, is approximately equal to 7 B (B 

is the Racah parameter of interel ectronic repulsion). \} Cr is then given 

by : 

\} CT = \) cr (observed) 6..SPE (10) 



- 2'14 -

",here 6 SPE is the differenc8 behreen t h« spin-pairing energy in the 

excited and ground state. 

For t he Q-diphenol complox es of Ti ( IV) t he charge transfer may be 

n 0 0 
repr esented by L t2 e g g The ground state has 1 = 2, 

S = 0, q = 0, hence SPE = O. 7hc excited statE has 1 = 2, S = it q = I, 

hence SPE = O. Thus no c orrect i on of t he transit'ion energy is necessary. 

For the Fe(III) com')lexes th " charge transf er ("iT ~ t
2g

) may be 

n 3 2 n-l 4 2 
reoresented by L t2 e ~ L t2 e. The ground state has 1 = 2, 

. 9 g .g 9 

S = ~, q = 5 hence SPE = - 23° D. The excited state has 1 = 2, S = 2, 

q = 6 hence SPE = _ iD. Thus the change in spin-pairing 8nergy is 

In order to determine the optical electronc~ativities of the Q-di-

phenolato ligands, thc optical electroneg~tivitics of t he metal ion are 

required. Unfortunately, values of X t (H ) for octahedral Ti (IV) and op· 

high-spin, octahedral Fe(III) have not been determined. Ila><ever, X t (M) 
op 

values are known for t etrahedral Turf) and high-spin tetrahedral Fe(III) 

. 1 8 d 2 il 2 5 t· 1 133 ~ . . an . :1: - • I respec Ive y. It has also bGen shown that for 

V(III), the differenc e bet\,een octahedral ~nd t etrahedral values of 

X t (M) is _0.2.
133 

op Octah~dral values of X t (X) arG lower than those op 

in a tetrahedral environment becausG, in crystal-field theory, th e spher-

ical perturhation of t ile metal ion orbitals is linearly dependent upon 

the co-ordination number. Therefore, on this basis approximate values of 

X (H) for octahedral Ti(IV) and high-spin octahedral Fe(III) of 1.6 
opt 

and 2.3, r espectively, were determined. Using the above value for octa-

hedral Ti(IV), the values of"VCT(observed) for the TiL3 complexes 
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(Tabl .. 1), and equation ( 7 ) , then values of X t (L) for the Q-diphenolato 
op 

ligands in the region of 2.5 were obtained. Optical electronegativities 

are only approximat ''l and therefore quot"d to d,~cimal point. 
133 

are one 

Using the value of X
opt 

(Fe(III),Oh) = 2 . 3, the values of "VCT(observed) 

for the FeL3 compl exes (Tabl e 7, Section B), the value of B = 740 em-I 

for the related tr i s(oxalato)iron(III) ion,135 and '~quations (7) and (10), 

thc:m values of ~pt (L) for the Q-diphenolato ligands, also in the 

region of 2.5, were obtained. 'rhe close agreement of the values of 

X t (L) for the t wo sets of Q-diphonol complexes, provides some justi­
op 

fication for the assumptions which have b8cn made. 

2 • l'<iolybdenum (VI) complexes. 

Sodium MolybdatE was used a; the source of molybdenum(VI) ions. In 

aqueous solution, molybdat e, MoO!-,ions exist as discrete tetrahedra.
264 

Aqueous solutions of MoO!- i ons and Q-dihydroxybenzene and 1,2,3-trihy-

dro"-'Ybunzene derivLCtives at pH 7 have been shown to form bis-chelates 

according to the equi librium 81,85,265 

(11 ) 

The complexes are orange in colour, due to a strong absorption band in 

the blue region of the spectrum. The absorption band has been assigned 

to a charge transfer process from ligand to metal.
25 

The absorption spectra of solutions containing MoO!- ions and excess 

of the Q-diphclnol ligand (TL/T
H 

= 40) were r8corded at pH 7. The No (VI) 

complexes with the less acidic phenols gave broad absorption maxima in 

the region of 400 nm. Due to the close proximity of the strong phenolic 
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absorption bands, absorption muxima ''fere not observed for all the 

Q-diphenol compl~es. Spectral data for the Mo(VI) complexes are given 

in Table 2. The effect of th" phenolic substituents on the charge 

transfer process is in accordanCe? Hi th a transition from ligand to metal , 

since an electron-releas i ng substituent results in a shift of the absorp-

tion band to IOHer energy, n)l"tive to pyrocatechol and vice versa 

(Table 2). 

TABLE 2. 

2-Spectral data for ;-io(VI) complex'3s, Mo0
2

L
2 

' of Q-diphenols. 

Ligand 

4-methylcatechol 
4-tert.-butylcatechol 
pyrocat echo 1 
catechin 
3,4-dihydroxybenzenesulfonate 
pyrogallol 

Absorption 
max. 

kK 

24.7 
24.7 
25.0 
25.0 
25.6 
25.3 

Extinction 
coefficient 

x 10-3 

4.4 
3.8 
4.3 
4.5 
5.5 
4.5 

Solutions of MoO!- i ons and >mttle? tannin also form an intensely 

coloured (orange) charge transfer complex. The complex is completely 

soluble in aqueous media , even at high ionic strengths. Use was made of 

t 'I 2-he int ense colour formatlon b.:.hreen 100
4 

ions and «attle tannin to 

develop a novel method of tannin anQlysis. Absorbance values of solutions, 

containing _.1 excess of sodium molybdat 3 and varying amounts of HattIe 

tannin of kno1<n tannin content, obeyed Bear's Law as shown in Fig. 7. 

Absorbance measurements were determined at 400 nm, corresponding to the 

broad absorption band of the No (VI) -"rattle tannin complex in this region 

of the spectrum. Colour formation is immediat e, but not permanent. 
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, 
After a period of 30 rr.in. absorbance values decrease slowly >dth time. 

Any optical interference from the tannin solution was eliminated by using 

a blank of the same tannin concent ration, ,.i thout sodium molybdate. 

Solutions of MoO!- ions arG completely transparent at 400 nm. The 

optical measurements were dctcrrained a.t 20°C but a change of + 50 had no 

effect on the absorbance values. 

The analyticc,l method given in Fig. 7 was checked with different 

wattle tannin extract~. The tannin content of these extracts was deter­

mined by standard methods . 15 Tablc 3 shows that there is good agreement 

bet;;G"n the standard lnGthods and the spectrophotometric method utilising 

the Mo(VI)-wattle tannin complex. The Official (Hide Powder) Method 

allows a maximum difference of throe percent in total tannin content 

266 
bebveen results obtained by different analysts, using the same sample. 

TABLE 3. 

Compari sons of standard methods for determining tannin content with that 

using the 110 (VI) -wattle tannin complex. 

Extract ~lo lybdate method 

A "I. tannin 

Acetone extr'-lct 0.480 76.5 
Cold water extract 0.304 49 . 
Commercial extracts: 
Vryheid stick bark 0.408 66 
Vryheid fresh bark 0.455 73 
Comec 0.'122 68 

'Analysed by a commercial firm. 

Hide Powder 
method' 

'% tannin 

65.5 
73.4 
69.0 

Ultraviolet 
method15 

"I. tannin 

75.8 
19.3 

66.0 
72.5 
68.5 

An attempt was made to develop a similar spectrophotometric method 

using the yellow-coloured W(VI)-wattle tannin complex. However, solutions 
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of sodilli~ tungstate and wattle tannin gave no absorption maximum, due to 

the overlap of the phenolic absorption band ,>lith that of th~ W(VI) 

complex. Hence, at wavelengths, 380 - 450 rua, corres ponding to the tail 

of the charge transfer band, small errors in setting the wavelength scale 

result cd in l arge variations of the ubsorbance values. Due to tho non-

reproducibility of thE> r es ult ,; , the W(VI) -wattle tannin complex could 

not be used for the analytical deten..i nation of wattle tannin. 

TllBLE 4. 

Determination of equilibrium constants, k', f or Ti (IV) complexes .of 

catechin and 1-chloroacetylcatechol. 

Ligand catcchin 

pH A pk' 

3.61 0.37'> 5.42 
3.70 0.476 5.-14 
3.73 0.515 5.42 
3.82 0.600 5.43 
3.88 0.650 5.40 

Experimental data used in equation (6) 
o Wavelength = 380 run, Al = 0.755, 

-5 -3 
TM= 6 x 10 M, TL = 2 x 10 H, 

I = 0.1, 1 = 1 cm. 

4-chloroacetylcatechol 

pH A pk' 

3.10 0 . 355 3.26 
3.16 0.425 3.26 
3.23 0.495 3.27 
:J.30 0 . 550 3.29 
3. 38 0.610 3.26 

o 
\~avelength = '100 run, Al = 0.70, 

-5 -3 
TM = 3 x 10 M, TL = 1 x 10 M 

I = 0.1, 1 = 1 em. 
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SUI1MARY 

The complex equilibria of the metal ions, Fe (III), Ge(IV), AI(III), 

B(III), Co(II), Ni(II), Cu(II), Zn(II), Mg(lI), Ca(II), Pb(II), V(IV) 

and 110 (VI) with a series of related 2-diphenol ligands have been inves­

tigated by potentiometric and spectrophotometric methods. Results 

obtained for the model 2-diphenol complexes are related to those of the 

wattle tannin complexes. Generally, the reaction between metal ions and 

2-dihydroxybenzene compounds results in the liberation of beth phenolic 

protons of the 2-dihydroxyl groups, with the formation of a 5-membered 

chelate ring. Successive complex formation is dependent on the metal 

ion. For the Fe(III), Al(III), Ge(IV) and Ti (IV) systems a final, 

octahedral tris -chelate is formed. B (III), on the other hand only forms 

a mono - chelate with 2-diphenols in dilute solution . 

Dissociation constants of the phenolic ligands have been determined 

and have been correlated with the substituent constants, rr. The rela­

tionships obtained are used to estimate the values of unknown dissocia­

tion constants and to check proposed values. From the ultraviolet 

absorption spectra of the phenolic compounds, a set of extinction 

coefficients have been derived which have b e en used to calculate the 

extinction coefficients of flavanoid compounds. 

Stability constants for all the Q-diphenol complexes studied, with 

one exception, are shown to be directly relat ed to the acidity of the 

ligand. Complexes with the ligand Tiron are anomalous, because the 

points for Tiron deviate from the linear relationships which have been 

established between the stabilities of the other Q-diphenol complexes and 
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the ligand acidities. However, in the correlations of complex stabi li ty 

bdween pairs of metal ions the anomalous behaviour of Tiron did not 

occur. Approximate stabi Ii icy const<3.nts for the wattle tannin complexes 

of Ge(IV), Al(III) and B(III) have boen determined. In view of the fact 

that the points for these complexes corresp,:md to the linear relationships 

established for the model Q- diphenol complexes , it indicates that wattle 

tannin conforms to the nOT!!lal behaviour of phenolic ligands. The equi­

libria of the Fe(III)-4-chloroacetylcatechol system have been proposed to 

be influenced by intramolecular hydrogen bonding between the chlorine 

atom on the substituent and bound «ater molecules. This influence has 

not been detected in any other metal complexes formed with this ligand. 

1,2,3-Trihydroxybenzene derivatives form different Fe(III) ar,d Cu(II) 

complex species to those of the Q-dihydroxybenzene derivatives. In the 

1,2,3-trihydroxybenzene complexes, the third adjacent hydroxyl group 

(i.e. adjacent to the Q-dihydroxo chelate) has been found to be respon­

sible for the observed differences. Fe(III) and Cu(II) complexes of the 

flavanoid monomers for m similar complex spec ies to their Q-dihydroxy-

benzene and 1,2, 3-trihydroxybenzene analogues. The results obtained 

for the Fe(III)-,!attle tannin system indicate that wattle tannin reacts 

,lith Fe(III) ions as a derivative of I, 2, 3-trihydro:h"ybenzene. 

The stability constants, Kl , for the Q-dipheno l complexes follow the 

order Co (II) < Ni (II) < Cu (II) > Zn (II) which is in agreement with the 

order found by Irvine and Hilliams. This stability order has been estab-

lished also for the wattle tanni n complexes. Ho«ever, the stability 

order for the constant s, ~, is Ni < Co < Cu> Zn. On the bas i s of the 

J 
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spectrophotometric results the anomalous order, Ni <Co is ascribed to 

stabilisation of the Co (II) conplexes by trigonal distortion. Absorption 

spectra of the Cu(II) complexes indicate that the Q-diphenol complexes 

are more tetragonally distorted than ti, e hexa-aquo complex. From the 

position of the 10>lest energy absorption bund of the Ni (II) complexes, it 

has been established that the position of the Q-diphenolato ligands in 

the spectrochemical series is close to that of water. 

The stability order for the divalent alkaline-earth metal complexes 

is shown to be 11;:r > Ca. This order parallels the reciprocal of the ionic 

radii of the metal ions. Pb(II) ions and the Q-diphenols without ionic 

substituents, including ,rattle tannin, form insoluble I : I complexes in 

aqueous media. The stability constants, K
I

, for the divalent metal 

complexes of Q-diphenols follow the order VO > Cu > Pb> Zn > Ni > Co > 
}1J > Ca. 

The strong visible absorption bands of the Q-diphenol complexes of 

Fe(III) are attributcd to charge transfer and are interpreted on the 

basis of electrostatic and molecular orbital models. The electronic 

effects of the phenolic substituents show that the charge transfer in the 

Fe(III), Ti(IV) and Mo(VI) complexes is fron ligand to metal. Optical 

electronegativities have been determined for the Q-diphenolato ligands 

from the sp~ctrophotometric results of the octahedral Ti(IV) and Fe(III) 

complexes. Use has been made of the int ense colon:tion between molybdate 

ions and ,,,attle tannin to develop a spectrophotometric method for 

analysis of t:mnins. 
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