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NOTE 

The nomenclature used for the chromium 

com:Jlexes diacuased in th1e 1·1orl<: ia that of 

,.~erner, '!.rith certain minor modifications re­

cently recommended (1)0 The suffix -i~te 

1ndic~.tin~ a complex anion of a trivalent 

metal has been retained. 



(i) 

Although chromium coordin~.tion compounds are of consid­

erable technological importa.nce D they hav-e been subjected 

to few thorough 1nveEit igat1ons since werner ' s original ex­

perlmentsD in spite of the fAct the,t ~~e nm-t possess a 

nun1ber of accurate physical methods , not available in 

\verner' a time , fo-r the study of coordinA.tion complexes, 

The object of the ~1orlc deRcribed 1n this thesis lvae to 

obtain further information on the chemistry of complex 

chromium(III) ionsll tvith Apecial reference to the dioxalato= 

diequochrorniate eyetem, [cr-(C204)2(H20)2]. For thia purpose; 

spectrophotometric P..nd potentlometrlc meP..Aurements were 

combined to yield information on a number of topics , 

The spectrophotometric investigations consisted in 

measuri ng the absorption Apectra. of the potassium salts of 

the conplexea under consideration, and in observing the 

changes in light absorption which occur during their forma-

tlon and decompoA1t1on" The instrument used w~s a Beckmann 

Quartz Spectro·~hotom~ter model duo 

More tha.n t·uelve nP.•..r ab~orption spectra were meR.sured in 

this work and , 1n .conjunct1on with the spectra of other 

chromium and cobalt complexes reported by earlier workers , 

these are used to review the position of spectrophotometry 

ae a method of inveet1ga.t1ng chromium complexes. The rea~ 

sone for t.he ahPpee of the absorption spectrt;~. are d1scueAed 
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and it is conc l uded that spectrophotometry is useful for 

obeervin~. the pTogre~s of reactions involving complex lone 

and for RnalyP1n~ ~olutions , but that more fundamental 

datA cannot be expected from the absorption curves . 

The ':10tentiometr1c investigAtions con·sfsted 1n plotting 

the acid and e.llcali pH titration curves for Aolutions of 

the complexeA . The~~ HP.re then used to detect the presence 

of acidic or bA-sic groupe and to estimAte , ap_!)roximA.telyj) 

the quantities titrating . Changes 1n pH during ree.ctione 

involving complex lone vrere also recorded . 

Invest1~At1one on the D1oxalatochromiate System 

Inveet1ge.tions into the mechanism of complex forme.tion 

v1th chrom1um(III) are complicated by the fact that there 

are six coordin~tion positions e.vn.1lable for eul?etitut1on. 

D1oxnlatod1nquochrom1ate , hot-rever, has only tt-ro poai tions 

available , since the oxalate groupe wl~ ich occupy tour of the 

six posi tiona Etre fairly strongly coordinated And rems.1n 

firmly attached under most oond1t1one. Accordingly, the 

dioxalatochromiB.te system was ohoaen for Rtudy, a1nce 1 t 

w~e hoped that this rel~tively simple oaee would thro~ ~orne 

light on the mechanism of coord1nat1on, especially w1th d1-

bae1c a.c1de o 

Before commencing these etud1eA, 1 t lo/a9 neoer,ee.ry to 

investigate fully the properties of the d1oxalatod1Rquo­

chromiR.te 1on [cr(C204}2(H~0)2]- itself, as reflected in 
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spectrophtometric and potentiometric dRtP , since very little 

1nformF~.tion on this ion could be found in the 11 terP.. ture o 

Ae this complex may exist in either the tr~.ne or the cis -
configuration, preliminRry 1nveet1gntione were underta.ken 

in order to elucidate the conditions under t·rhich either form 

could be isole.ted f or study 0 It wr> s found that 1:/erner 9 e 

method 1:rae sui table for the preptlration of the tre.ns potas­

sium salt 1n a pure form but the isolntion of the cis isomer 

presented difficulties. HoHever 8 it WRB eetPbliehed that 

1n solution the trans isomer conver~e to the c1e for m quan-

titat ively - 1n about 3 hours at room temperature for a 

, OlM solution ~ eo that 1 t w~A not neceaes.ry t o isolate the 

salto The discovery of this conversion depended on the fact 

th~t the t\10 isomers have di fferent absorption spectra in 

solution. Kinetic studies , baRed on the change in light 

absorption during the 1rans - ci~ conversi on, showed that 

this reaction is of the first orc1er . A tentR.tive value for 

the activation energy of the conversion was calculatedo 

In subsequent experiments , solutions of the cis isomer 

were used . The acid and alkali potentiometric titrations 

were measured and, trom the curves, values tor the acid con-

etll.nte of the two aquo groups l..rere c~lcula.tedo 

The neutralisation of the ~liwo aquo groups by alkali re­

sults in the production of the mono and dihydroxo derivat ives, 

The oie forms of thes·e complexes , namely 

ole [ Cr(C204)2(0H) ( H2o)]--

a.nd c i s [cr( c2o4)
2

(oH) 2J __ _ 
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Here studied in dilute ~olutiono It rlo? e found that the 

dihydroxo ion decomposeR in ~olution at room temperature 

l"ith the liber:"~tion of ox~.la.te . nn boilina solutions of the 

cis mono hydroxo derivative, condensntion occurA with the 

formati on of the dimer ~ 

This proceae 1 known a~ 11 ole.t1ontt , W!'.S studied semi- quanti te.-

tively by measuring the alkali pH titration curves of solu­

tions 1:thich had olated to different extent Ao It w. · s concluded 

that on boiling a solution of the £!! dioxalatchy~roxoaquo­
chromiate ion1 ol~tion proceedSto about So% of theoretical . 

The rea ctions of the ~ dioxalatodia.quochromiate ion 

with a number of dibaeic acid groups were then investigated . 

The trioxala tochrom1Pte ion [cr(C20~) 3]: is kno~m and i~A 
properties have been eAtP..blished by previous investigators . 

In this theeis s the conditions of formation of this ion 

were studied and 1 t w~.e found that correct condi tiona of pH 

are essential for its formationo In addition, it was found 

that the ion iA decomposed to some extent in acid aolutiono 

Ueinr, thift kno~·rledge of the conditions or formRtion of 

the tr1oYAlatochromiate ion, the kinetics of the re~ct1on 

between potassium oxalAte and potassium £!! dioxalatodiaquo­

chromiate 1n dilute solution were investigAted by measuring 

the change 1n 11Rht absorption, and it WPB pToved that the 



{v) 

reaction is of the secord order. The primAry salt effect 

't.,8 e also stud.ied and from the application of the Br.t.?fnsted­

Bjerrum equation it ·;rr'a deduced thBt the r·ate determining 

Atep in the reactior involveA the ~ d1 e xa.lE.1 todiaquochrom­

iate ion and either the oxalate {COo~ or the binoxalnte ion 

(C00~!i" ... The Arrhen1.u~ equation vms a~)?lied P.nd tentPtive 

value~ foi' the activatil)n energy at va.rinu!=l ionic strengths 

CP..lcula.ted. The~e 1r.1neticA experiMent~ 1..rere rege.rded ~P 

prelininn.ry in vieP of the exper1mentP..l difficultiP-8 en-

countered . 
\ 

The ·:reA.ctinns bet•.1een ciA dioxal~todiPquochroi:'li::~te a.nd 

t;,e diba.Aic ncid r:roupt:J - rlalonr>t!'J, succ im~.te, a.dipate, 

fumarate , male~te Pn<'l phthn.lP.te - vPre 1nveAtigated next. 

It wnR found thAt reaction occurred in all caRes , but the 

interpretntinn of the spectrophotometric pnd potentiometric 

data proved very difficult And there are indications that 

more thrm one complex wae formed in many Ct'lSeA . The malon­

ate group ehmved thr:J greatest tendency to conrdinate a.nd a 

malonate derivAtive 1-me isolated a.Fl a. non-crys~calline com-

Since the reeulte from the reactions between certain 

dibg.eic organic acids and cie d1oxalatod1aquochrom1ate 9 1n 

dilute Aolution, 1-rere d1fficnl t to interpret ., an attempt 't·ras 
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made to study the reactions of an inorganic dibasic group~ 

n:.:~mely, the aulphP.te group. The reaction ltae studied by 

evapor~t1ng an equimolar mixture of the potassium salts to 

dryneeP. . A pecul1Pr 1 green solid uae obtained N'hich had the 

properties of the compound 

IC3 [ ( c2 04) 2 ( SOz~ } ( H2o ) ] 

An approximately ,, Ol.M solutinn of this solid t-1as found to 

decompose at room temper~tu~P._(2n°C) in about 15 hours with 

the liberation of S~ from the complex. The effect of add­

ing benzidine hydrochloride to this solution at intervale 

during the decompoai tion, l.rR.s observed. \'!hen freshly pre­

pa.red, a large precip1 tate formed which l'la.R found to contain 

chromium. After the solution h8.d aged for 7 hours, almost 

no precipitation occurred on adding benzidine in spite of 

the fact that, according to the spectrophotometric and po­

tentiometric datR, free so4= was present in solution. These 

anomalies throw considerable doubt on the benzidine method 

for est1ma.t1ng non- coordinAted sulphe.te in the presence of 

anionic chrome complexes. 

In conclusion, the question of the relative stability 

of the chromium complexes has been discussed and the possi­

bility of Resonance contributing to their stAbility mentioned. 
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C.ha:e_ter 1 

INTRODUCTION AHD DISCUSSION OF PHYSICAL :f.1ETHODS 

1 . The Cher1istrl of Trivalent Chr~mium Co,ordination Compounds 

In the past sixty years, two great advances have been made 

in our knowledge of the chemistry of the transition elements. 

The t1rst was the postulation of the Coordination Theory by 

A. l•Jerner, and the second the concept of bond hybridisation de­

veloped by L. Pauling and others using the methods of wave 

mechanics, 

The neutral chromium atom is considered to have the elec-

tronic configuration: 

000 
QQQQQ 
0 

while that of the chromic ion is ~ 

000 
OOQGO 
0 

in which there are six empty orbitals. According to Pauling, 

theee orbitals can be filled by electrons from other ions or 

molecules, the result being a complex or coordination compound. 

The eix new bonds formed 1n this way are the eo-called sp3d2 

bonds which are directed towal'ds the corners of a regular octa-

hedron. 

In the case of cobalt and other elementa which are con­

sidered to form ep3d2 bonds, it has been shown by x-ray 

diffraction methods that six octahedral ·bonds are formed as 
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predicted. However, X-ray diffraction has not been used in the 

eame manner for chromium1 since complex chromium compounds suit­

able for x-ray studies are not obtained as unmix~d orys~als ; 

this has been discussed by ~·heis (2) . For this reason, t he evi­

dence 1n favour of ap3d2 bond t'orma·t1on by chromium( III} .is in­

direct, and the moat aign11"1oant ia the discovery by Wei·ner 

that certain coordlnation compounds ca.n be resolved into opti­

cal isomers A One o:t" the compounds ·atudied by Werner ( 3) was 

potassium trioxalatochrom1ate K3[cr t C204)3] . If the octahedral 

configuration theory is correct, then it is possible for the 

tr1oxalatoohromiate len to have the structures: 

In this 1"1gure the double lines represent the oxalate groups and 

the circles the positions of attachlr.ent to the chromium atom. 

It is seen that these structures are mirror images so that they 

are enant1omorpha. This interpretation was oritioised by 

Britton (4) and others who favoured the theory that the trlox­

alate solid was really a mixed or•yetal of potassium and chromium 

oxalates exhibiting colloidal properties in solution . Howeverp 

werner's exper iment has been confirmed and the rate of 
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racem1sat1on of the tr1oxala tochrom:l.e.te ion determined ( 5, 6) . 

Pauling hne accepted theRe results (7} and they are probably the 

beet evidence vie have in support of ep3d2 hybr1disat1on in the 

oaee of trivalent chromium~ No recent evidence has been ad­

duced which is in contradiction to the hybridieation theory and 

eo its acceptance appears to be fully Justified. 

At an early stage in hie uork on coordinP.t1on, Herner 

showed thRt the properties of ions and molecules which enter a 

complex undergo cone!derable .mod1ficat1on. The beet known ex­

ample is probAbly that or the cobalt chlorides in which the 

coordinated chloro groupe are no longer immediPtely precipitated 

by eilver nitrate in solution; in general it may be stated that 

all groups loRe their identity on being included in e. complex. 

Stiasny nnd coworkers in the period from 1920 to 1935 {g, 9, 10) 

extended ~'Ierner 8 A 1nvest1gl=!.t1one by studying those chromium com­

plexes t-rhich a.re of interest to the theory of chrome tanning. 

From the results of these and other investigators, for exrunple 

\ve1nland (11), it is now known that a ls.rge number of groupe, 

both organic and inorgan1c 1 are capable of coordinating w1th 

trivalent chromium.. Amongst the :moat 1mport~mt complex forming 

groups are: chloride, sulphate, acetate, formate, oxalate 8 

tartrate {12)0 The n1trn.te and perchlorate ions have very lit"" 

tle coordinntive power. 

Trivalent chromium complexes are all highly coloured P-nd 

most of them are soluble in watero However, their other proper­

ties differ 'tvidely; for example 1 the trioxalR.tochromiFJte ion is 
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perfectly stable in dilute solut i on, while the acetatodioxala­

tochromiatee are unstable even ae the solid potassium ealte (13) . 

Much of the recent work on coordination (14, 15) hae in­

volved the complexes formed by copper and other metals which> 

unlike chromium and cobalt, do not form octahedral bonds . The 

resul te obtained for these complexes e.re not necessarily applicable 

t o the study of chromium and cob~lt complexes. 

2. Methods of Inv~~~ating Clu:cJmium Com12,lexes . 

Coordination compounds combine the features of both organic 

and inorganic chemistry; for example , typically organic charac­

t er1 etice such a.e hybrid bonds s.nd carboxyl groups oocur in 

conjunction with highly charged ions which are found more com­

monly in inorganic chemistry . For this reason, neither the 

methode of organic nor the methode of ~norganic chemiAtry ere 

. entirely applicable in an 1nvestlgat1on of chromium comp1exee .. 

Special techniques have, therefore, been evolved to study these 

substances. Some of theee methode are outlined below : 

(a) The change in the density of a solution containing 

complex ions has been used to mee.eure the extent to which coor­

dinated water molecules have been diepla.ced by other groupe . 

'l1his method has been ueed by Plant for the phthalate complexes 

{16} . An advantage of the method is that 1t can. be applied 

without interfering with the Atate of the eyate~ . 

(b) D1a.lye1s and electrodialyeie of solutions containing 

complex ions have been used extens1v·ely, especially by Br1ntz1nger 

(17}, to inveetigRte changes 1n the particle size of complexes. 
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'l'hes e methods are considered unreliable when applied to compli­

cated solutions .. 

(o) A method of studying oomplex ions developed by Gus­

t avson (lS, 19) and others makes use of the ion exchange prop­

ertieA of zeolites and certain resins. Gustavson has obtained 

reeulte in agreement with those from other methods~ but the 

method 1s open to the objection th.-'lt the substance used to ex­

t raqt th~ oomple~eft m8.y alt~r the at~te of' tne system. 

(d) Conduct·~metr1c measurements have been . used by a nwnber 

of 1tor}s:ers including Den sham ( 20) and more recently by Shuttle­

worth (21, 22) 0 In this manner the oh~ngee in the conducti vity 

of a solution containing complex 1onR are readily detec~ed . At­

t empt$ are then made to correlate the changes in conductivity 

with changes in the structures of the complexes .. 

(e) A method reoently .applied to investigate the coord~na­

t ion of organic acids i~volvea ~he extraction of ~ne unooord1na­

t e<:?- .ac1d.- w1th eolventA. In this way is obtained a measure of 

t he extent to looyh1ch complex .formation hB.s occurred (16) ~ This 

method 1e d1tficult to apply to m1xtur~e containing more_ than 

one · acid, e.nd it 1a also ·open to the objection that the removal 

of_ the acid may upset the equil1br~um . of · the . system ~ 

(f) In recent years~ epectrophotome~ry ~s been applied 

to 'investigate chromium complexes (23, 24), eepec~a~ly by Thei s 

and co~orkers (2). Chromium compounds have long been favour1~e 

subjects for oolor1metTic 1nveat1gat1one but it is only compar­

a tively ·recently that instruments have ·been available for 
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measuring light absorption accur~tely at definite wavelengths . 

A review· of some of the earlier t-rork is given by Theis (2) . 

spectrophotometry has an advantage over moat of the methode 

listed above since the equ1libr1v.m of the system is not affected 

during the measurements, and alec•, measurements can be made al-

most instantaneously . 

(g) Another method which has been applied fairly exten­

sively to investigate complex ions makes use of potentiometric 

measurements . Stiasny (9) performed numerous experiments in 

which the hydrolysis or chlorides , sulphatea and other complexes 

was studied by observing the changes in electrode potentials and 

pH. A more advanced form of potentlometry, involving the exam­

ination of the pH curves of solutions containing complex ions, 

has been used by B:r•itton (4-), and by Atkin and Chollet . (25) . 

Potentiometric measurements provide evidence, which cannot be 

obtained by any other method, concerning the existence of ao1d1o 

and basic groupe 1n a complex. 
.... 

The two chief physical mathods Used throughout thls work 

are Spectrophotometry and Potentiom~try. 

~Eeotrophotometrz 

Spectrophotometry is that branch of photometry or "light 

measurement" whioh deale with the measurement of light absorp­

tion by solutions or liquids . Light of known wavelength 1a used 

and the range of wavelengths usually employed extends from 200 m)1 

to more than 2000 mp; that is, fr0m the ultra-violet to the 

i nfra-red . 
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Light absorption measurements on solutions or liquida ha-re 

two objectso The first 1~ to obtain the Absorption Spectrum, 

which is the curve showing the rela.tion bett-reen the amount of 

light absorbed and the wavelength or frequency and the second 

is to determine the concentra.tion of substances which e.re ca.-

pable of absorbing light" 

It is uell knotm th.ctt, Hhereas the spectra. of gaseous atoms 

and their lone consist of a la.rge number of lines , each of which 

shows fine structure owing to the nult~plic1ty of the electronic 

energy levels, the absorption spectra of gaseous molecules in 

the visible nnd ne~r ultr~-violet region consist of a number of 

groups of banda. Sometimes the individual bRnds cnn be resolved 

into lines. 

The bRnd groups correspond to the transitions of electrons 

betpeen electronic energy levels in the molecule. Each elec­

tronic energy level (A) - see figure -

============ ti 

-------------- A 

may be split up into a number of sub­

sidiary levels (B), since quantised 

vibration is possible to a certain 

============== ~ extent amongst the atoms of the mole-

-------A oule or ion. This splitting up of the 

electronic energy levels is responsible 

========~====~ for the appearance of more than one 
=======13 -------A band in each band group. The fine 

structure of the bands is due to changes in the rotational 

energy (C) of the system as a whole, although these rotational 
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changee are much smaller than the vibrational or electronlc 

changes . Thus the absorption spe ctra of gase~us molecules are 

extremely complicated. 

The absorption spectra of molecules and ions in solution 

do not usually eho1v a fine structure although in some cases a. 

fe1., single bron.d lines have been observed ( 26), More comr.1only 0 

a number of ill- defined ba.nds of vnryi ng intenei ty are observed , 

and the ~beorption spectra generally have the for~ of a more or 

less smooth curve. The absence of fine structure ie , according 

to Sidgt:~iclc (27) , due to the strong magnetic field l?hich exists 

in solutions , especially in the presence of polR.r solvents like 

t-rater. The field spl.i ts up each of the epeotra.l lines into a 

large number of other lines which coalesce and form a broad 

b~nd o This phenomenon,known as the Stark Effectiis observed 

for the spectra of gases in a magnetic fieldo 

It is probable that solvent molecules contr1bute to the 

absence of fine structure in other ~.;ays . For example, the solva­

tion of solute molecules and 1ona may be expected to influence 

the vibrational or rots.tional energy levels, although no informa­

tion on this aspect is til.i'i'a11able " Because of the absence of fine 

structure , the interpreto.tion of t he spectre. of solutions is not 

nearly so exact as that for gneeso 

In the case of the e.bsorption spectra of orgnnic molecules 

in soluti on, it hfl.B been poaeible in eoe1e cases to associate 

light absorption in a certA.in region of the spectrul!l 1,~i th the 

preeenoe of p~..rticul~r l!ltomic arrangements , such as double bonds 



or carboxyl groupe, and in many cases the constitution of un­

known molecules has been indicRted by a resemblance of the ab-

sorption curve to those of knm..rn compounds. 

Unfortunately, the spectrA of solutions of coordination 

compounds cannot be treated 1n this ~·ray. l-1oet of the kno~m com­

p l exes of trivalent chromium and cobalt exhibit absorption 

maxima in the visible and ul tra ... violet ~thich are noi..r thought to 

be due to trRns1tione of the hybr1d1aed 4e, 4p and 3d electrons . 

A discussion of these spectra 1e dererred until Chapter 10 after 

some of t he absorption curves have been examined. 

The second application ot spectrophotometry i s concerned 

with the analysis of coloured solutions, In this respect it is 

really an accurate form of colorimetry. The method is based on 

tl'tO elementary la~ra~ that of Lambert, Hhich deals l~lth the var1= 

ation 1n the light absorption of a solution as the thickness ie 

varied; and that of Beer~ which gives the relation between the 

absorbing poHer of ~. solution and the concentration. These law.Je 

both assume monochrom9t1c light and are beet summarised by the 

equation: 

I ::~ Io lo-kol 

where ! 0 is the intensity of the incident monochromatic light 

Rnd I 1e its intensity after passing through a solution of 
' J thickness 1 containing an absorbing substa.nce at concentration c . 

The term k ie knolfn as the Extinction Coefficient and is a con-

etant for a given eubetRnce at a given wavelength . It 1e re­

f erred to ae the "Moler Extinction Coefficient" if the 
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concentration c is in moles per litre~ Rnd the "Specific Extinc­

tion Coefficient" if c is in grams per litre. 

The quantity I/!0 1e knol-m ns the Transmission of the RO­

lution and can be used directly as a measure of the amount of 

light absorbed. It is more convenient, however, to use the 

Opticn.l Density (D) for thie purpose. The opt1oal density is 

defined as: 

D = log10r 0 /I 

It 1'ollo1·rs from ( 1.1) that: 

. 
0 • • • • • • • • • • • • • • • • • • • • • • • 0 

D ::; l\.lc o••••••••••••o••••••••••••••••o 

t-7h1ch 1s e.nother '\oray of expressing the Beer-Le.mbert la.H. 

(1.2) 

From equation (1. 3) the concentrF.l.tion in solution of a 

substance rTh1ch obeys Beer 1 s lm.r can be obtFJined, the extinction 

coefficient being calculated from measurements on solutions of 

kno't-m concentrp.t1on. A more irnporte.nt application of this equa= 

tion 1e to obtain the concentrations of two or more absorbing 

substances in solution. This procedure 1va.s used on several oc-

cas1ona during this work. 

It is found experimentally the.t Lambert • e lat., 1e obeyed in 

most cases but deviations from Bee~!s law are common. The e1g­

n1fioance of these dev1El.t1one is apparent from the follOi·T1ng 

considerations: 

If a solution contain a solute l·rhich is capable of absorb­

ing light of a part1cul~.r 't'lavelength then, since 11ght 1e ab- · 

eorbed in quanta, it 1e clear that the amount of light absorbed 

by the solution will be proportional to the number of molecules 
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of sol ute, that iei to the concentration, provided that no change 

which altere the absorbing power of the solute molecules occurs 

on dilution. This 1ndio~.tes that Beer's la~r should be obeyed 

strictly only vhen neither dieeooint1on nor s.seociP.t1on nor any 

other such che.nge occurs in eolution6 It must be remembered 

thPt Beer ' s l~w assumes lip,ht of only one w~velength. The fact 

that this is not eF!.BY to obtain in prnct1ce 1s prob!l.bly one 

reason why better 8.greement l-~ith Beer ' s lat>r hP.e not been reported. 

The effect of solvation is ~nother poeAible reason. It wns found 

1n the present work that the chromium compounds tested obeyed 

the _law with remarkable precision, and so a detailed study of 

the reasons for the Beer ' s law di screpancies was not undertaken. 

This subject hns been discussed in detail recently (25, 29}. 

Unfortunately , there is no uniformity of nomenclature in 

spectrophotometry, either in connection with the quantities 

plotted on the absorption spectra or· in connection with the 

symbols used to represent these quantities. For exanple, the 

abso1eea of an ~beorption epeotrum may represent the wavelength 

in Angstrom Unite or in m1111m1crona or the frequency 1n sec. - 1 , 

etc .• , ,.,bile the ordinate may be expressed ns percentAge tr:.me­

M1esion, optical density, extinction coefficient and so on. 

Throughout this thesis the abeciaan of the absorption curves 

repreeent the wP.velength expreAeed in mill1rnicrone (m)1}. The 

ordinPtee gi~e the optical density (D) defined ~s above. All 

of the curves in th1e work were measured on eolut1ona having ~he 

same chromium concentration eo thAt these curves are strictly 
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compP.rnble . The concentrPtion found suitable for the pP..rt1cu1Pr 

_ln~;trument used Has . 0092U1, t . e . . 071- Cr2o3. An importnnt re­

vieH of the methods of spectrophotometry hr>e recently been 

g iven by Mellon {30) . 

P,o ~ t ioflle try 

In this 1.-rork, use is m?de of the pH curves of solutions con­

t aining chromimn complexes together with the ions of dibaeic 

e.cide 0 From the~e dnta the amount of free acid in solution was 

calculated . It must be emphasised that only approximate values 

'tvere obt~ined from theRe curves and, l.vherever possible, addi-

tional evidence pas sought in order to confirm the potentiometric 

calculntione . 

The theory of the pH curves of vreak and strong monobasic 

~.cide 1 e 't·rell knm·rn but 1 t is convenient at this stage to outline 

the theory of the neutrnlie~t1on of a dibasic acid, excluding 

theoretical refinements vhich are considered unnecessary in view 

of the use to Phich the tltrfltions have been put . The following 

treat~ent\originnlly due to Atkin (So),will be used ! 

Gon~ider the acid H2A which is capable of ionising in 

aqueouR solution accordin~ to : 

~ ~ 0 0 ~ 0 ~ • • • • 0 ~ ~ • • ~ • • 0 

H+ + Ac 3 0 Q 0 • y 0 0 • 0 Q 0 q u 0 • ~ • • 0 

From these, the constants K1 and K2 are given by 

Kl [ H2A J = hal ••••.•.. , ••• • ••••.• o •• u • • ( 1 Q 6) 

g • o P ~ o Q q o o o o o o o • o o 0 • o ~ o o o a o o (1 .7) 
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where, for convenience ~ 

h = [H+] 

Al = (HAl 

and a2 = (A=] 

the square brackets signifying concentrations in gram ions per 

11tre o Now, for all solutions~ . the total concentration C of 

acid H2 A is given by 

. C :a[H2A] + ~1 + a2 0 0 0 0 ~ 0 0 0 0 0 0 0 0 0 Q <0 0 4 0 0 0 ( 10 8) 

If a solution or this ac1d p bsvlos mol2r concentra~ion ct is 

titrated with an alkali solution s NaOH for example 8 then at any 

stage during the titration the solut'ion as a whole must be elec­

trically neutral~ whence: 

Na + h = oh + a1 + 2a2 o o a o o • o o o o • • • o o o o ( l o9) 

where 

Also, for an aqueous solution 

h ·'f-. oh s Kw ? 0 0 0 Cl " 0 • 0 '.J 0 0 0 0 C) • 0 0 0 0 0 0 0 0. 4 0 0 ( 1 0 10) 

where Kw 1s the i onic product of watern 

Now, using equations (6) to (lO)p an equation can be de­

rived showing how the hydrogen 1on concentra~ion h varies with 

the addition of alkalic For this derivation~ the term 

(Na + h- oh) is replaced by Na1 p for convenienceo 

Thus from (6) and (9) 

and from (6) and (7) 

Na1 -= hK1 + 2K1 ~ · 
C h2 + hK1 + K1 ~ 0 6 • 0 ? 0 ") 0 , D 0 0 I) • 0 " ( 1 0 ll) 



or " 0 ~ 0 0 0 ') • ~ ~ Q 0 0 ( 1 012) 

In the above der1 ve.tion it he a be~n assumed " for e1mplic1 ty , 

that no large ohange in volume occurs during the titration with 

alkali . 

In Chapter 4 the constants K1 and K2 tor a very wea'k: di­

baeic aoid are obtained from the potentiometric titration curve . 

The method used depends on the above equation ~ the derivation 

being as follows g 

Let ~ be the degree of neutralisation of the acid ~A at a 

point during titration~ ~ 1s def i ned as ~ 

~=Amount of alkali added up to this point (in equivalents) 
Total acid present (in Moles per litre) 

1 , e . ct = Na/C 

Then 1f hand oh are small with respeot to Na w 

c:1.. :a Na1;o 

cJ.. = hK1 + 2Kl K~ 
h2 + hK~ + K1 Kz 0 0 a, t1 at' eo e • o o;) • o • • o o ( 1 ., 13) 

In order to obtain K1 " two points are selected on the ti­

tration curve equidistant from the m~dpoint of neutralisation 

(i ~ e? ~ = 1) . This point corresponds to ~he neutralisation of 

the first stage of the aoido Let the hydrogen ion concentra­

tions at the two pointe selected be hl and ~ i and let the degree 

of neutralisation at h1 be do . • 

Then from (1 .. 13) 

Then that at h2 will be (2- ~) . 

• 
~ = K1h1 + 2K1K2 

~ + K1h1 +. ·:Jr1K2 0 0 Q 0 ' 0 0 0 0 ft G ~ 0 0 0 0 0 • D V 0 U 0 0 0 0 fO 0 0 0 ( l 014) 
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These oan be solved for K1 giving 

Kt = o(hl - ( 2 - ol.. ) h2 
{ 1 -d. ) " .. ..... . ...... . .. ( 1 .16) 

K2 1s obtained by substituting for K1 in either of the above 

equationso 

Thus, to find K1 and K2 , the qt.~anti ties,. Na 11 C.) h1 » ~ and r)... 

are obtained from the graph., The method has the advantage that 

a large number of pointe oan be chosen for h1 and ~ eo that the 

values of K1 and K2 can be taken as the aver8ge of many valueso 

In order to illustrate the effectiveness of this method, 

the values for the constants of succinic acid obtained in this 

way are oompared\1n the table below,with those given in the 

li teratureo 

Succinic Acid 

~K 1 ~K2 Source 

4.19 5 , 4? 2xperimenta1 

4.18 5 55 Handbook of Chemistry and Physics , 1944 

4o2 5 . 5 Atkin and Thompson ( 31) 

--



FIG 1 

The Beckmann Quartz 

Spectrophotometer. 
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Cha;eter 2 

EXPERIJ,lEriTAL TECHHIQ,TJES 

1 . SpectroEhotometrl 

( R) ApparP.tue 

The instrument employed Hns a Beckmann Q.uartz S_pectro­

photometer ~fodel du, a photograph of ,.,hich is shovn in Fig. 1. 

The optical arrangement of this instrument is represented below~ 

(D) Priem 
(C), 

// ' 

(E) Slit/ (F) Cell 
(G) Shutter 

) Photo 
Tub~ 

Light from the source (A) , which ie either a hydrogen discharge 

lamp for wavelengths from 220 to 350 mp or a tungsten filament 

lamp for from 350 to 1000 m1, is reflected by the aluminised 

mirrors (B) and (C) eo that it falls . upon the quartz prism (D) 

where it ie ~efracted. The prism can be rotated by means of one 

of the large knobs which are visible on the top of the instrument 

1n Fig. 1, and a calibrated scale is provided for selecting the 

desired wavelength. After leaving the prism, the beam of light 
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passes through a riarroH slit (E) Hhose \-ridth can be vRried from 

0 to 2 millimeters . The solution or liquid under tent is placed 

in an abeoi'ption cell (F) in the path of the bee.m ~nd the lip;ht 

not absorbed by this re~ches the photoelectric cell (H). Two 

such cells ) vrhich can be interchr.m~ed by movinr; t1 lever, are 

provided in the instrument, one for observations belotv and the 

other above 625 mp. The li~ht be~rn cnn be excluded from the 

photoelectric cell by operRtinF, the shutter (G) o 

The electrical changes produoed by the impingement of light 

on a photoelectric cell are balanced by a potentiometer circuit 

em~loying a r ugged, null-point galvanometer which iA incorporated 

in the instrument. The potentiometer scale is grndun.ted to give 

directly both the transm1Rsion of the solution and the optical 

density. 

The electrical circuit, which ia supplied by four 6-volt 

dry cella and a. 6-vol t aocumulA.tor 1 includes varie.ble reeiatanc~s 

for stand~rdising the galvanometer circuit and for the fine ad­

justment of the sensitivity of the instrument~ 

Two types of absorption cell are supplied : of fused silica 

for use over the 1-rhole spectral ranp.;e f~om 230 to over 1000 ID)l, 

and of optical 11 corex11 glass ~rhich cannot be used :for observa­

tions in the ultrRviolet region. Incorporated in the instrument 

1s a cell holder in which four abAorption cellA may be placed. 

Each of theAe can be brought into the p~th of the light beam in 

turn by operatin~ a sliding bar ~ttached to the cell holder. One 

cell is nlunys kept filled Hi th pure a·olvent dur1nff measurement~ 

on solutions. The opticnl density readinB of the cells of eP-ch 
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set of four should be the same, othe~vise corrections are neces­

sary. This is easily checked by matching the cella against each 

other when filled with pure eolvent. 

The 11 light path length" of each 1 om . absorption cell is 

recorded to . ool ern by the manufacturer, and the individual 

cells of the sets used in this work did not differ by more than 

. 002 om. 

By adjusting the slit width (E) ~ the width of the spectral 

band Hhich passes through the e.bsorp·tion cell can be controlled. 

This band width varies for different parts of the spectrum owing 

to diffraction effects . For example} a slit width of 1 mm trans­

mits a spectral b~nd of width 2 mp at wavelength 250 mp, but 

transm1 ts a band of t-!idth 35 mp at 't-tavelength 600 mp. A calibra­

tion ch(-l_rt is pl~ov1ded by the mF.tnuf~cturer. The slit Tvidth also 

controls the sensitivity of the instrument, nlthough fine adjust­

ment is made by altering the balance of the electrical circuit. 

In general, the larger the alit uidth the gree.ter the sensitivity 

but, since a larger section of the spectrum is allowed to pRAs 

through the solution, a smoothing-out of the minor characteris­

tics of the absorption curve is to be expected . The alit widths 

employed throughout this work were fairly t-Tide since for most 

experiments great sensitivity was desirnble and, in view of the 

nature of the absorption spectra measured, it is considered that 

no lose in detail occurred. 

In connection with the accuracy of the instrument, the 

wavelength scale could be read to 0.1% over all regions and the 
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optical density scale to '"ithin . 001 or .002 units, the most ac­

curate part of this scale being bet\veen o.!J.. and 0.8. 

A number of reports on the Beckmann spectrophotometer have 

been published (32 1 33) and it is gener~lly agreed that, although 

readings on a particulBr instrument are almost exactly reproduc­

ible, differences of the order of 1% in the optical density 

reading of a given solution may be expected between different 

instruments. 

The Bec~ann instrument used in the present vrork was stand­

ardised by using the 656.3 mp line of the hydrogen spectrum and 

by measurements on potassium trioxalntochromiPte solutions. 

(Vide Chapter 3). 

(b) Procedure 

In order to measure the light absorption of ~ solution 

the follO'tving operations are performed: 

The potentiometer circuit is stnndRrdieed with shutter (G) 

closed-the eo-called 11dark current" e.djustment . The desired 

wavelength is selected by rote.ting the prism; the absorption cell 

contgining pure solvent is placed in the path of the light beam 

and the shutter (G) opened" 

The slit width is then adjusted to centre the galvanometer 

needle npproximptely; the sensitivity control resistance is set 

to give maximum sensitivity ~nd, if necessary, the slit width is 

increased to centre the needle again. Finally, the needle 1s 

brought exactly to the centre of the scale by ~djusting the 

sensitivity control resistance. 
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The eolution under exe.minA.tion is plF.ced in an absorption 

cell in the pnth of the lip:ht beaM ~.nd the galvanometer needle 

centred once again , this time by rotatin~ the potentiometer re­

PiRtance. The optic~l density or tranemission is then read on 

the potAntion0t~r ecPle . 

A eyP:temntic procedure 1~r£1 s adopted for all meC! su.rementF . 

The absorption cells were kept in <listilled l-mter i·rhen not in 

u~e P.nd l.rere rineed tt.rice l-tith ef'lch Aolution to be mensured . 

They i·rere P..llm.y~ orientr>ted in the sr1me mA.nner in the cell holder 

Pnd one cell of eA.ch Ret of four vms al'trmys kept for the solvent 

bl~nk. The solvent UAed vTPA diAtilled u~_ter Hhich h?.d been re­

d1Atilled. 

In general, several readinp;s were ts.ken at ePch wavelength 

nnd these ""ere e.vera.ged if varin.tions occurred. 

2 . Potentiometry 

(a.) Appll.ra t us 

A Cambridge 11 3ench Typett pH meter, havinr; dipping 

calomel ~nd glnss electrodes, truts used. It "rra.R etand.?rdised 

against a benzoa.te buffer of pH 4.16 (34) P..nd, a.s a check on the 

hip:her pH VAluee, Ft. borPte buffer of pH 9. 20 "TA s employed. 

(b) ~edure 

A 250 ml beRker 1-me used as titration vessel for a.ll 

the potentiometric ti trP.tione discussed in this Pork. The solu­

tions under exnmin~tion contoined P.bout 0. 11- Cr2o3, the volume 

be in~ 100 ml. Stirrine; t.rP. e effected by ~.n a.ir bubbler hFt.ving a 

sodfl_- lime tre.p to rer.~ove CArbon dioxide . 
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The etanCl.nrd solution~ u~ed u~rc: 

0.3590N uotnFAium hydrox~de (Co2 free) 

a.nd 

0.4297~ nitric ncid . 

riPL Gr;:~de A burettes .:tnd mlor·obur·ette~ \''C!·e usE''! for add~ tiona 

Throup.;hout "t;his t-rol·}: the pUl1 ty an<i :JompoBi tion of ~- num~ 

b€1' of chromium com::> lex !;al t ~ 1-:el'P. deter·mi:ted by anRly sis for 

chl·omium, potc-..ssium @.nd oxala. tP The me trod s employed ;:~.1·e n s 

follov.rs ~ 

( a.) Chromi urn { 3 5; . 

About 0 ., 2 6ffi of t!"le chromium oompour..d Wf'Ei accu1·s. tel~, 

t.,reip;hed into a. 150 m~~ Erlenmeyer flask e.nC. A.pproximn. tely 5 Ml of 

water a.dded. The~ 3 ~1 of an oxidisinG mixture WPS added. This 

mixtur·e cons18ted o f 60% pe .~·chlor1c acid. ~nd. so;: sulphuric P..::::...d 

in the volume rat io 2 .. 
: J..., For· compounds cont:- in5.:--.;:; -r·eE~.ct1 ~,c:-

ol"f'>Rnic r;roups, 10 ml of P. :.o_r nit!·ic r>.cid solutior. vPr: added. tte 

well , 

The mixture 1-ms he.!'lte-:: .~ently until o:.:idt't~l.on h~d occu:r·!·eci 

( i.. e , unt11 the eo:Lut ~on bec''!'le the colour of dioh!'omt:Jtc) ~ t-"~nd. 

then for• a fur-the!· 3 r..:.::mte ~ • .'hen bubblir.g ce11~ed. 10 :nl of 

W9.ter "'~ ~ added c~.ut iou~ly r>r:::'i t he nixture bo5.led fo'!· i'i ve m1n -· 

utes to expel chlal'ine T.M· ~olution t-rrs finplly t~.t1·n.ted Against 

a standard ferrou~ solution usin~ n phe~ylenthren111c ~cid PS 

indicator· 
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(b) Potassium 

About 3 ml of A. R. 6o% perchloric acid was added to 

about 0~3 gms or the compound , which had been accurately weighed 

into a 150 ml Erlenmeyer flask. Then 5 ml of \-tater was added 

and the mixture evaporated gently to dense fumes and allowed to 

cool. · Next 10 ml or absolute alcohol was added and, After 

standing for an hour or two , the mixture l-tas filtered through a 

eintered glass crucible. The precipitate of potassium per­

chlorate was weighed after drying for one hour at l~0°Co It 

was round that if the evaporation uere allowed to proceed until 

the chromium had become oxidised to dichromate, erratic results 

were obtained. 

The method could not be used in the presence of sulphate. 

(c) Oxalate 

A kno'tm quantity of the salt (about 0.3 gme) was die­

solved in about lao ml of.water and an excess of~% sodium 
-

hydroxide solution added. The solution was boiled until a pre-

cipitate of chromium hydroxide appeared after wh1ah it was set 

aside to allo,., the precipitate to coagulate. The mixture was 

filtered and the precipitate washed thoroughly. The filtrate 

was acidified with so2-tree 50% sulphuric acid; excess was 

added and the solution titrated against standard permanga11ate 

in the usual manner. 

For compounds containing other organic groupe besides 

oxalate , it was found more accurate to precipitate the oxalate 



as the calcium salt after the removal of chromium. In any case, 

the oxalate determination ws.s leas e.ccura.te and precise than 

the methods for chromium and potassium. 

The results obtained by analysing a sample of purified po-

tass1u.m tr1oxala.tochromie.te for chromium, potassium and oxalate 

are given in the next chapter. 

All the results recorded in this v1ork are the averages of 

values 1-1hich did not differ by more than 0. 2% for the chromium 
. 

and potaseiu.rn eat1mat1ona and by more than o. 4.% for· the esti-

mation of oxalate. 

(d) Sulnhate .... . ... . -· 
The usual method for finding the amount of uncoor~ 

dinated sulphate in a solution containing sulphato complexes 

conaiete in precipitating the uncoordinated sulphate as benzi­

dine monosulphate (36) . 

A benzidine hydrochloride solution t;aa prepai•ed by heating 

15 gms of pure benzidine with 50 ml of concentrated hydrochloric 

acid and making up to one litre with distilled water . 

To 20 ml of. the chrome solution under test, containing 

about .1% cr2o31 20 ml of the benzidine hydrochloride solution 

was added and the mixture left to stand for exac~ly 1 minute, 

after which 1t was filtered by suction using a lt inch diameter 

Buchne!' funnel e.nd a Hhs.tmann 42 paper 0 After washing the pre­

o1p1tate with 10 ml portions of distilled water~ the filter 

paper and preo1p1 tate were placed in a conical flask and \•Tater 

added . The benzidine sulphate precipitate was hydrolysed by 
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boiling and the liberated sulphuric acid titrated vith standard 

decinormal sodium hydroxide solution, using phenolphthalein in­

dica.tor3 

The method vm.s sta.ndn.rdised on knm·m potRseium sulphate 
'. . 

solutions \>lith the follOl·rin~ resu1.ts: 

Found · Theoretical 

~ so4 51~. 5%' . ·, . 55.1% l . . 5L6 . -
54,9 --

~Average~ 54.71.-
--·-

These results "t;J"ere considered suf'fic1ently a.ccurn te and precise 

for the pul"'pose to which the determination was put 0 (Vide 

Chapter 9) 

~9 The Pre£arnt1on of C~romium C~m£lex Salts 

In this trork, frequent re:ference is made to a number of 

complex chromium salta which had already been prepared by pre­

vious investigators. Foz· convenience, the preparation and pur­

ification of these compounds is given in this section. 

(a) Potassium Trioxalatochromiate (37) 

To a solution of 19 gms of K2er2o1 dissolved in about 

50 ml of uater uere added 23 gma of (COOK) 2 nnd 55 gms of' 

( COOH) 22H20 in a. bout 100 ml of 't'm.ter o Effervescence occurred, 

and v-rhen this subsided the solution uas boiled doun to a small 

volume and a.llo·ved to cryatP..llise. 

The reaction proceeds according to the following equation~ 



K2cr2o7 + 7H2c2o4 ~ 2K2c2o4 ~ 

2K3 [ Cr( C204) 3] 3H20 + 6co2 + H2o 

The blue- green crystalline ma;ss was filtered off, reorysta.l­

lised from hot 1~a ter and dried over fused calcium chloride . 

(b) Pota ssium trans Dioxalatodiaq~9chrom1ate 

The method of pr·eparation used t-las e1m1la.r to that 

given by Werner (13) : 

4 50 gms of oxalic acid hydrate vtere added to about 2000 ml 

of 't{at er and heated to boiling~ i'hen 150 gms of powdered po­

tassium dichromate were added cautiously in small portions . 

Violent effervescence occurred and when this had subsidedJ the 

solution was boiled gently fot- 30 minutes and then set aside to 

crystallise at room temperature. After several days a small , 

reddish, crystalline deposit settled at the bottom of the 

beaker and minute crystals floating on the surface of the solu­

tion were visible. The solid ,.,hich formed t-ma filtered off 

eaoh day and washed with small quantities of water . The separate 

portions of solid Nere combined and the salt ·vas purified by 

dissolving in 't-tater containing about l% of strong nitric acid, 

boiling for 30 minutes and allot-ting to crystallise as before. 

The recrysta.llisatlon l..,as repeated 3 times and the final product 

allowed to dry in a vacuum desiccator over concentrated sul­

phuric acid. 

(c) Potassium cia D1oxalatodiaquochroE.iate 

Although Herner 1 a directions 1-rere followed, this salt 

could not be obtained in a pure condition. Consequently, it 



w~e used merel y for preliminary preparations of other complexes . 

\ve r ner' A method ( 13) iA as follm.,s : 

450 gmA of ox~lic aci d hydrate and 150 gma of potPAAium 

dichroma.te ~.rere pul verised Rnd mixed '"ell i.n a lt'lrge morte.r . 

The mixture WP s moistened lt•i th a. bout 50 ml of l-TFJ.ter Fl.nd stirred 

thoroughl y to form A. brovm pR.Ate. After A short time reP..ction 

st~rted; the mixture bec~Me dArk hr own Rnd blue- green bubbleR 

~--r.>Pe~red a.t the eurf~ce . ThiP. 't•rPe followed by violent evolution 

of cprbon dioxide P.nd Ate~m nfter ~1hich a. violet liquid remAined 

in the mortA.r o On being left overnight, thi~ liquid eet to a. 

aolid mt:~ ss of broPn cryRtP.lA t·Thich vrere moi~t~ned vJ'i th a.. minimum 

quantity of ve.ter ~.nd filtered oft . 

Under certain condi tiona , ~-rhich could not be determined, it 

wee found that colloidel pArticles were obtAined on moistening 

the brown solid in the mortar. These could not be filtered oft 

conveniently. 

5~ Miec~llaneouA 

Thermostatic Control 

In experimentA to be described lR.ter, thermostatic 

control over pel"iode of up to 20 hours \-rae neoeAsary. This wa.s 

ensured by using p W~ter bath of 90 litre oep9.ci ty heated by 

tl·TO 1000 watt elements . A 11 sunv1c" model E. Ao 2 electronic re­

lAy And proportioning hee.d, including e mercury- toluene regula­

tor, WP A inetEtlled. Thie appp_ratus maintained constant tempera­

ture to 'YTithin .o2oc tor tempera.turP-s below 35oc tmd to within 
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a05° for up to 6ooco For temperatures above 45oc a heAt-lamp of 

30() WP.tt~ ~'~~'~- ~ fitted in the WR.tel• bath R.nd kept Ono 
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Chapter 3. 

STA!1DA..'qDISATIOtl OF METHODS OH T!-!E TRIOXALATOCHROl·!IATE ION 

1. Introductorx 

A r~v1e1-1 of the 11 terAture Rho-c·.red thPt complex ions of 

ohrominm contR.inin?-' ox~l~te group~ fl.re Rm0ngst the most st~ble 

that are formed and that of theRe , the trioxel~tochromi~te ion 

has been subjectPd to the moAt thorough study. For this reason 

1 t was deci ded to comMence this work Hi th F.l.n investigP tion of 

the spectrophotometric and potentiometric properties of potassium 

trioxalatochromiP.te solutions . Although the structure of this 

compound is knoNn, very little lit ere.ture could be found dealil_'lg 

with the conditions of its formation And so this aspect .M.s also 

been investigated ~.nd is described in a later chapter . 

Potassium trioxalatochrorniate hae been known for more than 

a century. In 1S42 Croft (3S) described a method of preparation 

from oxalic acid, potassium oxa.la.te and potassium dichrom:tte . 

This method hns been named ~.fter him a.l though he wa.e not the 

only investigator ~ 

Ae already mentioned in Chapter 1, A. Werner succeeded in 

resolving the compound into optic~.l isomers. His "t·rork hP.e been 

confirmed by JobnPon enu others (5, 6)0 
·"' .. 

Rideal Rnd ·Thomas (39) ~ppeP.r to h8ve been the first to 

publish a.n absorption curve of ·a. solution of the compound :lnd 

they found thPt P..d0.it1on of acetone increased the height of the 

maxima. 



A thorough 1nveetigPtion of the light sbsorpt1on curves of 

certa.in oxHla:tochrom1t=~tee t-r~.s ml'cl.e qy Meed in 1931+ (40) uRing 

extremely accurate Hilger instruments. An s.beorption curve of 

t he trioxla.tochrom1~te ion tvP e publi~hed t:tnd 1s referr~d to later 

in this chapter. 

In 1924 long (1~1} investigated the mecha.n1em of the racem1-

SEttion of the trioxe.latochromiate ion in aqueous solution . He 

u s ed r~dioactive isotopes of cprbon to study the interch~nge of 

oxalate bett.;een the solution Ftnd the trioXP.latochrom1ate ions 

i n solution. Uo me!\sureable interchange w~e detected at a tern~ 

perRture of 35°C Rt a concentration of .o6M Rnd he concluded 

tha.t the trioxe.le.tochromiate ion rA.c.amieee in solution by intra.~ 

molecul~n· rearrangement of the oxalate groups. This investiga.~ 

t ion ie o:t;' gl"eFJ.t impo1•tance since it sho~·JA tha·c the triox~:~.le,to·­

c hrom1Pte ion 1s completely stable in solution under the 

conditions described ~ 

From a d i:tlye1A experiment, Br1nztinger and Eckerdt (17) 

ft'> und that , unlike the oxala.t eA of certain other metnls , the 

t:r 1.oxa.latoohromiAte ion does not condense to form d1mers 1n ~o­

J.ution . 

Recently, Ueberbs.cher and Di-'Beoher ( 24) proposed $. colori­

metric method for estimating chr·omium 1r tanning sal te ln solu­

tion by conversion to the tr1oxalatoohrom1~te ion. Their t.rol'k 

i vA.s r•epeated, more accur~.tely, by Th,31s and co- workers (2} uaing 

e. BeckmRnn quartz spectrophotometer. These t·lOrkers hR.ve' pub-· 

l i ehed absorption 3pectra. of a numbe:r- of chromium cc)mplexes in­

cluding that of the tr1oxala.tochrom1r1.te. 



I 

1. 0 

~L FIG 2. 

A Potassium Trioxalato-

I chromiate 

B Chrome Alum. 

( • 00921M) 

\ 
A 

/'/ 

t - li -\---·- ·---
i 

~ \ I \ j 
1--· 

I \ I 
\ 

1\ 1\ 
·4 

\ I \ I \ 
\ ~~ ~............., 

-~ ~ 

~ --
/ ""-....... 

~---
~ / ~~ 

~-'> .. ~ 
B -....____, 

1---. B - · ,.__ 

.2 

300 400 500 600 700 

wavelength n~ 



-31-

2. _ SE_ectr,ql?.h.2.!.<!.nletr:1c. Inv:e.st1g~.ti..QE. 

As a cor.tpP.rison w1 th the results of previous investigators» 

the absorption spectrum of ~ " 009211-1 solution of pure potassium 

tr1ox~.1A.tochrom1~te WP.s mea.aured bet1,1een the T·mvelengths 300 And 

Soo mp (Fig. 2, Curve A) . The P.ctual re~din~s i:tre recorded 1n 

the Appendix, Table Alo 

The shape of th\A curve Pgr~es a.lmost ex!.!ctly with those 

obtPined by Mer-ad •. (l~O) Pnd by Theis (2) and in the table belOiv 

the -v.ra.veleng'ths at which the ebso!'ption mP.ximP. occur a:r•e com-

Investigator InRtrument First Max Second l.-tax 

Met;\d :' (4-0 ) Hilger 4-17 . 5 ID)l 575.0 mp-
Theis (2) Beckmann 4lg 5_68 

-
Author Beokma.nn 419 569 

It is believed that the solutions of tr1oxAlatochromiPte 

used by Theis conte.ined small quant~.t1es of other chromium com­

plex iona (See Chapter 6); nevertheless it is considered th~t 

t he positions of the maxima on the Havelength scale were not al­

tered mea~ureably even if trli~ 1-1ere the oa.ee. 

The purity of the compound U!=!ed 1n the present ~,rork wa.e 

checked by analy~1A: 

Theoretical formula: K3[cr(c2o4) 3]3H20 

Found Theoretical 

Ct" 10 . 66% 10068% 

K 23.99 24 ,07 

(C00)2 54.2 54 . 11S 
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In spite of the e11ght differences i n the WP.Velengthe of the 

second max:tmurn, 1 t is considered thRt the wavelength VA.lueA re­

corded above indicate thAt there t~Tae no serious source of error 

in the spectrophotometer ueed. 

It is kno~m that the trioxalatochromi~te ion is perfectly 

stable in solution , ~nd so$ Ba a further check on the reliAbility 

of the spect ropho t ometer , the t=lgreenent with Beer 9 e lsv-r 1-1e.e in­

vestigated f or this i on. 

A number of eolut1ons of potRRSium trioxa.l~.tochromi~te, 

hP.ving conc~ntr~tions from . 02 to . 07% Cr2o
3 

(i.e. from 000263 

to .00921M) v1ere p'!"' ep;:~.red and thei:r- opti cal densiti es measured 

at w~.velengtha 419 end 560 mp, th~t is ,. in the v1c~.n1 ty of the 

mex1ma. In Fi g. 3 these values ha7e been plotted agsinst the 

concentrations . 

The fR.ct t hat atra1ght l inee ar e obtained eh01\•e tha'li Beer 6 e 

law 1a obeyed£ although a better idea of the agreement ie ob­

tained from the constancy of the molar extinction coet f1ciente at 

the two wavelengths . The~e ere recorded belo~r ~ 

TABLE l 

Concentration 419 mp. 560 mJ.:l 

% Cr~o_".t Mol eallitre Ont Dene Ext Coeff Opt Dena Ext Coefi 
~/ 

~ 

.07% c00921M .903 98.0 .,700 76eO 

. o6 ~ 007£59 .779 98 .. 7 . Goo 76.0 

.o~ . 00658 ~6hS 98. 5 · ~00 76.0 

.o . 00526 0 516 98. 1 • 00 76 . 0 

.03 ., 00395 .388 98.2 . 300 75u9 
, 02 . 00263 .259 98. 5 .202 76. S 

-
Aver~~P.e used : 9S . 3 76oo 

·- -
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In Fir;. 2 thf'! nb~orption spectrum of a freshly prepAred 

chrome alum solution, ~leo nt a. concentr!ltion of o0092ll4 is 

eho~n (Curve B}. ~lOT·r it mA.y be asHuned thAt in a frePhly pre= 

p~red chrome nlum aolution maRt ·of the chromium is in the form 
.... i• ~ 

of Cr( H20)6 ~ vri th small ~.mount A of the hydroxo complex~ a 
....... i" 

Cr(H20)5(0H) e.nd Cr(H20)4(0H)2· '.l'hua the fnct thAt the ~.beorp= 

ti~n curve of the tr1oxalatochrom1Rte ion C~(c2o4); is consider­

B.bly higher ·thnn that of t~.n equimolar solution of chrome t=!.lum 

must be due, 1n some wey~ to the replacement of the etx coordin­

ated t-rfl.ter molecules by oxalate grcupe. 

3,; Potent1om_£tr1c _InveetigA.t1q_u 

No reference to previous potentiometric studies on the pure 

tr1oxalatochrom1~te ion could be found, Bnd so the object of 

thia 1nvaat1gat1on ;;e.e to determlneJ whether the propertiee of 

th1A ion already known could be confirmed by potentiometric 

meaeurementeq 

Tl·ro eolutionP., cont;:~.1n1ng approx1mt=ttely equal quantities 

o:t' pure potC~.Asium trio:x:RlatochromiP.te 1-1ere titrated poten·tio·~ 

metrictt.lly Fl.gA.irH=!t AtPnd~rd Acid _ ~nd stP.ndard ~lk::1.li, respec­

t1v.ely. The pH curve A are illuAtrnted in Fig. 4 (Curve A). In 

this figure, the right ha.nd side represents titration l·1ith 

Rlkal1 P.nd the left 9 ti trat1on wlth acido The volumes ad.ded 

during ti tra.·tton hP..ve been converted to equiva.lente of a.lkal1 or 

acid per Cr and the s~me procedure is adopted throughout this 



For comparison, titrationa were performed on solutions or a 

neut~al salt (potasA1um nitrate) having an ionic strength approx­

imately equal to that of the potassium tr1oxalatochrom1ate 

solutions. The results are efl,,wn a.s Curve c. Fig, li:. The fact 

that th~ ottrve for the tr1oxale.toohrom1ate soiution (Curve .A:) is 

very close to that ot the potaeA1um nitrate blank (Curve C), 

eho't>TB that pote.sR1um trioxalatochromis.te is also a neu~al. salt 

Hith no ~...reak acidic or basic groups. This is in conformity t'fith 
... 

the ncoepted formula Cr(c2o4>3 for the tr1oxalatoohrom1ate ion . 

The solution ueed tor titration against alkali was back­

titrated with standard acid (Fig. 4-, Curve .. BL It 1e clear that 

the back titration did not co1no1de ~.tith the initial ·titration 

And, ~.lthough the reason tor this hysteresis is not immediately 

obvious, it must be conneoted ~11th the action ot excess alkali 

on the tr1oxalatoohromiate 1on. I t was not1oe4 that if the so­

lution uere left overnight after adding six equivalents of KOH 

per Cr, a green precipitate formed Hhioh resembled Cr(CH) 3• 

When thle h"d settled, the supernatant liquid was clear and 

colourless and tree oxalate oould be detected by neutralis1ng and 

testing 't-Jith ca+-..... A slmilar green precipitate "t.Yas . observed 

after boiling the solution with six or more equivalents of alk.alt. 

This proves that excess alkali 1e CApable of decomposing the 

complex by displacement of oxalate and it seems lU;~ly that the 

hysteresis observed on back titration 1s caused by the fact that 

a certain amount ot oxalate has been displaced from the complex. 
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~ , _?ummA.ry 

FroM. the S!>ectrophotometr1c 1nvestige.tion of pure pott"~ es1um 

t rioxalAtochromiPte solutions , it is evident that the ~pparatus 

~nd techn1quea errployed wer e c~p~.ble of yielding results \...rh1ch 

a.p.;reed H'1 th thoAe of other workers , l-!h1le the potentiometric 

dn~&P-. ~re consistent ,,,i th the resnl te obtained by other methods , 
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Cht:tpter ~ 

....... - .... 

THF. POTi\SSITI'!-! DIOXALATnDIJ\Q,T~OCIIROMIATES 

lo Introductorl 

CompoundR of chromium cont~.ininr; tPo oxPlP.te groupA per Cr 

Pere firAt prepared in 1Sl~2 (42) but for mfl.ny ye8l'S there '~rP.s 

conAider~ble doubt about their con?t1tut1on. The position w~e 

clarified in 1901 by ~lerner (1.~ 3) pnd others ( 4l~ ) in terms of the 

newly postulat ed Coordination Theory. The-r:::e '\ororkers shot·red that 

the six coordi nP-tion posi tions of chromium csn be filled by two 

oxs.l::J.te groups and t'rrO ,..rater moleculP.s , giving the formula 

Cr [<0204) 2 (u2o> 2 ]-ror the diox~tlRtodis.quochromie.te ion . In 

1911+ . werner and oo-workers deaorib(~d the results of an ex'tenaive 

Aeries or· experiments designed to elucidate the properties of the 

dioxalato compoundA (13). During this l~ork tHo geometrically 

isomeric forms of the dioxalatod1Rquochrom1P.te ion were prepared ~ 

the .£1§. a.nd trans forms . TheAe 1 ~Ierner eho1-red , hs.ve the follow­

in~ configurations : 

( 
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In addi t1on, numerouA crystalline AP.l ts of both the ~ and 

th6 trena form were prepP-.red and properties like aolubili ty and 

st~bility were invPstig~ted qus.litetively. \'Ierner found thR.t 

Rddit1on of alkRli to a solution of either isomer caueed a col­

our change from pink to green. Th1A 't·rns shol-rn to be due to the 

formation of the hydroxo complexes : 

Cr[(C204)2(H20)(0H) ]= D1oxalato hydroxoaquochrom1A.te 

Cr[( c2ol~) 2 (oH) 2 ]• D1.oxa.lato d1hydroxochromiate 

The properties of the pota.eaium dioxalatod1aq_uochrom1s.tes e 

F.a.ccording to 't1erner ( 13) p ms.y be sumrnf.lriAed e a follo~TB ~ 

Potassium tra.nA d1oxs.latod1aquochrom1a.te K (Cr( C204.)2( Hz0)2]3H20 

exists as pinkish c:ryst~tlA 'to1h1ch are perfectly stable at room 

temperature . It does not dissolve readily in the cold but, on 

boiling, an enormous quantity can be dissolved 1n lom.ter . On 

subsequent cooling of this solution, the salt does not crystal= 

lise out 1mmedi n.tely s.nd more than a. 't·teek may elP..pse before e. 

small quantity of solid Aettles to the bottom of the vessel . 

'rhe ~compound K[Cr(c2o4) 2(~o) 2]2H2o is also pink but 

very much more Roluble in cold water than the t~ans isomer, eo 

that it cannot be purified eat1Rfactor1ly by recrystall1eat1on 

and can only be prepared UA1ng a. minimum quF.tnti ty of wa.ter. 

No other references to the dioxa.latod1aquochrom1;Jtes could 

be found , apnrt from Rome tanning experiments by GustP.VAon (45) 

ltrhence it appe~red th;::~.t no 1nveR~iP;at1on of the physical proper~ 

ties of these compounds h;:)d been underta.lten . 



2. Purification of the DioxP.lP todL~cuochrorniates -- -- . --=~-- . ..o~o~...;.....---._,..;.,_..._.;,. 

Since numerouA attemptfl to prepare the .£!.! s,qlt by ~verner's 

method (See p. 26) all gf've products tr-rhich did. not quite ::.[n'ee 

"·rlth tverner ' s anAlytical figures, this salt l·TPB not used for 

phystc81 men.surer1ente. 

The tr::.ne salt t.raR obt.o 1ned in a much purer eta. te but the 

analytical figures suggested that the first preparations tvere 

contaminated l·Tith potAssium tr1oxe.latochrom1ate. This impurl·t;y 

l'lll.B removed by boiling· the solution 't-ti th a.bout 1% of n1 tr1c acid 

which, it ie shovm lRter, d ecomposes the trioxalatochrorn1.ate ion . 

The figures for the final preparation t.rere ~ 

Formulr.t K [Cr( 0204) 2< H20) 2]. 3H20· Mol. l-It. 357.2 

Found Theoretical 

Cr 14.50% 14.56% 

K 10.92 10.95 

{C204) 4.9.2 49.27 

(The det~ils of prepe.rP..t1on have been given on p. 26) 

The~e crystals were used for a number of investigations. 

]. Potentiometric Investigatio~ 

Chromium com};lex lonA l..rhich poAsese coordinated t1Pter mole­

cules, or aquo groupe RB they are termed, Are acidic. It 1e not 

certain whether this RC1d1ty i~ due to the ionisation of the aquo 

groups to give hydrogen ions: 

Cr- OH2 ~ Cr-OH . • H 

or to the replacement of· the ~-quo groups by hydroxyl ions from 
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f rom the solut i on · 

Cr-0~ + OH - Cr- OH + ~0 

~rhe result 1e the same 1n e1 ther c:.;~. se : the solution is acid P..nd 

a correspondin~ amount of hydroxo coMplex 1e present . It is more 

convenient to consider tha.t the a.quo groups ionise in solution. 

The dioxal atod1aquochrom1ate complex is no exception to this 

rule a.nd a. • OlM solution of the pot~.seium SB.l t has a pH of P.bout 

4. 2. In Fig. 5 the results of acid and alkRli potentiometric 

ti t:t•attons on solutions of the pure trAns eal t are illustrated, 

and for compnr1son the curve for pure pot~seium trioxalatochrom-

iP.t~ iA shOtvn. 

It 1P. ~.pparent from the eha.pe of the curve above pH 6 thR.t 

the d1ox..'tla.tod1~.quoohrom1~te ion is t~eakly acidic . Tt-to shallow 

end points nre juP.t diacernAble corr esponding approximately to 

1 . 0 and 2 . 0 equ1v~.lents of R.l1tal1 per Cr . 

It 1s assumed thPt these tHo end points co~respond to the 

ti trB.tion of the two aquo groups of the dioxalatodiaquochromia.te 

ion, to form the mono And di hydroxo derivatives : 

or[ <c
2

o4 >2 
( ~o} (Ho>]-

cr [< c2o4>2< Ho> 2] = 

The formation of these ions 1e responsible for the ohBnge in 

colour from pink to green which occurs during alkali titr~tion . 

The d1oxalatodiaquochromiRte ion is thus a weak dibasio 

acid and trom the t1 trat1on curve the follO't·r1ng approx1ma.te val-

uee tor the acid oonetP-nts we~e derived, ua1ng the method out­

lined 1n Chapter 1 ~ 



pKl 7. 09 

pK2 9. 45 

In Fig. 5 the curve obtP.ined by bB.Ck titrating 8. d1oxn.la.­

tod1aquochrom1a. te solution, to r.rhich about 3. 0 equiva.lentr-; of 

alkali per Cr h~d been ~dded, 18 eho~m. Although the ressnns 

for the cone1derRble hysteresis were not 1nvest1g~ted in detAil, 

further t.rork_, to be d1eouesed in the next chapter, hae eetP.b­

liehed that ·the dihydroxo ion is unstable in solution a.nd rapidly 

11ber~.tes oxalate ion, the t1 tr~t1on of t-Th1ch probE~bly accounts 

for moat of the hyateresie observed. 

4. The Conversion from trene to Clfl Di,oxa.latod1a.guochrom1e.te 

AnomalouA result~ obtained during aome init1~1 kinetics ex­

periments involving pot~Aslum trans d1oxalatod1~quochrom1ate, to 

be described l ater , neoeas1tated an 1nYeat1gat1on of the eta-. 

bility of this compound 1n aqueous solution. It wne found that, 

for an ~pproximetely .OU1 solution of the tr:me salt, the opt1cP.l 

dene1 ty at a number of l-TP.'V'el~ngths unde~·rent ~- slow increase 

until A 11m1t1ng VRlue wAs reached; th1e took about three houra 

at room temperP..ture (20°C). The kinetics o:f th1e process wae 

1nvest1geted a.a follol,re: 

Exa.ctly o. 65S0 gmA of the t'1neiy pulver1Red trans salt 

were weighed into a dry beaker., and distilled water at 

the tempernture to be used for the experiment 't-18.8 

added. The salt Wtle dissolved as quickly as possible 

by Vigorous stirring. The solution ~me mRde to ·200 

ml (to g1ve a .00921M eolution) 1 sh~ken, Pnd rApidly 
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transferred to E! dry 30n r.tl Cnn1CPJ 1'1~Rk Hh1Ch had 

been e.lloued to at ta.in the de Aired temper~ ture. Thi e 

fl~sk HA. e immersed in the conP.t~nt ter.tperP-ture 't-JP..ter 

bath (See p. 27) P.nd amRll portions of the reRction 

solution l>Tere wlthdr~n·m at interva.lR of time during 

the experiment by mea.ne of a pipette. An absorption 

cell of the spectrophotometer l·m e rinsed e.nd filled 

lvlth this solution Pnd the optice.l density at 420 ID}t 

t.rp. a determined . Lees the.n 30 eeoonde elapsed from 

the removal of the sample from the fla.sk to the read­

ing of the spectrophotometer. The time WAS noted 

from the moment the instrument t-tP.s read. Rea.dinge 

1·'P.re taken until const~nt ~.nd then for e. further 

period , about three hnurF! in e.ll. The BtHne proce­

dure ~vPR repeated tor the tempert!!.tures )4.5, 32.9, 

30.75, 27.0, 24.25, 20. 3 °C and for the much higher 

tem~erature of 56 .7°0. At this temperature the so­

lution hnd to be cooled to room ter.tper~ture by paPe-

1.np; through P.. apir.!'l condenser before measurements . 

The actu~l rePdinge obtAined during this experiment 

heve been recorded in the Appendix, T~ble 3, and 1n Fig. 6 the 

curves shm·r1ng the increase in the opt1cP.l density. of the first 

six solutions, tvith time are Aho~m . The exact zero time could 

not be determined in this experiment and so the positions of the 

curves on the time soe.le have been . fixed arb! trar1ly for the 

purpose of clarity. For one of the above series of meaeurementei 



th~t at 30 . 75°0, the pH was measured et intervals during the 

change. It remained practically constant at 4.2 throughout the 

period of investigation . 

In the trible belm.r, the limiting values of the optical 

density reached Nhen the s.bove solutions had come to nqui1ibriCJD 

are given : 
TABLE 2 

Concentration .00921M 

No. ~ Temp . Optical Density De 
( 1) 3J.4.o5°C I .609 

I 

I 

( 2) 32.9 .610 

( 3) 30.75 .611 

(4) 27.0 .610 
. 

( 5) 24-.25 .611 
/ 

(6) 20.3 . 612 

(7) 56 .7 . 611 
I 

From the appearance ot the curves in Fig. 6 it ia obvious 

that a definite change had occurr~d, resulting in a product with 

a higher extinction coefficient (at 420 rnp) than the pure trans 

isomer; vhile rrom the above table, it is apparent that the final 

value i·rae independent of temperature 'Hi thin the range from 20°0 

to ~~arly 6o0 c. This constancy of the limiting value may be 

regarded , either as evidence that the reaction had gone to 

completion, or as evidence that the system contained an equili­

brium mixture, the equilibrium constant being independent of 

tempernture within the range considered. The latter type of 



reaction does not appear to be very commoni eo it was assumed 

that the reaction had gone practically to completion. The data 

obtained throughout the rest of this work are consistent with 

this vie"t-v: It i .A poeRible that a very small amount of the 

trans form might still be present in equilibrium even when the 

reaction had 1.1.ppa.rently gone to completion, and this case is 

discussed later. 

There a.re a number of changes ~Thich might be undergone by 

potassium tran.e dioxalatodiaquochromiate 1n solution which 
= w 

could lead to an increase in optical density: 

(i) The compound might decompose giving free oxalate ions 

and other chromium complexes. 

{ i1) T"tro or more dioxalatodiaquochromiate ions might 

combine , Hith eliminati:on of Pater, to form 

11 olated11 polymers of the type (46): 
\ / . \...I \ / 
-Cr-0 --vr-0-Cr-
/' H f\ H /' 

(iii) The trans form might convert to the cia form. -
The first explanation ie untenable since no free oxalate 

could be detected in solution at any stage during the tranefor= 

ma"t1ono 

All types of elation involve a decrease 1n the pH of the 

eolut1on. Thia invalidates explan~tion (11)e since it has 

been s~wn above that no change in the pH of the solution 

occurred during res.ct ion. 
Explana.tlon (iii) was then considered. On the aasumptlon 

that the ~ form hae a higher eYt1nct1on coetf1c1ent at 420 mp 
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·than the t.ra.nB form 8 it would appeer the.t the phenomenon is due 

to a conversion of the trans to the ~ isomer . If this were 

true, then 1 t t¥ould be expected thAt the repction '.rould be of 

the firs t order. 

The first order equation is: 

dx/dt = k( a - x} 0 0 • • .. 4 • • I) • 0 • • 0 • • • • II> • ~ 0 • • • .. * • ( Jf ~ 1 ) 

v-rhere k is the velocity constant, 

.a is the concentrs.tion of the reactP..nt P-.t time 0 , 

x is the concentr~tion of the reAult~nt at time t . 

Int~gration yields the famil1~r equation: 

o• •• • • ••c •• •• , ••••• (4 o 2} 

In the postul~ted tran~-c1s conversion, (a - x) is the con-_ ........ __ 
. 

centr~tion of the tr~.ns f"rm at time t. Th1A quantity is obtpined --
from ~he optical denR1ty (D) of the solution by assuming Beer~a 

law holds at 420 rnp. It 1A eho~m l?ter that the lnw holds very 

we~l for the cis formp and it ie reRsonable to assume thP.t it --
~lao holds for the trans isomer. 

Then for a. solution contAining both trens and eta dioxalato--
di~quochrom1ate ions, at time t during the reaction, 

•• •o o•• • ••••••••'•••,.,.(4-q3) 

where D is the opticRl density of the solution at time t, "1" 1s 

the thiokneAa of the solution, kt and kc are the molPr extinction 

coefficients of the trpne ::lnd ill i~omer!=! rep· .ecti vely, P.nd Ct 

~nd C
0 

Pre the concentrPtions of these 1Bomers (in molP-A per 

11 tre). 



Now the total concentrAtion of dioxalatod1aquochromirte, C moles 

per 11 tre, 1s J~no~rn RO that ~ 

o••• •••• • •• • ,•••••ao••••o&o•• ••• ~(l.J.ol.J..) 

Ct, the concentr~t1on of the ~~ form P.t timP. t , m~y be found 

by Rolv1nr: (1)., 3) ;-nc1 (4 . 4) s1mult.qneouR1y, F.J;1v1ng~ 

Ct: kc• C.l - D 

l(ke - kt) .. .. .. ... ..... ., .... . .... .. . (4. 5) 

= (~ - x) PS ment10ned ePr11er. 

This e~lRtion 9Pn be put in a more convenient form by not­

in~ that 1 if De Pnd Dt .qre the opt1oRl deneit1ep of 8olutionR of 

the pure cis nnd pur~ tr~ns pot~Asium s~ltP reApectively , each 

at A concentrRtinn equAl to C, then: 

De = k0 • C. 1 or k0 = De/ C • 1 

and Dt= kt , C"l or kt- Dt/C.l 

Substi tut1on i n ( 4-. 5) Rives : 

Ct ·= C ( De - D ) .: ( ~ - X) 
De - Dt 

"• '" • • o • o o ~ • c • • ~ • o (!t-o 6) 

The th1ckneAs of the solution "1" cancels out only if the 

sA~e spectrophotometer pbsorpt1nn cell 1~ UAed for all meeRure~ 

mente. This ,.,e.e Ph'"YB the c;~.se dur1np; theR-e experiments. 

3ubst1tutinp: the e.bove vP..lue for (F! - x) in equa.tinn (lL2) 

and re~embering thRt C = a ~ gives: 

t :: {2 > 303) loglO (De- Dt) 
\ k De - D 

i . e. t = (2. ;03) loglO (De - Dt) _ ( 2 · ~03) log10 (De - D) ... 

••.. (4 . 7) 
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The quantities in the first term of the right hP.nd side of this 

equation are constl'.nt so tn.~t if the reaction is of the first 

order, then the graph of t agP1nst -lo~0 (De - D) should be 

11nePr. 

Thus it rm.s neceAAary to obtP.in De, the 11mi tine v~lue of 

the opt1cA.l density Hhen the reaction had gone to completion. A 

number of methods ~re PVailAble for findi~g the most accurate 

value of thia quantity for similRr firRt order reactions (47, 

~) and the method of tRking readings of the final value over a 

period at least ae long A.e tb.9.t req11ired for the repct1on to s.t­

tain approximate completion WA.R adopted. In this wa.y, a value of 

Da ~ra s obtained whioh was knot-m with greater a.ccure.cy than any 

of the 1nd1v1at~l values of D. In Fig. 7,-log10 (De- D) ~e 

been p~otted ~gainst the time t for the rep.ction at the six tem­

peratures corresponding to the exponential curves ln Fig. 6. 

Evidently the gr~phP. are linePrp indicating the reaction to be 

of the first order. 

It should be noted tha.t the lines in Fig. 7 are independent 

p.nd thAt their relPtive positions h~ve no significance, apart of 

oouree,from their elopes. They have been arronged, merely for 

convenience, by ~rbitrarily fixing the position of the initial 

readings on the time ec~le . This procedure t-n1e necesAary becauP.e 

the zero time could not be determined wit~ certainty. 

From the elopeR of the linee 1n Figo 7 the velocity con­

stante, or better, the app~rent velocity conatAnte, were obtAined 

by using the equa.tion: 

\ 



k = -2 . 303 (slope) 

The vPlUAA ::JT'~ given bP.loH: 

O • • • ••• o •• • •oo • • • •~• • ••••o (4 oS) 

TABLE '3 

No . Tenp , 1/T (0 A} Slope (sec-1) k (sec- 1) log10 k - f.-

(1) 31+. 5°C ., 003250 - 5 17 x lo-'+ 11 . 91 x lo-1+ -2 . 92 

(2) 32 . 9 .003267 - 4.14 9 . 53 - 3. 02 

(3) 30 . 75 . 00}290 - 3 . 28 7 -55 -3 . 12 

(4) 27 . 0 . 003331 -2.311 5 . 322 -3 . 27 

(5) 24. 25 0 003362 - l . S13 4 . 175 -3 . 38 

(6) 20.3 .003407 - 1 . 280 2. 91+8 -3.53 

In vleu of the ki net1o data, the explanation involving a 

conversion fx-om trF~nR to cis dioxf.l.lP.todiaquochromia.te seems most -
probable . 

There i s still the d1fficul ty thnt the tra.ne e?..l t crystal-

liaee out from a atron~ solution of wh~t 1s noP kno-vm to be the 

cis isomer, if left for eevera.l dnys. This c::m be expla.ined on -
the assumption th;:~.t solutions of the .2!.!!. salt P..hmys contain a 

small amount of the trans isomer 1n equ111br1uro. Even if th1e 

amount 1a negligible At low concentrations 1t may be sufficient 

to exceed the solubility product of the trans potassium salt at 

high concentrations. It 1a known thP.t the potassium sa.lt of the 

trane 1on 1s very much lees soluble thnn the corresponding cis -
salt. When some of the trans s~lt hRe crystallised out, the 

equilibrium 1e d1Aturbed ~md more of the tr~.ne form 1A produced. 

Evidently this process ehould ultimately lead to fairly high 

yields of the trn.ns eal t ~.nd 1 t 1A not 1nconce1v~ble that 1 t 

should t~ke place el<n-Tly. 



In or der to a.scertain 'tThether the kinetic data 11ere conAiR-

tent ~~1th the Arrhenius Equation : 

l . e. 

E 
k = Ae-WJ; 

o ~ o • o o • • • • • :1 • • • • o • • • • o • o o • • • • • • • • o., ( 4 o 9) 

••.. , • ..... • • (~.10) 

~>~here E is the ?ct i vption energy or the 11 experimenta.l act 1 vPtion 

~nergy" of the r eact i on, T 1R the nbsolute teM.perpture And A is 

P f~ctor dependin~ on steric end other considerations , a gr~ph 

of - lop:10k agE~. 1nP.t 1/T t-rP·S plotted (Fig. g) . 

3·4 

FIG 8 · 

For s i gnificance of 
points x nnd y 
see t ext. 

2.8 ~~~~--~--._~~~--~----~----~ 

3·24 3 · 28 3.32 3.36 3·44 

The fP.ct thl'.t ~ re~sonable straight line is obtained 1nd1~ 

CP.tet:t thpt the eou~tion is obeyed 1·rithin the ~emperAture range 

used. From thi~ gra.ph VP lues :for E e.nd A, per mole , PP.re 
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oe.lcula.ted as~ 

• . . •. . •.. .. •... . . ... (1~ . 11) 

Before atterl!)t inP: ~:~n EU~ !:f.' F.n=nent of the v~lue of thP.Pe f1g­

UI'~A , it 18 1!"lport~nt to conR1d~r the effects of the toniA~tion 

of the d1oxn.18 todiAqnochroJTti1l te ior. on the I'Rte of converAlon to 

the~ 1~omer . 

One effect to be conRidet'ed ifJ 'thnt the hydroxoaquo l0ns 

mi~ht h~.ve extinction coefficient~ different from thoAe of the 

corresponding dia.qut' ion~. If thi8 '::rere the cAse then the si,.'lple 

Beer • B lAH l~ehttionA employed e.9.l"lier i,rould not Rive VP.lid re-

eul ts o Hm .. rever, 1 t t-.rill bP. sho~·m in the nex·t chapter t.ht?.t e.t 

the t-Ts.velength UP.ed for the kinetics experimentP. (~-20 mp) the 

cis monohydroxos.auo ion hP.A ~lmost the s~me extinction coefficient -- . 
IHl the ~ diP..quo complex and it iA probP.ble that n A1m11P!' re­

lP..tion holdA for the trans derivatives. The effects of tht? di-

hydi'oxo ions need not be aonsidei'ed since a. negl1g,.ble amount 

will be preaent below pH S. 

Another, more 1mport~nt~ cona1der~t1on 1s that the trpne 

fo~m of the d1ox~lP-tohydroxoP-Quochrom1nte ion might ch~nge to 

the cis form 1n solution And thAt the converP.ion m1~ht not pro---
ceed Rt the same rAte as thPt to~ the diaquo ion. Consequently, 

the rPte of conversion from tr~'J. to .£!! "TPA deter-mined using 

solutions of different concentrPtiona of potAssium diOXJ:l.latodiPquo~ 

chrom1ate at a fixed t~mperPture (27.0°C)o Different concentra-

t ions were uaed 1n order to observe any Vt.?riat1ons in the rAte of 



conversion due to the different rel~tiYe proportirme of dinquo 

Pnd hydroxo 1onF;. The Rl'Pt>h~ of· log10(Dc ... D) PITn.inPt t rrere 

linel!lr in P..ll c~AeP P.nd tv-ere similPl' to thoA~ in Fig. 7 so they 

h~ve not been ~iven here . The .nctu~l optical density pnd time 

re~d1ng-!=4 Ell'e recorded in the Ap-pendix~ Ta.b1P. A 3. From thePe 

data, the slopes and v~.lueA for k Pnd lt1g10k t...rere obte.ined ~.ncl 

these are given in TP.ble 4 belo:·r. The pH VP.luee of ee.ch o"f theRe 

solutions are recorded and, in addition~ the pH ~alues of three 

other d1oxa1atod1aquochromiate solution~ are given. 

\Concentr?..tion No. 
~-. l 

(4) , 00921N 

(8) • on~)t-9 

(9) . 00702 

(10) . 00785 

(11) . 01570 

.oog56 

. 01135 

. 01463 

TABLE 4 

(Temperature 27 ~ 0°0) 

~lope of -log10tnc- D) 
VB t graph -

-2 . 3llxlo-4· ~ec-1 

-2.569 

.. 2 . ll39 

-2.370 

~2 . ."306 

! 

loglokl k oH 

5. 32xlo-1~sec-1 -3.27~ 4.71 

5.92 -3.22S 5~ 0S 

5.62 -3.250 5 . 01 

50 tt-6 -3.263 4.90 

5 . 31 -3.275 4 , 62 

4.77 

4 , 67 

4 ' 61.~ 

The numbere 1n column 1 refer to TAble A 3 1n the Appendix 

where the ~ctual rePd1nr;A may be foundo 

It 1a F!.pps.rent from TPble 4 thftt the experimental veloci·t:r 

cons~ant k is not altogether con~tant 1n this case . In Fig. 9 
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the re la·tion betlv·cen the experiment::> 1 velocity constant k e.nd 

the concentrP.tlon of d1oxFtlatod1a(~uochrom1ate in solution is 

shown, l1h1le Fig. 10 showe the re1P t 1on between pH ?.nd concentra-

t1on . It Pill be noted that these curveP. .have roughly the same 

shP..pe . A better idee. of the relation betveen the experimental 

velocity constant and the pH of the ~olut1on 1s obtained from 

'fig? 11: 

5.$ -

r 5. 6 -
k 7C I + 

5.4 

5.2 
4.6 

FIG ll 

4.S 5.0 
pH _... 

The ee graphs show cleB.rly ·that the e"'(_l:>eri.mental velocity ·constant 

for the trana-cj~ conversion depends on the pH of the solution. 

The rate of reaction is fP~test when the 80lution is ~oat dilute; 

thnt is, "HhAn most hydrolysis occurs . It Pppep.r.a, thereforP., 

thP..t the incree.sa in the reaction rate at higher dilutions 

depends on the reln.tively higher proportion or hydro ~<:O corn:olex 

1onP. 'l'hi~ in turn !;Ug~ea·te that the trana hydroxoe.quo complex 



chanp:eA to the .£..!!! il'-lomer at 8. more ~e.p ·~<l. rf!.te than the correAp-

onding diaquo cor.1ple}~. 

In order to ascertain whether the changes in the e,ppprent 

velocity constant k were not merely due to an effect ot dilution, 

onP of the reaction eerieR {that at 27.0°0 rtnd .conc~ntre.'tion 

• 00702!( ) VTP s repeP ted tri th the flddi tion of ni trio a.cid in order 

to c1ecrea.s e the concentra.tion of hycJ~o:-::o derivative by suppres~-

1ng the 1on1AP.tion of the t~quo r--roupe. The re~ults obtained 

r-re: 

Before ndd1n~ ~c1d 
After n.ddin~ acid 

nH 
5.ol 
). 01 

The chror~iur.t concentr::~.tion of theRe t"t..ro eyste!l'ls HP s 

identical, but t he ionic !=!tren~th of the ·solution contRinine-; 

e.d d ed n1 tric ACid must hnve been different. In P. further exper­

iment, hm·rever, 1 t HP. P. retermined that 1ncreP..sing the 1on1c 

~trenp:th by P. factor ot more than tl·TO by the e.dd1t1on of potn.es­

ium nitrPte had no apprecj_able effect on the velue of k. The 

fall in the value of k in the presence of acid is, therefore, 

mo8t probRbly accounted for by the corresponding decrease in 

the concentration of hydroxoaquo ions, Hhich indicatef! that 

theae ions have £1. ft:~ ater rate of conversion than the dia.quo ions . 

The·oret1ca.l 

The P.bove diecuss1<m shows tho.t the velocity constant k 

obtained from spe ctrophotometric data i ·s prob~.bly the re~ultant 

ve1oci ty constant of the tl·'O first order equP..tione: 

t rnna (cr( c2o4-) 2 {H2o) ?.1 --. 
[cr(C204-) 2 (H20)(0H)] ._.. 

cis -
ci~ 

[cr{ c2o4) 2 < H2o) 2] 

(cr<c2o4 >2 <H2o)(oHU 
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The fact that k does not only refer to the conversion or 
the dioxalatodiaquochrom1ate ions, but nleo to the conversion 

of the hydroxo complexes 1nd1oa.tee that the VFl.lues obtained· 

~.bove for the Arrhenius constant~ A and E muet be in error. 

In order to obtain some idea of the magnitude of the 

errors involved, the maximum and minimum values of log
10

k 

at 27 . 0°C, a A ob tAined fl"om Table 4-, are recapi tula.ted below: 

l~ax1PltliD 
Minimum 

Thee~ value~ ~re plotted ~s points x nnd y re~pectively, 

in Fig. S. From this e;ra.ph it 1s npparent tha.t,. a.lthough 

the veluea o~ E ~nd A obtained from the straight line are 

prob~.bly of the right order of magn1 tude, they must be 

regP.r~ed FlB approx1mRt1ons . 

In considering possible meoht=>.niams for the trane-c·ts 

COU "er81on, it 'tvill be recalled th~t the tt-TO fo.:rrns qf the 

dio:·~alatod~nquochrominte ion Are: 

trans cis -
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It is probable that trPnsformntion occurs by the intra-

~olecular rearran~P-Ment of the oxalate r,roups ~ince no tree 

oxRlP..te Has detected in solution during the change. Thus, if 

this is true, conversion rnuet involve the folloHing steps; 

(i) OnP end of an ox~l~te c::roup ~etP.ches itself from 

the chromiW'l. 

( i1) A ~rn.ter ~"'lecule fills the position vacated by 

the oxalPte. 

(111) One of the coordinated r-rater molecules leaves 

the complex. 

(iv) The free end of the oxalate group a.ttaches itself 

to the position left Vf'l_cant by the t·re.ter molecule. 

It is possible that step (111) occnra before (1) or (ii) , 

In 1939 Buehra P.nd Johnson (6) 1nve~t1gPted the rates 

of rRcem1sation of the complex ions, trioxalatochromiate 

and 1'r1oxalatocobnltiP..te "'hich are knolm to proceed by 

1ntr~.molecnlar rearr11ngement of the oxalate r.;roups. From 

their kinetic data they calculnted that, for the r~c~mieatlon 

or the trioxalatochromiate 1onj 

l5 .e Kcals 
RT 

~~11e for the ~rioxalatocob~ltiate ion; 

k 1014. 5 - 26 .0 KCP..ls 
= . e PT 

H 

no,,r from the 1nvestig.qtions described enrlier in this 

section, the conversion from trans to cis d1o:-::alatod1aquo--
chromiate gnve the following values; 
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9 - 1:1. . 6 KcJ.lR 
k = 3x10 ,e -~·-

(The PCtiv~tion enerpiee refer to mol~r quantities) 

It j_B np01=tl'en.t th11t the vf'lues fo!' the conve"'~"sion from ~~ to 

~ ciiox~le.todiaquochl."'Omia.tE'l Pre of r-pp'l'oxims.'tPly the sA.me order 

of magnitude PB thoAe for the recem1aat1on of thP tr1oxalato-

chromiate 1on
1 

.t:~.lthou~h it mt1et be.. remembered that the fe>rmer are 

o;_Jen to doubt in vieu C'\f the inte!'fF.T'ence of the hydroxo derivnt~.Yes, 

the rp te determintng ste·o in the conversion from .!!:gn§. to Cl:l.A -..--
d1o:-:alatod1acuochromiate ls ei the:r.· the de·te chment of one end of 

' 
r.n oY.a.l~.te group ( ~tep ( i)) or 1 tfl re;"l.ttachrrient to the chroniium 

e.tom ( ~tep( 1v)) . This if• not 1nconR1Ptent ~-ith the tact t.hA.t th~1 

!Fnn,:, hydroxoPquo con:plex a.ppea.rfl to convert to the cis iBC1mer 

fl_t a !"lore rapia.' r~te, since it ia r~lfficult to predict hmr tbe 

T"'echrn1~m r;1vfln ~.hove Hill be '!':ffl~Ctvd by the replacement c~f' .~.n 

nqno (troup b:y hyclt'OXO. 

2..:... SJ2e.ctr'2Ph~~~ Inv:aB~~:!:~ 
To obt!"'in the F.~beorption qpectrum of pota.e~1um cis dtcxaletc-

6' .. ..,._.._, 

d1Pqnochrom1~te_r a anlut1on of the r.:u::-e trans Balt 1vue :1=I'SPM''ed 

l'aving a conoentrPtion of .00921M. This solution waR allowed to 

age for ~vere. l hour· a to convert the complex to the c~.a i son:er , 
ll~ ~ 

the pror;reA8 of the conv-ersion beinp.; checked by measuring the 

The absorption spectrum, bet1 :een 

W1.vel enr~ths 3:10 mp and 7l!O my H'R s then meR sured on :=! B~=tmple of' 
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this Aolut:lon a.nd is 1llustrPted in I<,ig . 12, Curve B. The optical 

density readings are recorded in Table A 4 in the Appendix. 

The absorption curve for the .tre.Il§. isomer could not be measured 

s.~G room tem.perE~tur-e ·(20°} becruae of the conversion to the cis .,.,._.,., 

form, but it was found that a:t S°C the rate of conversion 'i·las 

sufficiently sloH to P.ne.ble e. curve to be measured rapidly. (Cu:rve 

C, F~.g. 12). r ·t t·.ra.e as'timated that this curve is not more than 

one or two· perc an'G too high in Api te of conversion during measure-

mente. 

The fact tnat the B.beorpt1on curve of ·the tra.ne salt in solut ... • ..... c:u~•• 

ion is differen·t from thnt of the cis isomer is 1moorta.nt from the -- -
point of V1eH O'f '.;he interpretation of 'the a.beorption data. of 
complex ions and 5.!1l discussed in Chapter 10. At first 1 t seemed 

unlikely tha.t such a emall change 1n structure could have such a 

rela.ti vely large effect on ·the epectrunt. Ho'tve"l·?r 1 in 1931 Matsuno 

(4-9) found qual~Ltat:\.vely the.t the relative po.a1t1ons of coordinated 

~-rater mol~culee 1n certain r>minoe.quo complexes of cob~.lt(III) had 

a coneiderRble ~~rfect on the light absorpt1ono He found that 

comnlexe~ ha.vinp.; t-ater. molecules in the trans position had leas 
_ •:l'IIS•w JOiLU 

t?.bsorbing pot-rer than equ1molar solutions of the oo~reapond1ng cis -
isomer~. 

Conformity of the ~ d1oxa.latodia.quoohrom1a.te ion wi·th Beer& a 

la.1r l·TB.B tested by preparing solutions of the pure tl"ana aalt of 
CO& -

different concentrations, ae;eing to convert to the cis isomer and ....__, 

measuring the l i miting values of the optical density at wavelengths 

419 mp ~nd 560 mp in the vicinity of the max1mP.,o Tbe relation 
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b et1!Gen the o~t1CP1 denR1ty ~nd the concentr~tion 1 tn Mole~ per 

J. :t tre, is illnPt!'Pted b ; 1o: : 
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Concentration (Moles per litre) 

The ~trpiglYt lines in thi6 figure indicate that the l aw te 

ob eyed re::q;onP..bly 1rell :->t 419 nnd 560 mJl fl.nd ~ better idea of th:s 

ar;r e ement is obtP..1ne6. · fi'om t he c.ons·t ,ncy of the e.xt,inct1on coeff·-

icient s recorded in Table 5 on pa.ge 58. It may appeP..r somm;hat 

Atlppr1s1ng that Beer ·) s la\T 1e obeyed by solutions of dioxalatodi.aquo-

chrom1r>'ce in vtr~r of the fact th~t hydrolysis is kno'{lm to occur i il 

sol ution 1nvol vinp.; the formation of hydro.xo d.eri va t1ve e . H01·revel"', 

this nerely irnplie~ thr>t the exttnct.l.on coeff1c:ients for the 

dio::<~"latohydroxoa.quochrom~.ate ion at l!-19 rr1p and 560 mp are close to 



those of the d1oxalatodiaquochrom1ate ion. This deduction is con­

firmed by the absorption curve of the hydroxoaquo derivative, given 

in the next chapter. 

TABLE 2 

Concentration 41_9 mu _5_60 IDll 
moles per litre Opt. Dene. Ex·t. Coetr . Opt. Dens. Ext . Coett 

.0035S . 237 66.2 .179 I 
I 

50. 0 
I 

.00675 . 444 65.S .341 c 50.5 \ 

~01047 .690 65,.9 0 529 50, 5 

.01250 _g26 66~() .631 50.5 

.013S3 .917 65.S .701 50~ 7 

Averages used: 65=. 9 50c5 

6. .summa.rx 

The pH curve of pot·aesium d1oxalatodiaquo.chromia.te, in aqueous 

eolut1~·m, ha~ b~,en drawn and evidence tor the t1 tra.t1on of the t1·10 

aquo grOU?S presented. From this curve, values for the acid . ' 

constants of the d1oxalatod1aquochrom1ate ion have been c~.lculat.:d. 

It has been ~eta.bliebed th~t potassium trans d1oxalatodiaquo­

ch~om1ate is unstable in solution and the 'data obtained 1e consis­

tent with the view that it chengee to the cis form in a about . -
three hours at 2o°C for a .OlM solution. This conversion, which 

ie .probably intramolecular, hae been shown to occur by a first 

order mechan1em. ·The rate determining etep 1e prob~b~v connected 

with the rate of detachment or attachment of one end ot an oxalate . 

It hae been found that the eXper1m~ntally determ1ned rate 
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constant is lprger 1vhcn, cuing to hydrolysis, relatively Plore 

of the dioxalatohydro:-tof.l.quochrom1ate ions are present. This is 

probably bece.uee ·these ions have e. faster r~.te of conversion from 

trans to cis. -
By ~pply1ng the Arrhenius equation, ~ tentative VAlue for the 

Rct1vation ener~y of ·the conversion from trans to~ d1oxalato­

d1a.QUochromiP.te ion has bPen C!=4.lculated. 

The absorption s:0ectra. of both the tr~:ms .and the ~ iso!Ilere, 

in aqt1eous solution, hRve been meaAured ~nd it h~s been established 

t~rt the ,ill isomer obeys Beer 0 e lau At 419 mp and 560 mp. 
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· TJU~ Prl.OPE._RTIES OF THE D1..Q_:~.TOI:IYDR0XOCHR01,UATE IONS 

WITH SPECIAL RE?E::?.El!CE TO OLATION 

b Int:rodn£_~ 

The d1oxa.la.tohydroxochrom1ate ions Are fon:1ed by adding 

a.ll~ali to solutions of the dioxalatodiaquo salts , The compounC'te 

discussed in this chapter ~re : 

Pot assiur1 2.1e. dioxalf.l.tohydroxoaqucchromis.te K2 [ Cr( C204)2( H20) (CHI)] 

Potnse1un ~ dloxalatodihydroxocbromiate K3[cr(C2o4) 2(oH) 2] 

The se e.qlts f-l.!'e both readil y soluble in ~ ·a.ter to give 

gr een, alkaline solutions . It has alr eady been mentioned that 

they ,,,ere discovered by \verner and collaborators (13) who per­

f0rmed a qualltative investigat ion of their properties and 

those of the corresponding salta of other l~tions . The trans 

iaomers Here also studied by l:larnet· but these have not been 

d ealt with in this work because of their i nstability 1n solution . 

As Herner expe:r- ienced diffi culty in obtaining the hydroxo 

~alts in a pur e condj.t iori, no attempt ivas made to isolate t hem. 

I nstead, stnnd:?rd solutions of pure potassium £1.£ dioxa.latodiaq_uo-

chromie.te 1:-rere used f!nd to these 1•ere f!dded the cP..lculated 

pmount of P.lkali ~ to form the monohydroxo and d1hydroxo lone 

res?,)ectively . 

s Potasait~ia D~oxP.la.tohydroxo~suoc.qrom1ate 

A lmoHn "'eight of pure potassium ~ dioxalat odiaquo­

c hrom1ate Has cliBAolved in ·t-rater and i¥ermed to convert to the 
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c1e isomer. Then the exact amount of PtRndard nlkali solution -
r equired to foTm the monohydroxo complex, wns added, after which 

'(;he solution was cooled and r.tP.de up to a concentre.t1on of . 009211->1 

( 1, e. 0 071.- Cr2o3). 

The st:>b111ty of the solution uns inveRtig[\ted by mensuring 

both the opt1ca.l density at several ~"avelengthe, a.nd the pH, at 

f requent time intervals . It was found that these remained con­

stP.nt for at les.et stx hour a at room temperature ( 20°C) 1 indicating 

~:;hat the solution Has stable during this time. 

The absorption spectrum of thiR solution waa measured and 

l e shmm if Fig. ll!-, Curve C, where the curves for the cis -
dioxalatodiaquocb~om1ate Rnd the trioxalatochromiate at the samP. 

concentration are also given (Curves Band A). The optical 

density rendings are recorded in the Appendix as usual . 

It is apparent that, in the reglon of the maxima, the curve 

!'or the hydroxoaquo derivative (C) 1a close to that of the dioxnl.ato­

dl.aquochromiate ion (B)> and this ie the re.nson why solutions 

of the latter obey Beer' e laN even though, ot-ring to hydrolysis, 

Y:9.rying amount.~ of the hyd.roxo ion .;.re present at different 

concentrations. 

It should be mentioned that tt "tra.e found that boiling a 

nolution of potassium cis dioxalatohydroxoaquochromiate cauead -
a change in tha s.bf!orption 8pe ctrum and a decreaee in pH. The 

l atter phenomenon, usually Pscribed to 11 olat1on"» is a charac­

teristic of hydroxoaquo ions and 1a diacussad later, .tn Section 4. 
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.2.· Pota.~stum cia DioxP.l8.tod1hl,dro,ochromiate 

A solution of thif! com;)ound ,,rae prepe.red by adding to a 

solution of cis dioxa.latodiaquoohromiate sufficient alkali -
to titrate both of the coordinated t,ra.ter molecules completely, 

the final concentration being . 00921M as in previous experiments . 

The stabtlity of this solution at I'O•~~,m temperature (20°0) wae 

then 1nvest1gRted by reading the op tical density at 420 m~ and 

560 mp. and also the pH, over a pe:riod of time . The results are 

tabulated belot..r . 
TABLE 6 

Time Optical Density pH 
lj.20 :!)l ')bO mp -

0 min - - -
(:" 
~· .965 ·335 

15 . 940 .335 10.0 

50 . 910 .335 

57 .900 . 335 10.0 

lhr 25 min .g72 -333 9. 95 
2 2 c g37 . 334- 9.g2 

2 52 .807 . 333 9. 74 

3 35 .7S2 . 333 9.55 

5 ll-5 .715 . 333 9.35 
5 45 . 66S . 333 9.2S 

24 brs .6og .325 



The fact that over R period of Rbout 24 hours the opttcal 

density at 420 mp dropped considerably while the pH decreased 

indicates that the dihydroxo ion is unstable in solution. Free 

oxalate ion lvas detected in the solution after 24 hours and eo 

it is evident t h8.t the dioXAlatodihydroxochromiate ion decomposes 

under these conditions with liberation of oxalate. 

In order t o obte.in the absorpti on spectrum of the dihydroxo 

com;)lex, a Q 00921f.-l solution 11as pr-'O'pared using ice cold lmter 

and the curve me~sured at about S°C . Measurements had to be 

taken as rapidl y as possible, but a:c this temperetu.re it 1'rae 

found that only a. very small decrease in the opt1ca.l density 

occurred during the period of observation. The spectrum is 

1lluetrPted as Curve D F1g. 14. Att ention is drs.wn to the 

extraordinarily high optical density at about 412 mp. 

A study of the disintegrrs.tion products of the dihydroxo 

ion is undoubtedly of importance, but unfortunately it coul d 

not be pursued furtherQ 

4. Olation 
U¢h;C:$ ,uac:sc C*t!S 

tvhen solutions of certain ohrom1um complex 1ons 1 poesea­

aing coordinated lo{ater molecules a.nd. hydroxo groups are boiled, 

the pH of the solutions drops and the chemical properties of 

the compleX ions undergo slight mod1t1cat1ons. This process 

was first observed by Bjerrum (50) for certain chloro complexes 

and i t has been expHt~ned in terms of 11 0lat1on11 by Stiaeny (9) 

who performed an ei~ensive aeries of experiments to investigAte 

the olat1on of the aulphato complexes. 
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Although the exEl.Ct mechr>.nism by 't'lh ich olntion occurs is 

not well underl=ltood, it is o.;enerally n.ccepted that it involve s 

condeneP.tion to 1'orm a. dimer or polymer: 

H 
..,o~ 

Cr~0/cr + H20 

v 
£ , 

hydroxo­
a quo st!'uctur e 

d1ol ~tructure 

The olnt ion of the cie d1oxal atohydroxoaquochromiate ion -
was first obaerved by \~erner 1n 1914 (13} although an ex·tensi-ve · 

investigation waR not attempted. In 1947, Gustavson (51} used 

a solution containing the alated complex prepared by Werner ' s 

methods, to perform some tanning experiments . 

Du:ring R.t ·tempts to 1nves_tigat e a number of leas readily 

formed complexes, to be described later, the effscts of alation 

't.rere encountered. frequently and; since no further information 

could be obt ained from the 11tera't:;ure, it ,..,a.s decided to carry 

out a more thorough etud.y of the alation of the dioxalatochrom1ate 

complexes . 

A . 00921M soluti on of potassium~ d1oxalatohydroxoaquo­

chromiate, prepared as 1n ~ection 2 above, wae boiled under 

reflux and portions l'tere removed at intervals of time , tor a 

period of about five hours. These portions were cooled, and t he 

pH and optical density at ~20 mp and 560 mp measured. I n Figs 
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15 and 16 theee values have been plotted e.~ainst the time . 

This axperimen·t tvfl.B not 1nt£>nded to be very nccure:te, but it 

is- Ppparent ~chat during boiling a deore?. ~.e in pH and an increase · 

in optical denei ty of the cis dioxe.latohydroxoaquochrom1nte -
solution occtlrr~d. 

The absorpt1o?1 r?peotrum betltTeen 300 mp and 740 mp. Has 

measured on n r~mple of the boiled ~olution (Fig . 14, Curve E) 

arid 1t is seen to differ from that of the o1e dioxalatodiaquo--
chromiate (Curve B) and that of the cia dloxalatohydroxoaquo-- . . 

ohrom1ate- (Curve C) . 

Acid and alkali potentiometric t1trations were performed 

on a.l1quots of the boiled solution of dioxalatohydroxonquo­

chromiate and the curves have been combined nnd plotted in 

Fig. 17 Curve B. It wa.a observed that during the ~.aid titration 

a :faint turbidity a.ppeared at about pH 3, although no explanattan 

for this could be round. 

In Fig, 17 the curves for pure d1oxP..latodiaquochrorn1ate 

(Curve F) and tr1oxala.tochrom1ate (Curve A) are illustrated 

and it ia ~ppa.rent that the eurve for the boiled solution 

(Curve B) appears to reprP.annt the titration of very little 

weak acid, Thus both the potentiometric and spectrophoto­

metric evidence indicates that boiling. P. solution of pot8.sa1um 

ill, ~~oxalatohydroxo,r;~quochromiate cause e a change in the 

complex and that the product hae properties G.ifferent from the 

or1g1n~l complex. 

In order to . investigate the mechanism of thie change, 
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three solutions of -potnse1wn dioxalnto<URquochrominte ,.,ere 

prepared and different amounts of ~11ca.l.1 ~·Tere ndded to each 

to bring them to the pH vn.lues 7.5, 1.0 and 6.3 res)ect1vley. 

These solutions ,.,ere- then boiled '!!or mo"C'e thE~.n tPo hours and, 

uhen cool, they ~ rere ti trnted potentionetrically against etanda.rd 

al kali . The curves have been reoorded in Fig. 17, Curves C,D and 

E.· It is 0ee:n that , for these eolutj.one, the reB.ction had 

·proceeded to different extents depending on the quantity of 

~lkal1 added 1n1t1~lly. The curves hnve the same shape ae 

that of the pure dioxalatodiaquochrorni~te ion, eo probably 

they contained successively leas ot this ion. 

In att~mpt1ng to determine the extent to which the reaction 

had proceeded 1n these solutions, it mny be noted that for the 

pH curve of potaee1um dioxalatodiaquochromiate, (Fig. 17 Curve F) 

the pH values corresponding to 1.0 and 2.0 equivalents of 

.alkali per Cr me.y be considered to repres(mt the end points in 

the titrntion of the first and second aquo groups respectively. 

These occur D.t pH So 27 and 10. 6. Thus ~.n estirna te of the amount 

of d1oxalatodiaquochrom1a.te ion 1n an unknol·m solution may 'ttl 

made by measuring the amount o:f alkali required to raise the 

pH from S.27 to 1006. 

The solutions B~ C, D and E above contained unknown e~ounte 

of diaquo and hyd.roxoaquochrom1ate ioneo These both titrnte 

above pH S.27 and so the quantity of alkali required to raise the pH 
from S.27 to 10.6 g1vee the sum ot the amounts of these ions 1n 

solution. This sum has been recorded in Table 7 below (Column 5) 



as the percentA.ge of dioxftlatochromit~.te t1 trating above pH 8. 27 

It Has determined that boiling o.. solution of pure pota.eaiuro 

dioxa.la:'codie.quochromiate for tt1o hours, produced only P. very small 

decrease in pH P..nd no noticeable change in the 'ti trP.t1on curve. 

). 2 3 4 5 
pH Alltali A.dded Percentage 

I Curve . before:? After 1n1tin.lly DioxP-.late 
boiling boiling (EquivA per Cr) titrating 

B S. 27 6.S 1.0 ?Q<" - I J 

c 7. 5 6.3 0 .73 43 

D 7.0 5.6 0.47 72 

E 6. 3 5.1 0.17 90 

F 4. 5 4. 3 0 100 

Evidently for solutions B, C, D and E a decrease in pH 

occurred and, more important, the amount of di~~alatochrorniate 

ion titrating between pH g. 27 and 10.6 decreased as the amount 

of a.lk~l1 Rdded initially uns increased. 

It is considered · that these resul ta D.re consistent l·Ti th 

the vieH thnt, on boiling a solution containing cis dioxalato--
hydroxoaquochromiate 1on: 

[(C204) C<:: r 
condcnsntion occurs to for~ the ola.ted complex: 

H 

~o---...... 
(C2o4) 2cr---...... o? Cr2( c2o4)2 

H 

:: -



It hns recently been recommended (1) that this complex 

be Jcnovn as the Tetr8.oxa.lato p. d1hydroxod1chrom~.te(III) ion, in 

place of Herne!''~=; or1f"1nr'.l Tt:.trn.oxalntod1olod1chrom1ate { 13). 

This ion poesescr.s no Hea.k acidic or basic r,roupe ~.nd, 

therefore, does not titrate in the !'e~ion from pH g.27 to 10.6. 

For each hydro;~o:?..quochromiate ion Hh1ch olates, the solution 

gains potent i ally one hydrogen ion, hecnuse of the removal 

of the bf'.sic hydroxo i{roup. ~·Then successively more ?.lkali ie 

added to solutions of d1oxalatodinquochrom1ate, ne in the 

P.bove experiment, more hydroxoaquo ions nre formed uhich ol!' te 

on boiling, thereby reducing the pH of the solution O.t·ring to 

the removal of hydroxo groups. If the olnt1on ot a solution 

containing 0nly hyc1rox.o!?.quochrom1e.te lone and lcf'tions "t-rent to 

complBtion, the pH should be 7. 0 since no uenk e.cid Q,r basic 

~rou)s should be present. It is apparent from Table 7 that 

Solution B c'lJ.d not ola.te quite to com:9letion since, after 

boi ling, about 20~ of d1oxalatochromiate still titrated. 

Solutions such ae C, D, and E above, which cont?1ned fractional 

amounts of hydroxoaquoc~~pmiate before boiling .. 1o~ould still 

contain some of the diaquo ion after boiling, even if all of 

the hydroxoaquo iona initially available had olllted. For 

thiA reo.son> the pH of these solut1onA is less than 7 af·ter 

boiling. 

As a measure of the e·~tent to which olation hna occurred 

in e. given sol ution, the 11 degree of olation11 may be defined as 

that fraction of the initial nUJllber of chromiate 1one which 
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h~. s olated. This obviously 1e th....,_t f'!'action of the ini tipl 

number of chl'om1ate ions ~·hich }ib~e not titrate in the region 

from pH 8 . 27 to 10.6 nnd , for the solutions discussed above, 

1e readily obt~.1ned from Column 5 in ~ra.ble 7. The values 

calculated in thle way are record13d belov-1 in Ta.ble g column 3. 

Theoret:tcally a check on these values is available by 

considering the quantities of Plkali added to the solution, 

before and after boiling. Thus, for e.ny Aolution containing 

d1oxalatodiaquochromiate 1one the amount of alkali added 

b~foz•e boiling nlus that required to titrate to pH lQ . 6 after -
bo111n~ should be 2.0 equivf'lents per Cr, pt•ovided that no 

olation hae occurred. To the extont that hydroxoaquo ions 

are removed by ol~tion, the solution gains one (potential) 

hyclrogen ion for et'.Ch hydroxo group removed in this l-lS.Y. Hol-T­

ever, one acidic aquo group is also loet to the solution at 

the eame time. This means that for a solution which had olaten 

completely the total alkali ~equired in order to raise the pH - ' 
to $.27 would be one equiv~lent p~r Cr nnd a solution which 

had not elated to completion '1-roulo. require a total amount of 

allcali intermediate betueen 1 . 0 P.nd 2.0 equiv~lents, depending 

on the extent to which olat1on had proceeded. 

In other words, the degree of olation · 1e given by the dif­

ference betv,reen 2. 0 and the total amount of alkali required to --
rRiee the pH to 10.6. By 11 total amount of alkali" is mea.nt 

thRt added to the ~1oxalatod1aquochromiate solution before 
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boiling ·,;lus that required during the titr::->.tion to pH 10.6 rfter 
Qli:$ 440t4 

boiling, expressed a.s equivalents per Cr. The Vf!lues for the 

degree of elation calculated by this s.nd by the previous method 

a.re compared be lmtr: 

TABLE 3 -... . 
1 2 3 4 

I ---
Alkali 8.dded Degree of Ole.tion 

I Curve b~fora boiling let method 2nd method - --
B 1.0 .so . 7S 

c .73 . 57 . 55 : 

D .1~7 . 25 .27 
E .17 . 10 .15 

F 0 0 0 

~~he vnlues obtained by the t1vo methods Pre not r~_tally indepen­

dent ·since both deDend on the alkali reading at pH 10.6. 

~~here are a. number of reasons t-;hy ~:;hesa values for the degree 

of olat1on must be rege.rded as appl'oximate : 

( 1) r.rhe gle.es electrode le loss rel1aple at the pH of the 

£econd end po:tnt, 1006 ~ although errore due to this were 

rr Xnimtsed by lrorking "'i th dilute sc~lut1ona (about . OU·1). The 

queet1on of the reliability of the glass electrode is discussed 

1n the next chapter and it is concluded thnt no ·r.rery Aerioue 

errors may be expected under the conditions used . 
. . 

(ii) The decompor~itton of the d1hydroxochrom1ate ion 

above _~H 8 . 27, necessitated l"npid me:1.eurements above this value~ 

(111) The difficulty in obtaining very accurate values 

from the graphical methode nhich ha::l to be used. 



Heve:'theleaa, it ia cons~Ldered that the results in Table g 

can be taken as a ueeful me:-1.St1re of the degree of olationo 

Evidently the solution t<> vhich one equivalent of a.lkali 

had been added prior to boiling (Solution B Table 8) did not 

olP-te to completion . IJ.1h1e in<lica.tes that the abRorption 

spectrum of this solution (Fig. li~~ Curve E) is only B.n 

approximation to that of the pure olated complex. In order 

to ob·tain more information on the properties of the olated 

complex, aeveral attempts ~ere made to isOlate the potas~ium 

salt. 

5. Attem~ts_yo Pre~~re ~otasa~um Tet!f.OXPlato~ di~Ydroxo­

dichromiato. 
4 

v/erner ( 13) prepared the ~.mnon1um salt of this complex 

from annnonimn cis d.1oxa.latod1uquoohrom1a.te e.nd P..mmonia but fl -
method for the potaee1um salt does not appear to have been 

reported. Since only potassium salts are con~idered in this 

work, a. number of attemptA ;.)'e).'e mad.c to prepal:e th.e potassium 

salt of the olatea complex. ~hese may he summarised as 

fo llo"'·ra ~ 

(i) To a 50~ {w/v) solution of potaee1um cis d1oxa.lato--
diaquochromia.te prepared by warming a corresponding solution 

of the pure trane 1eomer, the calculated ~mount of standard 

alkali solution was Pdded and the Rolut1on boiled for more 

than an hour. A small quantity of a light-green almost 

colloidal precipitate appea~ed (Precip1~ate B) w~ich was 

fi l tered off with ~eat difficulty. UnAucceeaful ~ttempta 
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were made by stirri ng and cooling ·to induce the f11 trate to 

crystallise . The addi t1on of 501~ of P.bsolute alcohol _fi.eparated 

a grey-green polvder (Precipitate A) while the Rloohol1c solution 

remained bluew·green. The pm,;der \·T~B filtered 1 dried and analysed . 

Precinitate A. 

Found Molar Ra.t1c .. , -Cr 18.06% 1.00 

K 1S.4-~ 1. 36 

(C204) 4-2 .7'/- 1. }~Q 

These figures did not correspond to any kno't-1n complP.x o.nd 

t he molar r,at1oe indicated that the solid ·was probably a mixture . 

Reprecip1tat1on with Ploobol did not effect a separation and 

the solid ,.,as not investigated fur·ther. 

lVhen the Rlcoholic filtrate was allo"tved to eVAporate,. a 

mixture of R greyish powder interspersed lv1th blue- green needle 

shaped crystal s l·rae obtained. The crystals Here very llk.e those 

of potReeium t rioxalatoohromiate but the two eolide cculd not 

be separated sufficiently to be tested. 

(ii) The light green colloidal precipitate (Precipitate B) 

was then 1nve ct1gated. By adding excess alkali to the boiling 

hydroxoaquochromiate solution, more of this precipitate formed. 

This was :f11 tere_d off and dried - a process lv~ioh took nearly a. 

week in .a vacuum deeiccatol' over concentrated 9 u1_phur1c acid, 

em ce 1 t clung to vater tenac iously. \vhen dry, Prec1p1 tate l3 

tvas da.rlc-e;reen, and very hard. The a.nf'l.lytical f~gu res for 

this solid are: 
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Precinitate B 
! 

Theoretical I Holar 
Found Rati o I I I.L. 

Cr 29 .7% 1 . 0 2S.li~ 29.5/[ 

K Sc71- o.l.J. 10 . 6j: 11~1% . 

Kc2o4> 2e.6% o.6 23 . S~ 25.or 

The expel'1mental resultA did not correRpond Hith ~ny 

known chronitun complex.. An umber of hypothetical atructu·!"ee 

were considered, the two most like I v being ae fol.lo·ws: 

(I) 

(II) 

The empirical formulaP. for these 

(I) K[CrJ C204)( OH) 5(H20) 3} 
(II) K[Crtc2o4)(0H)5(H2o) 2) 

f.'.re: 

Hol. Ut 370 

l,'lol. vlt 35 2 

The theoretical figures for these structures are tabulated 

above. It ie interesting to note that these complexes both 

conta.in one oxalate group per t't..ro chromium a toms. Howr.we~~ 

ne1 ther is in complete agreement with the analytica.l figures 
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and it is not surPrising that the precipitate was found to be 

a mixture. 1vhen :Precipitate B uaa shaken vr1th \·rater, a g~een 

solution formed but a small amount of a dark-green residue remained 

~rh1ch <ttroulcl not diefmlve on boiling with strong sodium hydroxido 

solution, althour-:h 1 t 1,T~.e ~I"Jluble in strong sulphuric ao·1d. 

{ 111) It 11ae found that 1f allta11 't-tere added. to the cis 

d1oxalatod1aquochrom1ate solution in small portions, boiling 

between additlone, then the appearance or the light-gr-een 

FTec1pitate B could be &voided. The solution formed by this 

means ~rae dark~green and a grey-green Bolid separated out on 

adding alcohol. Unfortunately, the results were not 

reproducible. Figures for t1-ro or t.b.ese alcohol separat~,_one, 

labelled {1) and (2), are given below together with the 

theoretical figures for the Qlated complex: 

Olated Complex K4(cr2(C20~.)4(Ho)2) Mol. \'lt. 646.4 

( l) (2) 
Theoretical 

Found Mola.r Ratio Found I'4olar Ratio 

Cr 12.26% 1 . 00 13.3% 1.00 16.1% 
-

K 23.4 2. 52 23.3 2.30 24-.2 

(C204) 53. 2 2.55 52.9 2.30 54. 4 

From theee figures it ia apparent that the aolide contained 

1mpur1 ty ~.nd so no physical measurements were undertaken. 

Att-empts to obtain purer products t-rere uneucoeesful. 
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6. summar:x;. ·~· 

The nbsorpt1on spectra. of the .£l.t2, d1oxa.la.tohydroxoaquo­

chrom1ate and cis dioxala.tod1hydroxochrom1ate ions have been - . 
measured and it has been shown that the latter ion ·decomposes 

rapidly in aqueous solution. 

Evidence has b~en presented indicating that the cia 
. -

dioxalatohydroxoaquochrom.Ete ion ola.tes on· boiling in dilute 

solution and the process baa been etudiec1 eemi-quantitively, 

The !'degree of olation" has been defined and has been found to 

1ncren.se with addition of alkali, as rrould . be expected from 

theory. The maximum degree of elation observed lYAB approx­

imately so~ of theoretical. 

Attempts to isolate the ol.nt~d complex from concentre.ted 

solutions hPve been uneuoessful 8lthough the analytical figures 

indicate that ~orne of the solids obtained probably contained a 

l~rge proportion of this complex, contaminated with other 

~alta. 
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Cha2ter 6 

P.l~ INVESTIGATION INTO THE COJIDITIONS OF FORMATION AND 

STABILITY OF THE TRIOXALATOCHROJ.!IATE IOU 

1. Introductory 

In recent year~ a number 6!. 1nvest1Rat1ons have been 

carried out t·Ti th a. vieP to utilising the strong oolour of the 

trioxalatochromiate ion as a rapid colorimetric method for 

eet1nating chromium. 

In 1939~ Ueberbacher and Dros~per (24) found that by 

boiling solutions of a number of chromium salta, including 

chromic BP lte , chroma.tes and dichromate a, t.fi th an e:~oeas of 

oxal~~ acid , blue- green solutions were obtained. They 

measured the ~beorption curves of these sol utions using a 

Zeiss step p hotometer and determined that Beer ' s law was 

obeyed approximately. They assumed that the reaction b~twe~n 

the chromium ions ana. oxal "o acid had gone to completion, 1·Ti tt 

the production of tr1oxalatochromiate. Oxalic acid ltas used 

because in some earlier t-~ork, 1 t had been ehovm that under 

alk~line oonditiona oxalate did not ~nter the complex 

completely. As a result of these testa, a method of determ~ 

1n1ng chromium in tanning salta was proposed in lThich solutions 

were boiled w1th about ten moles of oxalic acid per cr2o3, 

the light absorption being meRaured in the usual colorimetric 

manner . 

Thie '"ork was repeated in 1946 by Theis 2.nd ~O-'l:Torkers 



-77-

on a more rccur.a.te scale, using a Eecltm~nn spectrophotometer 

(2) . An need chrome sulphate solution Has used and increasing 

Rrnounts of oxalic acid were added to equal aliquots which 

were then boiled. The light absorption of these solutions 

was found to increase on Adding oxalic acid until 20 moles 

per Cr2o3 
hr-d been added, when a limiting value appeared to 

have been reached. On ageing this solution a slight rise in 

the absorption ~.rae observed and 1 t was concluded that boiling 

with 20 moles of oxalic acid converted about 96% of the Cr 

into trioxalatochromiate, complete penetration being obtained 

on subsequent ageing. Agreement i'ri th Beer ' a law Has tested 

for solutions of d1fterent chromium salta which had been 

boiled 'tvith about 20 moles o:f oxalic acid and it 1-rae found that 

the law was obeyed, although the precision was not high. 

From an examination of th~ r0porte o~ these investigators, 

it appeared that the evidence purporting to prove that most 

chromium salts cottld be converted into the tr1oxslatochrom1ate 

ion quantite.t1vely, by boiling \'t1th a large excess of oxalic 

acid in solution, was pot conclusive. Consequently, as a 

check on this work, a solution of pure potassium trioxalato­

chrom1ate uas boiled 't·T1 th 20 mole a of oxalic acid per Ct' 
2
o

3 
for 30 minutes, cooled and then made to standard volume such 

that the concentration 1..ras • 07% cr2o
3

• The optical dens1 ty 

of thiA P.Olut1on was read at 419 and 560 mp. In the t~ble 

belo't.,, those readings a.re compared with those for the pure 

tr1ox~latochrom1ate at the eP.me concentration. 
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Optical Density 
l'lavelength Trioxalatoohromiate After boiling t<Ti th 

unboiled oxalic acid 

~~19 mp o903 . 793 

560 mp o70Q 0611 

The dro~ 1n the optical density on boiling with o~~lic 

acid may be assumed to be due to the decomposition of some of 

the trioxalatochromiate . It uas determined that boiling a 

solution of the pure trioxalatochromiate nlone for 30 minutes 

produced a negligible change in the optical density readings. 

This preliminary teet indicated that the formation of the 

tr1oxalatochrom1ate ion from chromium SR.lts and oxalic acid might 

be influenced by factorR other than the oxalate concentration in 

Rolution. In v1et-r of the importance of this reaction, 1 t t.raa 

decided to carry out a more thorough investigation and, as a 

result, . 1t haa been shown that the pH of the solution is the 

most important factor. which determines the stability of the 

tr1oxalatochrom1ate complex in solution, 

2 . Conditions of Formation of the Trioxalatochromiate Ion 

The conditions of formation l-tere investige.ted starting 

from oxalic acid and potPseium dichromate in order to avoid 

any corr1plicat1one due to the presence of sulph~.te and other 

ions 1-rhich 't·re-::-e usually prevalent 1n the solutions employed 

by prevtous workers (2) . The pure salts ,.,ere used in the 

sto1ch1ome"tr1c amounts dem~mded by the equation: 



Trioxalatochromiate 

cis Dioxalatodiaquo-
--- chromiate 

Series 5 (Table 11) 

Series 1 (Table 11) 

700 

·lJ.ave lenrth r~ 
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K 2Cr207 + 9 H2C201~ --+ 2 KH2 Cr( C204) 3 ·t- 6 C02 + 7 H20 ••• ( 5. 1) 

Exactly 22.066 gma of A. R. K2Gr2o7 !md S5. 097 gnw of 

A.R. (COOH)2 .2H2o 1-;·ere dissolved in nbout 300 ml ~')t 

distilled H-ater vJith- heating. ~l1i1fl solution Has ·,)-~}1led 

for more than an hour under reflux, cooled and mad~ to 

500 ml. This u.rs teAted fo:r dichronn.te Hith dip.:J.en;;rl 

carba!.ide solution, but none \\1na de1 ectad, proving that 

reduction Has complete. Al1quots of Solution A., suitably 

diluted, 1-1ere used for })hysicD.1 meanurements. 

F1ret, n.n aliquot of Solution A 't<ff.l.B boiled (under 

reflux) for a further hour to ensure tht1t equilibrium had been 

attained; then it ·t-rns diluted to a conc~ntrat1on corre~:9onding 

to • 071- C;-2o e.nd this solution tm.s used for optical density 
. 3 

measurements. The absorption curve of this solt~tion is aho-tvn 

in Fig. 1E1 (Cu-rve IV) p_nd tne repdin~s flre recorded in the 

Appendi:-:, Tnble A9. The curves for pur<~ tl."ioxala.tochromiate 

and pure o1s _f.J.n-x:v.la:to\11£\qu.ochroninte at th[• eame concentration __.. 

of cr2o3 n.re also shoun n Fig. lS, Ourvee I and II. 

The fact ·that Curve IV does not coinc.tde vli th that of the 

"tr1oxalatocbrorn1ate indicates that the reaction given in equation 

(6-.1) above could not have gone to com!)let1on even though 

reduvtlon lvas comple·te. In other words, the solution contP1r.ed 

a mixture of several types of chromium ion. It has been shown 

already that no dichromate ions w·ere present , so that possible 

constituents of this mixture were; trioxalatoohrom1ate, cia _., 
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dioxn.latodiaquochromiatP., mono-oxn.latochromiate end chromic 

ions . NOll in 1925 Gustavson ( 4-5) bo1l"d a solution of di­

chromate and oxalic acid in amounts sufficient to form the 

dioxa.latod1aquochrom1ate. After ~eact1on, an electro­

phoresis experiment was performed on the solution, which 

established that the chromium T,Ta.e completely anionic, i . e . 

no chromic or mono~oxalatochromie.te ions t-rere pree·ent. For 

this reason, it was assumed that Solution A contained 

chromium as the trioxalato and cia dioxalatodiaquochromiate 
. -

ions only . . Th16 T¥as consistent "tvi th the spectrophotometric 

data since from the shape of Curve .IV in Fig. lS it is 

apparent that the solution could well be a mixture of these 

ions . 

In Fig. 19 Curve (c) the ~cid And alkali potentiometric 

titra.tiona of al1quotA of Solution A are illustrated a.nd 

simile.r curves for the trioxalato ~.nd dioxalatodiaquochromiatee 

are also aho~m (Curves (a) ~nd (d)) . Belov pH 5 the shape 

of Curve (c) is consistent with the titration of oxalic acid 

lvhile r?bove pH 7, the shalloH end pointe due to the titre.tion 

of dioxalatodiaquochromiate ions are visible . Thus the 

potentiometric data confirms t~~t Solution A contained 

dioxalatodi~quochromiate and free oxnlate ions . 

Since boiling stoichiometric amounts or oxalic acid 

and chromic tone did not form the tr1oxalatochromiate ton 

completely, efforts tvere m~de to obtain maxim~ yields of 

this ion by varying the phye1ca~ conditions of the solution 



befo:r.e boiling. !ncre~u~ing the pH of the snlution HPS found to 

b e moat effective. 

To six 50 ml portions of Solution A1 increo sing amounts 

of potassium hydroxi de solutiml ( . 3590N) ~·rere a.dded nnd the 

solutions boil"i f or Pn hour . This period was found to 

be long enough to ensure thrt 'li ·the system e:ttained equ11ibr·:. um . 

Tne solut i ons 1rere then cooled Rnd mRde to standard volume 

( Solutions B) . Aliquots of Solut1onR B were diluted 

for spectrophotometric and potant1ometr1c measurements . 

The relevent data for th~ s series of solutions are 

recorded in TablP 11 laterJ) (p t37) In ·'Jolumn 2 o:f this table 

the total o..moun t of potaseiun ion presen·t in sr1lut1on :::l.fter 

the e.ddition or pota.Asium h~,rdroxide is given ~s equivalents per 

Cr . Each of t h eRe figureF. repre8ents the amount of potassium 

initiallY pre!ent , 1n Solut i on A (one equivalent per Cr) plus 

thP..t. n.dderl n~ potat=JA :l.um .hydroxide. The data. for Solution A~ 

..,.,1thout the add ition of .ctlk.~.11, ~re reoo!'ded as r.9~l:·ies 1 11 • 

In order to det ermine the percentages of trioxalato 

and d1oxa113todia.quochromiate in the se solutions ~ several 

methods based on the B~')ectropho 'come ·tric and potentiometric 

mef'.st:trenP.nt·s v'ere employed. These methods are discussed in 

some de tail since they are used i n other sections of this 

·t-rork ~ 

J.el ~.£c .. tro ... opoto.,P.E:ltr1c Cnlculat1ons 

Alj.quots of each of the Sol ut1ons B, conte.in1ng dio~':e.lnto­

die.quochromiate nnd tr1oxnlatochrom1ate ions /) Here diluted to 



-$2-

B. concentrP..tion correspond1nr~ to . OTf. Cr203 A..nd the O}')tical 

denBi tie~ Here meP. eured P t 419 Pnd 560 mp. These h~.ve been 

recorded in Table 11 ColumnA I+ P.nd 5. 

Theoretically it is possible to obtain the concentrations 

of ~.ny number of components o:r t=~. aolution 1>1hich obey Beer's 

law, provided thnt the optical density of the solution is 

knm·m nt a number or d1fferen·~ toJ"avelengthe - equal to the 

number of components - and pi:--ov1ded that the extinction 

coefficients of the components are kno1-rn ?.t these lva.ve­

lengths . In prt1ct1oe , hoHever, it ie not alt-rays possible 

to t=o.pply th1s method to solutions of more th8.n two 

oompcm.ente; p.nd eVen :for two component!=!, 1 t can only be 

appli6ci if the extinction coe:fficients A..t the tvo wave-·-

1-engths d1.ffer by a sufficiently lPrge amounto In the case 

of the solutions containing trioxalato ~nd cia d1oxalato­

d1nquochrom1Rte ions, 1..rhich are knot-rn to obey Beer~ s la"'r, 

the opticB.l densities were menRured nea.r the t"t-10 maximo. 

( 419 and 560 mp) bu.t even n.t these 1·;avele . .ngths the 

extinction coeff1c.1.ents were not sufficiently different 

to enable the conc~ntrationa to be determined by the ~ee 

of Beer• s l::tl-1 nlone. Fortunately, the total chromium con­

centration of the mixtures -vraa kno·Hn and this fP.ct "t<ra.e used 

used to derive ~n additional equat1on; 

Let 

k{ be the molar extinction cneff1clent of trioxalatochromiate 

at 419 rnp 



kJ be the molar extinct1'on co~f'ficient of ~ diox4latodiaquo~ 

ch~omiate at ~19 m? 

kt be the molar extinction coefficient or tr1oxalatochrom1ate 

at 560 mp 
kd be the molar ext1nct1~n co~ff1c1ant of ~ dioxalatod1aquo­

ohrom1ate at 560 mp. 

Now for a solution containing trioxalato and c1e d1oxalato--
d!aquochrom~ate ions at molar concentrations Ct and Cd respeo~ 

tively, if D' is t he optical density of this aolut1op at 

419 mp and D11 that at 560 mp, then since it has been established 

that both of these !one obey Beer•s law at these t-t~velengthe, 

D t .. Ct o kt. l + Cd.. kt\. 1 . .. . ... . ....... . . .. . ..... ( 6. 2} 

D11 ""' Ct. k.£ ~ 1 + Cd. kd. 1 . . . . . . . . . ..... . . ... . . . ( 6. 3) 

where 11 111 is the thickness of the solution. 

Also, lf C 1e the 1,ntv..~ molar conoentrat ion of ohrom1tl te 

in the mi.xtur.e; 

0 =- Ct ·t- Od . . . .. .... .. . . . . . ..... , . .. . .. . .. (6.4) 

Ct or if n'e.::eesary Cd, can be obtained 1n two ways, from the 

419 mp maximum by solving (5.4) and (6.2) stmultaneously, 

and from the 560 mp reading by solving (6.4) t-11 th ( b 0 3) : 

Ct = ~~-- C,k.J · 3- at 419 my1 • • • • • •. 
1( kt - kr\ ) 

(6.5) 

D11 
- C. kd_ . l 

Ct : 1 ( k" ... k.11 ) 
t a 

at 560 m}l . . . . • . . . . . . . . . . . . . . ( 6 • 6 ) 

·To obtain the concentration ot tr1oxalatochrom1ate ion 1n 

solUtion, expressed ae a percentage of tho theoretically 
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possible maximum~ 

Ct= 100 D' - C.kd.l ~ ~t 419 mp 
.00921 • rkf - kh;rr-

ct.::. .loo 6 Dn - c. kd. 1 ~~ at 560 MJl 
.00921 (k~- k")l 

d 

In the evRluRt1on of these equations, the molar extinction 

coefficients k vrere tnken as the nvera.ge values given eerl1er 

in Ta.bles 1 Pnd 5; C the concentration of chrom~e t·ras alwaya 

.00921 gram 1ona per litre for these solutions and the light 

pPth length 11 111 of the absorption cell used waa 1 . 00 em. 

Using these valuP.e : 

Ct ..a D' - .607 
7oo29"S4 

DID .... 465 
'700~349 

% at 4 19 mp . . • . . . . . . .. . . . . . . • ( 6 • 7 ) 

% at 560 mfl . •.•...• . . .. ... ... ( 6 . S) 

The values for the percentage of tr1ox~latochrom1ate 

obtained from these equA.tione are independent eatimat·es and 

e.re recorded tn Table 11 Columns 6 and 7 . 

(b) Potentiometric Calculations 

Two independent potentiometric methode were available; 

the first utilising the titration curvee above pH 7 (Fig. 20) 

and the second those below pH 5 (Fig. 21) . 

In Fig. 20 the sections oX the pH curves of the Series l i 

2, 4, 5 and 6 Rl"e plotted on e.n enlarged scale . No"' from the 

titration curvP. of ~ solution containing an unkno1~ amount of 

a weaJ~ nc1cJ. 1 the concentra. tion of th 1e ~.c1d can be determined 



1"rom the volume of Plk.P-.11 required to reach a given pH value, 

provided that the degree of neutrP.lisation of the ncid at this 

pH is kn.oun e.nd provided that there is no other substance 1n 

solution t-~hich titratea in thf> srunP. region. The degree of 

neutralisation can be found from the pH curve of a standard 

solution of t he Acid . 

From t h e titration curve of pure potassium diox~lato~iaquo­

chrom1ate (Fig. 19 Curve (d)), the degree of neutrA.lisation 

"''as calculated P-.t n. number of pH values betPeen 7 . 4e and 9. 09 

using the equation; 

ot.: V /T 

't·There 1:4 1e tho degree of neutralisation a.t a. g1van pH value, 

V is the a.lkal1 required to reach thie value ,measured 

from the origin, 

T 1A the ~lkal1 required for complete neutrPliAation 

of both aquo ~oups, i.e. to pH 10.6 . 

The vnlueA of rA obtFtined in this "-''RY are recorded in Te.bla 9 

beloH. From these valueR the peroentageA of dioxala.todiaquo­

chromj.e.te ion lrere obtAined for the curvcs
1
in Fig. 20, the 

theoretical ms.:v:imum being t~.ke:.& as 100/Z. These percent8.gee 

have been con-•·erted t~:> percentages of trioxalatochromia.te 

(by surtrnctlon from lOO%) and recor~ed in Table 9. 

The mea.n values are recorded E·.gain later in Table 11 

Column 8 for comparison 't·!i th the other' me~hodR . 
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TABLE 2 
l TrioX(l.la.tochromiA.te 

pH d.. ! Ser1Ps 1 Series 2 Series 1J Se!"1es 5 Series 6 

7 . ~.<§ .363 
i 

37 .1% 116. 3t 63.1~ 85.7% i -
r 

7 . 70 . 4-19 t 3S. 5 tq . 7 64.0 84.8 87. o;: 

8 . 03 .470 39.4 ll8. 0 63.6 81).1 87. 2 

8.82 .615 38 .5 1~5 . 1 61 . 9 82. 3 85 .3 

9 .09 .6so 37 .7 45 .0 61.8 82.1 e5.1 

l·1ean: )g. 2% 46 . ~~~ 62.97- S4. o;.: 86 . 2% 

The second potentiometric method ueea the titretion 

curves below pH 5. In Fig. 21 the ~ect1ons of thPee cur~es 

below this value are plotted on nn enlArged scale for the 

Series 1, 2, 4, 5 And 6. The curve for pure oxalic acid is 

also given (Curve G), but for this curve the vol~e units 

nre equlvalents of KOH per P.qu1valent of o;r..alic acid. 

From this curve of oxalic tl.Cid, the P.mount of free 

oxAlate titrating in the unknotm solutions t-r~. s estimated by 

the same procedure a.e tha.t used above. That is, by finding 

the degree of neutrA11P-at1on (~) of pure oXP-lic acid at a 

number of P?. values and uaine these quantities to calculate 

the percentage of free o:mla.te for the other curves in Fig. 

21. Stnce the molar !"s.tio .of oxalate to Cr, in ~-11 these 

solutions, was 3~1 atter reduction, the amount of uncoordinated 

oxalate determined ih this 1-ray must be equal to the a.mount of 

d1oxalatod1aquochrom1ate in solution Pnd from this, the per-· 

oentage of tr1oxalatochrom1ate is obtained. ThreP. pH values 



TABLE 11 

.• 

I . I . I I 

1 2 3 4· 5 6 I 7 I g I 9 10 11 I I I . I 
I 

Potaae1um pH .011•! Ont DenA PERCENTAGE TRIOXALATOCHROMIATE 
Series (equ1vs after !J:l9mp 560mp above belo"t·r (check) 

per Cr) boiling 11+-19m)l 560mp pH 7 pH 5 MEAN S. 27-10. E 

1 1 ~ 0 5.4 .722 . 559 39.6 ·4o.o 3S.2 43.4 40.3. 4o,s 

2 1.5 5.6 .74S • 579 47.3 48.5 46.4 52.S l~g. g }~7. 0 

3 1.75 5.7 .?bl -591 51.6 53.6 - - 52.6 -
4 2.0 5 . ~ .7S5 .602 59.7 ~-3 62.9 62.S 60.9 63 .5 

5 2.5 6.4 .go2 .623 65.3 67.3 S4.o 75.4 73.0 71.0 

6 2.65 6.6 - - - - S6.2 S2.6 S4.4 74.5 

7 3.0 7.0 .903 .69S 99.3 99.1 (100) (100) 99.2 -
~:· 

------------:--~---------



l-:ere eelectPd, s.nd the results are : 

TABLE 10 

Tr,.OXc'lla tochromiate 
pH r!.. Series 1 Series 2 Series 4 Series 5 Series 6 

2 0 glJ. .500 43. 3~ 52.6/C 6-;.4/t 76 . 5% 83.0t 

3.20 . 562 4l! .1 52.3 62.9 75o3 82.7 

3.82 .716 42.9 53.6 62~0 74.5 S2.1 

Mean: 4-3.4-% 52.S% 62oS% 75.4% 82.6% 

The rne~n value~ are recorded again in 1aole 11 Column 9. 

The t1 tra.tion cur:ves for Series 7 (1Jiable 11) 't·rere very 

close to those ot pure trioxalatochrom1ate and, therefore , 

they have not been r ecorded, Jt is clear that this series 

co~ld not be used to obtain a quantitative potentiometric 

estimate of the a.mount of tr1o>:alatochrom1ate formed, but 

it may be stated. qualitatively, the.t the reaction had 

proceeded to completion in this case. 

( c) AasesAmPnt of Results .... 

In Table 11 the results for 1JJJ.e percentage of triox~.lato­

ch:romin.te in d.i fferent solutions> obte.ined by four independent 

rnethd1;s def;cribed ttbove, t=~.re aompn.red. All of these mef>h ode. 

:?.re· liable to fairly le:r_ge errors. 

The · error~ involved in the spectrophotometric methods 

aria~ because of the closeness of the extinction coefficients 

ot trioxalato and cia d~oxalatodiaquoohrom~ate, even at - . 

their maxima_ and from the fact that the optical densities 

could not be read to more than about . 2% in the range from 

. ' 

.. 



.4 to .9 units . As a DlP.Ftsure of the error in the percentages 

of trioxalatochromiate, the calculation for SeriP.e 7 ~t 560 mp 

may be consider0d: 

The optical density ~vas • 69S, e.nd the percentR.ge of 

trioxalatoohromiate, obtained from equation (6.8), was 99 . 1%. 

If it 1s assumed that the error in the optical density readings 

ie . 002 units, then the value for the percentage of trioxalato­

~hromiate IDRY be from 9S . ;r. to 100 . 1~. By similar calculation, 

the valuea obt ained from the 419 mp measurement for Series 7 

may vary from 9S. 5% to 99 . 9.%. In other Hords, the reaction 

had prob~bly proceeded to completion for Series 7 within the 

experimental error of the spectrophotometric measurements . 

The values obtained are probably less unreliable than the 

above ce.lculation of errors l-rould indicate, since each reading 

was the mean of a number of readings on the aa.me solution at 

the same. lravelength. 

In general the two values found from the spectrophoto­

metric data agree ~·Ti th each other better th~n do the 

potentiometric VA1UP.e. The figures for the 560 mp readin~e 
@re prob~.bly more reliable since Beer• s law is obeyed w1 th 

greater exactitude at this t..,e.velength by both the tr1oxalato­

chromiate and the dioxalatodiaquochromiate ions~ 

The two potentiometric methode are liable to the usual 

errors involved in reading values from graphs end the figures 

for the aeries con+a1n1ng Amaller amounts of dioxalatodiaquo­

chromiate and oxalic acid may be expected to be .less reliable 
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in vimr o'f the smroll distances to be met'.aured. Nevertheless 

the potentiometric values (Table 11 Colu.'!lns S Rnd 9) eviden.tly 

gE~.ve results of the right order or m~.gnitude . This is 

1m:)c"t>tant since simil-"r mP.thods were used in the present work 

under conditions which did not permit of comparison with 

independent methods . 

The percentage of dioxalatod1aquochrom1ate in solution 

could have been obtained by the same method t-rhich had to be 

employed in Chapter 5 for the elucidation of the ole.ted 

P.olut1ons; n~mely, by measuring the amount of alkali required 

to raise ~he pH from the end point at g.27 to that at 10o6 . 

This method is theoreticnlly less accurAte thpn that actually 

used because of the uncertR1nty of the measurements ot the 

glass electrodn ~t high pH values. As a check on th~~ 

method, the percent~ges of nioxalatodiaquochrom1ate P-nd 

hence of trioxalatochrom1ate T-Tere calculated using the data 

plottP.d in F1R. 20. The results are recorded in Table 11 

Column 11, for compP.rieon t<T1 th the mean values for the other 

four methoos. The fP..ct thst fair agr8~·ment is obtained, 

especially for the Series 1, 2, and '5, indice.tee t~'Ul:t the 

use of the glass electrode does not entirely invRlidate the 

results of this method. 

(d) Discussion of Results. 

The results of the ~bove celculationA nre i)P.Bt expressed 

graphic~lly . In FiR. 22 is shown the relation between the 

percent~ee of trioxPlatochrom1~te formed and the pH of the 
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13~lution r'fter boilinP..'; while Fig. 23 ehoHs the relation 

b;;t~0en the concentration ot potEtseium ion 1n solution and 

'tihe FU1oun .. li of trioxalatochrom1ate for.medo In 'toth C8see the 

percentP..ges of t r1oxfl.latochrom1.ate g:tve:n are the average 

'ra.luee rscorded in Table 11 Column 10. 

These graphs are obviously interdependent and they 

prove that, if the pH of a solution contP.ining o:mlic acid 

and ions of chromium, in the stoichiometric quantities 

necessary to form the trioxalatochrom1ate ion, ia increased 

1:10 that after boiling the soluti on appros.chee neutrality; 

jjhen. the reaction to form the trioxalatochrom1ate ion 

approaches completion. 

It v1as found that if a l kali '"ere added eo that mor-e than 

three equivalent~ of potassium were present per Cr, then a 

prec1p1 ta:te l·rae obtained on boilinG. Thia precipit;a'te 

':- a sembled Prec1pi tate B , discuaaed in Chapter 5 t.lncl wa.a 

evidently the result of the notion ot excess of alkRli on 

the oxs.le.tochromiate ions. Previous ~.,orkers ( 24 ) he:ve 

mentioned that trioxalatochromiate could not be obtained 

sat1Afactorily under al£al1ne conditions . 

Thue the condi tiona of for·roat1on of the trioxalato·­

chromiate ion are rather critical . The solution containing 

chromium ions and oxalic i ons must not be too alkalinE=! 

initially or e1Re, P.!-1 soon P.s the dioxala.todiaquoohromiate 

is formed 1 mono f'nd di hydro;-::o derivatives a.-!)pear , 1,rtth the 
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subsequent decompoei tion of the latter B.nd the danger of 

precipitation. If the solution be too acidic initially, 

then an equilibrium mixture of dioxalatod1aquo 8.nd trioxalato­

chrorn1ate i ons is formed, the position of equilihri~ depending 

on the pH. 

So ~ar the conditione of formation of the trioxalato­

ohromiate ion have been investigated above pH 5 3nly. Further 

work on the properties or the oxAlatoohromiatee at lower pH 

vnlues eee~ed deeir~ble . 

2· The Stability of Oxalatochromiate lone under Aoid Conditione 

The stability of potassium trioxalatochromiate solutions at 

low pH values was etudied epectrophotometrically: 

To each of four 50 ml aliquote of a . Ol570M solution 

ot pure potassium trioXAlatochro~1ate, different 

nmount~ of etAAflard nitric PC1d (. 3450N) were added. 

The eolutionA were boiled under reflux for more than 

two hours by which time they had attained equ1libriumo 

The solutions, when oool, 1-rere mpde to a. standard 

volume such t~t 1f no decomposition occurredJ the 

solutions would have been . 007g5M with respect to 

tr1oxa.latoohrom1ate~ i . e . • 05~ Cr2o3. The optical 

dens1tie.e at 1~20 and 560 mp were then measured. 

The pH of these solutions wns meP-..sured, betore and 

after boiling. 
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The results o.f this experi ment are tabulated below. The 

amounts of nitric acid added to sach solution are recorded as 

equi valents per Cr and the opti cal density and pH values for 

. 007S5M solutions of pure trioxa1ato and~ d1oxalatodiaquo­

chromiate are also given. 

TABLE 12 

I 
HNO added Ontic"l DensitY pH befor~pH after 

( equ~vs/ Or ) 4-20 IDJl 560 mp boilin boiling 

2.20 . 561 . 433 1.6S l.SS 

4-. 40 -532 .415 1.45 1)+1 

S. 79 . 507 -397 1 . 05 1 . 20 

21.97 .465 . 36S . 7S .90 

Trioxalato . 75S .5S7 7 . 0 

I 
-

cis Dioxa.lato .. 51~· .396 1L5 . --
These results are illuetr~ted graphically in Fige 24 and 25. 

In Fig. 24 the relation between the amount of acid added to 

the solution initially and the finRl optical densities at 420 mp 

and 560 mp is shot~ . The ehRpe of the curves shows that the 

optioal density decreased at both ~~velengthe as the amount of 

acid 1-TS.S increased. 'rhis proves that the tr1oxnlatochrom1a te 

ion is decomposed by acid and from the results discussed in the 

previous section, it may be assumed th~t ~ dioxalatod1aquo­

chrom1ate and oxalic ions are the first products of decomposition. 

When more than a.bout eight Pquivalents per Cr of n1 tric acid 

had been added , the optical density readings deor.eased below 
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those of pure ~ diox?lPtodiaquochromiate at the same cr2o
3 

concentr8.tion. This ehoHs ttur'; even the cie diox~la.to<'!1~J.quo-· -
chromia.te ion is decomposed at this stage 1 8.1 though the pH 

had to drop PS lot-r RB pH 1 before the effects of this decompo­

sition Here meReurt.~.ble. The decomposition products were not 

inve~t1gated but probPbly the hexa-aquo chromic ion wPs formed 

with the mono-oxRlatochromiate ~s a possible intermediate, 

although the existence of this complex has not been confirmed. 

It should be noted that the optical density res.dings 

recorded 1n Table 12 and plotted in Fig, 24 are really the 

resultant values of t he optical densities of all the complexes 

in solution which are capable of absorbing light of the 

specified 1vavelengths . Consequently they cannot be used to 

estimate the quantities present in solution without further 

knowledge of the nature of these complexes . 

Thus it may be stated, qualitatively, that the tr1oxalato­

ohromia.te ion is decomposed to some extent 1n nc1d solution, · 

While the Cis n1oxa1Rtod1aquochromiate ion ~ppeare to be stable -
dov.m to fairly lou pH values . 

4. Discussion of Previous Inveeti~atione 

An explane.tion of some of the :a."'eeults of earlier workers 

can now be given in view of the experiments discussed above. 

Even after the general acceptance of the Werner Coord1n~ 

ation Theory, some l~rkere have ma1n~a1ned that i~ systems 

similar to those considered hei·e, the titration character1etice 



and other properties of the solutions are to be regarded ~.s 

evidence for the colloidal nature of the compounds in solution . 

For example, Britton (4) boiled a solution containing a mixture 

of oxalic acid and chromic ions in the molPr ratio .3:1 ~14 
' 

obtfl.ined a 11 cl~:~ret-red11 solution. The pH curve of this solution 

against standard alkali was similar to Curve (c) Fig. 19. It 

· 1e evident, . therefore, that under the conditions used, Britton 

had not succeeded in obtaining the pure tr1oxalatoohrom1ate 

and that hie solution contained f:ree oxala't;;e, together 1r1ith 

dioxalatodiaquochromiate. ~hue the deductions made by 
. . 

Br1 tton on the basis of the pH ti·tration curves are untenable . 

In other wordP., coll oidal phenomena need not be invoked to 

explain these data. 

In passing, another aspect of Britton's paper may be 

mentioned. On page 279 .of thts paper (4) is the st~tement: 

"Although n~ precipitate 1A formed, it is significant that 

the claret-red solution began to turn green just when the 

hydrion concentration had become "Ghat at lthich chromium 

hydroxide is normally precipitated~ This suggests that 

the colour 1e in some vray related to the hydroxide itself". 

By "claret-red solut1on11 is meant the boiled solution of 

oxalate and chromic ions. From the work discussed in this 

chapter it 1s appP..rent tha.t th1P solution t-ras red because of 

the presence of a large amount of dioxalatodiaquochrom1ate . 

It w~.s shown in Chapter 5 that ··:he green colour 1s due to 
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the formation of the hydroxo cor.tplexeA a.nd has nothing to do 

l'Ti th chromium hydroxide. 

Britton ~: 4) mentioned the ~ne>malous reeul ts obtained by 

prevlous experimenters ue1ng solutions or chromiwn salts a.nd 

oxalic acid and there is no doubt thAt these anomnlies are due 

to tbe fnct that the reaction betl-Teen chromic 1one and oxalate 

1one does not go to completion to form the trioxalatochromiate 

at a lot-r pH. 

The results ot Theis and co=worka:rs (2), already ment1onedD 

can be discussed in the SRme t.ray. These workers found that 

increasing the ratio of oxalic acid to chromium 1n solution, 

with subsequent boiling, caused ,an increase in the light 

absorption, ev i dently ~ue to the formation of more trioxalato~ 

chromiate. They found that when 20 roo lee of oxs.l1c acid per 

cr
2
o
3 

Here present,in solution$ further addition of oxalic 

acid prOduced very little increase in light absorption. 

These workers also showed tha.t a number of chrome solutions 
0 

obey Beer a la1-11 approximately, after boiling H1th 20 moles ot 

oxalic acid per 0~03. A colorimetric method for the determ1- · 

nation of chromium: Wf"IB, therefore, proposed 1n -vthich the chrome 

solution under examination 1s boiled with about 20 moles ·of 

oxalic acid per Cr2o
3

, made .to standard volume and the light 

absorption meaaured, ( S 1 , 53) . 

Now it hae been .eholv.n in Seot1on 1 of thie chapter that 

when a solution of pure tr1oxalatochrbm1ate 1s boiled ' L&t -



with 20 moles of oxalic acid per Cr203, decomposition occurs to 

some extent. In other words~ it appears that for the solutions 

used by Theis, rer-ct1on hf!.d no·t gone to completion to form the 

trioxnlatochromiate ionQ These solutions must, thereforPJ have 

contained trioxala.tochromiate together i·'ith other complexes, the 

most probable complex being the ciA dioAalatod1aquochromiateo -
Such solutions will obviously obey Be~r a e law since it 1~ obeyed 

by both trioxalatochromiate and cia dioxalatod1aquoohrom1ate ions. 
. -

Nevertheless 9 the Theis mathod may be recommended l·then only 

approximate values for the chronium content are required, 

provided that the 90lor1meter u.aed is calibr::tted on standard 

chrome solutiona which have be·3n boiled 1-rith 20 moles of o~~l1c 

acid per cr203o The ·large exceaa ot oxalic ·acid ensures that 

approximately the ·same state o:t: equilibrium bet,.,een trioxalato­

cbro_m1ate, ~1s. dioxala.todiaquo¢hrom1ate and oxalic s.c1d is 

reached 1n ·~11 caseao It is Sllggested that a. more accurate, 

and scarcely l"lore d1ff1cul t .~ mt~thod t-Tould ba to add a. slight 

excess of oxalic acid en~ then to control the pH eo that, after 

boiling~ the solution is about neutral. The light absorption 

would then be measured in the neual colorimetric or <.'!~ectro­

photometric manner. 

Recently, ShuttleNorth ( ~~) has investigated the reaction 

of oxalic acid and sodium oxalate with chrome alum in dilute 

solution using a conductometric method~ His conclue1lns may be 
summarised as follows: 
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The addition or oxalic r.cid or sodium ox?..late to solutions 

of chrome alum results in diF.placenent of coordinated sulphate 

groups. In the case of OXf.l.llc ncid, the re11ction proceeds 

stoichiometri cally unt il foUJ' em4 group~ per Cr203 h::tve been 

displaced, that it=~, until dioxa.lP.tochromiate has been formed . 

Large excess or ox~lic acid has to be added before further 

penetration ocourR . \"1 th so(1um oxP.late, ho-tvever, a large 

exce~a is not required for com;")lete penetration to the trioxalato­

ohromiate . 

It is thus apparent that the results obtained by this 

conductometric method have been subeta.ntia.ted quantitatively 

by the combined spectrophotometric and potentiometric methode 

discussed in th1e c~pter . 

These d1ecuAe1ons of the t-vork of other investigators 

emphasise the i mportance of using the correct conditione of 

fo r ma1iion t·1hen studying the t rioxalatochrom1ate system Rnd 

it may be concluded that the stability of the trioxalato­

chr omiate ion in solution dep·~nds on; firstly the pH of the 

so lution and , secondly the concentration of · oxalate 1tl 

solution . 

i: Summp.~ 

The expel•iments described in this chP.pter indicate the 

importRnt pPrt plp,yed by pH in the f~rmAtion ~nd ~t~bility 

of the trioxala.tochrom1A.te ion in dilute solution. 

In vie~ of this pork, the conclusions renched by earlier 

inve~ti~~tnrs have been discussed. 



It has been shown that in solutions of mixtures of dioxalat:J··, 

d1~quochrom1ate and tr1oxalatochron1ate or g!ven total chromium 

content, the proportion of either ion may be determined by 

epeotrophotornetr1c or potentiometric meanep the f-lg:l"eement between 

the tt·ro methode being- fA.1rly good. 
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Cha~te!..l 

A PRELIMirlARY INVESTIGATION INTO THE KINETICS OF THE REACTION 

BETUEEN POTASSIUM cis DIOXALATODIAQUOCHROMIATE AND 

POTASSIUM OXALATE IN AQUEOUS SOLUTION 

1.. Introductory 

In the previous chapter it was shown that the reaction 

between et.oiohiometrio amounts of chromium ions and oxalate 

1one went practic·ally t, completion t-1hen the solution contained 

three equivRlente of potassium ion -per Cr. An attempt was 

then made to l earn more about the mechanism or this reaction 

by a kinetic study. The simplest reaction possible w~e chosen 

for this preli minary investigation, namely, that between equi­

molar quantities ot potassium cis dioxalatodiaquochrom1ate ·-
and potassium oxalate. This mixture fulfils the conditione of 

formation of the trioxalatochromiate 1on already established. 

By boiling a dilute solution of the eqv.imolpr mixture, it wee 

determined from the optical density of the resultant solution, 

that rPRction had really gone to com9letion as expected •. 

Of the methods available for following the course of the 

reaction in aqueous solution, the spectrophotometric measurement 

ot the change 1n light absorption was by far the most rapid 

and convenient, although, as shown 1n Chapter 6, a high degree 

ot accuracy could not be eXpected·, Ho1t~ever, the decision to 

use this method was supported by the 't'l"ork of B. Adel (55) who 

in 19~1, investigated the kinetics of the coordination reaction: 
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[co{NH3)5cl]:•. H2o --+ [co0lH3)5(H20) ]-.•: Cl­

He employed three methode ; 

(i) Spectrophotometric determination of the amounts of 

complex ions from optical density readings. 

{i1)· Electrometric determination of chloride ion concen­

tration using a silver- silver chloride half cell. 

(111) Potentiometric determination of chloride ion 

concentration by t1trat1on . 

From .the results of these methode he concluded that spectro­

photometry wa.s the most satisfactory method. 

The kinetics of reactions involving complex ions is of 

considerable theoretical importance, since they include some 

of the few ionic reactions which proceed at a measurable rate. 

However1 the .ntimber of investigations which have been p~rformed 

ie not large (56) and no reference to an investigation involving 

d1oxal~.tod1aquc-~bro11liR.te could be found in the li tera.ture. 

2. Discussion of Procedure 

It uae assumed that the reaction between potassium cis -
dioxalatodiaquochromiate K(Cr(C204)2(H20> 2] and potassium 

oxalate (COOK) 2 in solution proceeds by a second order 

mechanism ae follot-re: 

cis Dioxalatodia.quochromiate ion+ oxalic ion --.. -
Tr1oxa.latochromia.te ion..,. l>~ater. {7.1) 

No assumptions concerning the chargee on the ions can be made 

at this eta.ge. 
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Not-r the dit':ferential and integrated forms ot the second 

order equati on, when both reactants ·have the same intial concen­

tration, nre : 

dx/dt : k(a - x)'J. . .. . . ....• . . . . . . . . .. ..... .. .. . . . (7 . 2) 

1/(a - x) = 1/a + kt . . . .. .- ... .. .. ... . ... . . .. . . ..• (7 .3) 

a i s the concentration ot reactants at t1me t = o. 

x is the concentr~tion of resultants at time t . 

k i s the velocity constnnt. 

In reacti on (7 .1) above, (a- x) is the concentration of 

the dioxalatodiaquochromiate, at timet. This concentration · 

wae determined from spectrophotometric mersurements or the 

optical density during the course of the re::~.ction. 

Lat Dd and ~ be the opti cal density and molar extinction 

coefficient, r espectively, at a given W.1velength (420 mp} for a 

solution of pure cis d1oxalatod1aquochrom1ate at molar ooncen--
tration C. Let Dt and kt be the corresponding quantities for a 

tri oxalatoohromiate solution at the same wavel eng ht and concen­

tration. 

Then from Beer• s lat.,; 

Dd = ltd. C. 1 

Dt ~ kt · C. l 

o • o• • •• ••••••••••• • •• ••• •••• • o • o•o o o .(7.4) 

• • • •~ • • e •••••••• ••• o •• • • •• • • •• • • • 

t..rhere 11 1" ie the thickness of the solution whose light 

absorption is measured .. 

. .. (7.5) 

Let D be the optical density (at 420 mp> of P solution 

containing cia dioxalatodiaquochromiate and tr1oxalatochromiate -
ions at time t during the reaction. 
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Then from Beer ' s lPHj 

D . :.. 1 ( Ct. kt + Cd. ka ) • .. ....... .. . . · ••..••.••.•• ( 7 o 6) 

Let Ct be the molar concentrat ion of triox~latochromiate 1n this 

solution at time t and let Cd be tht?.t of d!.ox~latodiaquochromia.tP. 
. 

1. e. Cd • ( a-x) o 

Then C ::·Cd+ Ct ••• • ••••••• • ••••• •• •• •••••••••• •••oooooo(7.7) 

From the last four equati ons; 

Cd = (a. - x) :. C 1 ( 
Dt - D \ 

Dt .., Ddj 
••••••••••••••••••••••o(].g) 

In the der1 vat ion o'f this equation it 1e a.eaurned tb;;J.t 

the same ab~orpt1on cell ia used for all measurements, eo 

that the term 11 1 11 cancels out . This lvaa always the case during 

this experiment. 

Subaitut~ng 1n (7.3) and remembering thPt a: c; · 

( Dt Dd ) 
C( Dt - D ) 

l :c ... kt ••••••••••• ••• •••••••~•• • o(7o9) 

The Q.Ur:t.ntitir-e C, k, Dd and Dt may be taken aa constant 

and eo the graph o'f 1/(Dt - D) Rga1nat t ehould be linear. for 

a second order equation. The velocity constant is calculable 

from the elope; 

k = (1/C) . (Dt -Dd).(elope) . . .. . ...... ~ ......... . (7.10) 

The reaction velocity ~.,a a studied ueing solutions conta.1n1~g 

equ1molar quanti ties of potassium oxalate and cie diox~.lato--
d1aquoch~.om1ate by measuring the optioal dens1 ty D of po·~tions 

of theRe eolutiona at kno,·m time intervale. In this experiment 

a. compto-:n1se had to be reached betl;een tvro important factors. 



The first was that the solution used should be very dilute since 

1 t ~vas hoped that~ by performing the experiment e.t a number 

ot different ionic strengths, the Br~nsted-BJerrum equation 

could be applied. Sec~ndly, if the solution were too dilute, 

then optical density meAsurements lvould not be possible on 

the spectrophotometer avR1lablo . In practice, the reaction 

solution used had an ionic strength of .031 initially and 

the optical density increased from .5 to .7 in the course of 

the reaction. In order that the reaction should proceed at 

a reaAonable rate a temperPture range of from 4g to 56°C had 

to be used, Hi th the attendant difficulties of working at· high 

temperatures . The reaction was measured over a period of from 

6 to g hours during Hhich time about two thirds of the reactants 

hRd undergone change . Practical details will now be given. 

~.. Experiments.~ 

(,a) PreparP..tion of mater:~ 

The potassium cia d1o:xalt:J.tod1~.quoohrom1ate used was -
obtained by dissolving the pur-e trans salt in ~~a.ter and 

warming to convert to the cis isomer. -
11 Analar11 potassium oxalate was used wh1ch WP.S found to 

be at lePet 99.3;: pure r-s indicated by t1tr8.tion ag~1nst a 
. . 

potassium permanganate solution which h?d been standRrdised 

directly 1v1 th 11 Analar" eo~q.1um oxalate pnd indirectly against 

"Analar11 pota.ee1um d1..ohromr> te. 

The 1on1o stren~th of the solutions WP.B ~djusted by addition 

of AoR. potassium nitrate. 
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It vas dete:rmined spectrophotometrically that neither the 

potassium oxalate no~ the pot~se1um nitrate had a mensurable 

optical density at 420 m~ in solutions of the concentrations 

used d'.n-ing the experiment. 

(b) Procedure 

Exactly 175 ml of P. . • OOS97Il pot~.ss~um oxalate solution 

was added to a 3oo ml conical f l ask at room temperat~re. Then 

25 rnl of a • 062SM cis d1oxalatod1aquochromia.te solution 1trae - . 
buretted into a thin-walled glaas bulb which was immediately 

eealert and placed inside the conical flask . The flask 1o1m e 

stoppered tightly end clamped inside a thermostatically 

controlled lvater bath (See p~.ge 27) tm~ then left to reach 

temperature equ111br1um -- about an hour was found sufficient. 

At zero t1nle the stopper w·' e removed cautio.uely and the glass 

bulb broken uith a glass rod. 

Th1e method ensured the th~rough mixing of the reaction 

solutions at high temperatures, to give a mixture of concen­

tration .007g5M with respect to both react~nts. Other methode 

for mixing these solutions 1=1.t high temperatures, such ae 

pipettinr; the hot solutions, Here fou.nd to be unee. t1efactory. 

At each temperAture, six reaction fla.eke 1-1ere prepared 

and to five of theee, increasing amounts of potassium n1tra.te 

1.,ere added 'tvith the potassium oxalate solution to increase the 

ionic strength as required. 
I 

Portions ot the reaction eolut1one 7 •ere removed at :frequent 
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intervals durl ng the course of the reaction. The technique 

employed l.ras as follo tvs; 

A . 10 ml pipette 't-tas used to drat·T. off samples from the 

rf'action flasks Rnd the liquid uae allowed to trickle down 

a spi ral, vertically fixed, v-rater-Jacket,ied condenser and 

collected in a te~t-tube • . The solution took a few seconds 

to pass do1vn the condenser and it emerged at room tem~e~ature 

( 20 to 25°0) . It was determined that negligible reaction 

occurred at this temperature. for a period· of up to 30 minutes. 

Tl10 portions uere p1petted. The first was used to rinse out 

the condenser» the test-tube and a spectrophotometer absorp­

·tion cell, .and 1ih~ optical density at 420 mp l-ras meA-sured on 

the second portion: The eBme absorption cell was used for 

all measurements. The time was noted from when half of the 

second portion had entered the condenser. 

The readings for the six series of measurements at five 

different temperatures have been recorled in the Appendix 

(TableAlO). The ionic strengths given were c~lculated from 

the faMiliar equation; 

p = -k[ c1.zy 

t-rhere c1 is the concentration (1.e. molality) of an ion of 

charge zi. 

If the reaction fla.eks were not o.lmost Ool"lpletely 

immers·ed in the water bath, errore due to condensation on the 

cooler parts of the flask were observed. It l'ITas also found 
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that evaporation losses occurred if the flaslce ,.,ere left 

unstoppered for too long a time during readings. 

Values for Dt and Dd, the optical densities at 420 ID? 

of .007~~4 ~olutione or trioxalato and£!! d1oxalatodiaquo­

ohromiate respectively, were obtained from a large number of 

readings on solutions of the pure compounds, therefore, 

they. were known with greater accuracy than the individual 

VP.lues for D. 

The in1t1al pH of the react1op solutions was 5.3. 

4. Discussion 

In Figs 27 to 30 the graphs showing . the relation between 

· l/(Dt- D) ~nd tat each .of six different ionic strengths for 

four temperature~, P.re fJhovn~ In addition, Fig. 26 shows 

three aeries at a higher tem~e~at~e (56°C}. 

Undoubtedly a linear relation exists, indicating that 

the reaction (7.1) above is of the second order. The pointe 

aholor considerable scatter, as 1e to be expected in view of 

the inaccuracies involved in the spectrophotometric method, 

especially as the reaction approaches completion, when the 

difference (Dt - D) becomes very small . The beet straight 

lines through the pointe corresponding to each ionic strength 

have been obtained graphically, in preference to attempting a 

statistical derivation (47) which did not appear necessary in 

this preliMinary experiment. All of the lines t•rere drat-m to 

paee through the initial point corresponding to t; o , since 

this point 1s the same for all solutions and 1e kno~m 

accurately. 
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It is apparent from these Rraphe that incre&s1ng the 

ionic strength causes an increRse in the slopes of the lines 

due to an increase in the velocity constants. Values for the 

velocity constants (k) '"ere C~J+lculated for each o~ these lines 

using the equation; 

k - l\P.t .. ,- D~\ ( elope) 
c.6o ) 

(See equation (7.10) ) 

The factor 60 is necessary einoe k is recorded in 

( seca)~1(rnoles/litre)=l -v1hile on the graphs t is plotted in 

minutes. 

t-·Thence k = 0.52S7 (slope) 

All the slopee and values for k calculated by this means 

are recorded in Table All in the Appendix. 

Now the variations 1n the velocity constant of a reaction 

in solution due to physical changes in the solution conform 

to the Br¢nsted-Bjerrum equation in simple cases. 

Consider a reaction in solutj.on ·bs'liween ionic or moleculal' 

species A and B to give resultants C and D. This reaction 

may be considered to proceed by 1-ray of ~.n activated r.tomplex M~ 

A+B-M-C+D , 0 • •••• • • ••••• 6 0 4 ••••• " ( 7 0 11) 

Then for this reaction, the general form of the Br0nsted­

BJerrum equation is: 

.......... ... .. . ( 7. 12) 
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t·.rhere 1t is the velocity constant of the rea.otion ard k0 the 

value of th1s constant at infinite dilution. The terms 11 f 11 

are the ~ct1v1ty' coe·ff1cients 'Hith reference to the solution at 

infinite c1ilut1on P.e ste.ndard stnt~ (57). 

For a reaction involving lone, the activity coefficients 

11 :!'11 can be obte.ined by the Debye-Hucltel treatment in tBrms of 

the ionic etr~ngth and other physical properties of tht.5 eolut1·cn 

and its constituents. The Br~~ted-Bjerrum equation thuA 

becomes : 

where ZA and ZB nre the c~~rges on the ions A and B respectively . . 

The constant A' is given by: 
2 '3/t 

N e3 (21T) 
A' = . (DRT)li (lOoo)"t 

w~ere N is Avagadro•s Number 

e ie the electronic charge 

D is the dielectric constant of the medium 

R is the Gas Constant 

From equation (7.13) it ie apparent that log10k should 

vary linearly with ./ji for r:t given reaction, provided that the 

solutions used obey the conditione for t<Thich the Debye-Hiickel 

theory holdeo Now although this theory can generally be 

ueed only for solutions having very lo'!-T ionic atrenr:ths, it 

has been found that, for certain reactions, the graph of 
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log10k against ./ji is linear up to values of ./p. equal to 

nearly 0. 3 (56). For this reason, an attempt was made to 

s.pply equation (7 .lJ) to the data recorded above, . although 

it uas recognised that the usual concentration limit for 

the Debye-Hiickel approximations he.d been exce·eded. 

From equation (7.13) the product of the ionic.. charges 

ZAZB can be obt~fned if the constant A1 is known. 

In Fig. 31 the graph of ~log10k against 1Jf i b plott;ed 

for the data recorded in Table A 11 in the Appendix. 

3-P 

T 2.6 
.,!140 

r-t 
M 
0 
r-1 

I 
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If 1t be aeeumed th~t the rnte determining etep of the 

reaction bet~reen c1R dioxelatod1aquochrorn1ate and oxalate -
1e the combin:-=tt1on of the t1:o e1nr~ly charged ne6'at1ve ions 

{Cr<c2o4 )2 (H2o)[ f'lnd (COO)H~· , then for this re?.ct1on; - ~ 

Z.a.ZB ~ +1 

The value for A/2 . 303 n.t 25°C ie 0 . 509 tor ?.n 

1nf1ni tely dilute solution tor ~.,rh1ch the dielectric constant 

D 1s 7g . 54 (57/. By using the value 69 . 94 at 50°C, 

obtained tram tables {5S), the value for A/2 . 303 was 

calculated as 0 .537; whence by eubet1tut1on for A/2 .. )03 and. 

ZAZB 1n equation (7 . 13) we have ~ 

log10k. ·!a loe
10

ko + 1 ~ 07 /jl 

UsinG the value l n07 for the a~ope, 11nee have been 

dra.Hn through the 'firat potntt of each series in F1;~. 31. 

It t-raa cal culated tl~;-. t t~c chr·nr;e 1n dleleotr1c constant D 

over the rang e from t~g to 56'\J •r~' :1 too Ar.1all Jco :' ffe ~t the 

s l ope rtpprec iahly, ?.nd in ".ny c ~ Ar-, the VFllH~ for D 1~ .qn 

approx.ima t 1 on s 1 t • c e ) 1; .. ~PP 1 ie H t o 1 nf1ni t e dilution . 

It is opt •e.ra n t tll:"~ t , altnoug.!t derarturos are not1ceab:'. e 

at t he h1ghe:r t..-npere.t ureA and. for large vaJ.ua~ of Jfi , 

the poln tt:~ correspond roughly "o t he calcu~.ated lines . 

I f t .h1e 1e re::1.lly the case, and if t.he Brgneted-

B.1errum eqnat1on 1e really applic~.ble to these data, t:hen 

i t prov~a. l:hn t t:he P.aaumpt.ion 1.1::-: d e a bove, namely, that 

the ra~e determini ng etep invol ves 1.J jJ1ox.--late ions (COO)H­

a.nd ~ d1nxalatod1P. quochroniBte ions , is correct .. 
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Ho1-rvve1'1 it is very irnportn.nt to consider the 11mits.tions 

impo~ed on R.ny interpretation of these results . 

In v1e1-1 of tho approximations in the derivation of 

equation (7.13), it may well be that the correspondence 

of the points 1n Fig. 31 vri th the theoretical elope 1s 

~fortuitous, and that ~.t values of /}1 lower than those 

which had to be used , the poin~s may lie on a line of 

elope 2 . In other words, the reaction may actually involve 

the oxalate ion (COO)~ and the cis d1oxalatod1aquochromiate -
ion, for which ZAZB is + 2. A line ~th slope 2 h~a been 

dratin in the lower left oorcer or Fig. 31. 

There iet however, no possibility thnt the reaction 

could involve ~ neutral molecule, for example (COOH)
2 

, since 

in this case ZAZB would be zex~ and the velocity constant 

would be independent of the ionic strength of the solution. 

Also, renot1ons involving positive ions do not seem possible 

in this Cf\.se • • 

In Cht:tpter 6 it was eeen tha.t reP..ction between oxalate 

and dioxalatodiaquoohromiate goes to completion only when 

the solution approa.ohea neutrality. From this it would 

nppear that the reaction must involve oxalat~ ions (C00)2 

t~h1oh are present ·1n greg.ter amount as the pH is increased 

However, it must. be remembered that, even Pt pH 7, some 

binoxalate ions (oOO)H- are peesent in equilibrium eo thal 
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this fact cnnnot be used to determine which ion is involved 

in the rate determ1nin~ ntep . 

The oorrespon<i. nee of the above de.ta Hith the Arrhenius 

equation 't-ras then in,rp,st;igD.ted. The Arrhen5.u a equation is; 
~ E 

lc = A . e RT'""" 

or log10k= lo~10A ~ E/ ( 2 .. 303RT1 .. ... , . . . " . ( 7. 14.) 

E beinp; the '1 ex~erimental R.ctivat1on ene:r·gytt of t he 

rel"ct1on .--nd A ~l c a e;onstant c1epend1rlg on ster i o and other 

factors; T 1 !.:! t h:; A.bs'1lute ternpenl tnre and R the Gr> 8 Constant , 

In order to teet the npplicabi :t tty of this equation, 

the values of ~log10k Her·e plotted 0.gatnst 1/T for the ae1·iee 

Rt eac.h of t h e three lm-re st ionic str enr;the at each t amper-atura , 

(See Fig. 32 ) , 

Values for -lc:;10k
0 

1-rere obtained by e:xi.;rapolation 

from the calculated lines in Fig. 31 . These are recoro.ed 

in Table 13 be low . 

logloko I 
-2 . 57 

~ 2 . 66 

-2 . 78 

rw2 .92 

-3~05 

These v a l ues have &lso been plotted in Fig, 32 
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·All these value~ r..uet. be regarded a.s ap9ro:~imate, 

especially those for infinite dilution. The values for E 

Rre open to less doubt th?.n those fo:- A since the former show 

lees variation with 1on1o strength. 

r·t is suggested that a more extended investigation of 

the kinetics of the reaction bet¥reen oxa.ls.te and .1U! dioxs.la.to­

dis.quoohrom1ate l'lOUld be of consideraQle interest . 

2· Summary 

It hae been eatabl1ehea that the reaction between oxala~e 

and cis dioxa.latodiaquo.chromiate proceeds by uay of a eeconq -- . 

order mechanism to form the tr10xala.tocbrom1ate. 

The primary salt eff6ct has been studied for this reactlon 

and the Rppl1oat1on of the Br~nsted~BJerrum equation suggests 

that the rate dete~1n1ng step involves the cis d1oxalato--
d1aquochromiate ion and eitheF the binoxalate or the oxalate 1on . 

Values for the Arrhenius cona1iants A and E he.ve been 

obtained at a number of ionic strengths and tentative values 

for 1nt1n1te d1l'\lt1on hfl"'te been o'btc.1ned b~ extrapolation as; 

6 1 
21 ~ lOKcals 

x 0 • e ... RT-

for molar quantities ~t 50°0. 
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.Q.haE_ t er g. 

AN UNESTIGA'l'ION INTO T;'{E REACTIO!lS BETttEEN THE c1e DIOXALATO­

DIAQ,UOCFBOHIATE ION AND CEM.TAIH DIBASIC ORGANIC ACID G~OUPS 

1. Introductory 

As a result of the exper1r.1ents dePcribed in previous 

chapter~:;; [1 considerfl.ble ;:;.mount of informR.tion has been 

obtained on the properties of the d1oxRlatod1aquochrom1e:te 

ion . It h:1a been eho-vm thnt the oxalate r;roups do not leave 

the compJ.ox easily in neutrf3.1 or nod..;,:r~.tely t'.C.tdi c solutions~ 

~nd that the tHo coordinr>.ted t·m.tel" nolecules can be substi­

tuted by :;mother ox~.late under cer'tl?.itl crmditions . 

It vras thought that tl ~ c.iox:=-latodia.quochromiate ion 

provided an idefl.l syater.1 for etudyinp; the coordinative propert ~.es 

of other groupe capable of repla.cin~ the water molecules. 

The problem of the coordination of dibaaic acids 1a of 

considerable importance . It is kn.mvn for certain th::J.t the 

oxalate group coordinatr·e 111 th chi·omium( III) to form a five­

membered ring ( 5) Rnd that the m."'lonate f.'):"oup forms t'. six= 

membered ring vrith cobalt(III) (~i9) . The investigation of 

the complexes formed by hir;her dibn.eic acids has been 

extrenely d1fficult _ Werner tried uneuccossfully to isolate 

crystalline complexes contn.1n1ng succinate and other dib?.eic 

groups nnd in all cases he obt~ined only ~laesy solids or eyru~a. 

For thi e renson, he expresc:cd the opinion in 191· ( 60) that 

dibnsic Pcids with more ca~Jon atoffia th~n rnnlonic PCid were 
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incapable of forming rings. Later, _ Price (61) prepared a 

cobalt oompl~x which, 1t was propoeed, contained an eight. 

membered r1ng w1th the structure; 
.., 

in uhj.ch 11 en 11 represents the ethylene d1am_in~ gr oup. 

Follouing up this investigation, Price and Duff (62) 

isolated a series of succinate derivatives having the general 

formula; [co(en2·)(C4Ii404-)] ~, uhere X is a univalent anionic 

radicle . !1; 1-1as proposed that these compounds contained ... s~ven-

membered rings i . e. 

0 
/0-C-CH ... 

Co,, · l c:. 
'o-C-OH2 

0 

This structure has been accepted by S1dgv:ick (63) but it 

should be noted that 1t was obtained from the analytical figurea 

alone. Since the molecular weights have not been determined, 

there ie the pose1b111ty the these complexes might be d1mera 

. of the form ; 

~ 02C. CH2 • CH2 • Co2 ---..... 
Co Co 

'-........ 02C. CH2. CH2 . C02 /' 

In 1941, Holland (6~) carried out a series of tanning 

experiments designed to investigate the ;$ffect of various 

dib~.e-10 organic acids on the tAAn1n{~ properties of chrome 

sulph.F.t.te liquors. From the reeultfl of these exper1mente, 
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Holland made certain poBtula~os concerning the structures of 

the chrom1tun comp~exes formed. Thus, he suggested that the 

ms.lono.te group formed a stable aix=membered ring; that eucc1na:t e, 

fumarate, adipa.te ~ suberate and phthr:tla.te uere capable of 

forming dimers 11 1n a manner rl1.ther e1m1le.r to ols.t1on11 , but 

th~.t r.m.leate , ouing to the .2?&, pos1 tion of the carboxyl groups , 

t-ras incapable of forming P. dimer. No evidence in favour of 

seven-membered or larger rings was obtained. 

The coord1nat1ve properties of the phthalatea have 

received attention by Plant (16). The methods used conaisted 

in allo~1ing phthl.l.late solutions to res.ct ~11th solutions of 

33% basic chrome sulphate, and various physical measurements 

were then performed on the resulting complicated miAtures. 

It was found that phthalate could displace coordinated sulphate 

groups, but a gelatinoua precipitate was obtained ~·hen the 

molr>r rntio of pP,thala.te to Cr2o3 exceeded unity. 

Recently, Shuttleworth (65) has investigated the action 

of various dib0s1o acids and their salts on chrome alum in 

solution, using oonductometr1o ti~ratiohs. He found evidence 

that the malonate group :formed a six~member·ea ring ti1 th 

chromium(III) and that maleate fonned a ring -.v-ith seven atoms. 

In &xyer1ments t-r1th suoc1nates1 fumarates and phthala.tee, he 

found no evidence for ring formation, and sug~ested that, 1n 

the case of these t:tc1da 8.nd ~-lao 1n the ca.ee of higher dibaa1c 

ao1ds, the acid g;roup J.inks tog~theor series of chrm'lium atoms 



to fo:i'm lees sol uble compl exes, which 'ld.JLl ~bvr..t.o~l..lf .. be 

dimers ox- poJ ymere. 

It -:-me decided to attempt to obtain m':lrt"? inform~.tion 

concerning tr e structu~eP and properties of coor{;,inated d1'baa1c 

acid groupe "by the methods ~.;hich .had been used in the caee of 

the oxalate group (Chapter 6), na:'1ely~ by e. epect rophotometr1.c 

and pot :.. nt1olr.e tr1c study of the reaction betHeen the variot.ts 

dibaaic ac1d groups nnd the ~~ dioxalatodiAquochrorniate icn · 

ln dllute solutlcm. Accordingly, t.he following diba.sic acids 

vTere selected f.' or atiudy~ malonic, aucc1n1c, adipic 1 fumaric, 

maleio ant~ pr~tha.lic. On acco"'Jnt of their different molecular 

formulae and stareo-configura.tions, it wa.e hoped that different 

eper.:~rophctorret;ric and potentiometric curves t.;ould be obtained 

ttrh1ch would E.hed some light on tha ~tructures ot the complt~X 

i.ona formed. 

In Uhapter 6 it wae established that for the complete 

:penetration or oxalate into the c1e dioxala:todiaquochrornia.~(;e 

complex, a final pH of nearly 7 l1SS '1.eceeeA:ry. Ho1ore'ti~er , in 

Chap'cer 5 1t vras seen th::>t at pH values above 6 tho st'fects 

of alation ere noticeable for d1oxalatochrom1a.te solutions .. 

Theea were not observed during the reaction with oxnlate to 

form the trj.ox::l.le.tochromiate, preatunabl::· because of the pm;rer­

ful coordinnt1ve 'roperties or this ion, but prel~m1n~ry 

atudtes on the coordination of other diba.eic aciC!s showed 1;hat 

condl t1onE favouring alation l'JOUld have to be RVoide-d lf 
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possible i f the changes due to the ooordinfltion of the acid 

groupe 't'Tere t o be distinguishable from the effects of olat1on . 

For t his r eason the solutions of ~ dioxalatod1aquochromiate 

and the organic acid ':·rere adjusted to a pH of abOut 6. 3 befora 

reacti on. I t has been ~hot4n (C~~pter 5 Section 4) that at 

this pH the £!! d1oxalatoc!~on1Rte solution elates on boiling 

to the exten t of not more than 10~, and i t •ras det~rmined. tbat n.o 

change in t h e light a.bBorpt1on occurs under these cond1 tions . · 

2 . The Reaction bett<.reen the Nalonate Group and cis D1oxalato­

EJ:1as_uoch,rom1n! !! 

Reactions 1n Dilute Solution 
a p » • 

Malonic acid is the next homologue after ox~l1c 1n the dilnsie 

acid series and i:JO 1 t t-rae considered :fir~t. 

P. solut ion of potas~1um .£!..!l d1o::-ta1Rt::-d 1.e.quochron1ate uae 

prepared. 'by ~·re 1J?:hing out a knot-rtl quantity of the pure trans ---
se .. lt ;- · di s solving in water and ageing the ROlution to convert 

t o the cis isomer. .hn equ1mola.r quantity of pure ma.lon1c acid -
vrae added and the pH adjusted to 6 , 3 t-lith potassium hydroxide. 

The solution Has then boiled for more than an hour, by l-Thich 

time equilibrium 1-1as reached. \'lhen cool, it liaS made to 

standard volume such that the concentration of each constituent 

wa e • 0092114. 

The ~bsotption spectrum 't-rae nea.eured on a portion of th1e 

solution and the pointe near the maxima have been plotted in 

Fig. 33, Curve C. The data for th~ complete curve are recorded 
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later in t he Appendix Table A 12. The curves ~or trioxalato-

and cia d1oxalatod1n.quochrom1~.te o.t the sar.1e concentr~.t1on are - t 
also a!101m in Fip;o 33 (Cu~ves A n.nd B). 

The considerable increnee in absorption at the max1ma 

over that of pure dioxalatod1aquochr~m1ate must be due to 

the penetr<?tion of malonate into the chrome complex since the 

effects of olation have been largely excluded. It tva.e deter­

mined that nej.ther malonate nor ~ny of the other groups 

discussed in this chapter absorbed light in the speot~a.l 

region considered. 

The result s of acid and alkali potentiometric titratione 

on aliquots of the boiled solution are illustrated in Fig. 34 

Curve (a). It is observed that most of the aquo groups are no 

longer titrr>t1ng a.nd that the pH after· boiling -v1as 6. 1. 1'he 

curve is rather like th~t in Fig. 19, Curve (b) (Chapter 6) 

showing the titration of n solution containing trioxalato­

chromiate with a small amount of unreacted dioxalatod1aquo 

complex and oxA.l,..c acid. 

An appr oximate estimate of the percentage of dioxalAto­

diRquochromi n t e still ti tra. ting in Curve (a) t.,ae obtained by 

mensuring the alkali required to raise the pH from the end 

point at 8.27 to that~ 10.6. Thie method has already been 

discussed in Chapter 6. An estimate of the amount of free 

malonate t1 trating belorl pH 6 was obtained in n manner simlla.r 

to that used for free oxalate, also described in detail 

previously. In brief, a titration cu~ve for a standard 
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malonats solution, containing an amount of ~cr1o:<e.latochrom1ate 

equivalent to that uaed for the blank titration, un.s measured 

and is shown in Fig. ;4, Curve (e) . For this curve, the acid 

unite must be read a" equivalents rer mole of malo::tate . From 

this curve the degree of neutralisation of malonic acid at a 

number of arbitrarily selected pH values Has calculated 

and these Here used to correct the quanti ties of a:'.k.ali 

req_u1.red to ti tra.te the unkno1-m solution to the same pH values, 

to give 1::he :-.mount ot malo:ta.te present. The average results P..:I:'e 

recorded in Table 15 belot-t. It should be noted that although 

malonic acid is decomposed by heat, the lro!'k of Fairclough (66) 
-

sholvB that neither the (c;3·H2~.})- 1on nor t.he (C3H2q1.) H- ion ia 

decomposed ~~preciably in aqueous solution at 100°C, Thus 

it may be assumed that at the pH used {6 . 3) no decomposition 

occurred. 
TABLE 15 

Free Unreacted t:H OPt. Dena •. : 
Solution Malonate Dioxalato- be:f"ore a:t'Ce:r ·42u _2bd tij11 

Equimolo.r 14;: 15% 6.3 6.7 .741 .621 
.. . 

Excess 1 
~15 moles) - 20% 6. 3 . 6.3 .725 . 64S 

. 
Exceer-; 2 
(30 mole~) - 18;: 6.3 6.3 .732 . 657 
Solid ? 0 6.3 6.3 .768 .63S 

The nmounte of dioxalatodiaquochromiate and free malonate 

should be the same 't.Yhen aquimol.n.r quanti ties r.re ueed it . 



these suba~anoee coMbine 1n a lil ratio. This is evidently 

the co.se> appl•u.J.inn.tely. 

Since theso results ehoued that the reaction had not 

gQne to compl~tton, an a.ttenpt l1as made to achieve this by using 

an excess o-r ma.lonate. 

TlTO Roluticns vere prepared, the firnt contatning 15 

nnd th.J second 30 moles of nalonate per mole vf potassium 

cis dioxalR"tod1aquoohrom1at;e . Afte::' 'boilin;:: fo:r- more 
~ 

than an hour, theee solutions were cooled end made to 

etande::.•d volume such that t.~e c.hromiate conc.:m.tration 

Has . 009211~, 

Th-e ~~n~orpt1on spectra of the solutions 'tvere 

measured .. :'.nu., since they were ve~y simllrr, only one, that 

v1th 30 mol~s in exce8e 1s ?.iven .. F:tG", 33, Curve n. ~~1he 

reP.d;ulE_rs for· both sar1es are recorded in the Append!:·: Tnbles 

~ 13 and A 14. 

From Curvef: C and D in Fics . 33, it is apparent that the 

a:baorpt1on Fpect:re. for equimolar nnd excess quantit1e8 of 

malona.te are a lightly <lif'ferent. crhia ie seen mo1'e clee.rly 

from the O!)tical dens1 ty re2.Cl.inga :? t 4~0 my. t.md 560 mp. 

recorded in Tablo 15 above. Theeo reedings are .l~ar t:he .. ~J'ima 
\;• \J Til"'--"• I 

a.nd it is seen . thB.t the squir:1olar cur-v·e is highest at the 

420 my maximum, vhile the ov.rves for the excess solutions ~re 

both nbovo thie at wavelen~th 56c Ir~ . • 

TJ1eAe dif:tel'.:.ncea in the 'dna~- .:~a 01 the curves can be 

expleJ.tled on the assumption that a different type .of oomplax 
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is formed \-Then a large excess of mfllons.te is used. For exP.mple; , 

in the equi molar solution each malonnte group might coordinate 

at each end lthile for the solut1ona l-rith excess malonate, each 

malonate gr oup might occupy only one coordination position 

leaving one carboxyl g;r'Oup free for each malonate coordinating, 

The l~tter pos~ibility a8eumea a complex of the form : 

[ 

~02C.CH2.COOJ ~ 
(C20q) 2Cr~ o2c.cH2.coo 

It ~,rill be. noted th8.t in this ct_:~.se the molar ratlo. of malonate 

1n the coJ!ll:·lex to chromium l'10Uld be 2:1. 

Alkn.l1.ne potentiometric titrntions 't·rere then performed 

on aliquots ot the excess solutions. These are shown as CUrvea 

(b) and (c) in Fig. 3~. These curves are only of interest 

above pH 8 because of the titration of the large amount of 

mP..lonate belot-.7 this v,c-lue. The alkali sce.le has been dis­

placed for these t1trat1ons; (b) starts at 2.1 ~pd (c) at 

1.55 equivalents of alkali per Cr. Approximate values for 

the percentage of d1oxalatod1aquochroro1f.\te ruma.1n1ng 1n 

solution are recorded 1n Table 15 above. These figures e~e 

prob;'!bly not very re11able 1 but it 1e clear th~.t aome d1oxala.to­

d1aquochrom1ate st1ll remained in solution 1n thesa oas~s. 

Since no further information could be obtained from the 

reactions 1n dilute solution, attempts Here made to isolate 

a malonnto derivative. 
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(b) £_tte!!lJ?}B to P~e)2a.re Pota~si~ ~·tPJ.opatodioxa.la.t~promi~te 

To n 50% w/v solution of potassium ~ dioxalatod1aquc~hrc~1a~e 

made as usual by dissolving the tl'nne salt and 't-tarm1ng1 nn equi- · 

mol ar qu8.nt1ty of pota.seium malonate wa:s added. The solution was 

t hen boiled and evaporated to a small volume. Ori bein~ left 

overnight, a crystalline mass settled to the bottom of the vessel. 

This uas f11 tererl off and analysed for chromium, potassium, o:xa.late 
} 

and non-coordinated uater; the latter by heating ~.t 1oooc ~o 

constant tveight 0 It vTe.a found that the analytical figures 

differed considerably from those expected for a oom~lex 

containing one malonRte R.nd tt·ro ox::tlate groupe per Cr, but they 

agreed remarkably well with those for potassium trioxalato­

chromiAte trihydrate. The figures are: 

TABLE 16 

'llheoretioal 
Found MoJ.Rr Ratio (l)Trioxalato . \ 2.) Ma~ona to 

Cr 10.631 1.00 lo.6S% 11.58;: 

K 24.13% 3.02 24.o7r;: 26.11t 

(C204) 52.6% 2.92 54.1Si-: 39. 17t 

~0 10.13;~ 2.42 . 11..og;: 0 

The theoreti'cal figures have been calculated from the formulae : 

( l) .K
3
( Or( 0204) 

3
] 3~0 

(2) .K3[cr( c2o4 ) 2 ( c31~04)] 
The absorption curve of the crystalline solid uae measured 

f~om 300 to 700 mp for a solution containing .07% cr2o
3 

and it 
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t,ras almost j.dentical 'tnth the curve :for potassium trioxalflto­

chromiate at t!~e saMe concentration ~f Cr2o3. A microacO'pic 

examinvtion or the cryetr.l~ shot-red ·.that they were ot the · 

same form as those or the tr1oxal~toohrom1ate; that 1e, needle­

shaped. In addition, t~..; ·acid ::md nll~al1 pH ourvee were the 

same as those recordei in Chapter 3 tor the trioxalatochrom1ate, 

The potassium d1oxalatodiaquochrom1ate used in the preparation 

tvas analysed carefully and found to contqin no trioxP-.lato­

chrom1ate and the ma.lon1o acid used t-las pnt•e 0 

From the nbove dAta it uae conclu9.ed thf't, during the 

preparation ~ a rearran~ement oocurred with the production of 

the tr1oxalatochrom1ate ion. The same phenomenon uas observed 

w1 th ePch of the other d1bae1o flUids used in this chapter. 

In e~ch cnse the yield of crystals obtained on allowing the 

ooncentrattle. solution to ~tnnd was about 20 to 30~ on the 

t·re1ght of t h e reactants. The evaporation of the mother liquor 

produced a non- crystalline rnase or Ayrup. In most cases the 

solutions were fairly a.c1d1o before boiling but 1 t liS.& t,1\tnt'. 

thPt for the succinate, Pdjust1ng the pH to nearly 7 still 

resulted in the rroduct1on of a certain amount ot tr1ox~l&to­

ohrom1ate. 

After a number of further unauocesaful attempts, a solid 

was prepared uhich contained a negligible £,J:'lount of tr1ox~lato­

chromiate. Thte was achieved by adding to an excess of a 

solution of almo~t neutral potassit~ malonate, a strong 

solution (50~ w/v) of potassium cia d1oxalatod1aquochrom1ate -
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P..nd then ndjustinj1 the pH to 6. 3 vi th potnseium hydro~:ide 

solution . · rhe solution ufl s boi1ec. ·to I' P.bout 30 minntP r.; 

cooled and an equRl volume of ~bsolute alcohol E~.clded . A 

viscid, de.:rk- blue liquid separated out ~A ~lobul~P nnd Rc-nlc 

to tht! btrttom of the veAsel. The superna tant l i qui d wae qui ok­

l;r decanted ,=~nd. the blue syrup t-mshcd eever~.l times tvith .Alcohol. 

The vessel , 'Flo then plr ced in an oven ot 90°C fo:r- t l vO da.;,r s , 

c1 ur1n~ u.hic''l time the liquid dr~.ed to Rn !'~.morpho us solid lvhich 

was easily l)Ulverised. The pouc.er vas 'found to be extr-omely 

hygroacop1c 'l'he Rn. ,J..,ftica1 figures for this solid vtere : 
~ 

Found Theore~.l.£al 
Percent~~es I-1o1c_ ... _r · Ratio PercentF.'ges 

-:::..-. ._. 

C1• 10 . 4o1::: l.CO 11.58% 

K 27,19 3.48 26 . 11 

{ CC·O) ,, 

L.. . ':1. 
36.2 2 , C1 39 . 17 

rfhe theoretical figures Wet'e CfllCUlA.ted from the 

emp1ricn1 formulE! K3 ~r( c2o4.) 2 ( C3H20t~) J 
Fror.1 this t .... ble ~ the no1c:tr rat'-o of Cr to oxalat e 

indicated th~.t about. .. O"Y.. moles per Cr of eli:cess ox~lr>te o"teJ:· 

th.a.t require!d. for a dioxa1.nto derivative 1·ere present, so 

th:!! t the sol16. cont::~ ined only r?. smP 11 ~motmt ot ~rioxalato~ 

chromiate. Nevertheles~, it appeAl-<~ thf-lt fl certain P..mount 

of oth<:"r impurity nae p-resent . .Ln order to ~ttempt t o 

remove this , the ~olld r~a dissolved 1n t~ter, roprPcipi~ated 

t·ri th F~lool10l And EH"p~r::~.ted af! bE:J f Ol'e , The an~.lytical figures 
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sho1.red the.t E1.fter reprec1p1tt:l.t1on, the Or Pnd K content bad 

increased, 1\•hi le s.n increase in the oxalate percentage 

indicated that more trioxalatochrorn1ate had become concen-

trRted in the precipitate. Consequently, this second 

product w s di sce.rded and tests vrex-~ pt.rfo:rmed on ~he orig~nru. 

solid to determine its properties ~nd the ~~ture of ·the 

impurity. 

A solution ot the solid \iaa prepared contc.in!ng . 07% 

Cr2o
3

. The fact that the optical density at a number of 

l'Iavelengths remalned constant for at least ttvo days indicated 

that the solution was stable over this period. The stability 

to boiling Has then investigated by ret'luxing eome of t.he 

solution until no change in optical density ~~e observed. 

The final measurements at 420 mp. and 570 m,u Here: 

Optical Density 
420 IDJl 570 mp 

Before boiling .760 .643 

After boiling -751 . 63i1 

The small decre~Re 1n nbsorpt~on is an 1nd1ca~ion that 

eome <locomrositicn hR.d ocC!1J.!'!'~d on boiling, although 1t is 

not certain tvhether the malona.to derivative or an impurity 

undert·rent decomposition . However, it appears that moet of 

the malonate complex 1B reasonably et~ble. 

A~id and alkali potentiometric t1trat1ons l...rere next 

performed on solutions made by dissolving vte1ghed amounts 

of the eo lid. The curve is ehot·m in F1g. 34 Curve (d), 



Above pH 7 t his curve 1s identi~al with the tr1oxalatochromiate 

blank, Curv0 (t), indicating the absence or weak acid groupe 

and hence o:£' t.he dioxa.latodiaquochromiate complex. Belolv 

pH 7 a certa in amount of a moderately strong aoid group was 

titrating. The curve 1n this region has a shape different 

rrom the cul'V9e showing the t1 trat1on of relat1 vely large 

quantities or free malonate (Curves (a) and (e) ) and, 

particularly in view of the weak buffering at pH 5.5, it may 

be inferred that e. negligible amount of free malonate was 

present in t his case. Conversely, since there still appears 

to be e. considerQble amount ot buffering between pH 3.0 to 

4.5, it wou~d appear that a titratable carboxyl group with a 

pK value of this order ot magnitude was preeent in the solid . 

For example ~ the potassium salt ot the diwe.lon~to complex 

suggested earlier may have been present: 

[ 

~2C.CH2.COO] 
K5 ( 0204.) 2Cr ~ -

--a2c. c~. coo 
This is born out to some extent by the fact that the malonato 

solid contai ned an exoeas of potassium over that required tor 

the tripotasaium salt, as indicated by the analytical figures. 

However, this cannot be taken as conclusive since the analytical 

figures show that some other 1mpur1 ty l•Tae also present .. 

The absorption spectrum tor a solution of the solid having 

a concentration of .07% Cr2o3 ie shown in Fig. 33, Curve E. 

In viel., of the heterogeneous nature of the products, no 

further deductions can be made at this atage, but it is 
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1nterest1n~ to speculate on the reasons for the appearance 

of the trioxalAtoohromirte vhen concentrated solutions ~.re 

used. It i s obvious that before oxal~te oen be liberated 

from a d1oxalntod~Rquochrom1ate 1on, one or both of the 

water molecules must be replaced by malonnte, since the 

dioxalatochromiate ion does not split up on boiling below pH S 

or not unti l a.bout pH l (See Chapter 6) 6 If both t-tatar 

molecules ·vere replaced1 a structure of the type: 

_.- o2c­
(c2o4)2Cr~ 

02C-

would resul t. No assumptions need be made about the manner in 

which the carboY~ls r-re attached since either a chelate ring 

or a linear dtme!' ~::':P'" rtre to be possible . In e1 ther case, 

the &.rrangement of carboxyl groups about the chromium atom is 

the same n.e in the trioxalatochromiate 1on1 the difference 

be1ng that one of the carboxyl pairs ia not Joined ·direotly. 

No,., malonate combines l·rith the dioxn.latodiaquochromiate to 

form a complex t-rhich 1e of the same order of stability as, or 

only Al!t;htly less stable than, the trioxalatochromiate. T.P.is 

if! Rhm'Tl by the fnct that on boiling a dilute solution of the 

r.le.lon~te dm-1 vPt1ve, very little decompoe1t1on occurred, w.fl1ch 

may, ln fact 1 have been due to an impurity. Also, it should 

be noted that the reaction between equimolar quantities of 

malonate and d1oxalatodiaquochromiate proceeds to -almost the 

same extent ae the reaction betueen oxalate and the dioxalato= 
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dia.qu.ochrorn1ate complex. No1·1 since the trioxa.latoct:romi~te 

ion decomposes in acid solution a t the boil, it may be assumed 

the.t the ma lonate 1on l-1111 behav~ in a similar manner. Decompo­

Ait1on of t he tr;} oxalatochromiate ion involves the libera tion 

of any one of the three oxalate g~oups 1 but for the ma.lonato­

dioxala.tochromiate 1on, there is a choice between oxa.late and 

mt?.lonnte.. The ma.thematical probability of 9.!'1. oxalate group 

being released is increased by the fact that the oxalatea held 

four of th~ s ix coordination posi tions . Thus the ratio of the 

amoWlt of o xnlate to malonate rel eased under t:l.C1d conca tio:t.a 

will be 

stability of the malonate and o>~la.to g~~upa respectively& 

\-/hen e.n oxalate l s released 1t is available tor 

c-ornbinat1on 1-ri th a. d1oxalatod1aquochromiate ion to form the 

tr1oxalatochromiate and thia may be assumed to be formed to 

a certain extent even under acid conditions. 

Now w~en malonate and £!! d1oxalatod1aquochromiate are 

boiled together in dilute solution, the titration data, from 

Pig . 34, are inconsistent with the presence of a large amount 

of tr1oxalat ochromiate in solution. This follows from the fact 

that the per centage of free malonate agrees with that of free 

d1oxalatodia.quochromiate 1 after bo111ngo This does not 
1 

of 

course, excl ude the poeAib111ty of there being a small amount 

of trioxalat ochromiate under these conditione . 

I n ordel~ to explain l·rhy potassium trioxala.tooh.rominte 

deposita from concentratP.d solutions while it does not appear 



to be formed to a large extent in dilute solution, it must be 

remembered th:;~.t this salt exists as vTell-defined crystals 

which are much lese soluble than the malonatodioxalato salt. 

The deposition of ths trioY~latoohromiate as crystals may be 

expected to displace the equilibrium in its favour. 

Hence it ls necessary to assume that some tr1ox~lato­

chrom1ate i s formed in all cases, even if in very small amount. 

The use of a la~ge exoees ot malonate favours the formation of 

the malonato ~erive.t1ve, which explains why a solid containing 

very little tri oxalato comple:< Has obta1nP.d Wlder these 

conditions. 

It is convenient n.t this stP.ge to summarise the main 

conclusions in connection with the reaction bet~een malqnate 

and dioxala. t oo.1e.quoc.t>..rom1a t a. 

( i) ''lhen equimolar ·quantities of ;~otassium malQnate and 

potassium ci a ·dioxalatod1aquochrom1ate are boiled together in -
dilute solut ion , at pH 6.3, about SO% of the malonate coord-

inates l-tith about SO% of the ohrome oompla-.x..· 

{11) tlhen a large excess of malonate is used~ there is 

evidence that a dimalonatodioxalatochromiate ion forms. This 

evidence depends on the difference in the absorption spectra 

for solutions using equimolar and excess quantities of malonate 

respectiveiy . It is supported by the tact t~~t ~ solid was 

isol ated ~~htoh contained an excess of potn.ssa.um over that 

required to f orm the tr1bRa1c MonoMnlonato salt . This excess 
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could not be removed by reprec1pitat1on Rnd according to the pH 

curves, it did not ex~.st eolely ae potassium me.lonate; nor 

could it be due to free potaeslum oxalate. 

( 111) ReF.l.ction bet1·1een equimolar quanti tie e of malonate 

and dioxalu'liodia.q_uochromiate in concentrated solution tends ·to 

produce tri oxalatoch:rom1ate which can be crystallised out as the 

potassium salt. 

2_ . ~~ _ftea~.:~OJl ... ..Ps.!l'IEen t~e .. . ~!lc.£!nate G:rou;e and kq,~s. ~1:.92~ls:~2-:. 

d i aquochromia.te. 
WI _ $U WCCS),k~~ 

A solu~ion containing equimolar quantities of- ~uccinic acid 

and potassium cia d1oxala.todie.quochromia.te uas boiled for a -
period of one hour, then cooled and made to standard velum&, 

the concentrations of each being . 00921M. The pH, t-.rhich h-:td 

been adjusted to e:bout G. 2 tvi th potassium hydroxide before 

bo i ling, decreased to 5.37. The absorption curve of this 

solution is shown in Fig. 35, Curve C, and 1t is seen that a 

slight increase in absorption occurred, presumably due to the 

penetration of succinate into the complex. 

Acicl and alkali potentiometric titra tiona -vrere performed on 

aliquota of this solution (Fig. 36, Curve (a) ). From about 

pH 3 to pH 6, this curve ehoio~B the titration ()f one or more 

moderately s trong ~.cid groups. Any unreacted succinate will 

titrate in this region. If the curve below pH 3 be. corrfoted 

for the blank titrRtion, it is seen that the end-point of the 

r->c1d titratton occurs rt about pH 3. The corrected curve 1e 
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indicated ~ & Curve (x) . Nol'r from pH 3 to 6, about 1~ 5 equi­

valents per Cr of acid 1e titrating. Thie do~e not necessarily 

represent f r ee succinate, since one or more of the carboxyl 

groupe of oomple~ea of the type: 

(I ) 

(II) 

~OOC.CH2 6CH2.COo­
(C204)2Cr f........ 

0B2 
__, OOC. CH2 . CH2. Coo= 

(c2ol) 2Cr 
J. ~ OOC.CI-~.CH2 .coo'"" 

if present, mny be presumed to titrate over the same region. 

Above pH 6, the curve is very similar to that of dioxalato= 

d1aquochromi ate ~nd; if pH S.27 and 10. 6 are tal~en as end 

points, 1t may be calculated tbat about . 96 equivalents per 

Cr of this i on rems.in unrea.cteci. That is, about 52.% of 

dioxalntod1s quochrom1ate hRd coordinated with ~ucoinate. 

This figure 1s probably a little high since about 10% of 

olat1on probably occurred. It must also be remembered that 

ions of the type (I ) above may titrate in the region from pH 

~027 to 10. 6 owing to the single aqua group, although frorJ the 

general shape of the curve above pH 6 nnd from the fact that 

approximately equal quantities o~ ~lkal1 were requi~ed from 

pH 6 . t.o g.27 aa from 3.27 to 10.6; it aeems that a large amount 

of euch ions could not have bean present in solution. 

Ae 1n t.he.· C·aee of malonate 1 ttvo FJolutions containing 

excePs succinate were invest1gnted. These contained 7 and 22 

moloe per -cr respectively, and the initial pH HP.S adJusted to 
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6.2 before boiling. The absorption curve for the solution 

contnining 7 moles excess is eho1,m in Fig, 35, Curve D; the 

curve for the second excess solution is omitted since they t~Tei·e 

very similar. The ~.ctual figures are given in the Appendix 

Tables A 17 nnd A lg. The increase in light absorption over 

that of the equimolar solution shows that more penetration 

occurred uhen excess succinate ltas used . 

The alJ1:al' . potentiometric titration o:t; the second sxceae 

solution is illustrated in Fig. 36 8 Curve ·(b) but the inter-

ference of "th6' euooinate up to pH 9 makes accurate qul:mti tati ve 

deductions :rrom this curve almost impossible . Nevertheless, 

it 1a evideut that aome of the d1oxalatodiaquocbromiate ion 

was still pr 0sent . 

An att;ampt wa.e then ma.de to isolate a ettccinate derivative . 

Ae in the case of t he malonate, care was truten to prevent the 

formation of the tr1oxalatocbrom1a.te P.nc1 in the tinal 

preparation, a strong solution (50~ w/v) of potassium cis -
d1o:x:alatcdiaquochrom1ate was added. to an e:-:oesa of a ctl~teen­

trated solution of potassium succinate, the pH being adjusted 

to about 6.2 . on the addition to this solution of 50% of its 

volume of a l co hol 1 a black maea e~ttled to -the bottom. This 

was filterect off, dried and analysed. The analytical figur.ee 

for this preparation., indicated below, 'Here an improvement 

on those for pr evious attempte, but they indicate that a 

_ large amount of tr1oxP.lo.to coruple:~ l'f.' s ~liill present. The figtU"oe 

are : 
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j Molar Theoretical 

Found Ratio Trioxa.lato Succinate 

C:r• 10.~3% 1.00 lo.6S% 11.27% 
. 

K · 24.56 3.03 24.07 25.43 

( 0201~~ 11·5. 0 2.46 5lJ·. 2 3S.2 
I 

The theoretical figures were calculated from the fo?mulae: 

Trioxals:to . K3 ( Cr ( C20lj) 3] 3H20 

Suco~natod1oKalatochrom1ate K3[cr(C204)2(C4H~o4)] 

Tt was considered that tha eolj.d obt~ined in this manner 

vre.e not pura enough for physical tests e.nd further attempts 

to prepare a product free from tl;)ioxalatochromiate v1ere 

unsuccessful, ao tho succinate uaa no·t 1mreet1ga.ted furthe:t'. 

To summarise: It has bean established that the succinate 

grou:p is capable of coordinating 't-t1th ole d1oxalatod1aquo-..,.,..,.,.. 

chrom1ate, although apparently to a smaller extent than the 

malonate under the eame physical conditions. A succinato­

dioxalatc derivative free :rrom trioxalatochromis.te could not 

be 1f.:ola.ted. 

4. The Rea~sm. of .f1di.J2.~.!! 't-riJl!. c1~ D1,ottalz.a~o.dig,S_1:to_chromi,at~ 
The ad1pate vtaa 1nvest1gP.ted by the sr...me prooed.ure used for 

succinate~ and 1t behaved similarly. In FS.g~ 37, Curv~J CB 1a 

shown the absorption spectrum for an equirnolar ~ixture of adipic 

~c1d and potassium cis dioxalatodiaquochro~iate which had - . 

been adjustad to pH 6.3, boiled and made to a concentration of 
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. 0771 Cr2o3 'tvhen cool. From this curve it is evident that some 

reaction occurred during coiling. The spectrum for a solution 

containing 27 rnolea per Cr or adipate is shown ae Curve D in 

Fi~. 37 . The increase in light absorption for this solution 

1 e probably an indication that more penetration hAd occurred . 

During boiling, the pH of the equimolar solution decreased 

from 6.3 to 5. 55. The acid and alkali potentiometric curves 

or aliquote of this solution are eho\m ae Curve (a) , Fig. 3S. 

This curve is rather like ~or the succinate (Fig. 36, Curve 

( a) ) . rt the initial-end point be taken at ~·H 3, then 

approxi~ately 1. 6 equivalents per Cr or moderately strong acid 

are titratj.ng up to pH 6. A more detailed 1·nvestig~.tion l--rould 

be necessary to reveal the nPture or this acido Above pH 6 1t 

appears that free· dioxnlP.todiaquoohromiate l-Tae titrating and 

it is estimated that 49% of this ion remained unrePcted, 

The alkali pH curve for an aliquot of the boiled solution 

containing excess adipate is ehotm in Figo 3S, Curve (b). 

Aa in the oaee of euocinate, attempts to prepat•e an 

R.dipate derivative free from tr1oxalatoohrom1ate ,.,.ere 

unsuccesefulo 

Ths Reaction or Fum~rate and Maleate with cia D1oxalato- . . 
d1aquo chrom 1a:te 

The reactions or maleate and fumarate were investigated 

ae in previous caees. The absorption spectra of equimol~r 
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se·:ri es are ahol..m as Curve C~ Fig. 39 for the fuma.re.te and 

Curve C Fi gc 40 for the maleate. Solutions containing 9 and 

25 moles per Cr i n excess l-tere also investigated for the 

fumarate , a.nd one of these, that ui th 9 mole·s excess , is 

illustrated a s Curve D, Fig. 39. The curve for the other 

solution had a s ~ .. milar !=!hape and 1,ra.s very close to this, thus 

only one has been plotted. The re8d1ngs are given in the 

Appendix Te.bles A 22 P..nd A 23. For the ma.leP.te, the t~·TO excess 

solutions contn.i~ed 9 And 3S moles per Or respectively. 

ThRt with 9 moles exces8. is shown in Fig. 4o, Curve D. 

It is clear fro~ FigP 39 and 4o that both fumarate and 

maleo.te coordinate to some extent w1 tb cis dioxala.tod1aquo--
chromiate. The excess. curve o!f fumarate has the same shape 

as that f or equimolar quantities, but the excess curve for 

maleate is s l ightly different from the equimolar curveo 

This is .better 1]uatrated in Fig. 41 1n which th~ peaks of 

the curves for equ1molar, f'1rst excess (9 moles per Cr) and 

second e:·:ceee (3g moler:: per Cr) t=t.re shown on A.n enlargea. 

£cale . The changes in the relative poeitionA of the curves 

are reminiscent of the malonate curves (Section 2), an·d are 

not noticeable for the fumarate. 

It will be noted thnt the eqQ1molar solution of maleate 

has a h1P.'her absorption curve (i"ig. 40, Curve C ) ths.n the 

correspondi ng fumarate eolut,.on { F,.go 39, Curve C ) o 

Aci d and alka.li pot.eh\.J..ullltJI..L·lc t.J.tl"nu.l.o n& wo::r' e performed 

on al1quots of the equimolar solu·ttons for both the fumarate 
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and the rnales.te. The t'uma.rate cux•ve is shown e.s Curve (a.) 

in F1g. ~2 and the malemte as Ctn~ve (a) in Figo 43. 

The fumarate curve up to pH 6.5 1e or the same form as 

the coTrGaponding curvea for succinate and ad1pate already 

discussed. If it be as~umed that a~va pH 6.5 free d1oxa.lato­

d1aquocbrom1e.te is titrating~ then it is estimated that 60.% 

of this ion :r·ema1ned unreacted after boiling. However, 1 t is 

prob~ble that other lone, for example the monoaquofumarato 

d~rivat1ves r~re present in this oaee, a1nce the point of 

inflexion occurrPd at about pH 9 instead of at pH S.27 

correspondi ng to the first aquo gToup of the d1oxalatoo1aquo­

chrom1ate ~.on. 

The a l kali pH curves for the tlJO excess eolutione of 

fumarate ar e illustrated ae Curves (b) ~nd (o) in Fig. 42o 

Once again , the quantitative interpratPtion of ·these curves 

is not easy, but it appears t.hat only slightly less tre~ acid 

ie titrating atove pH g than was found for the equ1~olar 

solution. 

The a cid and al~111 potentiometric t1trat1ons ~or the· 

equ1molar maleate solutions are shown in Fig. 43, Curve (·a) . 

The important thing e.bout this ie the end point at e.bout 

pH 3.7-. Si nce the pK values of maleic acid are sufficiently 

far apart, the curve of this acid ehowe a similar end point. 

It 1e not poe~1ble to infer fro~ this that Curve (a) shows the 

titration of free maleic aoid, but it may be stated that if 
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th~s curve represented the titration of appreciable amounts of 

ions of the type~ 

.....-ooc< CH=CH. coo­
(C 04) 2cr 2 ............_OOC. CH-= CH. COO-

then the pK values of the free carboxyl groups did not differ 

greatly from those of maleic P.cid . 

On the assu_r1ption that free dioxalatodiaquochromiate 't·Tae 

titrating above pH 7D it was estimated that 40~ o~ this ion 

rem~ined in solution. 

The curve eho~;r1ng the alkali ti tral1on of bhe second 

excess solution is given in Fig. 4 3 ae Curve (b). 

Attempts were made to separate fumarato e.nd m::).lee.to 

derivatives :t'ree from trioxalatochromif\.te but without success . 

~~- The R~actio? of Phthala~~-with cis D1oxa}~tod1a~uochromie.t~ 

The reac'"l.iione of the phthale.te group vTBre investigated in 

a manner simil::'ll" to that used for the other groupe d1acu.seed 1n 

this chapter. The potassium hydrogen ea.l t 1vae used as the 

starting mat er ial. 

Absorpt ion curves o:t' eolution3 containing equimolar and 

excess (30 moles per cr:) que.nt1ties of phthalate, ~fter boiling, 

are sho~m. in Fig. Jtl~, Curves C and D respectively, · It 1s 

apparent thE"t some reaction hrs occurred on boiling the equ1-

molar soluti on , but the reaction proceedad,further 1n the 

case 'tv-hare exoess o:t' phthalate uaa employed. 
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The acid and alkali potentiometric titratione of aliquote 

of the equ1molar and excP.as phthalate solutions are sho~m in 

Fig. 45, as Curves (a) and (b) respectively. The equimolar 

oul'·ve, (a.), has been corrected for the blank ti tra.t1on at the 

end of the curve, the corrected curve being indicated ae 

Curve (xL ~1rom this 1 t 1s appal"ent that acid is still 

titrating bel ow pH 3o The second pK value for phthalic acid 

is 5. 51 which means that if a lGJ.rge f!mol.mt of free phthalic 

acid were present in solut~on, a point of inflexion or region 

of buffering should be diecernable bet111een pH 5 ·and 6. Unfor­

tunately this regi"on is so close to that at which the coord­

inated H20 gr oupe commence to t1tratP. thpt consider8.ble 

uncertainty arises in the interpretation. Obviously a more 

tho:r•ough i nvestigation 1e required i n the case of the phthalate 

complex, but i t is possible that ver y little free phthalate 

remained in aolution. 

It the t itration above pH 7 is taken ae dioxalatod1aquo­

chrom1ate, then it iA estimated that about 52% of this ion 

remained unreacted. This means that if the solution really 

contained very little phthalnt·e nfter reaction, then more than 

one phthalate group must heve co~rdinated to each diox~lato­

diaquochromiate 1on ~vh1oh reacted . 

All attempte to i solate a phthalate derivative were 

unsuccessful o~ring to the inter-ferenoe of trioxalatochromiate. 
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1· D1scuee1ot;l ·-.. 
It 1a contended that the data presented in the preceeding 

P ections prove the.t the malona·t;e 1 succinate, adipa~ce, fumarate, 

maleate and phthalate groupe nre capable of coordinating with 

the cie dioxalatodiaquochromiate ion, although, except in the _..,.. 

case of malonate, it 1e not cer·ta.in to what extent reaction 

proceeded . In the t&bl.e be l ou) the percentages of dioxe.la.to­

diaquochromiate ion remaining UlU'eA.cted in the e<J.t~imola-r 

solutions after boiling , are recorded: 

TABLE 17 
Clilt'P .......... 4Jl)£!0¢ ... 

-------~~---'·...:~ Group Dioxalato-· 
_,..,. 

Malonate 15% 

Succinate 

I 
4g% 

Adipate 40% l 

Fl;lmara.te I 6o;: I 

liiJ.al~late I t.~o% 

I -
, P hthalf:l.tP . 52/~ 

I -

These r1gures are based on the titration of the two 

aquo groupe of t.re d1oxa1atodia.quochrom1a te ion and are liabla 

to ~rror if other ions ~·_rere present which titrated in the 

eame pH regiono i~ith thie reservation , 1t may be seen that 

much lees dioxalatod1aquochTcm1ate remained unreacted for 

the m~lon~te series that for the other dibaeic groups studied. 
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In no case could the structure of the complex formed be 

established l-rith certainty and there 1e evidence that in m~ny 

cases more than one complex 't-Ta.e present. Hmvever, there ls 

c1rcumatantia.l evid'l;llnce tht=~.t the ma.lone.te group coordinates 

to form a ring : 

Thue:l in Section 2 it was shol-m that malonate coordinates 

,.;1 th dioxala tod1a.quochrom11:3.te to the extent of about so~ to 

produce a. complex ,.,ith no tvea.k aoidio or basic groups . from 

this evidence it appears that two structures are possible for 

this complex~· that shotm above 1 and the structure: 

- .,........o2c. CH2 • Co2 -J ::: 
(c2o1+) 2Cr "'-- _).cr(c2o4>2 L o2c.cH2.co2 

The absox·ption curves (Fig. 33) indicate a similarity between 

t he malonate oomplex a.nd the triozalatochrom1ate, bqth in the 

positions of the maxima and in the -shapes of the curves. Tt1e 

Himilar1ty doee not coeur for the other d1ba~1c groupe studied, 

Thue an analogy ~"ith the st:ructura of the tr1oxalatochrom1ate 

1a indicated ; 

r 
It shoul d b e noted, ho\·revtJr, thPt for reasons discussed 1n 



Ch?.pter 10, too much impol"'tance cn.nnot be attached to tho Exa.:/:· 

AhE';peA of absorption curves . Fortunatel y, other evidenco l.s 

e.VP.ilable and this tends to oonf1rm the view that -~alone.1~ e 

coordinates with chrorr1um( III) to form a e1x-membered ring~ 

( 1) It has been pro•ted (59) tha.t malonate coordina:~a r. 

wi t h cobalt(III ) to form a six-membered ring. 

(1i) Conductometrio measurements (67 ) a r e in favou.·· C·1 

t he e:ds tence ot a six-membered ring for malonato comple:cafl :1 f 

ch1•om1um . 

The question of the greatel' stabili ty of five- e.nd ,-; 1.~~­

membered rings ie discussed in Chapter l lo 
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Chapter 2 

AN INVESTIGATION OF THE SULPHATODIOXALATOCHROMIATE COMPLEXES 

1. Introductory 

The 't-lideapread use of chrome sulphate liquors 1n tanning 

processes has resulted in numerous investigations on the sulphate 

~hrom1uro complexes. The earlier work in this field 1e reviewed 

by Atkin and Chollet (25) .and aeve~a.l dieouesione are available 

(68)~ 

As the sulphate complexes appeal~ to be relati~ely lese 

stable than the oxalato complexes, the investigation of the . 

former h~s been e~tremely difficult and the problem is 

complicated by the fact that sulphato complex ions alate 

readily (69) . It 1B ~ therefore, not suppr1s1ng that our know~ 

ledge ot these ions is incomplete. 

Various structures have been proposed for thB chromium 

sulphate complexes; Gustavson (6S) considered the ions ~ 

and 

for the monoaulphato complex. 

Stiaany and Balany1 (70) mentioned the possibility of 

so4 forming a bridge between two Cr atoms i . e~ 

Cr~o-so2-o.-cr 

and Atkin (71) favoured the exietence of rings involving two 

or mor e chromium atoms, e . g . 
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Most past investigations on sulphato complexes he.ve dealt 

l·r1 th chrome alum or chrome sulphate in which each of the six 

coordination positions are available for substitution by sulphate . 

This complicates the interpretation of the experimental data and 

eo it was thought desirable to attempt a more simple investigation 

starting from the ois d1oxalatodiaquochrom1a.te ion~ in which only -
two coordino.tion positions are available . 

The results of the experiments described in Chapter 5 showed 

that the data obtained ~rom the reaction of groups which appear 

to coordinate lees readily with dioxalatodiaquochromiate in 

diluto solution, vere not easy to interpret ~ Consequently, the 

method ot evaporating mixtures to dryness, originally proposed 

by Stiasny, was tried. This method depends on the fact that coor­

dinated water molecules tend to be removed from the complex as 

the solution becomes more concentrated. This tendency 1s increased 

if another, non-v<Jlatile group like so4 ie available to fill the 

vacated positions. 

2. Procedure 

To a 50% (w/v) solution of potassium cis d1oxalatodiaquo--
chrom1ate, prepared by we~~h1ng n known quantity or the trans 

potassium salt, d1esolv1hg 1n Pater and ageing to convert to the 

~ isomer, ~n exactly equ1molar quantity of pure potassium 

eulphnte ~as Added. After boiling for 20 minutes the colour 
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of the solut ion had changed from pink to d~rk green . Uneucceesful 

attempts 1>rer e m~.de to separate a solid from the cooled solution, 

by leaving to stand for several d~.ys at a low temperature (5°C ) ~ 

e.nd by further evaporation . The addition of alcohol merely 

precipitated s. de.rk, ta~ry liquid, together ~11th potassium sul}.•he:t e 

crystals. No crystals of potfl. sei~.un trioxP...latochromia.t:e uere 

observed at; any time during the prepa.rationo ·The original solut ion 

wae then evaporated to dryness in an air oven at 90°0 for 12 hours , 

duri ng whioh t i me a dark- green, glassy solid formed . This was 

~u:lveriaed trith gretf.t difficulty since it was extremely hard. 

The pulverised solid was heated for periods of aeve~al hours 

at progressively higher temperatures until the chromium content , 

as determined by analysis~ became constant. This occurred at 

0 0 130 C and heating for 12 hours at 170 C did not cause any further 

loss in t·reight . I:t' the eol1d were heated from 250 to 350°0 1 the 

powder puffed up and became light green in coloUr~ Thie 't\ras 

apparently caused by the ox~dation of the chromium, since on 

shaking Hith "rater this solld ge:ve yella.w~ ohromate~l1ke solutions, 

though it wna not all soluble. That this ~olution did contain 

chromate 'tll'aS confirm~d by acidifying and testing "{i th diphenyl 

carbazide. l t was found thnt chrome alum also oxidised at about 

the same temperature . 

It is considered that , during heating to 130°0, almost ·every 

one of the d1oxalatod1aquochrom1a~e compl:-exea in the solid became 

coordinated with sulphate by the displacement of coordinated water. 



In other vrords the solid contained no d1oxalatod1aquochromiate . 

Thi s deduction foi lol-Ja from the follm·ting considerations: 

Firetly, close e-xam1nation of the solid after heating to 

130°c revealed no evidence for the independent existence of 

potassium dioxalatodiaquochromiate and potassium sulphate 

crystals in the material . 

Secondly, a solution of potassium £!! dioxalatodiaquo-

. chromiate after evaporating to dryness and heating at 130°C 

for several . hours , formed a dark-green, gle.ssy solid which on 

analysis was found to have l ost about half of its coordinated 

water . This solid, unlike that obtained 1n the presence of 

potassium eulphate, was quite insoluble in cold '!·Tater, even 

P..fter vigorous shalcing. On boiling i n uater, the familiar 

p1nlc col.our of the cis dioxalatodiaquochromiate was regenerated _.,. 

and the sol id passed into sol ution - evidently 4ue to reooor­

dination of water lost during heating. The behaviour of this 

substance vree quite unlike that of the product obtained by 

heating the same salt 1n the presence of an equ1rnolar 

quantity of potassium aulphr.te, lvhere the resulting solid t-ras 

instantly solubl e in cold water to give a bright green solution. 

Clearly, if an appreciable amount of d1oxalatodiaquochrom1ate 

complex had not reacted t-ti th eulphnte, an insoluble residue 't'IOUld 

have been observed, ae in the case of the ole dioxalatodiaquo -
ea.lt alone . 
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The nna1ytical figures for the eulphRtodioxal?.to derivative 

are recorded in Table lS where also are given calculated values 

for a. num'b.er of theoretically possible empirical formulae: 

TABLE lS 

Empirical Formula C.hromium Oxalate 

1 [cr( c2o4 ) 2 ( ~0) 2] K + K2so4 10 . 9~ 36.S7~t 

2 [cr(c2o4)2(S04)]K3 11. 79 39.S7 

3 ( Cr2 ( c2o4) 1~ ( S04) 2(H20 U K6 11. 55 39 .09 
4 [cr(c2o4-)2 (so4) (H2o>] K3 11.32 3S.33 

Experimental 11.32 )8.2 

It is evident from this table that the experimental figures 

are 1n close agreement l·Ti th tho ee fo:r the hypothetical structure 

tcThich contains one so4 and one H20 per Cr ( 1. e. no 4 ). It 

appeare 1 therefore, that half of the coordinated water molecules 

originally present 1n the diaquo salt h?..d been dr1 ~ren orr by 

heating ::1nd replaced by Aulphf!.te, 

A number of preliminary testa were performed on the sulphato 

Aolid prepareQ as above. It w~s ~ound that the optical density, At 

a number of wavelengths, ot a solution oonta1n1ng .07% cr2o3 
changed ~ap1dly with time at room temperature but at a low temp-

·o . 
erature (g C) it remained constant long enough to enable an a 

absorption curve to be measured. This ~g shown in Fig 46~ Curve c. 
The pH of thiA .07% Cr2o

3 
solution 1mmed1Rtely on d1Aeolv1ng at 

- ' 
room temperature ua.s found to be about 3.S but rd!le to about t~ . 2 

on standing. 



In order to throy; further light on the natux•e of the eulphRto 

product, a mes.su:r'e of the amount of fres eulplUJ.t~ in a solut!l.on of 

the solid lias desirable .. The use of barium chloride 1e kllolvl1 to 

give erronoous Teeults in the pr·esenoe of coordinated sulphate 

since 1 t is ce,pable of removing so4 fl'om the complex. Hollever 1 

the me~thod of p:rec1.p1tHtion b:y benzidine hydrochloride, . o:t'ie;1na:Lly 

proposed ~.._"j, U. 'MOller (72) hae been l"ecommended for the 

a~:.,term1nat1on of free sulphate 1n theRe cases {36). Thia met.hocl 

depends on the precipitation of the S04""' ae the 3pe.r1ngly 

soluble benzidine F.\Ulphate (See pn.se 24 fol' de.ta.:tls of method), 

Prelir.1inary a.dd1t1ona of benzidine hydrochloride solution 

to freshly prepared aolutlons of the eu:lphato solid produced 

copious precip1 tatee. 'l1hts indicated that the solid conts.1ned 
. 

a l~u·ge amount of free sulphate and appeared to contradict the 

earlier deduction that most of the complex had coordine.ted Hith 

sulphate. For this ~eaaon, a thorough investigation of the 

decomposition of the aulphato solid Has undertaken. 

'3 . The Dag_s.f!!Eo!?.~.~.;.~.~$ .. ~! .. _.~J;.te Sul;e,~.~t-~.d12,~el~.alqp:,hr.om1ate ComEl;EUS 

in Dilute Solution 
I ........ L~~ 

One litre of &.07% Cr203 solution o f the s ulphate solid, f reshly 
. 0 

prepared_, vas kept ·1n a consta.n'ti ~;empere.ture lvnter bath ~:tt 21.7 C. 

At intervals of time over e. period of about 15 hours, portions 

of the solut5.on ·were w1 thdrarm by plpette. A number of te·:;tp, 'to 

bv daecribed belo'N, vrere performed on thfJ ee e.l1quote: 
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(a) A 20 ml a.liquot was used to determine the pe:rcentage 

of aulphe.te by the benzidine method . The regults are recorded 1n 

Table 19
1 

Column 3, and they are expressed graphically 1n Fig. 47 

~,rhere the amount of benzidine precipitate~ <ll::l.lculated as app~.rent 

percentage sulphate on the dry t:reight, hae been plotted a.gP..inet 

the time in m3.nutee. The horizontal line represents the e.otual 

percentage of sulphate added, calcul~ted on the same basis. 
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(b) Small portions of the-· solution loJere used to measure the 

optical density at n number of Ho.velengthe in the vicinity of the 

maxima. Three of these curves, numbered according to Ta.~:>le 19, 

are ehown in Fig. ~ and the actual readings are recorded in the 

Appendix Table A 32~ The curves for pure ~ dioxalatod1aquo­

chrom1ate a.nd for the eulphato golution at ~- lo~v temperature 

(from Fig. 1~6) are also given. 
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(c) The pH of another portion tva a mea.sured and recorded in 

T~ble 19, Column ~. 

(d) Alkali potentiometric titratione were per~ormed on 40 ml 

aliquote. Four of t.heee titratione were performed at times 

corresponding to 60, 200, 450 and 6J~ minutes after d1aecly1ng the 

solid. The curves ~'L~e al'lotm in F1go 49 together t·?1 th the q~ .. !! for 

pure. d1oxa1P.todiaquochromiate and trioxalatochromiate. These 

ti trations each took about 15 minutes to complete so that '.i.light 

decomposition probably occurred during measurement. A similar 

titration ttaa also performed 't.Yhen the decomposition had g~:me to 

completion. This curve coincided exactly with the curve for pure 

d1oxalatod1~quochromiate (Fig. 49). 

An exam1uat1on of both the absorption curves (Fig. 4S) and the 

potentiometric curves (Fig. 49) indicates that during the experi­

ment) the eulphato solution Wlde:Mvent a. grt).dual change , becoming a 

solution of cis dioxalatodia.quochromiate and potassium sulphate. -
However, the results of the benzidine determinations {Fig. 47) 

indicate that a large amount of free sulphate was present initially 

and that this gradually decreased. The fact that the amount of 

this 11 free sulphate" initially present in solution was larger than 

that added in the first instance, showed that the benzidine reRultP 

oould not be taken literally. A closer examination of the . first 

benzidine precipitates revealed that they were flocculent and light 

green 1n colour, unlike benzidine sulphate whioh crystallises 

oharacter1et1cally as colourl~ss pla.tee . Some of the green 
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precipitate ~rae dried et 100°0 and analysed. It -rrs.s found 

to contain about 7.4% of chromium, indicating an ineolublo 

chrome comp~ containing benzidine. 

Though the filtrate from this precipitation was 

generally green in colour it was found that if the solid 

were dissolved at a lower temperature (5°0) and the proceea 

repeated, all ot the chromium could be precipitated and the 

flltrate wae colourless. This Rppeat"ed to indicate that 

some of the sulphate complex oh&nged immediately into 

another green complex when dissolved at room temperature, 

the latter compl.ex not being prec1p1tatable by benzidine. 

The green prec1 t1 tate ws.e q1J.i te 1naoluble in water at room 
-

temperature. 

Evidently Ol-ring to the presence of a benzidine prec1pi ... 

table oomple~c, the benzidine method cannot be used to 

determine the amount ot free sulphate initially present 1n 

this solution. Moreover, from Figo 47 it is apparent t~t 

the amount of benzidine precipitate, whether sulphate or 

chrom1ate complex, decreasea to a minimum corresponding to 

about 2% ot sulphate, during the decomposition . On the 

other hand, the spectrophotometric curves (Fig. 4S) and 

the pH t1trationa (Fig. 49) both indicate qualitatively 

that at this stage the sulphato complex has decomposed to 

a considerable extent 9 ao that the solution en ould. contain 

muoh more than 2% of free sulphate. 
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In order to obtain nore exact data on this matter6 an 

attempt ,.,as made t o determine the progress of the decompo­

sition quantitatively fr.om the absorption data. To do 

this 1 t \'las necessary ·:.o e.esume ( i) that the sulpha to 

solid d1ssoJ.ved R.t a lew temperature t o give a solution 

conta3.ning no dio mlato·liaquochromiate ions, ( i1) that 

equations based on Bee~:: 1 a law were applicable to the 

solution during the deoompoaition . These aesu:nptlone are 

both quite reasonable . 

Let Dd be the optjoal density at 600 mp of a solution 

of pure £!! ~1oxe.latodtaquoohromiate having a concentration 

correspon'ling to . 07'~ CJ.t'2o
3 

and let De be the optical 

den~1ty of the aulphato solid at a low temperature also 

at 600 mp and ~t the srune concentration . 

Then if D is the o'!)tica.l density of a solution of 

concentra.t1·on • 07cJ. Cr 0 cons1et1ng of a. mixture of these 
": 2 3 

compl·exee; the percentr-ge of the aulphe.to complex (Cs)-

taJcing the theoretically possible maximum as lOOt:- t.,ill be 

given by : 

Ce ( D - Dd ).100 
( De - Dd ) 

The der1vo.t1on of similar equations for mixtures of two 

absorbing substances has already been d1ecueeed in de~ail 

in Chapters ~ and 6. 

Using the values : Dd = . 326 

De ::: . 103 at 6oo mp. 

\ 



TABLE 19 

Be~>.f.id1ne ppt Sulphato Complex 
No Time 11 Sulp.he.te" pH Cs 

1 0 mine ... - lao;; 

2 6 )1.,9.% 3.go 93 .. 2% 
. 

"7 
..1 30 20olJ.jC J.S2 92.21t 

. 
4- 60 i.0.77.- J.g9 g5. 4% 

-
5 120 6.S% 3.94 71.8% 

6 lSO 4.28% 4-.oo 51.5% 

7 240 3.26% 3.97 47.6% 
g 300 2oJ3% 3.95 43.7'% 

-
9 375 1 .. 63% 3.91+ 30.1% 
10 450 2.24% 3.97 26.2$ 

11 540 7.74% 3.97 20.4% 
. 

12 645 15.3% 4.01 11.7% 

13 705 . 1S.,1% .4-. 00 13.,6/! 

14 790 21 .. 2% 4.10 

15 900 21.4% 

• 
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the percentage of eulphato complex in solution at a number 

of time intervale dur1ng decomposition vras calculated. The 

results have been recorded in Table 19, Column 5, and are 

expressed graphically in F1g9 50: 
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In spite of the scatter ot the pointe, it ie evident 

that the sulphate complex decomposes with t1me, although 

the decomposition ie not exponential. At the time corres­

ponding to the minimwn in F1~. 47 , about 70% of the sulphate 

should be tree in solution according to Fig. 50. This 1e 

consistent with the obAervat1on made from the absorption 

curves 1n Fig. ~ . earliero 
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A more detailed potentiometric investigation of the 

reaction solution at the time oor:respont.1ing to the minimum 

in Fig. 47 was undertalt.en . Another solution, of the same 

concentration as that used. previously was allowed to age 

at the same temperature. After 350 minutes the solution was 

tested with benzidine and, once again a negligible precip1··· 

tate was obtained. More accurate alkali and acid potentio­

metric titratione were then performed on al1quots of this 

eolU:t1on o.nd the curves are plotted in Fig. 5lt Ow:·ve A. 

For. comparison, the curve for pure dioxalatodia~uoohromiate 

(Curve B-) and the acid curve for a solution containing 

equtmolar quantities of dioxalatod1aquochrom1~te and pot­

assium sulphate ( Curve C) at the same concentrations 

(about .OL~) are given. 

The acid section of Curve A shows that, potentio­

metrically, the solution at the "minimum point11 behaves 

like a mixture of potassium sulphate and dioxalatodiaquo­

oh.~miate, while the alkali titration indicates that a 

large percentage of the dioxalatodiaquochrom1ate was 

titrating, although the deoo~os1t1on ht'l.d not gone quite 

to completion. This is in P.groement 't'71th the spectro­

photometric data d1scueeed above, and confirms the earlier 

potentiometric curves (Fig. 1~9). 

Thus, there can be no doubt that the raoults of the 

benzidine aulpbate· m~thod s..re in disagreement with the 

apectrophotomet~io ~nd potentiometric evidence. In order 
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to attempt to resolve this dilemma~ some simple tests t-1ere 

performed on the sulphnte solution at the "minimum point". 

·.ro a er'lmple of this solution in a teet- tube, about 

half ~.s much benzidine hydrochloride soluti'm '!vas added; 

no visible precipitate vtas obtainedo Then some . OlM 

potassium sulphate m~ . .s added; again no precipitate t11a.s visible. 

More pota.seJ.u,m aulph~te solution was added and precipitation 

ot benzidine euluhs.te ecourred on.ly ~o~hen the volume added 

was about three times the volume used initially. A blank 

teat was performed in which the sulphato complex solution 

was replaced by an equal volume of distilled water . A 

large precipitate was obtained on the first addition or 

the .011·1 potassium sulphate solution. It ~~as determined 

that an equimolar mixture of potassium sulpbr.te and potassium 

dioxalatod1aquoohrom1ate instantly precipitated benzidine 

eulphnte on addition of benzidine hyarochloride solution. 

These obs8~at1one suggested that although the ~olution 

contained a. .large ·:1.tounii of f~ee 50l~ a't the "minimum po1nt11 , 

this ~me not precipitated by benzidine owing to some peculiar 

phye19al property of the solution . Tbe 1mportance of this 

finding requires no emphasis ~nd is discussed at a later 

etaga (Section 4) . 

The pH values recorded 1n Table 19, Column 4, show 

that initially the solution had a pH of about 3,S at 

21.7°0 but the pH curves do not show the titration of a 
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large amount of strong acid, so it was decided to study 

the potentiometr7 or the eulphato complex more thoroughly. 

First, more accurate acid and alkali potentiometric tit­

rations were performed on freshly prepared solutions of 

the solid at room temperature (20°C) and a concentration 

ot about .1% cr
2
o . These are shown as Curve B in Figo 
3 0 

52. The alke.li curve at a lo1·rer temperat~e (8 C) is 

also shown (Curve A) and it 1a apparent that, while the 

initial pH ie lower at the lower temperature, there is lese 

acid titrating. Comparison with Curve C for pure d1oxalato­

d1aquochrom1ate~ shows that Curves A and B might repre-

sent the titration of smaller amounts of d10xalatod1aquo­

chrom1ate ion, In other Nords, the eolu~1on might contain 

a certain amount of free d1oxala:odiaquochromiate initially 

or this might be produced during t1 trs.t ion· w1 th alkali. 

To check this, Curve A was transformed ao tha.t an exact 

comparison with the d1oxalatodiaquochro~iate curve was 

possible. This was achieved by assuming that the acid 

t1tratin6 in Curve A had approximately the same end point 

as dioXalatodiaquochromiate i.e. pH 10o6. Curve A was 

then exy~nded eo that the alkali reading at 10.6 occurred 

at 2.0, the same ae the dioxalatodiaquochromiate ourve. 
' 

The expanded curve has been plotted as Curve D, Fig. 52. 

The expansion of' Curve B by the same procedure gave a 

curve of shape similar to D1 while expansion of Curves (b) 



........ 

and (c) 1n Fig. 49 gave curves t-rhich lay bett-Teen C and D, in 

Fig. 52 . 

It is evident that curves C and D show a considerable 

difference, especially in the region between p~ 4 and 9. 

This indicates that the solutions titrated at 20° and go 

contained an acid o~her than dioxal atodiaquochromiate, 

Hhich decompos~d on ageing. Thi s acid is weaker than the 

f i rst e..quo gnoup .of the dioxalatodi aquochromiate ion since 

most of 1t appears to titrate above pH S. 

Below pH 4, Curve B (measured at 20° ) 1s compared with 

the dioxalatodiaquochrom1-ate cur ve 1 (C) , and t-1ith the curve for 

the titration of an equ~molar mi xture of potassium sulphate and 

potassium dioxalatod1aquoohromiate ~ (F),at the same concen­

tration. Since it appears that the curve tor the su~phato 

complex is close to that of the d1oxalatodiaquochromiate, there 

can be no doubt that a large amount of free sulphate 1on lora a 

not initially present in solution. This also shows that 

titration with ao1d does not remove coordinated 504 . 

The pH ~f a solution of the sulphato complex was then 

measured at nearly o°C. At this temperat~re the solid 

did not d1~solve immediately but absorbed water to form 

an oily syrup on the .bottom of the vessel . This syrup had 

to be stirred vigorously before it dispersed. The pH 

meter available could not compensate for temperatures below 

10°0 and so d.1f'1'erenoee in the readings of a standard 

buffer solution with a Amall temperature coefficl ent- between 
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10 flnd o0 c t-Tas used ae an indication ot the error involved, 

Fortunately, this was negligible . 

The pH values of freshly prepared sulphate complex 

solutions t='t the same concentrations ( .1.% Cr2o3) e.re compared 

be lou : 

TemEerature ~ 

1°C 3.35 
goo 3.~6 

2o0 c 3.66 

Evidently a moderately strong acid was present at low 

temperatures ivhich decomposed as the temperatut•e rose. 

However, this acid must have been present in very small 

amount since it did not show appreo1aJll;y on the titration 

curves (Curve AJ Fig~ 52, for example). 

4. D1scuee1on 

The foregoing experimental work does not eetabli~h 

the Atructure ot the sulpha to complex i·Ji th certainty. It 

is lm01·m ~hpt the F!Olid had the emp1r1oal formula 

K3 [ Cr(C204) 2 ( so4) (H2o>] but there are indications that 

it contained a mixture of complexes . One complex having 

this empirical formula has the conAtitution: 
H H 
"o" 

-OCO~J / 000-
j c:r~ 1 

oco_,/6 "--oco 
0:::::$:::0 

o_ 
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No importance should be attaqhed to the exact positions 

of the double and coordinate bonds in this diagram ·: 

they have been included merely to sholv a possible charge 

distribution. 

In order to prove the ex1at~nce of this complex, 

it is neceaa~f to obt~in evidence for the presence or a 

single coordinated water molecule and n eulphato group 
-

·coordinated by one position only. 

N01-1 a complex possessing a single aquo group should 

aot as a ~·reak acid, even 1.renker than the d1oxala.todiaquo­

chrom1a.te ion. The potentiometric data. :1nd1ca.ted that the 

AUlpha.to solid contained ~· n acid weoJt:er than d.ioxalato-.. 

d1aquochrom1Pte~ but they also indicated that less than 

one equ1vnlent or this acid wns present per Cr Pnd tha.t the 

exact amount appeared to v~ry with the temperature at 

which the solid 1-raa dissolved (See Fig. 52). 

Evidence for the @Xiatenoe ~~ a singly bound sulphate 

group 1e obtained from the tact that all of the complex 

could be prec1p1 tated v.ri th benzidine vrhen freshly d1Aeolve9.. 

Experience ehows that sulphate complexes in which the 

sulphate oocup1ee two coordination positions do not give 

a precipitate 1-rith benz1d1~e and it l-rae dl'term1ned that a 

solution of a complex having three negative c~_rges, namely, 

potassium trioxalatochromiate, did not give a precipitate 

with benzidine either, therefore,the triple negative charge 

could not be the factor c~uain~ n precipitate 111th benzidine. 
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T.h.ue it is rer:.eona.ble to suppose that the sulphE~ todiox.ala'tc 

complex is capable of forming a.n insoluble compound with 

benzidine because t he sulphate is bound by one coorc1nation 

link only. Thte evidence is only indicative in vie~ of 

numerous other factors t-rhich determine solubility. 

It seems lt:~elyt therefore, that the sulphate solid 

~ontained aomo pot~sRium sulphRtodioxalatoaquochrom1ate . With­

out more data ,. further d.P.ductions to~ould be unJustified 

e.nd a number of problems, such as the reason why all of 

the coordinat~d ,.•ater molecules - that is i:f a.lJ the .. ater 

Inolecules were coordinated - did not titrate as weaJc acid 

{Of Fig. 52), and the reason for the presence of a small 

amount of strong a.(~id at lm·r temperP.tures, must be left 

tn abeyance. 

It must be assumed t!·at t he aulphatod1oxe.1atochromiate 

ion_ undergoes a gradual decomposition with time and 

liberates the coordinated sulphate group 1 1ts place being 

·~a.ken by H20 . An important problem to be considered. :te 

1.{hy, at some stage during th -l_ s decomposition, does benzidine 

hydrochloride give no precipitate ? it Has proposed in 

the preceeding section tha.t, Dl though at this stage the 

solution contains free sulphate, the benzidine sulphate 

does not prec1pi·tate on account of 3ome physica.l :~rope~ty 

of the solution at the 11 min!mum poin~li 11 • Fol" c:v.:r.~le, at 

this point tt.e prec1r1 tate may exist as an invisible, 
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non-filterable colloid. This e~la.nnt1on ia consistent 

1-11 th tl'?-e spectrophotometric and potentiometric dat·a and 

1s supported by the fact that under these conditions some 

additional aulph~te can be added to the solution without 

cau~ing precip1t~iono 

An altern~tive, but lea~ reasonable, explanation 1e 

that the aulphato complex (I) converts to another complex 

(II) which et.l.ll contains sulphate but 'iihich ha.e the spectro­

photometric and potentiometric properties or the cia -
d1oxalatod1aquochrom1ate ion. Complex (I!), unlike (I). 

ie not precipitated by benzidine. At the point corres­

ponding to minimum preoi~.>1tat1on by benzidine, (I) hae been 

converted almost ent!rely into (II) vhich then deoays to 

give dioxalatodiaquochrOt\iate and f ree sulphate. On ~his 

hypothesis, extra sulpba~e added at the minimum point 

would !1:-.~s to coordinate instantly to prevent precipltat1on. 

This does not seem fe~.~ible , 

~· Tht S,2]-~.ato,S1o:-::fl.,l!,toh~roxochro.miate Co!HJ2le~ 

Since there ,,me evidence th~t the sulpha to cornu lex . . -

contnined A single coordinated 1•11lter molecule, it was 

decided t o attempt to form a hydroxo derivat3ve . 

To a freshly prepared, conc~ntrated solution of the 

sulphato solid at about 5°0, one equivalent or potasR1um 

hydroxide per Gr "'P.s added . The solution, which lvas light 

green in colour, lTaa then made to standard volume with cold_ 



Hater, such that the concentrot1on uas .07~ cr2o
3

• The 

solution had a pH of about 11 ~e indicated by the glaee 

electrode . 

A complete absorption spectrum of this solution was 

measured at about S°C. The measurements had to be done in 

tf~ee sections ~sing three fresh samples of a solution 

prepared at 5°0, since decomposition oconrred during 

rea.d:l.nga. The curve ia eho1m 1n Fig. 46, Curve D. 

The fact that the shape of the e.beorpt1on curve bas 

been altered considerably by the addition of nlkal1 1s a 

sign that a re~ction involving the complex h~ta occurred, 

The neli curve is quite unlike that of the d1oxalato­

d1hydroxochromiate (Fig. 14, Chapter 5) .so 1t 1e apparent 

that an appreciable amount ot this 1on could not have been 

present in solution. This also proves that tile ,,.,ddit1on of 

alkali did not remove an appreciable quantity of the sulphate 

from the complex, or else the d1hydroxo derivative would 

have been formed at pH 11 . The curve has a. £light 

resemplence to that of the hydroxoaquo derivative (Fig. 14) 

but this ion cannot exist at pH 11. Thus it may be 

accepted that· t:bG ~bsorpt1on curve is due to the d1o:xalato­

eulpbatohydroxochron1ate ion; lri·th the probable add1 tion 

of small amounts ot other, unknown, sulphato complexes. 

The decoropoei~1on of the sulphatohydroxo solution was 
0 

studied :md it ,.,as determined that, even a.t about 1 CJ this 



ion grad~~lly changed to the dioxalatohydroxoaquochromlate 

ion. This T~as determined by observing that the pH dropped 

from 11 to g in about 12 hours by 1·rh.1ch time the optical 

density at a number of ,,ravelengths i.ras close to that o·r 

the hydroxoaquo n~rivativeo 

60 Summary 

Evidence i n favour of the existence of the ions ~ 

[cr(c2o4) 2(so4> (~o>J­

and [cr( c2o4)2 (so4 )(oH) J = = 
has been presented, although they have not been iEolated· 

a.a pure salts. 

It tw.s been shotvn that the benzidine method f'or 

detem1n1ng :trt~e so4 in the presence or coordinately 

bound sulphate is liable to give entirely false results 

under certain ooncli t1on.A : ( i) when the sulpha to complex 

i s itself capable of precipitation and (1i) when no 

pre~1pitate forms despite the fact that the solution 

oontains free sulphate~ 
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ChaE,ter 10 

:!:HE SIGNIFICANCE OF THE ABSORPTION SPECTRA OF CONPLEX TRIVALENT 

CHROMIUM COMPOUNDS IN AQUEOUS SOLUTION 

1 . Introductory 

In the cour~e ot the preceeding seven chapters» about twelve 

absorption spectrA of complex chromium compounds, and a number of 

spectra of mixtures of complexes, hnve been measured . Of these, 

only that of potassium tr1ox:J.;t..atochromiate has been published 

hitherto, as far as is known. 

It has been found by previous 1nvestigntors, (40, 73), that 

the absorption spectra or chromium(III) and cobal~ (III ) complexes 

exhibit two or more maxima bet~·reen 300 mp and 700 mp. Th1e is 

confirmed by th~ spectra illustrated in the present work. Thua 

in all cases a maximum 1e shown 1n the yellow region at about 

550 mp1 another in the near ultra-violet at about 420 lll)l and a 

third belo1-r 300 mp. Those complexes containing oxalate shot., total 

absorption below 300 m~. 

Previous invt5st1gatols (73) .have found that the natUl:'e of 

absorption curvee, especially aR regards the positions and 

shapes of the perks, is dependent upon the oha~oter of the 

~roups coordi nated to the complexes. The moat important aim of 

any investigation 1n_ thia field te to find the relationships 

between the properties of the coordinated groupe and their 

influence on the fJ.beorpt ion epectra. In the pre eent chapter, 
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it is proposed to dlaouse this aspect in some detail. 

First, 1t is desirable to consider what sort of information 

we way expec·t to obtain :from an absorption spectrum. Even 

for a. diatomic molecule 1n the vapour state, the interpretE!.tion 

of the absorption spectrum 1s very difficult although in 

some cases quantities l~ke dieeoc1at1on energies and moments of 

inertia can be obtained. Now for an ion having 19 atome 1 like 

the tr1oxala.tochrorn1ate ion, it is appr.1.rent that, even if the 

absorption spectrum for the vapour state could be obtained, the 

elucidation of i te fine structure 'tvould be almost impossible . 

It has alre0dy been mentioned (page 9) that, owing to phenomena 

like the Stark Effect, the spectra of solutions do not exhibit 

fine structure , Thus it is evident that we must expect to 

obtain less exact data from the absorption curves of complex 

ions in eolu~1on. 

For many organic molecules 1n solution, it h&s been possible 

to associate different parts of the absorption spectra with 

definite atomic groupings e.nd linkages, and the earlier attempts 

to interpret the absorption spectra of complex ions were along 

the same linea . For exe.mple, Shibata and co-workers (7~- ) and 

aleo Lifschitz and Roeenbohm (75) proposed that each of ~be 

absorption pee.lce could be associated with a definite part of 

the complex. The maximum associated with the longvet 1~ve­

length was thought to be due to the centrt~.l atom while the 

next maximum was assumed to be connected with the coordinated 

groupe. Howover. we now possess evidence which shows this 
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theory to be quite incorrect (40) . Thus it appears that the 

spectra of complex ions may not be interpreted in the same way 

as has someti mes px~ved successful in the case of certain organic 

subatA.ncee. 

In 1934 Mead {40) proposed that ·the maxima observed for 

chromium and oobalt complt::x ions represent different states of 

excitat ion o f the coordination electrons . 

I n 1936 Math~eu (73 ) su~ported this view from ev1.dence 

baaed on phot ochern1oal experiments . Thus it may be accepted 

that the large absorption p~aks in the spectra of complex 

chromium and oubnlt ions in the visible and near ultra-violet 

are due to e l ectronic transitions involving the hybr1d1eed 

4a , 4p and 3d electrons . A recent suggestion by von Kiss .et al . 

( 76) that loner 4!lectron levels may be i nolved is Wloonvin.:sing. 

!~athieu ( 73) found that 't.rhen one or two of the coordinated 

groups of ·a gi ven complex ion were replaced by a group or groups 

'\'lhich coordinated lees strongly with the central atom1 then the 

positions ·of the maxima in the v1e1ble region are displaced 

to~>~arde the red. He made this deduction from series such a.e; 

[co . ~n2 (nn3 )A} t-rhere A represents any o~ the groupe~ 011 NCS, a2o, 
NH3, No2• Ae a measure of the strengths of the bonds formed 

wi th these groupe, he used their relative stabilities in aqueous 

solution. 

In ~dd1~1on, Math1eu tried to correlate physical propert1ea 

of the ooord1nated groups , such as molar refraction and magnetic 

properties, wit h the dieplacementa 1n the absorption maxima, but 

withou'c euccc ee . 



Mead (40) measv.red t he absorption spectra in aqueous aoluti on 

of a numJoer of complex chromium a11d cobalt compounds, using a 

Bilger - Nutting photometer and a Hilger medium quartz apectr.o­

g re.ph. He found thr.t, tor the se:ries (cren3JH·; [ Cr(c2o4)en2l .. 
[cr(c2o4)2en.J- 1 "(cr(c2o4> 3] .... , a linear relation ex1ete 

b eti·reen the frequencies at which the ~beorpt~on max1ma occur, and 

the number of oxa.la.te groupe 1n the complex. This result 1a 

somewhat similar to that obtained earlier by Colma.!' and Scht·.rartz 

(77) . The latter workers carried out a thorough investigation of 

t he differences 1n the ehA.pes ot the absorption curves of the 

eer.1es ~ [cr( NH3) 6] , [ Cr( NH3) 5< H20)] 1 [ C'f-'( UH3) 4 (H2o) ~1 , 
(cr(NH3)3(Hc?o )

3
], [cr(l1H3 ) 2(~0)4], [cr(NH3)(H2o) 5] ~ 

[cr(H2o) 6J p between vravelengths 4-oo mp and 600 mp. They 

f ound a linear decronse,, both in the f:requenc~· at lrhich maximum 

occurs and ir1 the molar extinction coefficient at that frequency , 

a.e the numbel' ot coordinated water molecules per Cr 1.ncrea.eed . 

A atrnilar linear relation was also observed for tho corresponding 

cobalt se1•ies. 

In order to a8certa1n whether relations similar to those 

f ound by Colmar FJnd Schvartz rmd by Men.d hold for some of the 

absorption spectra reported 1n the previous chapters, data for 

the ser1~s: (cr(C20J.t) 3r .. , .[cr(C201J_)2(H20)2r , (cr(~0)6r""· 
were -exam1neclo The frequencies and molar ext1not1on coeffic~enta 

of the first and second maxima for these ions are ahovm 1n 

Table 20. 
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TABLE 20 

Frequency Nola.r Ext. Coef:f --Ion let mAX • 2nd max. let max 2nd max 

. 14 
5.27 X 10

14 eec=1 9~L3 76.0 Cr(C204)3-- 7. 16x1o 
cis -- 5. 36 " 65.9. Or( C20qJ2 ( ~0) 2 7.23 11 50.5 
trans 
Cr(C204) 2 (H2o)2 7,29 11 5,52 II 37.5 2ES.2 

Cr(~O)G + .. 7 • 32. II 5.26 a 17 .4 14Dl 

In Figs 53 and 54 the frequency and molar extinction . . 

coefficient .hv.ve been plotted against the number of oxalate 

groups per Cr. Two points have been plotted ~n e~ch caee for 

the [cr(c2o4) 2 (H2o)
2
1- ion, one for the 2.1! and the other for the 

t~·ane isomer. Though only three points are involved lf the data 
=-= -

for the trans form of the d1oxalatod1aquochrom1ate ion be excluded
8 

1t ie apparent that anuroxirnately line~r rel~t1one exist, in 

agreem~nt with the ~rork of prev1c•,J.£i 1nv.e6tlgatora. 

In order to account for tbe linear relattonehip between 

the number of similar coordinated groupe .on the one hand, and 

the e~1nction coeffio~.enta end the positions of the maxima., 

on the other, Colmar and Schtvart~. proposed that the energy 

levels of the coordination electrons remained constant for a 

given mct?.l e.nd that the chanRes in abeo:t'pt1on ~Tere due to 

changes in the vibrational levels brouBht about by changing 

the coord1nrted groups. For ex;.:~.mple, when an H20 molecule 



replaces an na3 gr-oup from th~ complex [cr(NH3) 6] gtv!"~ng ·the 

complex [cr(NH
3

) 
5

(H2o)] , then the 1:1taorpt1on pe-;tk in the visible 

region decreHees in he:\.ght, becomee 1-rider, and the po(li tion of 

the maximum l.e d1spla.ce''l tm-..rarde the red. Acco:rdir>g to the 

Colmar and· Schti~Z'tz exp1~.natlon, the H2o a.nd Nrt3 i~oups are fixed 

to the Cr atom by bonds of · different strengths, eo ~hat d1tterent 

modes of vibration "t'till be poFJsible for the tHo 1:.omplexeep with 

a resulting change in 'r.he absorption spectra. I~ t•ras assumed 

that this sffect is a6.d1tive in view of the 11nM,.rity observed 

for the aeries; [cr(:NH3>6] ,[ Cr(N1I3)5 (H2o>] , [cr(NH3)4(H20) 2) 

etc. 

IJ.'h1e theory deserves . careful consideration since 1t explaina 

the.· results obtained by t"lead, and ,as e.~Olvn above, it appears to 

be euppc.l"ted by some of the mensurements recordt}d in the present 

l.;ork. l•1ath1e u ( 73) has pointed out that 1 t is :fa.ll::tcious to think 

of the electronic and vibrational energy levels B*'oa.rRtely and he 

prefered to consider the energy of the system as R whole. Thie 
-

1a clear enough Hhen it is rccrlled that ·~h.e vibrational energy 

levels are me r ely s.dditional permi ssible positions for the 

electrons; sj,mi larly f or the rotational levels, n.lthough the 

effects of these are much smaller , Nevertheless, only a change 1n 

the funiament al eJ.e-ctron1c levels ca.n oause an appreciable s.h1:tt 

1n the position ot the cand system as a -vrhole; vibrat i onal 

ohanges can merely alter the numbers and positions of the banda 

in the system. 
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Anothei' point to bfl · coneide::"ed 1a ':-Thether c.r.lrmg1ng the 

coordinated groupe of a complex :Lon ce.n alter th·) fun.o.a..'llental 

t>lectronic energy levels, apart :~rom changes in v1brat1onr:tl 

c'.n<l rotational energy. An ans,·re:::- to tl11~ may oe possible from 

the folloi-r1ng considera t iona: 

Chromium compleAt ions exhib~.t an ~xtremely l3ms.ll bs.nr-:. in 

1;hej.r absorption spe~otra ln the l'eg1on batw~en 66() and 700 IDJl. 

'ihta b3.nd is juet v1s~.hle in somo of the spectra recorded 1n 

this W{\rk {e.g. Ftg. 14, Curve n;·. J ohn·a.on and r~h~ad (26) .hsve 

fl tt?.c.ied. t!1~ 1e bands or 11 characteristic bands11 as they termed 
. . . 

ti:Jem, and fOUnd "GhatD like thf.) larger absorption· peal~S, 't.bot;e Oat:.d s 

<:h2.ngs in posltiC\P -whGn t~1e ccwrdinated groups are changed. 

One explann:t1on for these minute banda is that they are dt:.e ·to 

trar.a1t1ona of tht~ coo:rdin-a:i:i1.on -E:leotrons, in a na.nner s1:r.l,1Eo'l.~ 

to that o:i:' t heJ larger maxima. 

t hat the 1
• chRraoter!etlo ban.ds11 s.re due to tranai tiona invol·v1ng 

elect:roons ot.he:t- than tt.e hyhri0_i~:cd al~Hl :;rone. 'l1h~ electronic 

eon:f1gurnt1o:l of Cr ...... is cona~.dtn·ed ~o be: 

OOC· 
OQG(.)Q 
0 

J:t in the tlT"ee tmpaired d electrons which, aoco:r·ding to 

Johnson and Mettd , g1ve rise to the "cha.racteriattc 'ba.nde". 

They also considered that these l::ende represent pure electronic 

t:ransi tions) not influenced by vibrational or rotationaJ c.hangefL 



Now cd•• has the configuration: 

000 
0000@ 
0 

This ion has no unpaired electrons ao that, if this theory is 

correct, n character3. a tic banda 11 should not be found in the 

corresponding cobC~.lt complexes. Johnson s.nd ~1ead found that 

cobalt complexes do not exhibit these bands, 1n confirmation of 

the theory~ 

It baa bsen mentioned that t .e positions of the 11 character1at1c 

bands" depend on the coordinated groupe. For example, the band 

1a at 669.5 m}l for the [cr(H2o>6r .. 1on and at 681+. 5 mp for the 

[c:r·(c2o4)en2J-> ion. This i s important in view of t!1e theory of 

the origin of these bs.nde because it indicates that the 

coordinated groupe cAn influence ·the energy levels of those 3d 

electrons uh1ch are not involved in bond formation. It 1a, 

therefore, not unre~.sonable to assume that the coordinated groupe 

can alter the energy levels of the el@otrons ~1hich form the bond e. 

In the case of the ver1ous series ot complex ions studied by 

Colmar and Schwartz, by Mead nnd by the a.uthor, it is unnecessary 

to postulate large changes in the electronic energy levela to 

account for the o.hnne;es in the absorption spectrlilo Moet :')f the 

spectra l-Thich have been published seem to be of thie type, How­

ever, for certain complexes, T3ry largs diaplaoem~nts 1n the 

maxima, on changing 'the coorc.innted groupr., have been1 reported. 
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For example, the visible maximum for [ Coen2Brel] is at about 560 mp 
,..,hile tha.t for (coen2(No

2
>2J is at about l!l~o mp- a difference 

of over 100 m}l ( 73) . In these cases it is lilcely that the 

coordinated groupe have a more profound influence on the electronic 

anergy levels than merely e.ltering the vibrational b~.nds. 

In genera.l
1 

therefore 1 it may be stated that the positions 

of the absorption !"laxima depend, firstly on the positions of the funda~ 

menUal electronio lev~ls snd secondly on vibrational changes to 
\. 

th~ee levels. The ex1atence of linear r~lP..tions· such as those 

fotmd by Colmar and Schwartz, cited above, may be taken as an 

indication that the coordinated groups influence only the 

vibrational banda. 

Attefl tion may now be directed to-tvards the question of the 

sign1floanc.e of the difference in heights betv.reen corresponding 

absorption peaks of the various complexes. ~n 1936 Mathieu (73) 

found that for the series; c13 [ Co{NH3)6] , 013 [ Coen2(NH3>2] , 

c13 [Co en
3
J , c13 [Co pn3] , where en and pn refer to ethylene 

diamine nnd propylened1a.m1ne respectively, the height of the 

maximum betueen 4oo and 500 1I1).l. increased a.s the molecular weights 

increased. Only very emall changes in the ~requenciea of the 

maxima occurred at the same time. The complrx ions all possess 

the same ohrrge, and Mathieu considared that all of the coordinated 

groups had approximately the same ohem1oal affinity. From thnae 

results he concluded that, other thinga being equal. a.n 1n~reaee 

in the moleoule.r ,.,eights of the coordinated groupe can cause an 

1ncreaee in the light absorption at R given maximum. 
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Since in general it is found that ~ change 1n the coordin~ 

e.ted groups TThich cause~ a frequency d1s-:")lacernent in one or 

more maximf!. Pl sn changP.s the he1rrhts of ~che mP.xirna, it is 

d ~sira.ble to consider vhether the Tibra.ti onal changes Hhich 

mny occur on subsititution are suffipient to account for these 

variations 1n height. Now for a e;iven frequencY, absorption 

only occurs if the difference in enprgy between vso perm1aeible 

energy levels is equal to the energy of the quanta of this 

frequenc:.r . An increase in absor~tion can only be brought r-bout 

by nn increa se 1n the number of pairs of levels having the 

right energy difference . Comple;~ chromium ions have at lea at 

t1velve electrons which can be re~rrded as taking pnrt in 

absorption in the visi ble and near ultra-Ti.olet . Thus it is 

evident thnt 8n enormous number of energy levels are possible 

and pr0bn.bly a large number of permissible tra.nsi tiona 1-rill 

corresnond to the sa~e energy val ue. It is imposa1hle t o pursue 

this problem further in vim.; of our present limi ... Ged k.novledga 
1 

but it 1s certain that changes in vibrational levels occurring 

on replacing co0rdinated grou~s nre capable of changing the 

heights aa well as the positions of the arsorpt1on peaks. 

It 1e convenient at this stage to n.ttempt to formulate. 

some general rules baaed on the investigations Hhioh have been 

revieHed n.bove: 

(t) Th~ A-bsorption S~)ectra of chromium(III ) and cobalt(III) 

complex ions in soluti on possess a number of peaka or maxima in 

the visible and near ultra-violet regions . 



(11) These peaks are due to tran~it1ons involving the 

h~br1d1sed electrons. 

(111) A large change in the positions of the pePks can 

ooot~ only if a group coordinated to the metal is replaced by 

another ~·hich is capable of nltering the fundamental frequencies 

due to electronic trnn~itions. 

(iv) In gener~l, changing the coordinated groupe merely 

causes small alterations to the he1~hta and positions or the 

peaks owin.g to alterations to the modes of vibration and 

rotation of the system. 

Rule (1v) can be amplified by two further rules which have 

been found to hold .. in r f-ew <~tit.&ee ( 73) ; 

(v) If 1n a given complex, a coordinated group is roplaced 

by another which .1e lees firmly coordinated, then the pos1t1ona 

of the maxtma are displaced towards the longer wavelengths . 

{vi) If a group is replaced by another with similar 

properties but le.rger molecular or ionic Height, then an 

increase in s.beorption occurs with very little shift 1n the 

t-lavelengths of the msxima. 

~o ret~~n to the spectra recorded in the present work. 

The first tt·:ro or the above rules are obviously 1n accord ~...ri th 

these curves since they all possess three maz1ma 1n the spectral 

range considered. Rule (111) does not Rpply because 1n all 

cases only very small shifts in the positions of the maxima 

were noted. Thus it may be concluded that the d1tferencea noted 
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amongst the spectra in this 't•ro:-k are all explicable in terms 

of the changes in the modes of vlbrRtion and rotation brought 

about by changing the coordinated groupe (Rule (iv) ) . 

~he differences between the spectra of the c1e and the trans 

forme of the d1oxalatod1aquochromiate ion (Fig. 12) a~e very 

noticeable . The same phenomenon has been observed qualitatively 

for other complexes, but ae far as ·is known, no actual absorption 

o~rvee have been published . It ha~ already been mentioned that 

the tlro isomers are : 

These Atructures aro sure to have different modes of ?ibration 

in v1el·T of the different positions of the aquo groupe, so that 

from Rule (1v) above , diff erent absorption spectra are to be 

expected . This 1e found in practice. 

The npplication of the empirical rules (v) and (v1j ie not 

possible in this case since there is no question of a single 

group be~ng replaced by another, but rather a complete rearrange­

ment of the groups. 
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In Chapter 5 the absorption curves of a number of closely 

relate~ complex ions are illustrated (Fig. 14). These complexes 

all possess the grouping Cr(c2o4>2 ~ their formulAe 'being: 

[ Cr( 0204) 2 ( H20) 2)-D1oXala tod1aquochromiEt te 

[cr(C204)2(H20)(0H~-- Dioxalatohydroxoaquochromiate 

[cr(C204)2(0H)2]== D1oxalatodihydroxochrom1ate 

OH 
~{C204)2Cr~OH;:cr(C204)2]= = (Olated Comp'lex) 

@r< 0204) 2< c2o4>r-- Tr1oxalatoohrom1ate 0 

The spectra or these complexes exh1b1t rather striking 

differences - espe1ally in the relative heights of the peaks -

and at first it was thought possible to apply Rule (v) above to 

this system . From this rule it would be expected that the most 

stable complexea would have their maxima nearest to the shorter 

wavelengths 4 This does not appear to be true, either at 

the visible or at the ultra-violet maximum, since there seems to 

be no relation between the stability ot the complexes and the 

relative positions of the peakso This does not mean that the 

rule is valueless, but 1t does imply that 1t 1s not applicable 

to comp.licated cases such as the above system. 

Rule (vl) is a.lso 1napplicnble since the coordinated 

groups do not have the same properties. 

Before lea.ving th1e system, it should be ment1one4 that the 

curve for the d1oxalatohydroxoa.quochrorn1ate h::l.e a much l'r1der 

peak 1n tho ultra-violet th~ the corresponding d1aquo complex, 
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~·rh1le the visible peak is displaced tot-rards the red. In Chapter 9 

Figo 46, it t.,ae seen that a similar relation exists between the 

hydroxo and aquo derivatives of the eulphato complex i.e. 

[cr(C204)2(S04)(H20)] __ _ 

and [ Cr( 0204)2 (SO~.) ( OH)) = = 

although the composition of the solutions was not known with 

such certn.1nty 1n this case. These similarities suggest that , 

for this system, the conversion of an aquo group to hydroxo has 

a mo~e or lese constant erreot on the shapes or the curves. 

It will be recalled that in Chapter S, Fig 33 the curves tor 

the malonatodioxalat o and tr1oxal atochromiates; 

[cr{C204)2(C3H204)1---

( Cr( C204_) 2 ( C204~- --

had maxima at about the same wavelengths. The curve tor the 

trioxalatochromiate is considerable higher than that tor the 

malonate derivative, even taking into account the fact that 

the malonnto solutions cont~1ned a small rumount of impurity. 

Not,r fr0m Rule {v1) above it would seem that. 1t we regard 

malonate and oxalate as h~ving approximately similar prope~ties v 

the curve for malonate should be hig~er than that for oxalate, 

since the former group has the higher molecular weight. The 

fact that this is not the case s~we,once aga1n,that the emp­

irical ruleA given above oennot be applied to more complicated 

systemso The reactions ot the other nibasic groupe investigated 

in Chapter S all caused the poaitione of the maxima to be shifted 
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slip;htly · tm·Tarde the red, For .the F-ame reason, the· exact 

e1gnif~.oance ot the~e displacements is not clear. 

In coneid.er1ng the question of C(l't'T'ela.tione bet\':een the 

positions and heights ot the absorption peaks and the properties 

ot the coordinated groupe, mention ehQuld be made of thl! tact 

that certain quantitative relations have been suggested in the 

paat (781. For the curves of chromium complexes, the moet 

euccee~ful has been that of Mead {40) which fits the curve tor 

potassi-um trioxalatochromiate extremely well between wavelengths 

500 and 650 mp, · that is, the second peako . The equation ie ot 

the form: 

t-rhere 1tm is the extinction coefficient at the wavelength 

ot maximum absorption A~ , 
k 1e the extinction coefficient at \'Javelength A and 

p is a parameter depending on the semi-width of the band. 

Further elaborations have been made by Mf.l.thieu (73) but 1t is 

difficult to see the value of such equation~ in view of the nature 

of these absorption spectra. 

In addition, Mead (40) used the frequency ehift ocourr1ng 

between "che maxima t-then one group is replaced by another to 

calculate the difference in energy involved. At first it was 

thought that this would provide a useful method for finding the 

energy involved when one coordinated group ie replaced by another 

and that th1e value could be comps.Y'ed ~11th the a.otivat1on energy 



obtained lt.inet ioall y o Hot.,evar, cone1dera.t1on sho1-1B that this 

is 1mpose1b~e . The position of the highest point of the abeorption 

peak has no real theoretical a1~n1f1cance and 1s dependent upon 

alterations in the modes of vibration of the system and not on 

the reaction energy or activation energy alone. This can readily 

be proved by considering a specific cae9 . For ex~mple 8 the 

reaction studi ed in Chapter 7: 

2.!!, d1oxElle.tod1aquoohrom1ate .,. oxalate ---? 

tr1oxalatochrom1ate + water. 

It has bean shown that a tentat1·ve value for the aot1V·a.t1on 

ener gy of thia , react1.on is 30,000 calories per mole. Now the 

difference between the highest points in the visible absorption 

peak for c1s d1oxnlatod1aquoohrom1ate and tr1oxalatoohromlate 13 _,.., 

9 m~ which corresponds to about g90 calories per moleo lt 1s 

apparent ths.t these energy valuee have little relat~on to each 

other even allowing for correot11,ne which may be necessary. If 

instead, ·the eh1tt in the wavelength tor the ultra- violet peak 

is considered, the result is even moz·e r1d1ouloua since this 

d1fferenee is only about 4 mp. I n fact, the wavelength d1f'teren~fJS 

between the corresponding maxima for the trans and cis forms of --
d1oxalatod1aquochrom1ate are acttmlly larger than tbe d1ffereno~a 

between those or the c1e isomer and the tr1oxalatochrom1ato . It -
haa been shovm in Ohaptere 4 and 7 that lees energy is involved 

in the conversion trom tranA to oie than for the reaction between 
--= 

the~ isomer ~nd oxatate, the activation energies being 17,600 

and 30,000 ca.ls per mole reepeot1.vely . 



Finally, it should be noted that Samuel and co-workers (79 ) 

have ehotJn that slight differences in absorption occur when a 

given complex ion is pre!~nt in solution v~th diff0rent katione 

(or anions) . For this reason only the potassium salts have 

been considered throughout th1s work and previous workers have 

usually restricted inveetigntione to potassium or sodium salts. 

To conclude: At the present time the absorption spectra of 

aqueous solution~ of chromium complexes are useful for invest­

igations on the stability o~ the ion~, for studving the ~rogrose 

of reactions involving oomplP.X 1ons · P. nd tor estimating quanti­

tatively the amounte present, but more fundamental data cannot 

be expected from the shapes of the curves or from the relative 

poeitione of the maxima. 

. -
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CONCLUSION -
In previous chapters a numbar· or specific topics hav$ been 

de8.1 t w1 th 'bn some detail~ together with the theoretical 

d1.ecueeion considered necessary for the exposition of ·che 

experiments. In conclusion, two a.epeots of this work as a 

whole may be coneideredo 

1 . The Sta~il~y ot Chrom!um Complex Io_ns in Aqueous Solutio~ 

The reeuJ ts obtained for the individual complex ions are 

summarised i n Table 21 below, in which the stability 1s 

i ndicated qual itatively tor o00921M solutions at room temp= 

erature (about 20°C)o Werner 0 e observations for the acetato­

dioxalatochrom1ate der1~at1ves (13 ) are included: 

TABLE 21 ---
Ion Stability Reeomere 

Trioxalatoch~omiate Quite stable in neutral, 
decomposes in acid solution 4-o 
to give oxalate and the 
dioxalatod1aquochrom1ate 

c1e D1oxal~to i'l1aquo 
- chr:,mia te 

Stable' above about pH 1 4 

tl"ane Di oxals.to- Converts to cis form in 
diaquo- about 3 hours- 4 

chrom1Ate 

cis Dioxalatohydroxo Olatee slowly at 20°C and - e.quochr omi·a te in about 2 hours at the 6 
boil 



Cia D1oxala:l;o- Decomposes rapidly t o 
--a1hydroxochrom1ate give o~late and other, 4 

unidentified ions 

Sulpha.tod1o::talato- Decomposes in about 20 
(70) aquochromiate (?) hours to g!f e sulphate 

and d1oxalatochrom1ate 

Malonatod1oxalato~ Ot the eame order of 
chromiate stability s.e the (40) 

~rloxalatochromiate 

Dioxalatoacotato- Quite unstable even 1n 
chrom1ates strong solution; ? 

(lierner { 13/ ) liberate acetic acid. 

It i~ apparent that the strength or the coord1nat1ve 

bonds involving a ~iven group depends on the oomplex to whioh 

the group is a.ttabhed. For example I the oxalate groupe are 

not readily discharged from the cis dioxalatodiaquoohrom1ate -
c.~~plex in dilute solution, but one o~ bo~h similar groups 

in the ~ia dioxalatod1hydroxoohrom~. te 1on are rapidly liberated -
in .eolutioae of the same concentration. This indicates that 

resultstlftd.UO)d ':.l'rom one system are not neoesaar1ly applicable 

-~~ ~-nother ey.~fGem, and -.. more important ..._ that 1n order to 

obtain a correct p1~tur~, the oomplex must be considered as 

a whole. 

Unfortunately, quantitativa data on bond strengths for 

.~omplicnted tJtomic eystems auch aa the complexes under diecueeion, 

cannot i.1o csJ .. cule.tod, even by the methods of uave mechanics. 

For o:rga.nic mol ecules, the ReAcnance Theory hae bsen of great 
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value in expla ining the etab~l1ty o~ a number of molecules. 

This quae1-qupnt1tat1ve method hae not been applied to chromium 

coor·d·1nat1on compoundR 9 as far as is known, and 1 t ie considered 

beyond the scope of this work to undertake a prolonged 

etm~,y ct' thi s . subject. Nevertheless, eeveral suggestions can 

be me~~. 

A d1oxala tod1aquoohromiate ion 1s capable of the following 

resonance s t ructures: 

Calculat i on shows that the tr1oxalatochrom1ate 1on has 

40 resornere, one of which may be wr1tteng 

0 - C·-0 -......... ...,.-0 - 0 - 0 
I Cr I 

O= C- 0 _.-/ \ -..._ 0 - C::O 
0 0 
I I 
c- c 
It I o o_ 

It is, therefore, prob~ble that these ions are 

resonance hybrids and this is suppo.rted by the 1'aot that 

they are highly d1eeoo1ated in aqueous eolution, indicating 



that the negative chargee are distributed over the ion ae a 

whole and not confined to particular atoms. 

In Table 21 above~ the number ot possible resonance struct­

ures for some of the complex 1one have been tabulated. It ia 

app~rant tbnt other factors have a mor~ important influence on 

the 3tab111ty ot these com~lexee than the number of resonance 

atructure~o (For example~ compare the stabilities of the 

dioxalatod1aquochro~1ate and the trioxalatochromiate with the 

number ot resomers). 

It appears that the stability of groupe a:ttaohed to a 

given complex und~r identical conditions depends upon two 

factors; (a) what may be ca.lled the 11 1nherent coord1nat1ve 

power11 of the group, which 1a due to 1 te electronic arrangement 

and (b) Rpat1al cons1der~t1ons4 

The latter does not play a very large part in the case ot 

monatomic or e1ngly c~ged groups like Cl- or OH- , but it ie 

-~r-r:l)f.l.bly the moet important s1ngle :t'a.otor in the caee of 

d1bae1o groupe such as oxalate, malonate1eto (gl)D Thus the 

reaeon. ,.,hy the oxalate group 1e more stable than most other 

groupR,1s because it 1e c~pable of forming a five-membered 

ring~ 

/ 000 
Cr .1 

' oco 
"Vrhich 1 e very etP.ble on aoco unt ot 1 t s sterio arrangement. It 

l'lltY ))e into;,··reu that the re~.eon ~1hy the malonate group Appears 
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to have more coordinative pol-rer than other d1carboxyl1c groupe, 

but less than the oxalate, 1s beca.uee it Cfl.n form a six-membered 

ring~ 

_..., 000 
Cr ;:: cH2 

' oco 
which 1s more stable .than higher rings, but not quite as stable 

as the r1~.g with five e.tomso 

It 1s to be noted that the ocetate group~ although 1t possesses 

a carboxyl, forme complexes with dioxalatochrom1ate which a~e 

not as a-table as those of the d1bas1c acidso According to the 

above a~gument, this 1s because acetate is incapable ~r forming 

such stable ringeo 

The question as to whether a carboxyl group oan coord­

inate to form a tour membered ring: 

cannot be regarded ae. settled. (See tor example the discussion 

by S1dgw1Ql(g2) ) • However, it this does ooour 1t must be very 

much lees stable than the five-membered or six-membered rings 

for the anionic d1oxalatochrom1ate system. 

The aquo and hydrox~ ~oups occupy a unique position 1q 

chromium coordination chem~st~Yo There is ample evidence that 

the hydroxo group is the most firmly held ot all the coordinated 

groups, even oxalate being displaced by excess alkali . On the 

other hand, the aquo group -is one of the we~kest as regards 



coordinating pO'tfer. Thus, to displace a hydroxo group, it 

must first be converted, by means of acid, to an aquo group 

t.,hich can then be eubst1 tuted directly 0 When olnt1on occurs, 

even this may not be readily aocompl1ehed, because the hydroxo 

group i~ not directly t1 tratable Hith acid, in this CaSeo 

2. The Importance ot the Physical Methode Used 

It 1a tteetul to diseuse th~ value ot the combined physical 

methods adopted throughout this wor~. Jt m~et be emphasised 

that, although spectrophotometry was considered the most 

important method employed, very little could have been achieved 

without the oont1rm~tpry evidence provided by ~e potentiometric 

measurements. This is well illustrated by the investigation of 

the conversion from trans to cis dioxalatod1aquoohrom1ate -
described in Chapter 4. The spectrophotometric measurements 

showed that the comp~ex changed 1te light ~oaorbt1on properties 

by a first order mechanism in solution; while the constancy of 

the. pH readings dur~ng this change showed that this change wae 

not just a step in a type of olation. 

But perhaps the advantages of the combined speotrophoto• 

metria and potentiometric measurements are beet exemplified 

by the study of tbe ~ulphatodioxalato complexes described in 

Chapter 9; eepec1~lly in view of the tact that a. well-tried 

method -the benzidine method f or sulphate -gave anomalous 

results in this case. The potentiometric curves indicated 



th.e presence of a single titrate.ble aquo group in the complex. 

This evidence could not h~ve been t?ken alone P.ince the complex 

might have undergone decomposition during the titration. How~ 

~var, the spectrophotometric measurements ehowed that the 

addition of allta.li during titration changed the shape or the 

absorption curve and e1m1lar chan~ee ~ad been shown to occur 

when aquo groupe are titrated with alkali (Cf Chapter 5 ). 

It 1e obvious from the discussions in thie thes~s that 

much rema1ne to b~ dope in the study or chromium coordination 

c~mistry, even in the very ema.ll 1'1eld whioh has been dealt 

l-11th. Several of. the top1ce 1nvee"cigated roqu1re further 

study, for example, the ooordinative properties ot the d1-

car'boxyl1c eoide (Chapter S) and the problems connected with 

ulation ( Chapter 5 ). It is also considered that much 

valuable 1ntor@at1on would be obtained by the application ot 

the spectrophotometric and potent1omet~1c methode, developed 

here,to systems other than tpe d1oxalatochrom1ate complexes. 

~ .. -- --
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APPENDIX 

In this Appendix~ the following symbols are usod ~ 
' 

D ~optical Density 

X=-i'la.velenR;th in m11l i m1orons 

In !JJable A 1 the sli:t '"'idtha recorded . a.. ·e the ea.me aR . 
t.Goea used thX>ougi1out the 1·eat of the wo~•,k .. 

· S . \"1.-Slit vll.dth in r.111).1m4tres. 

TABLE A 1 . 
Tbe absorption Curve " f potasaiwn tr1oxala.~; o l}hr;:>m1ate 111. v '3092r 1 

solution - Fig, ·2 9 Ci..n·ve· A 
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T.klS~E A 2 

Potassi um Ohx:'ome alum, .00921M eolut:\.on, Fig. 2, Curve B. 

The curve below 300 mp hae not l)een plott&d in thi1; figure. 

- . 
I }. ~ ~ 0 ~ 0 )'\ 0 

74o .oo4 570 .129 470 .047 370 .OS1 
730 .005 565 .12S 465 o055 365 .069 
720 .007 560 . 126 460 .063 360 .059 
710 .008 555 .l21 455 .072 355 .0~4 700 . 009 550 .115 450 .OS2 350 .o g 

690 . 013 545 .log 445 .092 345 .o46 
6go · .017 540 .100 440 .105 340 .. o1t·7 
675 .o2o 535 .093 435 .117 335 .o4S 6lo .025 5~0 .og6 430 .140 3~0 4o4g 
6 0 .o2g 5 5 .07 425 .1 3 . 3 5 .050 

6~0 .038 520 .067 419 .153 320 .055 6 0 .0~1 515 .061 417 .155 315 .065 630 .o 5 510 .05 415 .1~6 310 .067 620 .080 505 .0~1 413 .1 ~ 305 .075 610 .096 500 .o 7 410 .16 ~00 .OSl 

6oo 90 .100 .110 .495 .o47 405 .159 280 .124 590 .122 490 .043 4oo .1~5 2l0 .145 
5S5 .125 4g5 .042 395 .1 l 2 0 ·T 580 .12S It go .042 390 .l~ 2~0 .1 7 575 .128 475 .045 3S5 .1 4 2 0 .2 1 

380 .110 230 .447 
375 .096 220 1.30 

TABLE A J 
The k1net1oe of ·the trans-~ conversion. Figs 6 and 1. 

In this tnl'le 1 log = log10(Dc - D) 
. 

and t = time in minutes. 

For this experiment the slit "t-ridth used t-ras .07 mm. 



( l) 

tl' emp • 3ZL 5° C 

pone. ., 00921M 

De~ .609 

=192-

(2) 

Temp. 32.9°0 

Cone . . 0092Ul 

De =- .610 

-.490 
-.535 
-.622 
·- . 725 
-.SlS 
-.925 
-l.c44 

-1.168 
-1.30 

(3) 

. 540 

. 569 
0 592 
, 601 
.610 
.611 
.611 
.611 

( 6) 
Tamp. 20 .3°0 
Cone . • 0092l~i i 
~ •• _._._....,., ..,1 rj 

19 . 293 - . L$4 
24.5 .331 -.5) t 
33 .~67 ~ - -59~ 
t~o . 5 . r~oo 

1

... . 6 5b 
44.5 .431 - .721 
75 . 49f3 - 910 
86 a 5 . 520 I ·- . ::57 
97 r-;39 _., r.~·,, st. 5 : 5Gs ... · .,. __ 
97 . 5.S3 
1 H1 . 612 
145 0 612 
265 . 612 
295 . G:p? - ------~--------· ----··- ··--· 

I 

-----------------h~----------------1--------------~ 
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~~--~--~~---~------~~-·----~~~~--~~~~------~ 
(g) 

Temp . 27.0°0 (9) 
Temp . 27 . 0°0 Temp. 

~one. . 0092lr4 Co no . .. 00549r·1 Co no o o 00702!4 

t D 

. 512 

.• 568 
10 · ?95 
14. 5 . o09 
20 . 610 
26 0 610 3a . 6lo 
4o • 610 
6o • 610 
112 .610 
14-2 9610 
183 .610 
22~ . 610 
350 ' 610 
420 . 612 

Do ~ . 610 

t 
~· 

t 

uc ::: 

D 

:i~~ 
•. 229 
·• 253 
.271 
.315 

.. 336 
-351 
-374 
-374 
-374 
-374 
.374-

(10) 
Temp. 27o0°C 
Oono., .00702M 

t D 

1~ . 75 . 219 
11 . 273 
17 . 323 
27 . ~83 t.. . +12 

. +3 ,11-41 
54- . 2 . 471 
70 . 521 
100 . 526 
1;o . 530 
150 . 5~~0 
170 . 5~9 
lgO . 531 
205 . .531 
223 . 531 
230 . ~~l 

· log 

-.so6 
~.sss 
-.6g2 
~ .. 530 
-.925 
-l.o46 
-1. 2F2 

log 

-.660 
-.6g2 
- . S39 
=r 917 
-.9S7 
-1.229 
-1.420 

t 

7 . 75 
lJ. l5 
19.5 
28.25 

u 
g7 
135 
148 
160 
1&> 
190 
205 

(De = 

t I 

1). 5 
llS.75 
23 

~~-5 
39.25 
44o25 
66 
76 
90 
110 
12'1 
130 
150 
170 
175 
1.90 

Do ~ 

D 

.210 

.261 

.287 

.327 

.31l-S 

.368 
• 386 
.430 
. 4~1 
.453 
.464 
.471 . 
.4so 
.480 
, lJ-79 
.479 
.41.2_ 

(11) 0 
Temp. 27.0 C 
Cone. • 0 157111 

D log 

-.207 
-.287 
- .. 365 
-.486 
-.602 
--752 
-.~96 
-1~244 

log 

-.570 
-.662 
-.717 
-.791 
- .g83 
-. 955 
-lo032 
-1.309 

.. 



TABLE A ).J. 

Potaee1um ~ d1oxalatod1aquochrom1ate, F1go 12, Curve B. 

~ 

J 
...,... D }.. D }.. D A D -740 .ooa 545 o44] 4-l9 .,615 305 1.00 

730 .00 540 .424 417 . 619 300 1.3 
720 .oo6 535 : j~;{ 415 .620 
710 .oos 5~0 413 . 618 
700 ,013 5 5 . 332 410 .611 

690 .025 520 .297 405 .~3 
680 .032 515 .266 4oo <~40 
675 . o~ 510 .234 395 0 0 
6~0 .o 505 . 20£ 390 .421 
6 0 .o6o 500 .18 3S5 .355 

6~0 .o56 495 o1~g 380 .290 
6 0 .117 490 .. 1 6 375 .230 
6~0 .155 485 .142 370 . 176 
6 0 2oo · 4So . 143 365 .131 . , 
610 . 269 '+75 .153 360 .095 

6oo .329 lqo .173 355 .071t-
590 · ~g3 465 .203 3~0 .0~7 
585 • 11 46o .,237 345 .o 8 
580 .435 '+55 .2go 3 a .047 
575 ,1+52 450 ,)27 335 .057 

570 .ll-67 '+45 ·ass 330 .og~ 
565 .475 440 • 40 325 .15 
560 • l+?fS 435 .4~S 320 .270 
555 .475 lt-30 • 5 6 315 .446 
550 .4Go . lt25 .,590 310 .6S~ 
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TABLE A 5 

Potase.tum trans d1oxe.la.tod1aquochrom1ate, Fig. 12/) Curv~ C. --
')\ D ~ D ~ D }\ D 

740 .029 590 0192 4-70 . 0137 355 .114 
730 .030 580 0213 460 .155 3~0 . 095 
720 .03l 570 .2~2 ~ .1~2 345 .089 
710 ,033 565 .2 1 0 2 ~1 3 0 .oss 
?oo I ._o35_ 560 Q 21+7 '+35 .271 335 .093 

690 .o43 555 .254- 430 .296 330 .101+ 
680 .047 5~0 .2g8 425 .31~ 325 .135 
67_0 .051 .2 2 420 3~ . 320 .210 
6Go ~053 §46 .262 41.~ :3 ~ 315 0~30 
650 o070 530 .253 410 .. 34 310 . 95 

64-o .OS5 520 .232 4oo .~21 305 • 7lto 
630 cl02 510 .205 390 0 ~g 300 1.075 
620 . 12") ~00 .17i1 350 .2 9 
610 • 1L~7 oo .153 3~0 .lg8 
6oo ~170 ~0 .137 3 0 .133 

·--
TABLE A 6 
wa:s:wrm; 

PotaeeLum oie dioxalstohydroxoaquod1oxa1atoohrom1ate, 
~ -

Fig. 14, 0.urve C. 

~ D X p X D }.. D 

)+18 
.... 

7ltO .015 590 490 .267 4oo 0 565 
730 o022 5S5 )t24 4g5 .295 395 • 5'+1 
720 ~030 580 . 1~27 lt8o . 325 390 .~1 
710 .0~7 575 ~ 427 470 ·~93 380 0 7 
700 .o 2 570• .14-22 '+Go , 55 370 .2B3 

690 ~079 565 . l+llti" 4-Ro . 504- 365 .227 
6£10 o092 

I' .402 41-5 0 525 360 o1g3 5o0 
6lo .121 555 .384- 4lt.o .541 355 .1~3 
6 0 ,157 5~0 • 16>+ 435 0 559 3~0 .1 ~ 650 .194 5 5 .)lt-5 430 .570 3 5 016 

6lt-o .. 237 5t~o "321 425 .581 3l\{) .215 
630 .277 535 .299 420 .5SS 335 . 298 
620 . ~27 530 '::J?- It ., ct ,..,._ ... 

350 . 433 
0 -· ( 

-rJ.-\.:1 . -:;;;v 
610 .361 520 .240 4-16 .590 325 0 632 
605 . ~161 1;1() ':)~,.., h'?h ,.,_,., 

j2o .900 ;- .... -- o--...., ,..,....,. o"JO'J 
6oo ·497 ~-9-~ .227 4-l.O . 5SS 316 1.15 
595 • oeJ .243 ~ 1+()5 r::;7~- 7,1~·- . . 1. 30 0 ,) ! ~ 



TABLE A 1 

Potnee1u~ £!! d1oxalatod1hydoxochrorn1ate, Fig. 14, Curve D. 

~ D A D )\ D " D 

740 .043 585 · 374 ~60 ·~80 390 .780 
730 . 061 580 .373 455 . 4o 3fS5 .66o 
720 .070 575 .36g 4~0 .498 3S0 . tl-1 
710 .ose 570 .36~ 4 5 :~4~ 375 . 39 
700 .lOEl 565 . 35 440 370 -351 

690 .1211 560 .345 435 .473 ;6o .265 
6so . 143 555 0 331 430 c82Q 3~0 .308 
670 .178 §~ .315 425 ,918 31 5 .358 
66o .2og .273 420 .9£57 34-0 ·'!0 650 .240 530 . 232 415 1.003 335 .7 5 

6~0 .302 520 . 194 415 1. . 025 3~0 o990 
6 0 .328 510 . 172 413 1.040 3 7 1.17 
610 .34g ~00 6164 41o o 1.040 325 1.32 
6oo . 363 90 0182 405 l.020 322 1.55 
595 ·371 480 . 227 4oo .9SO 
590 . 373 470 .297 395 .880 

TABLE AS 

01ated complex, .07% cr2o3 solution, Fig~ 14p Curve E. 

A D ~ D .A D A D 

74o .018 5fSO .!.~94 44o .530 355 .:}.15 
720 .023 575 .502 435 . 587 3~0 .127 
710 .030 5l0 .504 lJ.-30 0628 .155 345 700 .035 5 5 .~01 425 .6~8 ° 3 0 .203 
690 .04-7 550 0 50 4-22 .6 5 335 0 .?So 
Ggo .056 51+0 ~39rt 4·20 .670 330 .42g 670 o074 530 0 ~2 ~ 418 .670 325 .64 
660 0 103 . 520 0 52 415 .662 320 .990 650 .. 133 510 .195 l+lo .642 3lg lol5 640 Dl73 500 ol55 4o5 . 607 

630 ~221 490 ollt-3 ltoo ·R53 620 .281S 4£10 .155 390 . 25 
610 .~49 470 .203. 3g0 .29~ Goo . 12 46o 028~ 3zo . lg 
590 .454 450 .407 3 0 .123 
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TABLE A 9 

Formation of trioxalatochromltate, Series 1 and 5, Table 11, 

Fig. lS, Curves III and LV. 

~ 1 5 ~ 1 5 "' 
1 5 

740 .002 . ooo 590 .462 •t52 505 o20S .215 
7-;j() .oo4. .oot 5SO .• 516 0 12 500 o 1S5 .1S7 
720 ooo6 .oo 575 .5~5 .62e; 1~95 .162 .165 
710 .oog .009 570 • 5 g .645 490 .151 .1~5 
700 .017 .019 565 . 555 .647 lteo .151 .1 0 

690 .. 030 .031 560 .5~2 .632 475 .16~ .173 
6go .045 .033 555 .5 1 .615 470 .lS .197 
6lo .0 7 .057 ~~ . 552 0 592 46o .270 ·ao6 
6 0 .074 .086 -~0 .561 4~() .3S4 0 52 
650 .104- .121 51+0 . 66 . 51S 4 0 . 525 .620 

64o .14s .170 535 .432 .475 l~35 :~4~ .,693 
6~o .19 .233 530 0 397 .433 430 -75) 
6 0 .257 ~ 313 520 .}15 Q337 425 ,690 .sao 
610 • 327 · 497 510 .243 . 253 li-19 o712 .g16 
6oo .39g 0 73 510 .243 .253 l~l5 .713 .S12 

413 .711 .sos 395 o~g . 599 365 .124 1{0 
~95 ~ 53g 0 599 390 . 5 0 512 360 .107 . 14 

10 .695 .7~0 3g0 .319 ~345 3~0 .076 .OS7 
405 .660 o7 5 375 .249 .26S 3 5 .075 o097 
4oo .607 .679 370 .193 .205 3l+O 0 092 : 0 1 i5 

335 0 1 ~4 ;• . 2 5 
330 .2 1.377 
325 ... ~~~~- .:.~:.J 



TABLE A 10 ·--
The lt1netics of the reaction be/lii:7SGn oxalate flnc'l cis d~.oxe.lato~ 

cU.a.quochrOI'lia te. • l''igfl 26 to 30. 

w~.ve length 4-20 mp. 
Sltt u1dth . 05 rnm 

,,_~ 

2 

• ,~P.:a . • 2.23 

J 
w••~ 

t D 

~ 

\fp ~ .. :?o2 

r 

l!. 02 
l~o 39 
'1-. 70 
5o03 
5 .. 4_cz 
5. 4 
5.71 
~5. 99 

t D r 

t 

I 
0 
75 
110 
161 
153 

' ·' 210 
218 
zts 

-r--.. . ' ~-I 0 lj. < 0~? 

75 • 570 1+. 77 
112 . 5S1 5. en 
162 '597 5. 1~ 
leil~ 601 r- ~-... . ;.9:: 
212 .611 5o 2 
239 .619 f.}~;?.l 
2~0 .625 6.,4-5 

I 
t 
~ 

J 

D r 

~ ~-.0? Ji.o 65 
• 577 J 4o 93 
. 591 5.29 ' ~ 
. 51)( ::;>.lft> 
.605 5, Tl 
.611 l=) 9'") 

"' • c;. 

. 619 6 . 21 
.......,. 

-
t a time in minutes 
r ... 1/(Dt - D) 

~i --, 
fu, .302 ~ 

t ~~·?J:: ::=~J 
. o T. 531 4. oz 
73 ' 0 575 lf.. ~tS 
113 . . 581 5. 03 
163 0 599 5. 5;. - ,, -- .. ,. ·- - ....... 
~C>? .UUt'> ')ci";; 
213 .613 ~.99 
24-c .621 ,29 
2g1 .62S 6.58 

Dd .531 

Dt . 7g0 

---.l 
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_, 

1 2 3 

\fil ~ ~ 177 {ji :1.223 -Jji ~ . 258 

t D r t D r t D r 

0 .531 4.02 0 .531 4.02 0 0 531 4.,02 
56 .55~ lt.,4o 59 • 557 4.48 61 0 55g 4.50 
101 . 56 4.68 i~g . 565 4.67 105 0 576 4.91 
148 .57g 4 . 96 .5g5 5.1~ 152 . 590 5.26 
1S2 .586 5.15 .lSl+ .~92 5,3 184 . 597 5.4-6 
239 .59~ 5.50 240 . 05 5.71 242 .610 s.ss 
319 .612 5. 95 320 .620 6.25 323 .622 6.33 

-
4 5 6 

J}A ~.302 .Jji~ -31+2 {'fl ~ . 399 

t D r t D r t D r -
0 .531 I 1J. .o2 0 . 't1 1~. 02' 0 ·5~1 4. 02 
62 .55~ 4~5~ 63 0 5 5 4.65 67 . 5 6 4.68 
106 . 57 4-. IS 112 .5SO 5.01 108 . 586 5.lg 
153 0 589 5. 24 154 .592 5.32 15~ ,597 5. 4 
192 6o2 ~. 62 193 .606 5.75 19 .610 5.SS 
306 .626 6.49 242 .614 6.02 239 .618 6.17 
346 .62:_) 6.62 306 .630 6.67 310 .6~5 6.96 

341 .632 6.76 339 .6 1 7.19 
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1 2 3 

~ lT' . ( ~}i .223 6 .25g 

t D r t D r t D r 

0 -5~1 4-.02 0 q5~1 4 . 02 0 .531 It.02 
61 . 5 2 4-.20 62 . 5 g 4.31 64 ! 0 550 4.~5 
lOg • 559 4o53 109 . 561 4.57 11~ I .564 4-6 3 
166 .. 571 4,79 166 . 576 4.91 168 I .579 4.9S 
220 . 582 5.06 220 .sss 5.21 222 ·~91 5.29 
2so .595 5~4-1 2SO 0 595 5.,50 2~2 . • Ol 5.59 
310 .600 5 . ~6 332 .6os 5.81 334 .610 5o8tJ 
342 .6o4 5. g 379 .613 5.,99 3g0 . 6lS 6ol7 
379 . 610 5. 58 

ip 
4 w 5 : ~ 

6 
. 302 .342 3399 

t D r t D r 1: D r 
0 ·531 4.02 I)· .531 1+.02 0 ·5gl 1to02 
65 . 5~3 4, 40 6S .557 4.,1J.g 74 0 5 l ~ .. 57 · 
113 .569 4. 7lt lllt- o57l 4.79 " 116 o57S 4(196 
170 .5S5 5.1~ 171 .~$ 5.21 17~- og9g 5o 50 
223 . g96 5,4- 224 ()~99 5~5g 22 0 09 ~:~~ 285 0 08 ~ q g1 2~6 v 10 5.,g. 2g(5 .620 
33.6 .616 ~ ol+ 30S 0613 5 .. 99 309 "626 6oh.-S 
3fll .623 6. 37 3~1 Q620 6.~ 342 p6~ 6.71 

3f12 .. 627 6. _, 3gq. 06 7 .. 14 . 
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1 2 3 v? . "177 . ~ .223 ~ .258 

t- D 1'' t D r t D r 

0 .~1 lJ-a02 0 ·5~1 4o02 0 ·531 4.02 
37 0 ) 4.15 58 . 5 0 ll-. 15 107 . 554 4n4g 
103 . ·561 4-.§7 106 

0 5~2 4og9 161 0 566 406 
157 0 5 0 4. ~ 159 . 5 ~ 40 1 21S . 574 4.g6 
215 . 569 4.74 21~ 0 57- tt-oS1 266 . 584 5.05 
262 . 577 4 . 9~ 26 ss·" 5.03 335 0 59 5.37 . . .... 
332 o5S9 5.2 333 . 592 5.~2 375 .600 5.56 
474 -592 5 .~ 375 • 597 5. 6 

03 '596 5. 

4 
"p 

5 
~ 

6 
If .302 .342 .399 

t D r t D r t D r 

0 ·531 1+,02 0 ~5~1 4.02 0 .5~ 4.02 
11~ -5~7 4.,4S 40 0 5 0 4.15 36 ·5 4.15 
16 0 5 9 4.74 10~ . 560 1~. 5~ 110 . 565 4.65 
2lS . 579 1+ .. 9S 16 '572 4.8 164- . 577 4.93 
266 .sss 5.21 220 0 586 5.15 219 . 591 5.29 
337 . 599 5.53 260 0 593 5.35 267 . 599 5.53 

33S .509 5.85 



-~ --- -
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l 2 3 

{1l .177 ~jl .223 ~ .,25fl 

! 
t i D r t D r t D r 

0 ! 0 531 4-o02 0 t 0 5~1 4-o02 ·0' p 531 4.02 
155 .5511- 4.43 112 . 5 ~ 4.26 '154 ·559 4.53 
222 .565 4.65 155 ~55 4 .. 42 22 

0 571 4-.51 
276 .573 4 .. St 220 .560 4.55 2S3 . 5S 5.0~ 
32S . 578 4.9 276 .569 4.7, ~20 .556 5.1 
~57 . 585 5. 1~ 329 . 57S ~- . 9 35 .605 5.70 

44 . 597 5o~· 

I 
4 5· 6 

w .302 fji o31J.2 ..Jp ·399 

t D r t D r t D l" 

0 .531 4-.02 0 0 531 4.02 0 o5)l 4.02 
85 . 5~2 lt-ogS 102 .5~2 4.g9 96 -554 4.4~ 
153 .5 3 4-. 1 160 0 5 6 4, g ~62 .568 4 . 7 
219 . 575 4.S7 225 . 577 4.9·3 219 • 582 5.06 
270 • 5Sf 5.07 2S2 .587 5. 1S 26~ o5e9 5.24 
331 0 59 5.2S ~32 ,,598 5o44 29i 0 595 5.47 

50 .610 5.Sg 3g .607 5o6S 
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TABLE A ll 

The kinetics of t he oxalate- d10X1.!.latod1aquochrt!>m1ate reaction . 

Figs 26 to 30. 

l 
2 

~ 

l 
2 

~ 
5 
6 

IJ'i 
o177 
.223 
. 258 
.302 

.177 

.223 
~ 25~ 
-302 
,342 
,399 

{]! 
. 177 
. 223 
. 25S 
.302 
.34-2 
.399 

slope 

.0011£ 

.00S3 

.oog93 

.00937 

slope 

. 00646 
,00702 
,00757 
.ooS25 
~ 00863 
o00922 

slope 

, 00497 
, 00~5 ,00 l 
.oo gg 
,006~ 
,0079 

k log10k 

4 ,12 X 10~ -2.39 
4.41 II - 2.36 
4. 72 II -2. 33 
4. 95 II - 2. 31 

k log k 

2,63 x 10--' -2 ,·5S 
2,83 II .-2_, 55 
3,00 n ~2.~3 
3,~7 II .. 2. 7 
l' 2 

It -2.44 
.20 II -2.3g 
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"il elope k log k. 

1 .177 .00352 1. g6 x lo- 3 -2.73 
2 .22J . oo~S4 2.03 n -2.69 

4 o25S .00 11 2 .. 17 II -2.66 
.302 • ool~5Q 2.g8 " -2 . 62 

~ .342 . 00506 2. 7 tt -2.57 
.399 . 005S5 ).09 " -2.51 

"P slope k ~og k 

l 0177 . 00256 1. 35 x lo- > -2.~>7 
2 .22~ . 002~ 1 . 56 II -2 .. gl 

~ .25 . 003 . loS4 11 -2.74 
. 302 . OO~gg 2 .05 II -2.69 

~ .342 . 00 15 2. 19 II -2.66 
.399 .. oo46o 2.43 II -2.61 

. 



~ {) ~ 

720 . ~005 :;6o 
700 ,01~ ~~ 690 .03 
6So . Oifl ~g 670 .o 1·7 

66o .076 510 

~~ .111 ~00 
.15~ 95 

6~0 .21 490 
6 0 . 304 4g5 

610 · ~g9 490 
6oo 0 70 4~0 ,,0 .l4S 4 0 
sao . os tt~ 57"5 .625 
570 .631 435 
565 .631 '+30 

700 .019 575 
690 .033 570 
6So .0"'1 565 
670 .0~4 560 

· 66o .,07 555 

6~0 .107 §~ 6 0 .15~ 
6~0 .21 5~0 
6 0 .306 

§2g 610 .395 

6oo .493 515 
595 .52S 510 
590 .570 505 
585 .606 ~~ 580 .6JO 
575 C. r f) 

.. \.I .I 
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TABLE A 12 

Malonate equtmolar 
Fig. 33 Curve C 

\) ~ \) 

.621 lt-25 .72S 
·~16 420 .741 
. 92 415 .740 
.1+07 410 ·l1g 
.30lJ. 405 . 79 

.221 400 .61S 

.159 395 ·~7 

.1~7 390 . 70 

.l 9 3S5 . 393 

.129 3g0 .317 

.135 375 .241 
,.lll 3~0 .181 
.2 g 365 .131 
.405 3 0 .09 
. 561 355 . 067 
.6]0 3~0 .061 
.6~5 3 5 "o62 

~ABLE A 13 

Malonate Excess 1 
- ... . .. 

.649 
.. 

49o .123 
.659 4g5 .123 
. 660 480 .,127 
.,61tg 4lo .15S 
.• 630 4 0 .253 

.6oo 4~0 -3~ 
·~lg 4 0 : ~12 0 20 435 
,35~ 4-30 .670 
b 31 425 . 706 

.,265 420 .725 

.23~ Ll-15 .723 

.lS 410 ·lao .156 405 0 70 

.135 4oo .607 

-. 

-
~ 0 

34o .o64 
335 .129 
3~0 .225 
3 5 :g~! 320 

315 
305 

1 ,00 

3;~e .46a 
3S5 0 39 
3S0 . ~14 
375 0 . lJ.g 
370 .174-

365 .134-
360 .097 
355 .o6S 
3~0 .o6i 
3 5 .o6S 

34-0 .071 
335 .104-
330 .1~3 
325 .2 5 
320 .. 4-95 
"1.1 (:; .. 770 / -J 

300 2.0 



~ 1) ~ 

700 :o15 570 
690 ~035 565 
6130 .032 560 
670 .050 555 
66o .080 550 

~~ .109 ;4o 
.155 530 

630 9 21S 520 
620 .309 510 
610 o39S 505 

6oo .490 ~00 
590 ·~7L 495 5S5 . 09 90 
;so .637 4g5 
575 .656 4fSO 

"' ~ ~ 

720 ~01 5~0 
7_00 :o2~ 565 
690 07 50 
6&) :Qt1'g §~ 670 .057 
660 .oe.9 530 

~~ ,ll9 520 
.165 510 

630 . 230 ~~ 620 .316 

610 . 402 490 
6oo .490 4go 
590 .570 lt-70 
sgo .626 460 
575 .642 450 

TABLE A 14 

Malonate Exceee 2 
Fig. 33J Curve D 

'D )\ t) 

. 665 470 .165 
966g 46o. 2~6 0 ., 

.. 657 ~ -395 

.632 ·~51 .6og 435 . 19 

.~22 4~0 .671 
0 22 4 5 .715 
.~21 420 .732 
0 32 !J-15 .733 
.. 193 410 .711 

.164 405 .671 

.140 400 .616 

.130 390 .479 . 

.129 3go .327 

.132 370 .. 197 

TABLE .fo. ,.1.5. 

Malonatod1oxalato solid 
.07% Or20~ solution 
Fig. 33 c:ur~e E 

') \ \) 

.650 440 :~4~ .650 4-35 

.63g 4~0 .700 

. 591 4 5 .745 

.503 420 . 76S . 

)+10 415 .765 
.310 410 .7~ 
.225 4o5 .710 
.163 4oO .654 
.140 390 -530 

.130 3g5 )-!-59 

.135 3S0 .3S7 

.172 375 .321 
.240 370 .266 
. 10 365 .307 

~ b 
365 .144 
360 .109 
355 •. OS'. 
3~0 .o69 
3 5 .o67 

340 .oso 
335 .114 
3~0 US4 
3 5 .314 
320 .. 515 

315 .790 
310 1 .. 30 
305 J... 

~ ~ 
360 .165 
355 .130 . 
3~0 .117 ~ 

5~ .110 
.123 

335 .163 I 
330 .'347 : 
325 .4oo 
320 .64o 
315 .970 

310 l)K> 
305 ck 



~- D ~ 

720 :oos 570 
700 ~015 5~5 . 690 ~02g 5 0 
6go ~~2 ~~ 670 • .6 

66o . 071 530 

~~ .097 520 
~131 510 

6~0 .ltJ3 -~~ 6 0 .,2lq 

610 ~314 490 
6oo cft7S 4So 
590 .. ~3.7 '+go 5g0 .4~0 4o 
575 .493 450 

"' D ~ 

700 .030 565 
690 .. olt.5 560 
6so .052 5~0 
670 o070 5 0 
660 . 1()0 530 

~~ .131 520 
.177 510 

630 .229 ~00 620 • 300 95 
610 ~365 1+90 

Goo .4-11-1 ~5 
590 .1+9 4-So 
585 .530 4-~0 
575 ~ 53B 4 0 
570 • 5r1.1 450 

-
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TABLE A 16 

Suoo1nate Equ1molar 

Fig. 35, Curve C 

D "' D 

-.500 q.t~o .. 490 
.~l 4-35 .. 551 
0 g7 4~0 .599 
~14.63 4 5 .6~1 
)J.lO 1+20 . 6 9 

.. 31+3 415 .649 
Q270 . 410 .631 
.203 405 .. 6oo 
.15~ 400 .. ~50 ..,13 . 390 .. 22 

~ 12i 3S0 .311 
l ~4. 375 . 221 

" " . .·163 .170 3~0 
.. 2t~ 365 .12~ 
0 3 3 3 0 . 09 

.... lb~ ..... ~ 

TAB]:~E-~ 11 
Succinate Exoeea 1 

D ~ D 

.537 44o .532 
n ~27 1+35 a 5S7 
.. S1 430 . 628 
.420 425 .. 655 
0 3l~g 420 .672 

. 271 1+15 . 671 

.,210 410 c65l 

.165 405 .613 

.15~ 4oo : ~~~ o15 390 

~156 3~0 :~~ .157 375 
0210 3l0 .194 
.299 365 ol55 
.407 3 0 .127 

~ D 

355 .. 067 
3~0 .065 
3 5 .069 
340 ~Q~2 
335 .1 3 

330 . 240 
325 .,4o9 
320 0660 
315 1.,03 
310 1 .. 45 

305 ~; 

~ D ........ 
355 .113 
3~0 .117 
31+5 .128 
3 0 .158 
335 . 216 

330 ., 325 
325 . 503 
320 .770 
316 . 1.05 
310 1.6 

.. -



TABLE A 1g 

Succinate Excess 2 

~ J) ~ D ~ , . D }\ D 

720 ~020 565 .546 435 ·gg7 355 .114 
~00 ~O?t1 560 ·~J3 l+~o . 22 3~0 .121 
90 oO l-S ~0 . gg 4 5 .652 345 .1~2 

6go ? 0~~ o, .421 420 .666 3 0 .l 6 
670 .07 5~0 .~44 1~15 .. 661 335 .2~1 
660 .106 5 0 . 69 410 .641 330 ·3 6 
650 .111-l 510 . , 207 4o5 .602 325 1 .611 
64o .1e6 ~~ .165 4oo · ~52 320 t 99go 
630 0 211-Q .157 395 0 91 3l5 ~ lo 5 
620 ~316 ll-90 . 151 390 )~2S 310 I 610 ·3g3 ~11 .157 3S5 0~60 
6oo ~411-S 

380 0 99 I . 4So .171 380 o2E? 590 9501 470 .216 375 .2 ~ 580 . 54-1 4-60 ·ao4 3l0 .19 
575 ~551 4-~o . 14 365 .156 
570 .551 4 0 . 531 3 0 .129 

TABLE A 19 
iWIIItt;u&<- APII 

).. D ~ D ~ D ~ D 
-· 

720 .oo6 570 0 510, 440 .502 360 n095 
700 .Ol.9 565 . 510 435 . ~6g 355 .075 
690 .. 031 560 .~05 4~0 0 10 3~0 .075 
680 ~035 ~ . 0 73 4 5 . 648 345 .,085 
670 9050 . ll-17 420 .667 3 0 .112 

660 o076 530 . 346 415 .662 335 0166 
6~0 .101 520 .270 4lo 0 6lj.g 3~0 . 270 
6 0 . 1q.o 510 . ,204 405 .610 3 5 ).J-50 
6~0 .190 ~~ .• 153 4-oo .~60 320 .7i0 
6 0 .255 .139 390 0 30 315 l • . 0 

610 490 
310 1.60 

~ 3~1 .130 355 o358 
6oo ~7.o7 4So .136 . 380 . 290 
590 0 r\.4-7 4~0 .1~3 375 .226 
580 . ~·90 4 0 .2 0 3~0 .173 
575 .501 '+50 .372 3 5 .127 



TABLE A 20 

Ad1pate Exoeee. 
Fig. 37, Curve D 

~ D )\ D )\ D ).. D 

700 "020 570 .551 470 .207 365 .179 
690 .o4) 565 . 5~1 460 .291 360 .1~ 6go ,o4s 560 .5 l ~g .4ol 355 .l 

6~o .o6~ 555 . 522 . 529 I 3,0 .151 
6 0 .09 550 .5()1 435 o5S3 I 3 5 .. 179 

~~ 54o .44o .61tS 
I 

340 .24o ~123 4JO 
~163 530 .365 4-5 .661 335 't76 

630 ,217 520 .291 420 .. 679 330 • 21 
620 .277 510 .225 4l.5 .6so 325 J.o2 
610 -35li- 505 .197 410 .661 320 l.S 

6oo .l.~2S ~~ .177 405 .629 4 

' 590 .486 .153 4oo· - ~30 5g5 • 5J.l 490 .159 390 0 ~58 . 
580 • 532 4S5 ,161 3SO .~27 
575 . 545 4go .170 370 . 17 

. 

}'. D A D ~ D ~ D 
-· 

700 .010 565 .4S3 44o .2+59 360 .093 
690 .020 560 .lJ.So 435 .5lg 355 .072 
Ggo .. 025 -~~ o454 430 0 664- 3~0 .070 
6[0 o O~b .407 '425 • 02 345 .071 

! 
66o .o 0 530 .342 ~20 .621 3 0 .09 

650 • OE~l+ 520 .270 415 .625 335 .143 
64-o .121 510 .20'+ l~lO .,612 330 .237 
630 ~163 ~00 .152 405 .582 325 .'+oo 
620 .,222 495 .134 l+oo ·~17 320 . 653 
610 ,287 90 . 124 390 0 3 315 lo05 I 

6oo .ag2 485 .122 385 34-· 310 1. 55 • I 
590 0 7 q.go • 125 

. 
3S0 .2g3 

5S0 .11-53 470 0156 375 o22) 
575 .470 460 o 23~ 3l0 .162 
570 o4?S 450 .45 3 5 0 1?6 



~ - D }\ I 
( 

'ZOO .020 510 
690 :~ 560 
6go §~ 670 .057 
66o ,oe1 530 

6~o .11.1 520 
6J.O .151 510 
6)0 .19S m 620 . 267 
610 ·314·0 490 

6oo .4o8 m 590 . ~9 
5S5 . 49~ 470 
5SlO .. 51 46o 
575 .. 531 450 

-

} . D ~ 
700 ., 020 570 
690 ~040 565 
6ao :o4; 560 
67_0 o060 555 
66o . 085 550 

~~ . .120 51W 
.159 530 

6~0 . 2og 525 
6 0 . 2,'1> 520 
610 . 3 g ~15 

6oo .422 5).0 
590 o473 505 
5g5 . 502 aoo 
5g0 .525 495 
575 ~ 53i1 90 

TABLE A 22 

Fumarate Exoeee 1 

D " D 

• 549 . LJ.4o 0 512 
. 54-2 l{-35 ·gg7 
. ~00 4~0 . 32 
0 41 4 5 .672 
.371 4-20 .691 

I 
I 

.297 4-15 J .69~ 

.227 4-10 .6]8. 

. 177 405 .642 

. 15~ 400 0 597 

.15 395 . 531 

ftl 52 390 .468 
., l~S 3S5 .ltOO 
. 194 380 . 332 
. 277 375 .273 
.39l "370 . 247 

-

TABLE A 22, 

Fumarat ·e Exoeee 2 
· li'tg. 39, curve15 

l} ~ I. D 

- 5~ 485 .150 . 5 
., 53!5 

4-go .151 
.~1 

410 .196 
, 99 46o .4ei3 

450 • ~{)0 

. 4]8 44o . 532 

.366 435 . 5~ 
-~25 430 . 6 
0 87 425 .679 
.2'5'3 4-20 .69g 
.21S 415 , 69~ 
~'-91 410 . 6g2 
- l-70 405 .6;4 
. 1?3 l~oo .6oo 
.147 390 .46S 

~ D 
: 

365 . .177 
360 .147 
355 . 1~2 
3~0 .1 0 
3 5 .153 

340 .196 

l 335 . 275 
330 . LJ.2o 
325 . 700 
~20 1.15 

l 315 1 90 I 

{ 
I 

~ D 

3iJO . )30 
3l o· .216 
365 .l7S 
3 0 .151 . 
355 .137 

3~0 c 14~ 
34-5 . 16 
3 0 .,216 
335 ,~06 
330 • S2 

325 .~Sao 
320 1 ., 33 
315 



>.. D )\ 

720 l .,005 565 
690 .033 560 
65o I o03] §~ 670 1 "osf4. 
66o '.053 530 
650 . .ll2 520 
64o .151 510 
630 .202 505 
620 .273 ~00 
610 . 3~-l 95 

Goo o4o6 490 
590 j·ll-60 450 
580 • ?Ot~ 4~0 
575 ,. 519 4 0 
570 .522 450 

-' 

~ D A 
7_00 .,017 570 690 o034 560 68o o037 

§~ 670 .057 
66o o087 530 
6~0 "121 520 6.0 6170 510 
630 . 225 ~00 620 .29g 95 610 • 375 lt-90 

6oo .. 44-3 485 
590 0 503 4~ 
5B5 . 525 470 
580 .?43 46o 
575 -553 4-50 

-211-~ 

TABLE A 24 ..... w.. ..... . 

Maleate Equimolar 

Fig. ~' Curve C 

D ~ D 

.522 440 o524 

.~12 q.35 . 5gg 
0 76 4~0 .630 
.4U~ 4 5 .670 
·334 420 .687 

.266 415 .687 

.199 410 .665 
0170 4<35 .627 
.150 4oo . 575 
~135 395 0 507 

.lal 390 .44o 

.1 1 3g0 0295 
~ lg~ 375 .231 
.27 3l0 .176 
. 393 3 5 .123 

TABLE f:}.5 

Naleate Excess 1 
WIJ WPt& 

Fig. 4o, Curve D 

D 'A D 

.~54 l!lto .51~ 
· ~~4 435 ·~g 

430 0 26 
:416 425 .655 
0 334 1+20 l673 
~ 251 lH5 .670 
.-1S7 1.~10 .650 
0137 ll-05 .613 
0 124 IJOO .~61 ., 123 395 i 0 93 

I 

0 126 390 I 0 4-2S 
.147 385 . 354 
' 184- 3SO . 2S6 0 

.,277 375 .225 

.l+Oo 370 . 171 

' A. D l 

360 .100 

I 355 .. ogo 
3~0 .oso 1 

' .093 jJ ol25 

335 .187 
330 .300 
325 .sao 
320 .goo ~ 
315 J:,' 

! , 

-~J j ·-

, -==ax:= ..... '~ 

A ~-·~ 
365 .127 I 360 .097 
355 .077 l 
3a0 .078 
3 5 .0g9 ~ 

~ 

34-0 cl2l 
335 olS3 
330 ~300 
325 0 506 
~20 .S23 ll / •, 

t ' 315 1.30 !l 

~: 



)\ D )\ 

720 9010 5~0 
l~ .02g 565 

9aa 50 
6go .o 1 ~~ 670 .. 061 

66o .093 5~0 
~~ .125 5 0 

.1~0 510 
630 .2 5 505 
620 .301 ·500 

610 :446· "495 
6oo 490 
590 .. 500 4So 
5SO ·5~g 470 
575 .5 El 46o 

. "" -
~ D ~ 

74<> .ooo 575 
720 .005 5~0 loo .. o16 565 90 .031 50 
6go ,034 555 

670 .. oltS §~ 66o .076 
6~0 .102 540 
6 0 .14o 5~0 
630 .193 5 0 

620 .257 510 
610 .327 ~00 6oo ~~91 90 
590 . 50 4So 
580 . 1~96 470 

.... 212-

TABLE A 26 

Maleate Excess 2 

D ~ D 

.5~0 tt~ .397 

.5 2 .510 
·~3.0 435 ·g65 
~ So 4~0 . 02 
. 411 4 5 . 632 

. 335 ll.-20 .64~ 

.255 415 . 64 

.1S9 . 1~10 .. 630 

: i~~ 405 .,59S 
4oo . 550 

.13~ 395 ., 491 

. 1~ 390 . 430 

. 1 9 3S0 .~00 

. 19~ 375 . 4o 
• 2g 370 . 190 

TABLE A 27 

PhthalP.te Equ1molat• 

Fig. 44, Curve C · 

-
D A D 
---~50~ 46o . 25~ 

.516 44o .49 

.515 435 .559 
. ~10 4~0 . 607 
0 97 4 5 .642 

.475 1+22 ., 6g6 

.lt52 420 . 6 0 

. lt2o l+lS .662 
0~49 415 .660 
0 72 410 . 653 

. 204 4o5 .609 

.. 153 lK>o ·~5g 

.127 390 ~ . 22 

.135 3S5 .35~ 
,171 3g0 .,2g 

1\ D . 

j60 0122 
55 0110 
3~0 ,120 
345 .125 
3 0 .167 

335 • 2t~1 
3~0 .~93 
3 5 • 6o 
320 1~ 08 
315 

A D 

375 .223 
3~0 .168 
365 .126 . 
3 0 .101 
355 .073 

3~C .073 
311-5· .077 
31+0 . 100 
335 . llt-7 
330 ,242 

325 .4oS 
322 .547 
320 .656 
318 .707 
315 1. 00 
310 1.45 



~ D 

"' 74o .ooo 575 
100 ~ 023 570 
690 . 040 565 
6go . 044- 560 
670 . .. 063 550 

66o ~ 097 54o 

~~ . 13~ 5~0 
~ 1~ 50 

6~0 ~ 247 510 
6 0 : ~ 327 500 

610 ).J.Og lt95 
6oo 0 ll-70 490 
590 . 530 4S5 
5S5 . 5tl~ 4go 
sso .5 9 ll-70 

~ D ~ 

720 .020 570 
700 c037 565 
690 o05"{ 560 
6So • o6ll· 5~0 
670 .. m~o 5 0 

66o .119 530 

~~ .15l 520 
.20l 510 

630 .,26~ ~00 
620 -33 95 
610 .403 490 
6oo .lt-70 lt-So 
590 .525 lt-~o 5g0 .?60 4 0 
575 .56l1 4-50 

-213-

TA:SLE A 2~ 

Phthalate Excess 1 

D )\ D 

0 577 4-65 .. 24-2 
~5~~ 46o .294 
.5 9 4-55 ·~55 
:~§1 ~g . 1S 

.48~ 

.4-2~ 44o - ~50 .,31+ 435 . OS 

.256 4-30 .651 

.189 425 .6S3 

.14-3 420 . 695 

~131 415 ,. 690 
.. 130 410 .667 
~1~6 4o5 .622 
.. 1 ~ 4oo . ~62 
.19 390 0 21 

Tp.BLE A 29 

Phthal~te Excess 2 

Fig. 44, curve D 

D ~ D 

.565 ~ . 559 

. 5~g . 435 .611 
·~ rl 430 .. 651 

. ·. 57 425 .. 6Sl4-
.420 420 .695 

.31t-3 415 .691 

.26S 410 .,670 

.206 4o5 .6)1 

.167 ltoo .~1 

.157 390 . 7 

.157 3S0 .2g~ 

.171 375 .25 

.226 3~0 .210 
·~19 3 5 .17S 
. 33 360 .159 

)\ D 

3~5 . 34-5 
3S0 .275 
375 .213 
3l0 .161 
3 5 .122 

360 o094 
355 .07h 
3~0 .07 
345 .OPl7 
3 0 .. 113 

335 .162 
3~0 .255 
3 5 .421 
320 .663 
316 .940 
314- 1.,10 

A D 

355 .151+ 
3~0 .173 

~~ ,203 
.267 

335 .394 

330 .. 650 
325 1.13 
320 1.so 
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TABLE A 30 

Potassium aulpl;lritodioxalatoa.quochromiate (?) • 00921M solution 

Fig. b,.6, Curve C. 

)\ D ~ D ~ D ~ D 

720 .011 570 .467 425 .6~1 330 .132 
100 .0~2 565 .453 420 .6 g 325 .229 
690 .o 1 ;6o .4)9 415 b62S 320 ·~90 68o .062 §~ .386 410 • 593. 315 0 1g 
670 .083 .326 405 . 53S 310 .930 

66o .126 530 .. 264 4oo .470 305 1 .. 30 

~~ .164 520 .201 395 .401 
.207 510 .. 156 390 ·~~4 630 .261 ~00 .1~5 385 :2o~ 62o. ·3g0 90 .1 l 380 

610 . 3 0 1~80 .. 17fS 370 .,113 

6oo .429 4-lo .21J.4 360 .057 
590 .. 461 4o .~6 3~0 .0~4 
5S5 .471 ~ 0 7 5J .o 3 
;so .l~77 .559 .053 
575 .476 ! 430 .633 335 .077 

T~BLE A )1 

Po~aes1um au1phatohydroxochrom1ate (?) .0092lM solution 
· Fig 46, Curve D. 

}\ D )\ D )\ D )\ D 

74o .015 570 ~390 425 .632 3~0 .121 
720 .0~0 560 ~360 420 .63S ~J .145 
700 .o 3 ~ .. 311 415 .,~"";1 .197 · 
690 .087 .259 410 .614 335 .2SO 
6So .097 530 .213 ~.05 .;al 3~0 .lt03 
670 .127 520 .177 400 -537 3 5 .592 

66o .169 510 .160 395 .4l50 320 .830 

z~ .2os ~~ .l6g 390 .420 315 1. 1S 
.251 .1~ 3S5 .. 355 310 ,J:. 

630 .295 4-80 . 2 9 3S0 &293 
620 . 3J.~p 4-lo .312 375 .233 
610 -z·r.- 4- 0 .38 370 .183 
6 

0 / ::> 

Goo .402 ~ .1+66 365 .146 
590 .415 v550 360 .121 
5SO .411 q.30 .f>l2 355 .112 



TABLE A 2,? 
Decompoe1 t1on of the "sulpha to aoluttonil. • F1g. Jtg. 

tim~ OPTICAL DENSITY 
ml.n 4oo ltlo 415 lt-20 425 lt3Q 44o 530 550 560 570 5S0 590 6oo 620 ffi_E 

1 0 
2 6 • ?SO .61S .640 .~30 .2~3 . 3S5 :~i .463 .471 . 456 .422 .316 

~ 20 • 595 .630 .649 . 630 .2 9 ·~5 .469 .472 .45! .421 .313 
~0 .601 . 632 .649 . . 630 .274 . 1 ~449 . 472 .472 - ~ .414 -~03 

5 120 .499 .6os .63S .650 .645 .619 . 29 .416 .457 .474 .470 . 1 .4oo . 57 

6 :;.:!.-':). . 507 . 610 . 637 .642 .6~ .·610 517 ·30~ .422 .46o .472 . 463 .4~2 .3S9 .2[4 
7 21to .509 .610 .632 . 64-o .6 .601 ~03 . 31 .42S ,461 .471 ·~7 . 4 6 . 375 .2~ g 300 . 511 . 610 .630 . 637 .621 .591 ~93 . . 321 . 1+31 .463 .471 . 9 .420 .371 .2 
9 ~75 . 520 .610 . 62g . 6~0 .614 .5S1 ll:79 .]28 .4 38 .467 .~·69 .lt-4i5 .411 -357 . 2 3 
10 50 .521 .610 . 625 .6 6 .610 . 575 1+75· . ·331 )IJ9 .46S .469 .441 .4-09 -353 .237 

ll 540 . 528 .610 .624 .622 .607 . 570 1+64· ...... 7 .445 .46g ,l-t6S .1+39 • 4l.t-o .347 .e3:;·, 
12 645 . ?31 .6os .621 .6lg . 599 . 562 1t5S. ·?.~ .. .44S .46g .l.~64 • 1}39 -393 .34-0 . 217 ') ) 

t~ 705 ·'30 . . 609 . 620 . 619 . 599 . 560 .453 . . 31~7 .450 .470 .4-65 .439 . 393 .340 . 217 
790 

15 900 . 532 .607 .617 .610 0 5~9 .543 o44o . 353 .451 .470 .l+6o .l-1-30 .3S0 .325 .3o4 
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