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$hilc investigating the fedibility of applying seetle acid sole* 
tioas of cerium (Vf) to oxidimatric detera&nationa, the following 
observations eere noted,

(1) Because of the higher concentration of oxidant obtainable 
through ite use, u m Lib hexsnitrstoeerate (It) ie employed in the 
preparation of acetic sold solutions of cerium (ft),

(2) &n asperoiaetrie method esaploylng %m active electrodes provides 
an emeUeid means for obtaining the end points of the titrations,

(3) Cerium (It) in acetic aoid Is reasonably stable in the absence 
of light or mineral soldo,

(h) Sodium oxalate is m  excellent reagent for us© in the standard* 
iaation of the cerium (I?) solution*. loanee of the interference of 
nitrate, iron (XI) perchlorate cannot he used for analysing cerium (X?) 
solutions prepared from m m t & m  hexanitratocerate (IV) j hut this re* 
agent provides a moans fen* obtaining good results in the standard!* 
cation of acetic sold solutions of sodium permanganate or chromium 
trio side.

(5) Sodium oxalate and sodium mesomalats are determinable in the 
presence of a olds variety of oxygenated molecules. Since m  empirical 
method malt he used in detecting the end point, the results ere less 
satisfactory for the titration of malonlo add or citric acid} but 
reproducible results can he obtained.
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(6) Carbon dioxide %» oniy volatile product detected In tlm 
ox!4«6kwt An < w t e t  atoichiometric reaction between the eolvent 
«ad reduotant 1* by the uee of l-carbon~lk eoetic aeid in
tbe oelveat, the retlno of total sole* of osita dioadde to mole* of 
carbon diontd* derived from tbo advent wo* s*dn» oxalate* 2«1| 
eodiuai aeeoxelat©, lilj ©©Ionic acid, 2i2j md citric ©eld, 3*3*

(t) $t» vopldlmi of tbe redox potential of tbe ©eriun ayete® 
under vsrioua condition* of acidity v^geit* 001uplox fematton in tbo 
©eetic acid,

flioso ftoeoŝ pliohaexrts * * m  to Illustrate partial fulfillment of 
the broad objective* ©aifibliahed at tbe beginning of th® investigation*
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INTRODUCTION

Recently non-a*ru®oua solvents have been receiving ® great deal 
of attention in their application to acid base titrations (21* ,25), 
acetic acid being the solvent studied most extensively in these 
investigations. The acidic character of this solvent makes it 
possible to titrate, directly, very weak bases dissolved In this 
medium with acetic acid solutions of standardised perchloric acid. 
Its physic si and chemical properties coupled with the avail j&llity 
makes this reagent particularly adaptable to studies of this type.

1̂hlle non-aqueoua solvents have been investigated extensively 
in their application to acidimstry, titrations Involving the use of 
oxidants have been investigated only superficially (33,3k).
A variety of reasons may explain this lack of studys (l) Insolu­
bility of the usual inorganic oxidants in organic solvents,
(2) instability of the reagent in ordinary solvents, and (3) the 
excessive cost of the solvent.

Glacial acetic acid because of its relative stability and sol­
vent properties has served as a solvent for oxidation studies in 
theoreticpX and preparative organic chemical studies (it,13,16,19, 
26,31,32). In many cases utilisation of acetic acid as a solvent 
permits the use of an homogeneous solution of reactants and con­
tributes to stability and selectivity of the oxidant. By the
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utilization of the proper oxidant, advantage may be taken of these 
properties to extend the scope of direct organic determinations 
using oxidimetry*

Cerium (17) has received a great deal of attention in organic 
oxidimetry (17,27,28,29) and since it exhibits a reasonable degree 
of selectivity in aqueous media, It seemed to be particularly well 
suited for a study of organic oxidations in glacial aeetie aeid* 

The ultimate objective of this work was to demonstrate the 
application of cerium (IV) in glacial acetic acid to the direct 
determination of simple organic molecules* In addition, data were 
to be eolleeted which would aid in the elluoidation of the mechan­
ism by which oxidations take place in this medium with cerium (IV) 
as the oxidant*
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BISTORT

Th© concept of oxidation In orgsnic chemistry 1b rather dif­
ficult to define, It Is possible to lucre aee th® apparent 
oxidation number of m  organic molecule In a variety of ways*
(1) dehydrogenation, (2) direct addition of oxygen to the moleculef 
or (3) substitution, By careful examination of the oxidised mole* 
cules, it i® possible to group all of these examples into the 
oxidation concept employed In inorganic chemistry, the loss of 
electrons. In general organic oxidations proceed with the ultimate 
loss of m  even number of electrons*

Since all of these definitions exist covering orgsnic oxidations, 
one might expect that there would be at least an equal number of 
oxidant classes which would cause th© diversified reactions. In this 
work only ionic oxidising agents, a classification used by Waters (13); 
were employed. These oxidants m«y be regarded essentially as 
electron abstractors as opposed to dehydro gen sting agents. Included 
In this class of oxidants ere iron (HI), ferrieyanide, silver (II) 
diamine, and eerium (I?)j all of these reagents undergo a single 
electron change, It may be noted that these reagents attack only 
molecules which contain elements such as nitrogen or oxygen on which 
there is at least on® pair of unshared electrons. It has been pro­
posed (6) that oxidation of such molecules with ionic oxidants
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proceeds by th© Initial removal of a single electron resulting In 
a free radical. The remaining unpaired electron is very labile 
end is abstracted more easily, resulting in an Irreversible process. 
Because of the irreversibility of the second step in the oxidation, 
it is impossible to obtain an accurate measurement of the potential 
necessary to produce an oxidation of the organic molecule.

Several reagents exhibit a reasonable degree of selectivity In 
the oxidations they perform. When used in the oxidation of oxygen­
ated organic molecules, cerium (XV) in aqueous media Is such m  
oxidant. A set of rules governing the quantitative oxidation of 
organic molecules has been presented (28) and reference to them -will 
indie ate, to some degree, the selectivity of cerium (IV) in organic 
oxidations which are applicable to analytical determinations!

(1) Only those compound®, the electronic configuration of which 
is capable of rearrangement to a stable form by the removal of two 
electrons and two protons, are oxidised.

(j) Th® carbonyl group must hydrate to a glycol form before it 
can be oxidised.

(h) Compounds containing m  active methylene group are oxidised.
(5) Cowgjoumds yielding aldehydes or ketones, unsubstituted by 

oxygen in the alpha position, as end products are not quantitatively 
oxidised and give empiricsi results.

(6) Ibd products are fatty acids, ketones, aldehydes (other 
than formaldehyde), and carbon dioxide.
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(?) Formaldehyde 1* rapidly hydrated sand the hydrate la rapidly 
oxidised to ferrate acid. This Is a specific property of cerate 
oxidations as distinct front periodate oxidations*

These rules hold only for aqueous media end it might he expected 
that different results would be obtained when the oxidations ere done 
in another solvent * One would expect that the solvate formed in a 
non-aqueous solvent would differ in reactivity from that of the 
corresponding hydrate.

Glacial noetic acid has been employed extensively as a solvent 
in preparative and theoretics! organic oxidations (li ,13 >16,19,26,31, 
32), especially for those oxidations involving the per acids, lead 
tetr©-acetate, and chromic acid* Its utilization as a solvent in 
direct volumetric oxidation has been limited to a series of papers 
by Tomecek end co-workers (33,3b). These investigations concerned 
themselves with the study of various ©xLdants which were soluble in 
glacial acetic acid by using them in the titration of inorganic 
reduotsnts and a few organic substances *

The progress of the reaction and detection of equivalence point 
were determined potentiometrlc ally« The cell used in the potentio- 
metric measurements was a saturated calomel electrode as the refer­
ence electrode and platinum as the indicator electrode.

Bromine was the reagent receiving the most attention. Chromic 
acid, sodium permanganate, lend tetra-acetate, iodine, iodine mono- 
chloride , iodine monobromide, and hydrogen peroxide received less 
attention * %drogen peroxide, iodine, and iodine monobromide showed
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no promise * Since iodine monochloride underwent the ease reactions 
so bromine, although less effectively, It received little study. 
Bromine in acetic acid was the system which received the most con­
sideration. By adding sodium acetate to the solution being titrated, 
it was possible to titrate some molecules directly to a potentio- 
metrlc end point, Among the substances which were found to be 
determinable in this way weret N-disaethylaniline, aniline, bexusyl- 
meraaptan, bydroqulnon©, and ascorbic acid. One immediate and 
obvious difficulty involved in the ©Employment of bromine is that in 
addition to oxidation, substitution and addition reactions must be 
considered. If possibilities exist for more than one of the re­
actions to occur, the results may well be erratic«

By careful purification of the solvent, stable solutions of 
sodium permanganate and chromic acid were reportedly obtained,
Among the oxidants studied, only those two ionic reagents were 
investigated, the titrations conducted with these were principally 
of inorganic reduet ants; however, a few organic oxidations were re­
ported, Diphenyl amine, p-aminophenol, and hydroquinone were found 
to be directly titrstable with acetic acid solutions of chromic acid 
while sodium permanganate was used only in the titration of bydro- 
quinone. Solutions of lead tetrs-acetat© were found to be quite 
stable; and although the equilibration of the potential was slow 
throughout the titration, they reported that measurements of ascorbic 
aeid, mandello sold, and benzyl mereaptan were satisfactory by a 
direct titration with this reagent.
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A H  of the titrations were conducted on a serai-micro scale 
with a volume of about two ml. being used in most titrations. The 
data given by the authors concerning their work were too limited to 
evaluate the applicability of the systems to quantitative organic 
analysis.
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EXPERIMENTAL 

A, Reagents

Merck “Be&gent Grade** and B@ker,s “Analyzed" Aeetie Acid ware 
both used aa solvents, In the titrations with G©(IV) further puri­
fication of the aeetie aeid was found to be unnecessary; however, 
in the studies concerning stability, precautions were taken to 
eliminate oxidizable impurities. Purification was accomplished by 
one distillation from chromium trioxide followed by a second dis­
tillation from potassium permanganate.

The iron (II) perchlorate, 70$ perchloric ©old, end cerium (IV) 
salts were obtained from the 0, Frederick Smith Chemical Company. 
Merck “Reagent*1 primary standard purity sodium oxalate, Baker*a 
“Analysed0 chromium trioxide, and Fisher Scientific Company “CP Grade*1 
sodium permanganate were used, Merck “Reagent Grade** citric acid 
was employed, Row Chemical Company m&lonle acid was further purified 
by reeryst alliz ations from water followed by reeryst&Llisation from 
ether. The final product was found to be 99,1% pure by titration 
with standard sodium hydroxide, Eastman Kodak Company “White Label0 
acetic anhydride was used. The other reagents were prepared by 
accepted procedures.

The studies involving carbon-ll* acetic acid were carried out 
with 0,1 millicurie (©a, 8 mg,) sodium acetate with the carboxyl
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group legged obtained from Ghem Had Division, Nuclear Instrument 
and Chemical Company,

B* Apparatus

A Fisher Eleedropode (sons, * 0,025 micro mp per scale 
division) ©quipped with 2 cm, 18 gauge platinum wire electrodes and 
a Sargent Potentiometer ( It volt span) wore used for the detection 
of equivalence points, / magnetic stirrer was used and provisions 
were made for Introducing a stream of nitrogen into the solution 
being titrated. In the radio-isotope studies a Nuclear Scaling 
Unit Model 163 in conjunction with a Trseerlab Vindowleaa Flow 
Counter, S C 16, fed with Matheson Geiger Flow Qas (Helium-isobutane) 
was used for the counting.

The light sensitivity of the solution of Ce (IV) required the 
use of amber burets for the titrations, A Fisher Orsat Type gas 
analyser was used in the attempt to detect combustible gases evolved 
from the oxidation,

C, Preparation of Solutions

1, Ammonium hexanttr&tocerete (IV)
Ammonium hexanitrstocerate (IV) hexahydrete was dried at 105°C, 

powdered, and added in large excess to glacial aeetie aeid, The 
occasionally stirred suspension was heated to 60°C and held at this 
temperature for a minimum of four hours. The mixture was allowed 
to cool slowly by standing in the dark overnight, and was filtered
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through a sintered glass filter of M porosity, The solution vm 
standardised by titrating sodium oxalate dissolved in glacial acetic 
acid made 1 K with respect to perchloric aeid. The end point mas 
detected axaperoroetric ally with two active electrodes,

2. Sodium Permanganate
Sodium permanganate was used in preference to the corresponding 

potassium salt because of Its much greater solubility in aeetie acid. 
The permanganate solutions were prepared by dissolving the spproxl* 
mate weight of sodium permanganate in enough purified acetic acid 
to make the desired concentration. The actual concentration of the 
permanganate solution prepared in this way was found by titrating 
a weighed amount of primary standard sodium oxalate. The sodium 
oxalate was dissolved and titrated in m  aqueous medium made acid to 
the extent of 2 ml, sulfuric acid per 2$ ml. water. The end point 
was taken at the point where the permanganate color persisted for US 
seconds. The fading of the color at the end point made th© detection 
of the equivalence point rather indefinitej however, fairly repro­
ducible, and apparently reliable, results are obtained under these 
circumstances.

3, Chromium Trioxide
These solutions were prepared by dissolving the approximate 

weight of chromium trloxide in the desired volume of purified acetic 
acid. The chromium trioxide solution was then standardized by adding
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a measured volume to an excess of 1Q$ aqueous potassium iodide in 
a glass stoppered flask* The reaction mixture was left in the dark 
for thirty minutes, At the end of this time, the liberated iodine 
use titrated to a starch end point with aqueous standard sodium 
thioaulfate (33).

h* Iron (It) Perchlorate
Acetic anhydride in slight excess over that necessary to react 

with the water present in the reagent was added to the measured 
amount of glacial acetic aeid. After flushing the acetic sold with 
nitrogen, the approximate weight of iron (IX) perchlorate yto make 
the desired concentration,was added. This solution was left under 
a nitrogen atmosphere for a minimum of two hours, but frequently for 
much longer* To determine the actual concentration, a measured 
volume of the iron (XX) solution was added to a solution of 5 ml. B$% 
phosphoric acid in 20 sd* water. The resultant solution was titrated 
to a diphenylamine end point with s standard dichromate solution 
prepared from primary standard potassium dichromate,

5, lead Tetra^aoetate
The reagent was prepared by adding dry red lead slowly with 

efficient stirring to a solution of acetic acid and acetic anhydride 
which was held at B0°C (11)* The lead tetraacetate separates as 
a solid on cooling the solution. After recryst sllizing the solid 
from acetic acid and drying under vacuum over sodium hydroxide, an



12

approximate weight was added to enough acetic acid to give the de­
sired concentration. The eolation was standardized iodometrically 
in the acme meaner as the chromium trioxlde solutions (33) •

The solution prepared according to there procedure® were used 
In various places throughout the work.

B. Solubility of Cerium (I?) Salts in Glacial Acetic Acid

The limited solubility of most cerium (1?) salts in acetic acid 
required m  investigation to ascertain which salt of this oa&dsnt 
could be employed to the greatest advantage in this medium. Before 
determinations Involving the oxidising ability of this reagent 
could be studied, reasonable solubility must be attained.

The Salts used were commercially available eerie sulfate, ammonium 
tetrasulfato cerate (IV), and ammonium hexanitratocersi© (XT) obtained 
from the 0. F. Smith Chemical GompabF* Cerium (IT) hydroadd® was 
prepared by the precipitation of cerium (XT) from an aqueous solution 
of ammonium hexanltratocerste (XT) with aqueous ammonia. The precipi­
tate was collected by filtrationj and after washing with water, it 
was dried by washing with acetone and leaving it exposed to air.

For saturating the acetic acid with the cerium (IT) salt, the 
salt was powdered and added In excess to acetic acid. The suspension 
was heated to approximately 60°C and shaken occasionally. This heat­
ing was maintained for a minimum of four hours. After this time, the 
suspension was placed in the dark and allowed to oool for at least 
twelve hours, and then filtered through a sintered glass funnel of
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medium porosity, A cerium (I?) determination was made by using a 
suitable reduotant according to procedures given in later sections.
^th the exception of the nitr^tocerste solutions ell cerium (1?) 
determinations sere made with standardized acetic acid solution of 
iron (IX) perchlorate serving as the reducing agent. In the absence 
of the nitrate, iron (XX) solutions are more convenient to use since 
the sfpproach to the end point is more apparent. This factor is of 
particular importance in the determination of cerium (X?) when 
present in very small concentration. In the titration, a measured 
volume of the standard iron (IX) solution eras added to the titration 
vessel under a nitrogen atmosphere, Two ml. of TOSS perchloric sold 
mere added, end the titration conducted to an smperoraetric end point.
Xn this titration the current flow passes through a maximum, proceeds 
to aero and then increases sharply with the first excess of cerium (XV). 
Since nitrates interfere with determinations involving iron (XX) 
perchlorate in acetic sold, the concentrations of cerium (I?) solution 
were determined by the oxalate procedure when ssnmonium hexsmitrato- 
cerate (IV) was used, A complete description of this procedure is 
given in the section entitled BStandardization11.

Table X lists the approximate cerium (XV) concentration when an 
excess of the particular cerium (XV) salt is placed in contact with 
the acetic acid using tha prescribed procedure.

These data show that the most favorable solubility Is obtained 
through the use of ammonium hexanitr§t,ocerate (XV). The higher
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TABLE X
QkTmam C© (XV) COHCiatTKOTOfiS m  ACETIC ACID

Cerium (XT) Salt Approximate Normality

Ce(S04)a < O.OQ5
Om.)a Ce(S04), 0.005
Ce{OH)4 0.01
(HH4)a Ce(S03)a > O.Oti

solubility obtained with this reagent indicates a elder range of 
applicability* For that reason, ammonium hexanitr atec©rate (IV) was 
used elrnoat exclusively in preparation of the oxidizing solutions 
which were used in studying possible analytical applications to 
which acetic acid solutions of cordon (X?) could bo applied.

When a mineral acid such as sulfuric, nitric, or perchloric acid 
was used to wot the cerium hydroxide and the resultant product was 
put in acetic acid, the color intensity of the solution indicated 
much greater cerium (XV) solubility* this increase in solubility 
was offset by the much greater rate of decomposition of the resulting 
solution. Complete loss of color and simultaneous loss of oxidizing 
power occurred in a few hours*

The information collected in these investigations indicated that 
the most promising salt to study was ammonium tosxanitrotocerate (XV).
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E* Detection of Equivalence Point

the high color developed In some of the oxidations end the 
insolubility of the usual cerium (IV) indicators in acetic acid 
solution* of perchloric sold mad© m  electron©trie technique 
necessary for following the progress of the titration.

1* Potantiometrie Titration
The use of a cell consisting of a saturated calomel reference 

electrode and a platinum electrode was satisfactory for detecting 
the end point| however, the magnitude of the observed potentials 
varied* The unreliability of the observed potential can be attrib­
uted to the instability of the saturated calomel reference electrode, 
Inst ability of the electrode might be expected since a large and 
uncertain liquid junction potential would be developed at the inter­
face of the two solutions, acetic acid and aqueous potassium 
chloride. Tbs magnitude of this liquid-limiid junction potential 
would very m  diffusion takes place and the solvent characteristics 
change* In addition to the liquid junction potential, diffusion of 
the acetic acid into the cslomel cell would probably cause a varia­
tion in the activity of the potassium chloride and m  a consequence 
cause instability of the potential of the reference electrode *

To minimise these effects and Improve the reproducibility of 
the observed potential, a silver-silver elloride reference electrode 
was used in preference to the calomel electrode* The silver-silver
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chloride reference electrode was prepared toy making a silver wire 
the anode with a platinum cathode and pausing a current through an 
hydrochloric acid solution {It).

Using silver-silver chloride and platinum electrodes the 
potentials observed during a potentioroetrie titration in glacial 
acetic acid were reproducible. A reproducible change of about 500 
mm yas observed at the end point of an iron (II) or sodium oxalate 
titration with acetic acid solutions of cerium (If) in the presence 
of perchloric acid.

While the change in potential is sharp and of large magnitude, 
a certain amount of precaution is necessary to maintain the silver 
chloride film when this reference electrode is used.

2. Amperometrio Technique with Two Active Electrodes
In order to circumvent the inherent difficulties of end point 

detection by potantiometric means, an attempt was made to utilise 
m  smperometrio method with two active electrodes (30) for follow­
ing the progress of the titration.

This method of end point detection proved to toe adaptable to 
most of the systems considered in this work and was the principal 
means of detection used throughout the determinations.

A Fisher Klecdropode was used as the source of potential applied 
across the two platinum electrodes (18 gauge platinum wire 2 cm. 
long). The exact potential applied varied with the system and the 
particular potential is given in the individual determinations.
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In general the potential which wee applied was determined In the 
following manner, A titration of the particular system under eon- 
older ation woo carried out* At the end point the epplied potential 
was varied* and with each addition of titrant, the current flow at 
a given potential was noted. The minimum potential at which there 
was a maximum change in galvanometer reading for each addition of 
reagent was chosen as the value which would be used in ell determin­
ations involving the particular reagent,

Wmm this method of end point detection was applicable to the 
determination, the values obtained for the titrations were reliable 
mod reproducible as was demonstrated in subsequent work,

F« Standardization of Oxidants

The choice of reagent suitable for use in the determination of 
the concentration of a particular oxidant dissolved in acetic acid 
is made complex by the instability or insolubility in this solvent 
of the common redactunts ordinarily employed for this purpose. The 
choice of redact ant which would be suitable for standardisation of 
the oxidant is governed by the following considerations* (l) The 
reduct ant whan dissolved in glacial acetic acid must react rapidly 
and in a stoichiometric manner with a glacial acetic acid solution 
of tbs oaddexst tinder consideration, (2) The reductant must be 
appreciably soluble in glacial acetic add, (3) It must be stcbls 
in the acetic add, (k) Its concentration must be determinable by an 
independent procedure»
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Th the process of searching for reduct ©at® suitable for 
atandardisatton procedures Several reagents were Investigated!

1. Arasuloug oxide
this primary standard proved to be too insoluble to be applic­

able to st andsrdisation procedures. The same difficulty was 
encountered in an attempt to use sodium arsenite.

2. Stannous Chloride
This common reduo taut was too insoluble, and cloudiness develop­

ing in a saturated solution on a tending, indicated instability in 
this medium.

3* Sodium nitrite
This reagent is appreciably soluble and a glacial acetic acid 

solution of it is oxidised rapidly by Co (I?) solution®. The salt, 
however, is too unstable in this medium to be feasibly employed.
It decomposes with a visible evolution of a colorless gas.

k, iiydroquinoaa
Ifydroqulnone was the principal standard employed by Toraeoek 

(33,3k) in his work) and for that reason, deserves some attention. 
This easily oxidised material la soluble and stable in acetic acid; 
however, uncertainties regarding purity and indications leading to 
the conclusion of non-stoic biometric reactions forced the rejection 
of iMs substance for standardisation purposes.
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5* Iron <») salts
With orai exception, described in the following section, these 

salts proved to b© too insoluble in acetic acid to set as reagents 
for standardlsation. Investigated in this category were iron (II) 
sulfate, ammonium iron (XX) sulfate, 0esperf3 salt (Ferrous etbylene- 
dlamine sulfate tetr ©hydrate), iron (XI) chloride, and iron (IX) 
perchlorate. Only iron (XX) perchlorate exhibited any promise as a 
possible reduot&nt in this medium.

Iron (XI) perchlorate conformed .to nearly all of the prescribed 
qualifications necessary for the purpose of standardisation of 
oxidants in Metis acid. It possessed good solubility properties 
sines 0*1 N solutions of iron (XX) perchlorate In acetic acid are 
readily prepared* It reacts stoicl&ometricelly and rapidly with the 
oxidants investigated. When stored under a nitrogen abaosphere, 
glacial acetic acid solutions of iron (IX) perchlorate are quite 
stable! and solutions of iron (XX) perchlorate are easily standardized 
by titration with aqueous solutions of primary standard potassium 
dlchromate to a diphenylerain© end point, to demonstrate the coinci­
dence of the color change with the equivalence point, a potentlo- 
metric titration was mad© with the indicator present. The result 
of such a titration is shorn in Fig, 1*

While solutions of thi© reagent reacted rapidly and quantitatively 
with glacial acetic acid solutions of cerium (IF), nitrate was found 
to offer a serious interference in this medium. The results obtained
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by titration of the iron (IX) solutions with acetic sold eolutions 
of ammonium hexsnitratoeerate (XV) veried depending on the length 
of tine taken to perform the titration* to substantiate the state* 
msxtt regarding nitrate interference, acetic aeld solutions of calcium 
nitrate were reduced by iron (IX), ^hen the iron (XX) perchlorate 
was added to a solution of calcium nitrate in glacial acetic acid, 
made 1 9 with respect to perchloric acid, oxidation took place st 
an appreciable rate* This effect was noted by adding the iron (XX) 
to the eelcium nitrate solution in which the electrodes, across 
which 150 mv. were applied from the Ktoedropode, were dipping. On 
addition of the iron (XX) solution, there was an immediate end large 
increase in current flow. The galvanometer reading then dropped 
off at an appreciable rate to tbs original reading of aero. This 
falling off of current is attributable to the depletion of the iron 
(II) so that the iron (II), iron (XXX) couple is no longer present. 
This rate of oxidation of iron (XX) by nitrate is too slow to afford 
a means for a direct nitrate determination! but it does serve to 
show the incompatibility of iron (H) and nitrate in this medium.

Since ammonium hexsnitratocer&te (X?) was the cerium (X?) 
salt fomd  to have the best solubility properties in glacial scetic 
acid, iron (XX) perchlorate was discarded as a reagent for the 
standardieation of the cerium (XV) solutions,

a. Standardisation of Acetic Acid Solutions of Chromium Tri­
oxide or Sodium Permanganate by Iron (XX) Perchlorate 8 Even though
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iron (II) perchlorate solutions cannot be employed in the eteadardiz a- 
tion of glacial acetic acid solutions of cerium (IV) from ammonium 
hexanitr atocerate (IV), it does possess certain quantise which 
make it desirable as a redact ant to be used in acetic acid. It 
must be recognised that, with the exception of being susceptible 
to oxidation by nitrate, this salt conforms to the 
requirements prescribed for a reluctant which may be employed in 
the standardisation of a particular oxidant dissolved in glacial 
acetic acid. In order to demonstrate the applicability of this 
reagent as a reluctant, sodium permanganate and chromium trioxide 
were determined by standard solutions of iron (IX) perchlorate.

Sodium permanganate Is quite soluble in acetic acid end seems 
to offer some possibilities as m  oxidant for organic molecules. 
Chromium trioxide in this medium has been used for some time as an 
oxidant in structural determinations and theoretical considerations 
in organic chemistry (h ,13 ,16,19 ,26,31,32) ♦ Iron (II) perchlorate 
In acetic acid provides a solution suitable for the determination 
of either oxidant without introducing aqueous reagents into the 
oxidation reaction.

Acetic acid solutions of iron (II) perchlorate, sodium per* 
msnganate, said chromium trioxide were prepared and standardised by 
the methods described in a previous section.

If no precautions are taken, Iron (II) perchlorate solutions 
are slowly oxidised by air. Evidence for this instability toward
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sir oaddetios of acetic sold solution of iron (XI) perchlorate is 
presented In Table XI. Tit© data found in thin table wore collected 
by titrating measured volumes of the iron (XX) solution with 
aqueous standard potassium dlohroraat® at the listed tines.

TABLE XI
m m tm t or mm (11) fmcm/cam® soimims

Days K Under Air H Under »„

0 0,0265 0.0265
X 0.0256 0.026U
3 0.02U0 0.0265

The values show that when the acetic sold Is flushed with 
nitrogen prior to dissolving of the Iron (XX) perchlorates and If 
the solution Is stored under nitrogen, no appreciable decomposition 
takes place in three days. These values are compared to the values 
obtained when no precautions are taken to exclude air from the solu­
tion, here appreciable oxidation has occurred. By passing a stream 
of nitrogen through the solution being titrated, air oxidation of 
iron (XI) is minimised and sharp and reproducible end points are 
obtained by the swperometric technique»

b. Detection of Iron (XX) System End Pointi During the titration 
of iron (XX) perchlorate, the solutions become too highly colored to
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permit the use of redox indicators, the color presumably being due 
to the iron (XU) formed in the particular oxidation* Non-reproduc­
ibility of potential measurements ©ploying a calomel reference 
electrode, and the difficulties encountered in employing a silver- 
silver chloride electrode mad# the use of a potentlometric method 
impractical for detection of m  ©<pivalence point. Fortunately, the 
iron (IX) f Iron (XXX) system was adaptable to an smperometric 
technique employing two active electrodes, to increase the sensitiv­
ity of the measurement, shout 0,5 ml* 70% perchloric sold is added 
to the solution being titrated* Applying 150 ssv, across the 
electrodes and passing nitrogen through the stirred solution being 
titrated permits attainment of reliable and reproducible end points. 
The vdlu© of 150 mv. was obtained eapsrimentally by the method 
described previously from the data found in Table XXX,

Sulfuric acid md 85$ phosphoric acid ware tried in lieu of the 
perchloric acid. These acids proved to give unsatisfactory results. 
When sulfuric acid was used, a precipitate of iron (XX) sulfate was 
formed. With the formation of this precipitate, the oxidation be­
came somewhat sluggish and the final results were inaccurate, 
Resorting to the use of 85$ phosphoric acid, a clear solution was 
maintained throughout the titration; however, the values for the 
oxidant concentration were variable md low, relative to the accepted 
standardisation procedures,
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sib m  m
*s m m m  or mv mm&e(GioA)jwm&w with HaKno4*

Potential in
mv, A J L .  4„ « „A ml. ^  ml.

$0 -1*2
75 ♦3.6
100 **5.5
125 *7.5
ISO -10.2
175 -lO.h
200 *10,5

*50 ml. 0.0102 H fe{C104)3 titrated tilth 25,20 ml, 0M9h 
n N&Mn04

c, Beterminations With Acetic Mid Solutions of Iron (XI)
Perebloratsi Sodium permanganate In glacial acetic acid mm detera&n- 
ed by titrating a measured volume of the standardised iron (XI) 
solution with the permanganate solution or by adding an excess of 
standard iron (II) solution and back titrating the eaeaess iron (II).
It was necessary to adopt this procedure in preference to the direct 
titration of permanganate with the iron (H) solution since the 
addition of perchloric sold to acetic sold solutions of sodium per* 
mangsnate accelerated the decomposition of the permanganate solution 
appreciably.
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A desired volume of the standardised iron (H) perchlorate 
solution is pipetted into the titration beaker through which 
nitrogen is being passed, the final solution volume is such that 
the electrodes sr® covered. To this solution* 0,5 ml, ?0$ H3104 is 
added, Hitrogsn is continually passed through the solution through-* 
out the course of the titration. The acetic acid solution of 
sodium perraanganaga is then used to titrate the iron (XI) solution.
The titration is conducted by adding the titrant rapidly at first 
and dropwise m  the end point is approached. The approach of the 
end point Is indicated by the magnitude of the decrease in the
galvanometer reeding with each addition of permanganate solution.
In the course of the titration the current flow reaches a raaadmum 
and then decreases* slowly at first and rapidly near the end point.
The galvanometer reacting Is sero at the end point corresponding to
the disappearance of the iron (XX),

The values shown in Table XV illustrate the accuracy and re­
producibility of the method. Within the limits of error the com­
parisons between the two methods of determination are in good 
agreement,

The two values listed for titrations of the same solution of 
permanganate are indicative of the stability of acetic acid solutions 
of sodium permanganate, In spite of the precautions taken in purify­
ing the solvent* appreciable permanganate decomposition takes place 
in a relatively short time. This decomposition Indicates the neces­
sity for standardisation of the permanganate li®iediately prior to its use,
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TABIX IV
COHPARISCm Bm m  Ha8Ca04 AHD P©(CX04)a BETEMIKATI0N3 OF KaHn04

If of Fe(C104)a 
Solution

Time Elapsed 
(days)

H of K*(Hn04)
r8(c54),

H of R» Mn04 
rs. 

Oxalate

0O103 0 0.0901 0.089?
0,1X03 0 0.0900 0.0903
0.1103 1.5 0.0637 0.0635
0*1103 1.5 O.O636 0.0637

Table V represents the results obtained in the finalysia of the 
chromium trlcxide solution. These data demonstrate the feasibility 
&t performing $ direct titration of the chromium trioxid© solution 
with the known iron (II) perchlorate solution as well as titrating 
m  iron (II) solution with a chromium trioxide solution* The results 
obtained using the acetic acid solutions of iron (II) perchlorate 
agree favorably with those found iodometrieally *

The titrations made in the determination of chromium trioxide 
are mads in essentially the seme manner as the permanganate titra­
tions. A measured volume of the solution to be titrated is added 
to the titration besker while s stress* of nitrogen is passing through 
the solution being stirred by s magnetic stirrer. To this solution 
Is added about 0*5 ml* 70$ perchloric scid ©nd the titration Is con­
ducted In a nitrogen atmosphere to m  ssiperomeiric end point.
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?
CdCP^lISOK BOTESK KI AND F®(C104)a BISTSEMINATIONS OF Cr03

S of 
Fe(C104),

H of CrO„
W .  Fe(C104).

S Of CrOa 
a VS. KI

Titration of Standard Pe(C104)a with CrO*
0.0679 0.10B7 0.1069
0.0679 0.1086 0.1089
0.0679 0.1087 0.1089
O 0710w gjVrg JE*W 0.0683 0.0661*
0.0710 0.0681* 0.0681*

Titration of Cr03 with Standard Fe(C104)a
0.0710 0.0685 0.0681*
0.0710 0.0681* 0.0681*
0.0710 0.0683 0.0681*
0.0710 0.1087 0.1089
0.0510 0.1159 0.1161
0.0510 00158 0.1161

When the standardised iron (IX) perchlorate solution is being 
titrated, the gslvsncHaetar behaves in tstmh the same manner as tbe 
e«*uivalent titration done using permanganate, the current flow 
passes through a large maximum and falls off to zero at the end 
point. Xn the reverse procedure, the titration of chromium trioxide 
solutions, the current passes through a small maximum and proceeds
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to sere At the and point, The next addition of Iron (XI) result*
In a large increase In the galvanometer reading.

While iron (Xl) perchlorate In acetic sold Is unsatisfactory 
for tha titration of oxidants In tha presence of nitrate, it serves 
as a vary satisfactory reagent for tha titration of some oxidants 
In the absence of this serious interference.

6* Sodium Oxalate
Sodium oxalate has bean employed as a reagent for standardisa­

tion of aqueous perchloric sold solutions of cerium (XV) (28,29)« 
Oxalic acid, dissolved In glacial acetic acid, is oxidised very 

sluggishly by ammonium hexaaltratocer ate (XV) in this medium| how­
ever, when the acetic add solution of oxalate is made 1 H with 
respect to perchloric acid, oxidation proceeds rapidly to a reproduc­
ible end point* Tim end point is determinable either potentio- 
aetricelly or smperoastrically.

In order to establish the stoichiometry of the oxalate oxidation 
with cerium (XV), the following experiments were designed* (l) A 
comparison between determination of cerium (XV) by titrating a measur­
ed amount of the solution of cerium (XV) added to water with standard 
aqueous iron (XX) sulfate to the value obtained by sodium oxalate 
titration* (2) Heductlon of e weighed amount of known purity ammonium 
bexanitratocerate (XV) with an excess of oxalate and back titrating 
the excess with a cerium (XV) solution which had been standardised 
previously against sodium oxalate*
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Far comparison purposes « weighed quantity of primary standard 
sodium oxalate was added to acetic acid made 1 H with respect to 
perchloric acid* The solution was then titrated to m  amperometric 
end point with the cerium (IF) ©elution and the concentration of 
cerium (IF) calculated,

The values for cerium (IF) concentration obtained from the ox©~ 
late titration were centered against tiobtained from a titration 
employing aqueous standardised Iron (IX) sulfate* A measured volume 
of the cerium (IF) solution was pipetted into m  equal volume of 
water* The resultant solution was made sold by adding 2 ml. 70% 
perchloric acid and the concentration of cerium (IF) determined with 
m  aqueous Iron (II) sulfate solution which had been standardised 
against potassium dlchromate. The titration was carried out to an 
ejgperometric end point with an applied potential of ISO mv. The 
values found by this comparison are found in Table VI.

table n
o m p M X s m  m  o©(xv) n m m m m x m s *  iiaaC»G4 vs* atjbous f©so4

Oxalate Titration Iron (H) Sulfate Titration
He. MX.

Ce(XV)
Sola.

Calc'd. 
Ce(IV) K Ml.

Ce(X7)
Soln.

Ml. 
0.0777 H

Calc'd. 
Ce(IV) K

39.6 20.6? 0.0267 20.00 7.51 0.0291
1*9.6 25.56 0.0290 50.00 18,70 0.0291
Sfc.2 28.19 0.0289 50.00 18.67 0.0290
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The comparison* are In good agreement and the values help to 
demonstrate the stoichiometry * M  further proof of stoichiometry 
the second experiment was designed.

the ammonium heawmitratocQrate was dried at U0°C. for two hours 
sad Its purity determined by titrating m  eijueous solution of a 
weighed quantity with iron (II) sulfate. The average value for tbs 
purity was found to be 92.6015, with a range of 92.51 to 92.73.

A weighed sample of the analyzed cerium (17) salt was added to 
a solution of excess primary standard sodium oxalate in acetic acid 
1 N with respect to perchloric acid. The excess sodium oxalate was 
titrated to m  ssperometric end point with an acetic acid solution 
of ammonium hexanitratocerete (I?) which had been standardized 
against sodium oxalate. The results obtained are shown in Table VII*

TA8LB VII
nmmmMAtim m  Ha^oao4 r a n  known purity (NH4)ace(N03)6

Purity of 
(KH.)aC«(N03)e

Grama
(NH4)„Co(B03).

Mg. Ml. 0.01)10 N 
Haap,0. Co(IV) Soln. 
token for Sneess 
.......N«aCa0*...

Mg. Ha.C.0.
Found

92.60 0.61)01 60.2 2.63 79.9
92.60 0.79it9 158.8 21) .9° 198.5

These data serve to supplement those obtained in the previous 
check on the stoichiometry of the reaction. The close agreement 
found between the weights of sodium oxalate taken and found help to
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show completeness and stoichiometry of oxalate oxidation with acetic 
acid solutions of cerium (17).

Khe© sodium oxalate la uaedf it ia possible to titrate with 
cerium (17) solutions directly, providing the perchloric sold con­
centration in the solution exceeds Q.5 N. the oxidation proceeds 
slightly fester in 1 H perchloric said but becomes sluggish et 
perchloric sold concentrations less than 0.5 N. the end point is 
detested, as In the iron (IX) perchlorate titrations, araperoraetrically 
with two active electrodes. The potential applied across the elec­
trodes was set et 275 snr« This value was obtained experimentally 
from the data in Table Till.

tmrn vnx

smsrzvrrer of amperqhetric ehd poihti sacao4 titrated with ce(iv)*

Applied Potential (ffiV.) 200 225 250 275 300

-<f amp ./ml. Ce(IV) 
at end point

Soln. 8.13 8.75 9.75 10.5 10.3

* 39.6 mg. H«»Ca04 titrated with 20.6? nl. 0.0290 H 
Ce(XV) Solution

The value of 275 mv. is the lowest applied potential which gives 
the maximum galvanometer deflection at the end point whan the cerium 
(IV) solution is added dropwiee into 50 ml. of the sodium oxalate 
solution 1 5 with respect to perchloric acid.
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During the course of the titration of sodium oxelate with tha 
cerium (XXl)# the current increases to a very alight maximum, falls 
off to aero, and at tha and point increases sharply. The cerium (IV) 
solution is added rapidly at first and dropvise at the end point.
The approach to the end point is easily observed by noting the slight 
decrease of current flow with each addition or better, by observing 
the persistence of color of the cerium (XV) solution, As the equi­
valence point is approached, the faint yellow eolor of the cerium (XV) 
solution persists for an increasingly greater length of time. The 
galvanometer reading becomes constant within a thirty second period 
regardless of the point in the titration. The first excess of cerium 
(XV) results in a Mh&rp increase in the galvanometer reading and & 
curve like that shown in Fig. 2 is obtained. When employing this 
technique in the titration of oxalate by acetic sold solution of 
ammonium hsxanltratocerate (XV), results shown in Table XX are 
obtained.

table xx
Ri^KODOCXBXLXTT OF DETMUMATIOR OF ACETIC ACID SOLUTIONS OF

Ce(I?) %OTH Ha^O*

Co (XV) Solution Hormality of Ha3Ca04 Ce (XV) Found
By Different Titrations

Trial■ ■ „ j 2 3
1 0.0261 0.0259 0.0260
2 O.OU26 0.01*26 0.0h25
3 0.00913 o.ooFib
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These results show the reproducibility thst is possible when 
tedium oxalate is employed in the standardisation of ammonium 
hexanitrelocerete (IV) dissolved in glacial acetic acid*

This reagent conforms to all of the requirements adapted as 
being necessary in the si endardieation of this oxidant* (1) It is 
sttble. (2) Simply through weighing, known concentrations of 
redaotant ere obtained, (3) It has appreciable solubility in the 
solvent, ( I t )  It resets rapidly and stoichiometric ally with the oxi­
dant, Since it does conform completely, sodium oxalate was adopted 
as the reagent to be used In standerdilation of all cerium (IV) 
solutions,

G, Stability of Acetic Acid Solutions of Ammonium 
Bsxanitratocorat© (IV)

On the bases of the slow oxidation of acetic acid by cerium (IV) 
in aqueous media (12,19,26) one might expeet that acetic acid solu­
tions of cerium (XV) would be somewhat less stable than the corres­
ponding aqueous solution. Before this system could be investigated 
for analytical applications, it was necessary to determine cerium 
(IV) stability in an acetic acid medium.

1, Photo sensitivity of Cerium (IV) Solutions
By analogy to the light sensitivity of some cerium (IV) salts 

In aqueous media (26) , it would be expected that light would have 
some effect on the stability of cerium (IV) in acetic acid.
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Te deaxmstrate the relative *rt ability of acetic ®cid solutions 
of eramcnlum hexanitratocerate (XV) stored in light and dark, a 
solution, prepared by the method previously described, was divided 
into two portions. The acetic acid hoi been carefully purified by 
distillation from chromium trioxide followed by a distillation away 
trm potassium permanganate. The two portions of the cerium (IV) 
solution were placed in glass stoppered flasks, one of which was 
eleir and the other completely protected from light. The two flasks 
were stored side by side on the desk top and exposed to the normal 
laboratory radiation. At the time intervals listed, the respective 
cerium (XV) solution was used to titrate a weighed sample of sodium 
oxalate in the manner previously described. The concentrations of 
tha two solutions are given in Table X.

TABLE I
light s m m x m x  or acjstxc acid solutiohs or c® (iv)

Time
(Bays)

Light Bark

0

3

5

2

1
0.0260
0.021*1
0.0230

0.0185
0.0131*

0.0260
0.0255

0.0253

0.021*8
0.0221
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All titrations were made from an amber buret, and the results 
Indicate the advisability of protecting the cerium (I?) solution 
from light in order to minimize decomposition, When pro tooted from 
light, the cerium (17) solutions are reasonably stable; and only 
in veiy accurate work is it necessary to restaadardize the cerium 
(1?) solution in a given work period*

^tab^Lit^of^Acetio Acid Solutions of Cerium in the Presence of

As has been indicated in previous sections, the rate of de~ 
composition of cerium (IV) is accelerated by the presence of per­
chloric acid* The data in Table H  serves m  evidence to stĝ port 
these indications.

The values for the cerium (XV) concentration were obtained in 
the following way* to 5® ml* of a standardized cerium (1?) solution 
enough perchloric acid was added to make the desired concentration. 
Periodically 10 ml* of this solution was pipetted into an acetic acid 
solution containing a weighed excess of sodium oxalate and made 1 H 
with respect to perchloric acid* The excess sodium oxalate was 
determined by titration to an amperometrie end point with the 
standard cerium (17) solution* The decomposition took place in the 
dark In amber flask* while the temperature was held at 27°C. The 
results obtained from these determinations are listed in Table XI.

Om might expact results such as these by making an analogy to 
aqueous solutions of Ce (IV). la aqueous solutions of perchloric 
acid, cerium (17) exhibits its greatest oxidizing power*
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tm s  xi
m $ n m  or acetic acid soujtxcm op c© (iv) cchtabhkc mxo4

Elapsed
Tims
(Kin.)

Hormality of Co (IV) Solution.Homtfity
HC10. 0.5 0.7S 1.0

0 0.01*05 0.0318 0.0306
20 0.0385 0.0272 0.0251*
50 0.0360 0.021*1* 0.0186
110 0.0301* 0.0190 0.011*6

of Back Titration Technique
The accelerated decomposition of cerium (X?) in acetic acid 

solutions containing perchloric ©old would indicate that m  excess 
technique cannot be employed* Since this technique, adding m  excess 
of oxidant to the solution being analysed m d back titrating the 
excess oxidant after an ©lapsed period of time, Is employed extensive* 
ly in cerium (I?) oxidations, further investigation was necessary.
If it could be assumed that a cerium (IP) blank, i.e., a solution 
containing everything but the reductsnt to be determined, would 
decompose at the same rate as the excess cerium (IP) in the sample, 
then m  excess technique cobid be ©sg&oyed.

To test the validity of this assumption, sodium oxalate was used. 
To a weighed sample of sodium oxalate, dissolved in acetic acid  in 
the presence of enough perchloric acid to make the final solution 
about 0.5 N, $0 si. of a standard cerium (IV) solution wus added.
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the solution was then pissed in th© dark for 60 minutes. After the 
elapsed time, a neighed amount of sodium oxalate in excess over the 
remaining cerium (19) was added to the solution. The excess sodium 
oxalate was determined by titration with a standard cerium (19) 
solution to m  araperomstric end point. The asms procedure was 
carried out on a blank, the decomposition of which was used to 
calculate the decon̂ poaition of the excess cerium (19) in the simple, 
the procedure was employed on two samples and two blanks and the 
results are listed in fable HI.

f m m  m i

KXB83S fBQMX'HB FOE DETFEMXKATOT £F ?*a3ca04

Mg. KaaC*04 Found Mg. Na3C304 Found
Mg. being Blank Keglecting
taken Calculation Decomposition of 

Excess C® (IV)
U8.6 1*S.S 1*8.9
39.3 36.9 hi .7

fhese values indicate the inability to apply 8 back titration 
technique to cerium (19) oxidations, this imposes a serious limi­
tation on th® applicability of cerium (19) solutions to organic 
determinations, only reduct ants oaddizable by direct titration are 
determinable with rail ability.
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8* Comparison of th© Cerium System Redox Potentials in Acetic 
Acid Solutions of Perchloric Acid mid Sulfuric Acid

In aqueous media the oaddstion̂ redtictlon potential of the 
cerium (HI), cerium (17) couple ie greatly effected toy (1) the acid 
concentration end (2) the perticuler acid present in solution (28,29) „ 
Zh water the cerium (17) apparently forme a complex with the anion 
of the acid; the different anionic complexes formed in this manner 
differ considerably in their redox potentials* In aqueous solution* 
made 1 ft with respect to the various acids the cerium couple potent 
tifcls vary in the following manners perchloric acid, 1,70} nitric 
sold, 1 .615 sulfuric acid, l.ltU} and hydrochloric acid, 1.28. 
Considering only perchloric acid, the potentials wary depending on 
the ©Old concentrations 1 ft, l«?Og 2 ft, 1,71} h ft, 1*7$} 6 ft, 1*82} 
and 8 ft, 1*87*

the variation of the cerium system potentials in aqueous solu­
tions of the different acids and the effect of the acid concentration 
suggests a comparison between th© two media, water mad acetic sold, 
with perchloric acid and sulfuric acid present in the system toeing 
oxidised* ftitrle acid is not considered because of the difficulties 
encountered in the presence of nitrates in acetic acid media, 
hydrochloric acid was not considered since it undergoes reaction with 
the cerium (17) in acetic acid to form chlorine} the formation of 
chlorine is made evident by the distinct odor of chlorine from the 
reaction mixture.



As has beast stated previously, the use of a calomel reference 
electrode produces unreliable end non-raproducible results. Tbs 
variability of results cen be attributed to the large end uncertain 
liquid junction potential which exists at the Interface of the two 
solutions, sad also with changes In the activity ratio of the 
electrolyte os diffusion of the acetic acid occurs.

In recent years the silver-silver chloride electrode has been 
employed extensively as a reference electrode, thereby eliminating 
a liquid junction potential (Ik)« In an attempt to avoid the errors 
of me inurement caused by having the two media, water and acetic sold, 
in contact, a cell consisting of a silver-silver chloride reference 
electrode and a platinum indicator electrode was used.

^hile the standard electrode potential of this reference else* 
trode is known ve*y accurately in aqueous media, it is impossible to 
compare this value to the one obtained in acetic acid for the follow­
ing reason. In order to assign a single electrode potential to a 
particular half cell it is necessary to have a standard. In aqueous 
solutions the standard is the hydrogen electrode to which the value 
of sero is arbitrarily assigned. This standard value in water may be 
entirely different from that obtained in the non-aqueous solvent, 
and at present there is no satisfactory method available for a direct 
comparison between the two media. The potentials measured in each 
medium are comparable with one another but a quantitative comparison 
between the values obtained in the different solvents has no signifi­
cance (Ik).
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*Mle It is impossible to assign a definite value to the 
silver-silver eStoidio refer ones electrode in acetic cdd, the 
values obtained through Its use clearly demonstrate the effect of 
different acids and acid concentrations on the redox potential of 
the cerium couple in this medium*

Since the actual position of the potential break at the equi­
valence point was not of interest (only the magnitude of the po­
tential of the cerium (XXX), cerium (1?) system was the measurement 
involved in the study), iron (XX) perchlorate solutions were titrated 
with the cerium (XV) solutions» Using this reductant on© would not 
aspect the end point to be reproducible since the presence of nitrate 
would present a serious interference *

In the actual measurements9 10 ml, 0.01*10 H iron (XX) perchlorate 
is Introduced into a beaker containing $0 ml, of acetic acid mad© 
to the desired concentration with the acid under consideration. The 
iron (XX) solution is then titrated with the acetic acid solution 
of cerium (XV) past the end point to the cerium (XV) concentration 
where the observed potential becomes constant. This point of con­
stancy is approximately, but greater than, two times the ®»mmt of 
cerium (XV) necessary to reach the equivalence point of th© titration. 
This constant value is taken as the redox potential of the cerium 
couple in this medium,

The titration is clean cut when perchloric acid is us@d$ 
however, a precipitate la formed when sulfuric acid is employed.
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the formation of this precipitate, presumably consisting of iron (IX) 
and Iron (XXX) sulfates, censes sluggishness of the reaction and an 
oneatlsfactory titration*

The actual titration curves are illustrated in Fig. 3 while 
f*&le XXXI liata the values observed ea the redox potentlala of the 
cerium systems.

TABLE XXIX
EFFECT OF ACXD ON THE FCTMTXAl Of THE Ce (XXX), Ce (XV) GODFLE

IN ACETIC ACXD nm u

Aeid Mid
Concentration

Potential**4«i tmriHfcJrt mmfw +

8310.* 0.25 988
8310. 0.S0 999
8010. 1.0 1021*
H310. 1.5 1010.
{CIO. 2.5 1059
HgSO. ts 806

# When sulfuric aeid ia added in excess after the potential 
haa become established the observed vnLue drope to one 
slightly above that observed with sulfuric acid done.

** deferred to a silver-silver chloride electrode.

As in aqueous solutions, the redox potential of the cerium system 
in acetic acid varies with (l) the acid concentration and (2) the 
particular acid present. While It Is impossible to cohere the
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observed value© obtained in aqueous and acetic acid medis, it la 
possible to compare the values in each medium. Whan this is done, 
on© can observe that th© differences in redox potentials between 
solutions of sulfuric and perchloric acids is in the same order of 
magnitude regardless of whether the solvent is water or acetic acid. 
Comparing the effect of varying acid concentrations on© c m  see that 
th© increase in potential accompanying an increase in acidity is 
about the same regardless of the solvent employed.

It is possible to explain th© variation of redox potentials for 
the cerium system in acetic acid solutions of different mineral 
acids at various concentrations by dr swing an analogy to the explana­
tion offered for the same effect in aqueous media. It seems probable 
that, in the presence of different mineral acids, various anionic 
complexes are formed. The particular complex present in solution 
will detemta® th© potential which is observed.

By referring to tbs actual titration curves in Fig, 3, it is 
possible to obtain additional evidence substantiating the statements 
regarding nitrate interference* The same amount of iron (II) was 
added to ©e**b solution, only th® ret© of titration varied. The 
different rates of titration caused variations in the length of time 
for th® nitrate and iron (II) to reset. The large differences in 
location of end points only help to illustrate the necessity of 
excluding nitrate in titrations involving soetie acid solutions of 
iron (H) perchlorate.
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1. Determination of Carbon Dioxide Evolution

Qualitative Detection of Carbon Dioxides Utilisation of an 
Oreat type gm analyser for the analysis of the evolved gases from 
the oxidation mixtures resulted only in the qualitative detection 
of carbon dioxide*

In this experiment the reaction vessel containing the substance 
to be oxidised was connected to the gas inlet tube of the analyser 
with rubber tubing, to this solution a calculated slight excess of 
cerium (If) was added while a slight vacuum was applied to the system. 
After the addition of cerium (If) was complete the vacuum use in­
creased by lowering the mercury level in the gas buret. When the 
reaction was complete, there was a decrease in gas volume when the 
gas was passed through the potassium hydroxide, Subsequent attempted 
combustion In m  oxygen atmosphere resulted In the formation of no 
gas which was taken out by potassium hydroxide, This Information 
indicated that carbon dioxide was the only volatile substance which 
was formed in the oxidative reaction.

Before conclusions could be drawn concerning earbon dioxide 
evolution mod stoichiometry of the reactions, the actual msouat of 
carbon dioxide evolution had to be determined, This measurement was 
conducted with an apparatus schematically illustrated In Fig, h. 

Acetic sold containing the reluctant in the reaction vessel 
was first saturated with carbon dioxide, Nitrogen was then forced 
through the system for two hours, or until no more carbon dioxide
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was detectable In the absorption tube containing barium hydroxide * 
Wham the carbon dioxide had been swept from the system, a measured 
volume of about 0,2 H standard barium hydroxide was introduced Into 
the absorption tube* A calculated quantity of the cerium (17) solu­
tion was introduced into the reaction vessel md the nitrogen was 
then turned on to sweep the evolved carbon dioxide into the ^sorp­
tion tub®. After 2.5 hours of sweeping with nitrogen, at a slow 
rate to eliminate mechanical enir aliment of acetic acid, the absorp­
tion tube was disconnected from the train and the barium carbonate 
removed by filtration. The excess standard barium hydroxide was 
titrated with a standard hydrochloric acid solution to phenolphthalein 
end point. This Information was then employed to calculate the 
millimoles of carbon dioxide evolved per millimole reduct&nt. The 
data found in Table XXV illustrate the results found by these measure­
ments .

TABLE XXV
C0a FGMATIG8 M  THE OXIDATION Of VAEIOBS BED0CTASTS

" Substance 1-illiiifioieg 60* Millimoles Ge tivj
Oxidised jliliSsis7 Eeduet ®nt iHHimole c6a
Sodium oxalate ISfjs

jT& 2.08 1.012 1.96 1.03
3 2.03 0.99

Sodium masoxelate 1 3.21 1.252 3.08 1.36
3 3.03 1.30

Citric Acid 1 2.96 3.082 2.59 3.18
3 2.93 2.65

Mslonic acid 1 2.05 2,2b2 1.99 2.28
3 1.91 2.19
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<J* Badl© activity Measurements on Evolved Carbon Dioxide

Bam of th® reactions involving the organic oxidations of cerium 
(I?) la acetic add suggested participation of the solvent in the 
oxidation process* Unlike water, with this reagent it is possible 
to obtain a measure of the degree of involvement easily and accurate* 
3y through the utilization of the cirbon-lii isotope* A quantity,
0,1 millicurle, about 8 mg,, of sodium acetate with the cerboxyl 
group tagged with earbon-ll* was obtained* (See appendix for cplcu- 
lations.) the previous work indicated the necessity for conducting 
the measurement on th® four reductants» oxalic acid, mesoxelie acid, 
malonie sold, and citric acid* For the study, the sodium acetate 
was dissolved in 20 ml, acetic acid, 1*0 ml* of this stock solution 
was added to an acetic acid solution of a weighed quantity of sub* 
stance under investigation. The seme amount of the stock solution 
was added to $0 ml* of a standard acetic acid solution of ammonium 
hexanitratoc eratfe (IV) , By making both solutions the same concen­
tration with respect to the tagged acetic acid, complications due 
to dilution of the isotope on addition of the oxidant would be 
eliminated. The collection of carbon-11* dioxide was made in a manner 
Identical to that described in the section concerned with measurement 
of carbon dioxide* The barium carbonate was collected by filtering 
through a sintered porcelain crucible, dried and weighed* A weighed 
miantity of the total barium carbonate, about §0 mg*, was taken end 
placed In an aluminum counting dish with a diameter of 2 cm.
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By taking approximately equal sample sizes, errors due to geometry 
and aelf~absorbtion of th© sample were minimized. The known fraction 
enabled calculation of the total radio activity of the collected 
simple* For comparison purposes, weighed samples of the acetic acid 
solvent were combusted in a micro csrbon-hydrogen combustion train*

t
The evolved carbon dioxide was passed into berime hydroxide solutions 
and the precipitated barium carbonate prepared for counting in the 
sane way as with the barium carbonate collected from the cerium (IF) 
oxidations of the desired reduciani.

After collecting the samples of barium carbonate, the degree of 
participation of the solvent was determined by comparing the count 
data obtained from the cerium (IF) oxidation to that obtained from 
the combustion of the acetic acid* The direct proportionality of 
the counts per minute to the concentration of carbon-lh makes this 
a simple calculation* To eliminate any question regarding exchange 
of tbs csrbon~lh isotope between th® reductant and acetic sold, 
sodium oxalate was dissolved in a large excess of the tagged acetic 
acid solvent under the same conditions found in the oxidation re* 
action with the exception that the cerium was present in the reduced 
form* This solution stood for four days and was concentrated under 
vacuum. Th® residue was taken up in water, mad® basic with dilute 
ammonium hydroxide, and filtered* To the filtrate, a solution of 
eelolum chloride was addedj and the precipitated calcium oxalate 
was filtered, dried and counted. The count showed no significant
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difference from the background as can be seen fro® the average 
valuesi Background * U2.3 counts/s&mte, calciuia oxalate • 111.8 
counta/ainute. These values demonstrated that any effect of exchange 
of c ©rbon-lli could be eliminated as a possible factor in the radio* 
activity measurement*

The results of the radioactivity measurements are shown in 
Table XT*

TABUS XT
BEG&8E OF SOOTMT PARTICIPATION USING GH^C^OaH

Sample Counts/Minute
Counts/Minuta/Killiroole C0a 

From ̂ eductant
millimole reduct m% Counts/iiinttte /Kliimoie S'6'a 

From Acetic Acid
Acetic aeid*l 1900
Acetic acld*2 2020
Sodlisn ox«late-l 2000 1*02
Sodium oxalate~2 2130 1*08
Malonic acid-1 1*380 2,2k

Halonlc acid*2 3860 1.97

Citric acid-1 5530 3*02
Citric acid*2 6500 3.32
Meeoxdic acid~l 2130 1.08
Mesoxelic acid-2 2065 1.05
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K, Indication of Peroxide Formation Boring Cerium (I?) Oxidation

It is conceivable that oxidation with cerium (IF) in this medium 
proceeds by way of formation of peroxides as intermediates * Usual 
qualitative tests for peroxides are not applicable in the presence 
of m  oxidant like cerium (IF), the following observations support 
the proposal of peroxide intermediate formation.

In the analysis of a mixture of hydrogen peroxide , peroxyacetic 
sold, ®nd acetyl peroxide (15), the hydrogen peroxide is determined 
by titration with a standard sodium permanganate solution. The 
perosyacstic acid Is determined by taking advantage of the difference 
in reaction rates between it and acetyl peroxide in the oxidation of 
potassium iodide. With peroxyacetic sold, potassium iodide is 
oxidised immediately, fhe total peroxide value is determined by 
allowing the solution to stand in contact with potassium iodide until 
all peroxides have reacted» In both iodide oxidations the released 
iodine is titrated with sodium thiosulfate.

Interference with the permanagnat© end point detection in the 
preseme of peroxyacetic acid forms the bases for this test. It is 
reported that the presence of psrojQrsoetic acid obscures the end 
point of the permanganate oxidation of hydrogen peroxide by forming 
a pinkish red color. The formation of the red color is attributed 
to the reoxidetion of manganese (11) to a higher oxidation state by 
the peroayaoetio acid. After a solution of eerium (IF) in glacial 
acetic acid made two normal with respect to perchloric sold has been
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in the process of decomposltlon for one hour, the excess cerium (I?) 
is precipitated with phosphoric sold. The solution is then fil­
tered and the filtrate divided into two portions* To one portion, 
a solution of manganese (11) is added, When this is done, a pinkish 
red color Is developed, indicating the presence of peroxyacetic acid* 
A less definite but nevertheless positive test is the isc&edlate 
appearance of iodine on the addition of a potassium iodide solution 
to the second portion, Hitric acid causes a slower oxidation of 
iodide made evident by a blank*

These tests are purely qualitative and are not stated as conclu­
sive evidence * The teats, however, serve to indicate the possible 
formation of a peroxide intermediate in the decomposition of acetic 
acid solutions of cerium (If), When the tests were applied to solu­
tions containing the more easily oxidised materials, oxalic acid, 
malonie acid, mssoxalic acid, and citric sold they were negative.

It is Impossible to apply this procedure to a quantitative 
measurement of peroxide sine®, in the presence of nitrate, iodide la 
oxidised at a slow yet appreciable rate in ace tie acid.
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Although many oxygensted organic substances wore subjected to 
oxidation with acetic acid solutions of ammonium hexanitr atoeerat©
(X?) f wry few wore oxidised at a rat© fast enough to make th© 
material determinsble with this oxidant. Tha accelerated rate of 
decomposition of cerium (1?) in glacial acetic acid solutions, 1 K 
with respect to perchloric acid, prevents the utilisation of an 
excess technique and imposes & limitation on oaddimetric determina­
tions . Only those oxidations which take place at a rate permitting 
a direct titration can be utilised with sufficient accuracy to con­
stitute a determination.

Scan© of the oxidations considered in this section have been 
mentioned previously but now they will be discussed in greater detail.

A. %dro'Uinone

fte® extensive attention given to tide reagent in the oxidation 
studies by Tomecek (33#3W suggested that it would be appropriate 
to Investigate th© oxidation of hydtroquinoxi© by acetic acid solution 
of cerium (I?)* Since the quinonerhySroquinone system is on© of th© 
few reversible organic oa&dation-reduction reactions (6), certain 
advantages may be found by employing this reagent in further study. 
That the reversible system is formed during th© titration of hydro- 
quinone with cerium (IV) is indicated by the behavior of the
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galvanometer daring the titration and the appetence of the typical 
yellow quinon© color. the imperometrlc titration carve is ahovn In 
yig. 5* $h© appearance of the large maximum prior to the first excess 
of c©riura (IV) indicates the formation of an easily reversible oxide** 
tlon reduction system (30),

The hydro^ulnone was prepared for the deterainstions by recrystal* 
Using the crude material twice from water. The recrystellised me* 
terial was dried under vacuum over Anhydronej and weighed samples, 
dissolved in acetic acid, were titrated with the cerium (IV) solutions 
which had been standardised against primary standard sodium oxalate.

When perchloric sold is present in the hydroquinone solution be­
ing titrated, thsre is no appearance of a definite equivalence point.
A possible reason for this could be because the increased oxidizing 
power of cerium (XV) makes it capable of oxidizing the quinone. In the 
absence of perchloric acid the reaction proceeds rapidly and smoothly 
with the consumption of two meq. cerium (IV) per millimole hydro- 
quinone, Using this Information the data in Table XVI were obtained.

TABLE XVX 
0XDEO<?IOTCKI TITRATION WITH Ce (IV)

Determination Hg. %droquinone Hg. %dro<guinone
gumber Taken Found

1
2

21.9
714.7

21.7 
71* .li
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This procedure rosy too employed for the determination of easily 
oxidised aromatic molecules like hydroqulnonej but it is unsatisfactory 
when molecules like phenol, aniline, p-amlnoberaolc aeldf or fluorene 
are titrated. The oxidation is slow sad indefinite when these sub* 
stances ere sub jested to the conditions employed in these oxldimetrlc 
procedures.

Since most of the development In cerate oxidimetry has dome from 
Investigations of the oxidation of aliphatic substances (17,28,29,37), 
simple aliphatic materials received the principal amount of attention 
In this study concerning oxidation toy cerium (1?) in acetic acid,

B , Sodium Oxalate

Sodium oxalate oxidations ere considered in some detail In 
previous sections| but so far, little reference has been made to the 
actual determination. The oxidation proceeds smoothly and stoichio­
metric ally over a wide range of concentration, and the titrations are 
conducted to a reliable and reproducible smperometrlc end point. The 
reaction involves the evolution of two millimoles of carbon dioxide 
par millimole of oxalate, but one millimole of cartoon dioxide apparent* 
ly is derived from the acetic sold. In the oxidation process, two me a, 
of cerium (IV) are consumed for every millimole of oxalate present.
The perchloric acid concentration is not critical providing it is in 
excess of 0,$ B, Below this concentration the oxidation becomes 
somewhat sluggish,
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Since the resction between oerlm (I?) mi oxalate in this sol­
vent proceeda at a vary rapid rat®, it seamed possible that oxalate 
might be determinable in a eolation containing other oxygenated 
materials susceptible to attack by cerium (IV), if their oxidation 
proceeds at a sufficiently slow rate . Working on this assumption, 
weighed quantities of sodium oxalate were added to acetic gold, 1 M 
with respect to perchloric acid, containing a wide variety of oxy­
genated materials* Titrations were performed on these solutions with 
standard aeetlc sold solutions of cerium (XV) in the maimer described 
previously. The results of the titrations made under these conditions 
are shown in Table XVII,

With a few exceptions these results show Increased selectivity of 
cerium (I?) oxidations in glacial acetic acid. Host of the results 
obtained are within experimental error and exceed the accuracy which 
might be expected* Apparently under the conditions which have proved 
reliable in the determination of sodium oxalate, the compounds added 
as possible Interferences are oxidised too slowly to seriously affect 
the results, All of the substances which ware added $r© known to be 
oxidised by cerium (IV); but by comparison to oxalate, they react at 
a negligible rate* If, as in the esse of glycerol mid ethylene glycol, 
a free polyoi is present, oxidation of the free material takes place 
el an appreciable rate* When this mixture is treated with an excess 
of acetic anhydride at room temperature for 15 minutes, the free polyol 
is sufficiently soetylated so that Its rate of oxidation is slowed; 
and a direct titration of oxalate Is made possible.
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Other polyols, such as micros® or tart eric acid, present m  inter** 
ferenae whether acetic anhydride la present or absent* In these cases 
It is believed that insufficient acetyl stion has occurred to slow the 
oxidation enough to prevent the interference. If an attempt is made 
to increase the amount of scetylation by heating th© solution in th© 
presence of acetic anhydride and letting the solution stand at m  ele­
vated temperature for en hour, there is still no end point. Apparently 
sterlc hinderenoe of th© molecules is sufficient to prevent adequate 
acetylation which would make the determination practical.

In the light of the observations noted for polyols, it is diffi­
cult to reconcile the effect caused by the action of ethanol in a 
medium containing acetic anhydride, it seems possible that in the 
presence of acetic anhydride m  ethyl ester of oxalic acid is formed. 
The behavior of th© galvanometer during titration supports this specu­
lation, Oxidation proceeds rapidly at the beginning of the titrstlon 
and slows to m  almost negligible rate. If the solution stands, how­
ever, th® next addition of cerium (I?) is consumed repldly, indicating 
trsnseaterific©iion, Possibly an equilibrium reaction of this type 
wey be establishedt

E.C - C C - OH Cv
'o * i t t se^oooa + 1 0

v - <  c-oh y0 0 0
Either anhydride now could react with the ©tlyl alcohol to form an 
ester. An alternative suggestion might be the disproportionetion of
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oxalic anhydride with the formation of csrbon isonoxlde and carbon 
dioxide (10)* This suggestion Is discredited by the value obtained 
for oxelste in the other determinations in the presence of acetic 
ifflfydflds.

Fortunately, the reaction of cerium (IF) with ethyl alcohol pro* 
coeds sufficiently slowly to permit a direct titration of ox state in 
the presence of acetic acid without the necessity of acetyletion of 
the alcohol* The results obtained in this titration are excellent*

In general the results obtained for the determination of sodium 
oxalate in the presence of a wide variety of oxygenated substances are 
good* On the basis of the values, it would seem justifiable to state 
that the selectivity of cerium (IF) oxidations are improved in the 
acetic acid medium over those in aqueous media*

0* Sodium Hasoxalsta

Sodium mesoxalate (Sodium dihydroxymalonat©) has received brief 
consideration in the studies concerning carbon dioxide evolution; but 
tMs section is devoted to a detailed discussion of the direct tlbre* 
tloa of sodium mesoxalat© with acetic acid solutions of cerium (IF) * 
Under the conditions employed in the titrations, this reagent Is one 
Of the more satisfactory chemicals determinable by the osddimetrio 
technique*

Sodium tnesoxalat© is easily prepared by alkaline hydrolysis of 
dilû m<xaalonic acid (9). Sibromomalonie acid is prepared by adding a
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ttoishionotrle «nount of bromine, drop wise, into a solution of mslonic 
add in dilute hydrochloric acid, The addition of bromine moat bo 
done while maintaining the malonio acid solution at loo both tempera­
ture in fflrdfljp t© prevent dec srboxylatioa. After *bout half of the 
bromine hm been added, the dibrcMsoaslonic acid precipitates. the 
crystalline precipitate is separated by filtration and stored in a 
vacuum over sodium hydroxide until all the hydrogen bromide is removed. 
Sodium mesoxalate is prepared by gradually adding the dibromomalonic 
acid to a stirred, cold, 25# solution of sodium hydroxide. After 
addition is complete, the alkaline solution is heated on a steam bath 
for two to three hours. When the solution Is cooled, sodium mesexalate 
precipitates. Th© precipitate is washed with a mall quantity of water 
and r ©crystallised from water. The salt is dried at 100°C. and stored 
in a desalaator over Anhydrous until ready for use. By combusting a 
weighed quantity of the salt in sulfuric acid sad weighing the sodium 
sulfate residue, the reagent was found to be 98.7% pure.

The conditions for the oxidlmetrlc titration of sodium meaoxelate 
©re identical with those employed in the titration of sodium oxalate. 
Weighed samples of the snalyeed sodium mesoxalate are placed in about 
25 ml, acetic add which has been made approximately 1 N with respect 
to perchloric acid. After dissolution of the sample is complete, it 
is titrated to an astrometric end point with m  acetic acid solution 
of cerium (XV) which hm been standardised against sodium oxalate.
The oxidation appears to proceed at a somewhat slower rate than the 
corresponding reaction with oxalate| however, it proceeds rapidly and
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there Is no question condensing the position of the emlvalexiee point 
of the reaction.

To shook on the stoichiometry, a number of titrations wore con­
ducted to determine the number of w®q» of cerium (IV) consumed per 
aillimole sodium mesoxalate, The disia derived from these titrstions 
are listed in Table XVXXX, Theoretically four meq* of cerium (IV) 
would be required to oxidise sodium mesoxalate completely to carbon 
dioxide*

fiB ii m ix

STOIC Ht QMITRX OF S0EOT* W&SOXAMTE OOTATI0RS

Millimoles 
Sodium Mesoxalats Keq. Ce (XV)

Heq. Ce (XT) 
tkola Sodium Mesoxhlate

OJ59 0.635 3.98
0.203. 0.803 It .00
0.19U 0.777 It .03.
0.279 1J07 3.97

Those data coaled with the information derived from the me&aure* 
®ents concerning ©*rboa dioxide evolution, three miliiajoles carbon 
dioxide (one of which comes from the solvent) are evolved per millimole 
sodium mssoxalate, indicate that the reaction is stoichiometric; but 
that carbon dioxide is not the sole product*

Since the oxidation of this reagent proceeds smoothly and very 
rapidly, a study, comparable to that in the oxalate determination, was
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started* It would be interesting to know whet effect added impurities 
would have on the direct titration of sodium mesoxalate with a standard 
cerium (I?) solutions* The same oxidiaable imparities which were em- 
ployed in the oxalate interference studies were added to solutions of 
sodlm meseacalste which were to be titrrted with the standard cerium 
(XV) solutions* ^hen the titrations were conducted end the results 
calculated on the basis of $8*7% sodium mesoxalate , the data in Table 
H X  were obtained*

The increased number of interferences in the determination of 
sodium mesox&Late tends to illustrate the somewhat slower reaction rate 
of cerium (IV) oxidation of this reagent relative to the corresponding 
reaction of oxalate*

As in the oxalate titrations in the presence of ©thsnol and acetic 
anhydride, ethyl alcohol exerts an unexpected influence. Unlike the 
results of the oxalate titrations, however, the values are low regard* 
less of the presence or absence of acetic anhydride. The behavior of 
the current flow in the course of the titration indicates esterific©- 
tion. An apparent end point is obtained, that is, there is a large 
deflection of the gidvanasoeter recorded with each addition. Continued 
oxidation does take place, however, at a slower rate* and if the aolu* 
tion stands for some time and more oxidant is added, the first addition 
of cerium (IV) is consumed at a rapid rate. This behavior can be ex­
plained on the beds of a transeeterificetion equilibrium reaction; 
m d  on standing, more free mcsoxslic sold is liberated which will react 
rapidly with the oxidant, As the concentration of ethyl alcohol is
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decreased the difference between the values takes end found diminishes. 
tJhes the mole ratio between sodium mesoxalate end ethyl alcohol becomes 
less then 1 to 16, results j-pproec facing experimental error ere obtained.

f he ssoas e&rt of m  explanation would serve to explain the pecu­
liarity of the results found in the dot©nain«tion of raesoxalat© with 
either ethylene glycol or glycerol present. Expected results are ob­
tained when either is present by itself, i.e., no end point is obtained, 
^hen acetic anhydride is added, the gilvanoiaeter acts as in the titra­
tion in the presence of ethanol* Values much too low are obtained. 
Apparently esterifie&tlon of m©©oxalic acid with the polyol takes place 
when the polyol and acetic anhydride are both present. Unlike the 
oxalate titration the oxidation slows to such an extent that false and 
unreliable equivalence points are obtained.

in alternative explanation css be offered to explain &ho low re­
sults obtained in the presence of these alcohols in the presence of 
acetic anhydride* A partial $eetyl*tion of the moaoxelic acid could 
explain the observations equally as well providing these were the only 
data* Since good results are obtained with only acetic anhydride 
present, this proposal om be discredited.

Formaldehyde and benss aldehyde both interfere by preventing attain­
ment of m  end point* Hear the equivalence point the oxidation of 
these aldehydes becomes apparent, and the oxidation of the reagent at 
this low concentration occurs at about the esse rate as either aldehyde 
alone. It was thought that an excess of acetic azd̂ ydride when added 
to the solution containing formaldehyde might result in the formation
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of methylene diacetate which would be oxidised at a slower rate. This 
might permit realisation of a definite end point. This was not the 
case and no end point was obtained.

^hil© the results of the raesoxalate titrations are not as good 
as those obtained with oxalate, they do indie ate increased selectivity 
of cerium (X?) oxidations in acetlo acid as compared to aqrueous re­
actions. Aoetylation of an easily oxidised material or a sufficiently 
large difference in rate of reaction permits the direct titration of 
assoxalate in the presence of many substances which might be expected 
to interfere.

D. Malonie Acid

Compounds containing an active methylene group are among the 
aliphatic substances which are determinable by cerium (X?) oxidimetry 
in aqueous media (17,28,29,37). In a comparison of solvent effects 
on cerium (X?) oxidations, it is essential that a substance containing 
an active methylene group be investigated ~uite extensively. Malonie 
sold is such a reagent which can be conveniently applied to a study 
of this type.

In aqueous media a standard solution of cerium (XT) must be added 
in excess to an acidified malonie acid solution. After standing the 
designated length of time, the excess cerium (XT) is determined by 
direct titration with a suitable rednetsnt (29). The concentration of 
malonie sold is then calculated by knowing the stoichiometry of th© 
oxidation.
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The particular acid employed in the aqueous oxidation ie of prime 
importance (28). When the malonie acid solution is acidified with 
sulfuric acid the reaction is slow and not stoichiometric, 6.66 meq. 
cerium (IV) being consumed in the oxidation of each millimole of malonie 
sold (3?). Using perchloric acid, the reaction time is diminished; 
sad the reaction Is apparently stoichiometric, 6 meq. cerium (I?) being 
required to oxidise each millimole of malonie acid (28,29).

Xn the oxidative process, presumably the enol form of the teu toner 
is attacked, possibly by hydroxyl radicals, formed in the cerium (XV) 
oxidation (29)* A mechanism which has been proposed to explain the 
oxidation 1st

0 • C • OH 0 - 9 - OH
CHa ^ZZ±T H OH 

0 at 0 - OK 0 « 6 - OH
2HaG + 2 Ce (XV) ^  [0H]+ + [OIT] + 2H* ♦ 2Ce (XXX)

9 - C • OH OH
H CH ♦ [OH]* + [OH]"* —>• ED - G - OH
0 • 6 - OE IE - OH

0 • C * OH

<Hqh)* 9Hi - OH + 2Ce (TV) C03 * BC-COOK * Ha0 ♦ 2H ♦ 2Ce (III)
0 » 6 - OH
0 4-HO-COOH + HaO + 2Ce (XV) C03 + B300H + 2H + 2Ce (III)

It is nuite obvious that a mechanism such as tfaie would be un­
satisfactory in describing a cerium (XV) oxidation in acetic acid.
A different mechanism of oxidation would very probably be accompanied 
by a different requirement in the ©mount of cerium (IV) needed to complete
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the re fiction • On© might expect entirely different results in passing 
from an aqueous to an acetic sold medium*

For the purpose of investigation , the malonie acid was recrystal- 
lized twice from water end once from ether* A weighed amount of the 
re crystallized product, after being dried over Anhydrone, was titrated 
to & phenolphthslein end point with standard sodium hydroxide* The 
results of this analysis showed the material to be 99*1% malonie acid* 

The unreliability of the excess technique in this medium imparts 
serious limitations on the thorough study of malonie sold oxidations. 
Only the results obtainable through direct titration procedures produce 
reliable measurements*

When titrated under the same conditions employed in the oxalate 
titrations, the oxidation of malonie acid proceeds rapidly at tbs 
start and slows as the titration progresses toward the end point. At 
the end point, oxidation Is still taking place but at a much slower rate* 
Since oxidation is still occurring at the end point, some arbitrary 
means must be selected to determine at which point to stop the titra­
tion* In tide ease, since oxidation is still proceeding but at a 
slower rate, the end point is chosen at the point where the galvanometer 
reading remains constant for a period of ten seconds; and the next drop- 
wise addition results in a galvanometer needle deflection comparable 
to that obtained at the end point in an oxalate oxidation* When this 
procedure is adopted, reproducible values in the malonie acid oxidation 
are obtained* Table XX lists a few typical determinations conducted
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OV83r ® period of «bout six months, obtained by employing standard 
acetic acid solutions of cerium (IV), obtained from ammonium hexa- 
nitratocerate (XV), to titrate malonie acid.

TABLE XX
HALOKXC ACID D&TiSRMmTXQtfS KITH Ce (IV) IH GLACIAL ACETIC ACID

Date Performed K
Ge(ZV)
Solution

Ml.Ce(IV)
Solution

Mmole
Malonie
Add

Kos. Ce (lV)
Mmole Malonie Add

Ho t. 23, 1953 0.00927 9.26 0.0197 l*.3k
Nov. 2l*, 1953 0.00870 20.63 0.0391* 1».5S
tent. 2l*, 1953 0.00870 10.30 0.C0.97 U.55
Dec. 9,1953 0.0071*3 27.71 0.01*56 I* .52
Dm . 10, 1953 0.00716 30.37 0.01*82 l*.5l
Mar. 11, 1951* 0.021*2 23.1*9 0.126 it .1*9
Mar. 12, 195k 0.0239 32.60 0.171* I* .1*7

The uneven number of equivalents of cerium (IV) used in the oxi­
dation indicates an incomplete reaction, a mixed reaction, or a 
polymerisation reaction. Any of the mentioned alternatives Can explain 
the continued oxidation after passing the end point) however, incomplete- 
ness of the oxidation seems to be discredited by the reproducibility of 
the values.

In order to obtain an end point of the type mentioned, it is 
necessary to titrate the malonie acid in an acetic acid solution less
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thac 2 B with respect to perchloric acid. Increasing the perchloric 
acid concentration to 2 I. nr©vents the attainment of m  end point, 
fide feet may he attributable to the Increased oxidizing power of 
cerium (IV) in this medium, permitting a greater rate of reaction with 
the products.

Isolation of products, in general, resulted la failure. With the 
exception of carbon dioxide, no identifiable product could be isolated, 
the fact that the usual separation techniques resulted in the oht*d&» 
lag of small quantities of impure substances mould indicate the form* 
ation of a mixture of products .

The separation of materials Is made complex by a variety of 
factors. (1) Acetic sold possesses a relatively high boiling point} 
and in the presence of perchloric acid, it seems inadvisable to 
attempt s distillation of the final solution. (2) The relative insolu­
bility of the cerium (17) salts re quire© large volumes of solvent in 
order to maintain a homogeneous solution. (3) The product (or products) 
is probably highly oxygenated and possibly possess solubility properties 
similar to the large volume of cerium (HI) and other inorganic salts 
present in the final solution. These factors, coupled with the com­
plete ignorance concerning the type of compound involved, prevented 
the attainment of positive isolation results.

Several techniques were applied in the separation attempts *
(l) Dilution of the reaction mixture with water before and after con­
centration under vacuum, followed by extraction with ether, bensene,
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md CM5,bon tetrachloride. Staall cniantlties of residue were noted 
eftsr evaporation of the ether solution. The quantities ware too 
small to definitely determine, but they appeared t© be inorganic.

(2) The paste resulting after removal of the acetic acid wse sub­
jected to extraction in a Soxhlet extractor with ether followed by 
extraction with alcohol. The acetic acid w©s removed by evaporation 
in a stream of air and evaporation in a vacuum. The residue found 
on evaporation of the ether extract was similar to that found above, 
however in larger quantity. The amount was still too small to be 
determinable but ignition indicated that a mixture of organic and in­
organic substances was present. The extraction of the paste with 
alcohol resulted in the dissolution of large amounts of inorganic 
salts. The some results were obtained as above when the paste wes made 
basic with ammonium hydroxide, only the quantity of inorganic salts 
dissolved in the alcohol or ether was diminished. The gelatinous pre­
cipitate would probably cause coprecipitat ion of the small quantity of 
product.

As has been mentioned in a previous section, carbon dioxide was 
the only volatile product detected through the us© of m  Or sat type 
gas analyser. The method employed for the ©usntltative determination 
of evolved carbon dioxide has been described previously, and when 
applied to this system, two moles of cerbon dioxide sre evolved for 
each mole of malonie acid present at the beginning. This value is 
obtained by adding the calculated amount of cerium (XV) solution, in



73

the ratio meg. cerium (IV) pay millimole malonie acid, to a weighed 
amount of malonie acid in acetic sold made 1.5 S with respect to per­
chloric acid, the amount of carbon dioxide evolved is tbs oxidation Is 
then deteradnod by the described procedure. The anount of carbon di­
oxide evolved in the reaction conforms to the stoichiometry of the 
aqueous cerium (1?) oxidation} however, when 1-carbon-lh acetic acid is 
used, it is found that both moles of carbon dioxide are derived from the 
solvent.

This last observation illustrates the extensive participation of 
the solvent in this oxidation system. While the earbon-lh studios serve 
as an aid in establishing the stoichiometry of the reaction, it further 
confuses the problem of predicting final oxidation products* The involve­
ment of the solvent In what appears to be a stoichiometric relationship, 
increases the number of possible products and makes it possible for the 
final products to be more complex* The studies serve to point out that 
the mechanism of oxidation in this medium must be different from that in 
aqueous media.

As a possible aid in further ellucidetion of the reaction, lead 
tetrs-acetate was employed, lead tetraacetate is an oxidant which is 
often employed in acetic acid and which exhibits a high degree of se­
lectivity in its reactions (11,21). Formic acid end more complex organic 
substances which contain adjacent osygenated groups are among the ma­
terials which undergo reaction with le«d tetra-aeet*t©, formic sold being 
the only known substance which will be rapidly oxidized to carbon
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dioxide under the condition* ployed in the determination (21,22)*
The quantitative measurements employing lead tetr©•acetate are 

performed In the following manner* The lead tetr©•acetate solutions 
are prepared and standardised by the previously described procedure*
An acetic acid solution of malonie add is oxidised by adding the esleu- 
lated amount of cerium (1?) solution, in the ratio of 1**5 meo* cerium 
(Hf) for every millimole malonie add* After oxidation is complete, 
enough sodium sect ate is added so that after complete neutralisation of 
the perchloric acid there is approximately 1 g* sodium acetate in excess* 
To this solution an excess of standard lead tetraacetate is added* At 
the same time a blank is given the identical treatment, the blank being 
s solution which contains the smm quantity of everything except the 
cerium solution and malonie acid* The solutions stand in the dark for 
the prescribed time and then an excess of 10$ aqueous potassium Iodide 
is added. After these solutions have stood in the dark for forty-five 
minutes, the liberated iodine is titrated to a starch end point with 
standard aqueous sodium thiosulfate* In order to ascribe significance 
to the above measurements, the effect of lesd tetra-aoetate on malonie 
acid must be ascertained* When a malonie acid solution is treated with 
load tetraacetate in the same way m  described above, 99.7$ of the added 
lead tetrs-aeetate remains unre acted* The results obtained by lead 
tstra-acstate oxidations on the cerium (17) oxidation product of malonie 
maid are shewn in Table XXI*

Apparently the reaction is complete at the end of two hours under 
these conditions with the utilization of 1*5 meq. lead tetrs-acetste per
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TABU xn
Pb(OA<s)4 OXBBATIOH CP C« (XV) OXIBATIOH PRODUCT Qt HALONIC ACID

Mmoles „ 
Malonie Aeld EUpaad

Tina
Msq, Pb(OAe). 
Consumed

Meq. Fb(OAe). 
Mmole Malonlo Acid

0.16U 1 hr. 0.161 0.98
0,161 1 hr. 0.1U7 0.9L
0.3M 2 hr. 0.213 1.U8
0.13U 2 hr. 0.202 1.50
0,156 It d a y s 0.235 l.Si
0.170 ll d s y B 0.27t 1.61

w n  oxidised by the calculated quantity of cerium (IV) .

s&lliisola malonie acid. Th® length of tin® required to complete the 
re gotten la itself indicates that formic acid is not present. Under 
these conditions with formic acid as the redact ant the reaction is con* 
plot® in 20 t© 25 minutes (22). In addition to this observation, 
further evidence substantiating the absence of formic acid is acquired 
by utilising the apparatus described in the carbon dioxide ©volution 
studies. When the described procedure is used for the oxidation of 
the malonie acid oxidation product with lead tetre-acetate in the carbon 
dioxide apparatus, there is a negligible amount of cerbon dioxide eb- 
aorbed in the barium hydroxide. Thee® observations lead to the elimi­
nation of formic acid m  one of the possible oxidation products formed 
in the reaction between malonie «ftd and acetic acid solutions of cer­
ium (2Y>.
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The acetic «cld solution of cerium (I?) contains another oxidant, 
nitrate 9 »ay conceivably set as an interference under the con­
ditions of the titration, Tide interferene©, if it were present, could 
eaqplain the uneven number of electrons transferred per molecule of 
malonie acid in the oxidation process. In order to eliminate this point 
from consideration, %m  grams of lithium nitrate were added to the acetic 
add solution of malonie acid made 1,5 N with respect to perchloric acid. 
This solution stood for two hours and then was titrated in the usual way. 
Ho difference was observed,

Tory little interpretation of the results is possible because of 
the unreliability of the technique, Nevertheless an excess procedure 
was attested in the determination of malonie acid. The procedure 
adopted was the same as that used in the oxalate titrations. The malonie 
acid solution containing the ©xeesa cerium (17) stood for one hour end 
the excess cerium <X?) determined. When this procedure was used, the 
results shown In Table XEEX were obtained,

Although uncertainties regarding the cerium (XV) decomposition 
prevent rigid interpretations of the results, this table of data helps 
to substantiate the statement that oxidation is still proceeding at the 
end point of the titration.

Because of the slowness of the reaction in the vicinity of the end 
point, any substance susceptible to attack by cerium (XV) acts as an 
interference In the titration of the substances investigated, an end 
point c m  be observed only in the presence of sodium formate and acetic 
airtydride.
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t m m  m j

fflsss fob the a^astiHATiotj of halohic acid

Ifoaoles
H«l0X3lU
Acid

M«J.
Ce(lV)
Added

Mac. Ce (IV) 
Mmole Malonie j.oid

Neglecting Ce (XV) 
Decomposition

Using a Blank
0.312 1.655 5.22 l+.&U
0.237 1.655 5.1t2 h.92
0,30? 1.655 5.30 U.95

^Assuming tb® dueompoaifcion of excess cerium (17) is tbs asm® 
in fcb® ««®pl® solution as is e blrnk*

Xn Stiftinfxy it can b® sold that In the hands of an sagperionced man 
it is possible to titrate malonie sold, In glacial acetic acid made 
1,5 H with respect to perchlorie acid, directly to a reproducible ampere- 
metric end point by using acetic acid solutions of cerium (17), The end 
point is difficult to see and is determined in an arbitrary manner. The 
perchloric acid concentration cannot exceed 2 K nor can any material be 
present which Is susceptible to attack by ceriun (I?). If either of 
these situations exist, no end point can be observed. In addition to 
the end point difficulties, the titration is slowj however. If no other 
netted is evailifcla, this titration can produce satisfactory results.

On the basis of the information collected it is impossible to state 
that any one of three alternatives, (l) an incomplete reaction, (2) a 

reaction, or (3) a polymerisation reaction, is taking place to 
account for the woven number of equivalents used in the oxidation.
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One o m  only speculate, and ©van than any one of the observations could 
bo construed to fit & given alternative ,

Concerning the stoichiometry mete definite information is available* 
The product or products formed must b© oxidizable with lead tetre- 
acetate, one of the products cannot be formic acid* In the oxidation 
two stoles of carbon dioxide ere evolved for each mole of malonie sold,
Since both moles of carbon dioxide are apparently derived from the sol­
vent, at least two moles of acetic acid must be actively engaged in the 
oxidation process*

A little more will be said later concerning stoichiometry and re­
sults; but now it Is impossible to say more than that It is possible to 
oxidise mdontc acid with cerium (17) in a reproducible manner,

E, Citric Acid

Citric cold is another re agent which is commonly determined in 
aqueous media by cerium (27) oxidations (17,28,39,37). The Increasing 
complexity of the molecule might lead one to predict a more complex 
oxidation scheme and consemently a wider variety of side reactions than 
the corresponding oxidation of malonie acid, This appears to be the ease 
since malonie ©cid is proposed as art intermediate in the oxidation 
mechanism of aqueous citric acid by k H perchloric acid solutions of 
cerium (27) (28,29), Alttou# the oxidative mechanisms in the two media 
are not comparable, the oxidation of citric acid in acetic sold might 
be expected to be quite complex. The erne type of difficulties might be 
ejected with this reagent as is encountered in the malorlo *cid oxidations.
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In an aqueous medium, citric acid la determined by adding an excess 
of a standard cerium (17) solution to sn aqueous solution of oitrle 
sold acidified with perchloric sold (28,29)# After standing for the 
designated time, the excess cerium (17) is determined by back titration 
with a suitable reduetant. When the reaction is carried out at room 
temperaturs , it goes to completion rapidly; but back titration leads to 
results which indicate undesired side reactions* By lowering the 
temperature and increasing the time of reaction, the side reactions ere 
eliminated end the reaction proceeds as predicted* In the aqueous 
oxidation Ik equivalents of oerium (17) are consumed per mole citric 
acid in forming two moles of formic sold mid four moles of carbon dioxide * 

Since the excess technique cannot be applied to oxidation using 
cerium (17) as the oxidant in acetic add solutions of perchloric acid, 
only & direct titration of citric acid can be made# The titration is 
conducted in much the same manner as In tbs corresponding malonie sold 
determination, md the oxidation process behaves in about the same way*
A weighed quantity of citric acid is added to about 25 ml. acetic acid,
2 H with respect to perchloric acid. A standard cerium (IV) solution is 
then used to titrate the reagent to m  amperoiaetric end point. Initially, 
the oerium (IV) reacts immediately after addition; but as the titration 
proceeds, the rate of reaction decreases until at the end point the 
oxidation becomes very slow. Since oxidation is still in progress at the 
end point, it is necessary to adopt an arbitrary standard whereby it is 
possible to obtain reproducible end points.
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The sum procedure is adopted for the end point detection in this 
reaction as is employed in the determination of malonie acid. It is 
possible for an experienced operator to obtain an end point and measure 
citric acid concentrations to the extent of the values given in Table
a m ,

TABLE r a n
crrnic actb D g r m m m u m s  &t A c m e  acid s o w n m s  cf ce (xv)

Bat®
Performed

V
Ce (XV)

Ml. 
Ce (IV) 
Used

Haolea 
Citric Aeld 
Titrated

Ms<?_ Ce (19) 
lioeile’fcî tric Aeld

Bov, 25, 53 O.OQ51*9 17.32 0.0119 S.ol*
Bee, 2, 53 0.001*75 20.Q5 0.OU.9 8.22
Mar. 5, 51* 0.0201* 32.30 0.0837 7.87
July 5, $  0.0262 19.88 0.0671 7.79
July 5, 55 0.0262 33.60 0.112 7.87
July St 58 0.0262 29,50 0,0965 8.02

3 ml, acetic anhydride mre added to the solution of citric acid.

An attempt m s  wade in some of the titrations to improve the de­
termination by sdding acetic anhydride to some of the solutions, 
Reproducibility was not improved but stability of the galvanometer seemed 
to increase by adding the aeetic saJgnirtde,

The results indicate that a determination is possible, but the 
values obtained are neither as reproducible nor as reliable as those
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found In the previous studies # The isBbsr of e^vdXeiits u8€d in the 
oxidation approaches 6ight# and on this basis one might eapect © 
Stoichiometric reaction* this assumption does not appear to be justi- 
fled* fh© inability to obtain more reproducible results in the titrp- 
tion, coupled with the results obtained from the measurement* on carbon 
dioxide ©volution , uould indicate that extensive side re actions are 
taking piece simultaneously with the principal reaction.

From the results of the carbon dioxide evolution studies it appears 
that there are three moles of carbon dioxide evolved for each mole of 
citric acid during the oxidation process * To further emphasise parti­
cipation of the solvent in the oxidation, the carbon-lh studies show 
that apparently all of the carbon dioxide is derived from the solvent, 
When comparing the results obtained from citric sold to the others sub­
jected to the same measurement, the reproducibility of the citric acid 
determinations differ significantly from the rest, A possible explana­
tion for the lack of reproducibility ©m  be attributed to the formation 
emI subsequent slower reaction of initial oxidation products*

Attests mad© to isolate identifiable quantities of reaction prod­
ucts produced negative results* Only in the case of carbon dioxide 
could a definite product be identified. The same procedures were used 
and the 9 me difficulties were encountered uith citric acid as in the
malonie add studies,

While isolation techniques sere unsatisfactory, there are more 
concrete indications of products formed in this system.
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Insad tetr a-acetate solutions wars used, in tbs same manner as 
previously described (22), on solutions containing the oxidation products 
formed from th© reaction between cerium (XV) ssad. citric acid* Th© re* 
suits found in these measurements are shown in Table XXXV, Unfortunately 
no more tagged acetic acid was available and solvent participation is 
not known,

TABU XXX?
usad tmtM&mmtK oxwATim or c© (xv) oxtmxim product cf citric acid

Mmoles
Citric
Acid

Mmoles
Pb(OAo)4

Meq. Pb(Qlo)*
tSbd S l M e  'Aold

Mmole C0» 
Mmole Add

0,088? 0.0912 0.162 2.05 1.03
0,101 0*109 0.209 2,07 1.08

These value® m m  obtained by employing th® lead tetraacetate solu­
tion after a calculated amount of cerium (XV) had been added to a solution 
of citric acid in acetic add 2 If with respect to perchloric acid. The 
calculated amount of cerium (XV) was In the ratio of eight milliequlvalents 
cerium (j?) per millimole citric acid. Th© results of th© measurement 
would indicate that a stoichiometric amount of formic acid is formed in
the oxidation process.

In the titration with cerium (X?) the end point appears to be 
sharpened by th® presence of acetic anhydride, that is, further oxidation 
of the solution is slowed at th® end point. This indicates that some of
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ill® products are reacting with acetic anlydrido to form substances which 
are less susceptible to attack by oerium (TV). Previous work indiestes 
that alcohols or simple aldehydes may be included in the possibilities.

Consider able doubt, is cast on the validity of qualitative tests 
when done in this medium, even when neutralized, at such low concentra­
tions; but indications of aldehydes were obtained by the Tollen's test. 
However, when attempts were made to precipitate th® possible sldelydes 
with S-li-dlnitrophenylhydrazine or dime done (^-^-dimethylayelohexandione) 
the results were negative and the tests must be considered inconclusive.

In general one cm  say that In th® hands of an experienced operator 
it is possible to obtain a satisfactory estimation of citric acid con* 
oentrstions by employing acetic acid solutions of cerium (XV) in a direct 
titration, the results are not very reproducible and the titrations 
mat be don® slowly in order to avoid passing the end point. Unfortunately 
it is impossible to further elluoid®te the reaction by e«g>loylng the 
excess technique and permit the reaction to go to completion; but on the 
basis of the whole, even number of electrons transferred one might expect 
* stoichiometric reaction. Subsequent work does not support this essuaqp- 
tion and inability to obtain reproducible values is attributed to side 
reactions.

Only carbon dioxide is positively Identified as a product of the 
oxidation with all of the carbon dioxide being derived from the solvent.
In addition to carbon dioxide there ®r© good indications that formic acid 
is formed in a mol® to mole ratio; and inconclusive results indicate 
th® presence of some aldehydes.



8JU

P. Miscellaneous Oxidations

This section Is devoted to the substances which received & super­
ficial examination and which were found to be Indeterminable by a direct 
titration with acetic acid solutions of cerium (IV) prepared from ammon­
ium hexanitratocer ate (IV) . In choosing the compounds which were sub­
jected to a cerium (IV) oxidation two different approaches were employed*
(1) Those materials were selected which, when titrated with a cerium 
(IV) solution,, might furnish an insight into the oxidation process 
threw# which the materials which received detailed attention p*ss.
(2) A variety of substances were used so that a clearer picture of the 
selective action of cerium (IV) oxidations in this medium could be ob­
tained,

All of the compounds were subjected to cerium (IV) oxidation under 
conditions identical with those employed for th© titration of malonie 
acid, but none received as extensive m  investigation.

1, Derivatives of Malonie /old
In the study covering malonie acid, it was considered essential that 

eaters of malonie acid and substituted malonie acid should receive atten­
tion for two reasons. First, it might be possible to work out e determina­
tion for these materials. Second, it might furnish information covering 
the cerium (IV) oxidation of malonie acid.

Potassium ethyl melon®!® (18) and methyl malonie acid (1) were pre­
pared from redistilled diathylinalcmate according to accepted procedures.
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Both diethyl and mo noethyl malonste ere oxidised, but much nope 
slowly then the ecld. There were mum indications that transestsrifi- 
catlon is taking place prior to oxidation. The mthylmelonic acid also 
is oxidised slowly.

With th® eaters md th® substituted malonie scid, the reaction takes 
place too slowly for a determination to be made by the direct titration 
with the cerium (IV) solution. These observations suggest that both 
carboxyl groups and the active methylene group must be free in order 
for oxidation to proceed at a favorable rate,

2, Methylene Placet ate* Methyl Formate. Methyl Acetate, and Ethyl Acetate
Any one of these eaters could conceivably bs formed in either th® 

malonie sold or citric acid oxidation; md for th$t reason, an attempt 
was made to determine each with cerium (IV), Th© methyl formate, methyl 
acetate, and ethyl acetate were obtained commercially while methylene 
diaeet&te was prepared by the action of poetic anhydride on paraformal­
dehyde (20),

The methylene diecetgt© is oxidised much too slowly to be determined 
by a direct titration, while methyl formate, methyl acetate, and ethyl 
acetate appear to be stable in the medium.

In the Investigation of methyl formate an interesting observation 
w®s made which is utilised later as a qualitative test for the identifi­
cation of methyl formate. An acetic acid solution, 1 K with respect to 
perchloric acid, containing 57.3 mg. methyl formate is permitted to 
stand In a glass stoppered flask for 1.5 hours. At the end of this time 
enough sodium acetate is added to furnish an excess of about 1 g, over



86

that necessary to neutralise the perchloric acid. An excess of lead 
tatra~aeetate is then added to the solution and the mixture left in
the dark for 1 hour* After this reaction* the excess lead tetraacetate 
is determined iodlmatrlcally as described previously. This me©eurement 
showed that about £0$ of the methyl formate had reacted. Presumably the 
load tetra-acetat© oxidation takes place on the formic acid produced in 
the reaction*

this reaction is offered here since it is used later. Ro claims &*e made 
concerning quant it stive application but these observations are presented 
to show a method for the qualitative detection of methyl formate which 
is applicable in a medium of this type.

Th® attempts to use cerium (IV) in the oadd stive determination of 
those esters resulted in failure. Using the results, however, these 
materials c m  be eliminated as possible intermediates or end products in 
a stoichiometric reaction of the confounds studied previously in greater 
detail*

3. Oxalacetic Acid and Pyruvic Acid
These reagents could conceivably b© formed in the oxidative reaction 

of either malonic acid or sodium mesoxalata. In addition these materials 
serve to illustrate the reactions of «<k®to acids with cerium (IV). When 
deployed under the same conditions as used in the titration of maLonic 
sold, these reagents are oxidized at a detectable rate, but the rates of

H-S-OCHg ♦ HaC-C-0H
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oxidation are rot rggdd enough to permit a direct titration. On this 
basis it seems justifiable to eliminate either re agent as an inter* 
mediate In the oxidative process of any of the deteraineble redact ants.

k * Tartaric Acid
This reagent la another which cannot be determined by a direct 

titration with cerium (17) in this medium. The reaction proceeds at a 
favorable rete at the beginning of the titration. However, as the titra­
tion progresses, the reaction slows. The point at which the rate becomes 
slow Is not reproducible, Apparently partial ©cetylation takes place 
preventing the attainment of a reproducible end point*

5, Succinic iMsid
This reagent deserves particular attention since It is one of the 

final products found in the decomposition of d±acetyl peroxide which 
could conceivably be present in the oxidation medium. Succinic add 
proved to be quite stable in the oxidising medium.

6. Acetylsoetone
TMs material was investigated to supplement the oxidation studios 

made on eoiqpouxxis containing active methylene groups. The reagent was 
Obtained coamtsrolallyj end during its titration, oxidation proceeds in 
much the same manner as in the corresponding a clonic acid titration.
The reaction proceeds quite rapidly at first and then slows. Unlike 
malonic acid, however, no reproducible end point can be obtained.
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V* ffMrcaXdehyde and Bgm aldehyde
According to work done in aqueous media, one of the factors which 

would require the use of empiric ®1 rels tionaldpa in an oxid stive de- 
Wwln^vion with cerium (IV) la the formation of an aldehyde (28).
Helther formaldehyde nor bensaldehyde Is oxidized ©t a favorefele r©te 
regardless of the point in the titration* Both paraformaldehyde and 
aqueous formaldehyde , treated with an excess of acetic anhydride, were 
tried but there did not seem to be an appreciable difference in their 
rates of oxidation* Bens aldehyde is oxidised more rapidly than formal da- 
hyde but still not at a rate favorable for % direct titration*

Bemslbs of the type described above would be expected by referring 
to the work involving the interferences in oxalic acid and mesoxalic 
©old titrations * As a rule, with the exception of oxalate, the formation 
of either aldehyde during m  oxidation would be expected to yield empiri­
cal results in this medium os well m  in aqueous media.

8. dLvoollc Acid and lactic Acid
As examples of ^-hydroxy adds these reagents, obtained commercially, 

vers investigated. As in the majority of eases in this section, the rates 
of oxidation were slow and did not permit a direct titration under the 
conditions employed.

9. Btiyl Alcohol and Methyl iacohol
As would be expected from the studies on oxalate and mesox&Late 

interferences these simple alcohols are oxidised slowly. There is,
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however, tbs ehcr&eteriBtic orange red color formed during the addition 
of cerium (19). This would indicate that a complex, similar to that 
formed in water during the qualitative test for simple alcohols, is 
obtained.

10* and Jfctoleae OBLvcol
In aqueous solutions these polyols react rapidly with cerium (19), 

and thqy are determinable by a stoic biometric reaction when an excess 
cerium (19) oaddlmetry technique is employed.

In acetic acid, however, they are not oxidised at a rate permitting 
a direct titration* The behavior of those chemicals in the interference 
studies on oxalate and meaoxalat® would indicate that partial acetyls* 
tion occurs preventing the attainment of reproducible results*

11. Cinnamic Acid. Maleic Acid and Cyclohexsne
These examples of two types of double bond tinsaturation were invest!* 

gated and found to be attacked by cerium (19) solutions. Cinnamic acid 
received considerable attention. Tbs oxidation of this chemical proceeds 
at a favorable rate at the start of a titration* but as Its concentration 
is depleted the reaction slows so that an and point cannot be observed. 
Sharing the titration, there appears to be a notlclblo change when approad* 
matoly 1* moq. of cerium (19) per millimole cinnamic acid have been added. 
There is no end point obtained however.

In order to obtain a clearer picture of the reaction after adding 
cerium (19) in the ratio of k men* cerium (39) per millimole ciimeroic 
acid, m  ultra violet absorption spectrum was taken of ©sch solution
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under consideration* The measurements were mad© with a Beckman Model 
0* U* ^eotrophotometer on solutions prepared in the following way*
(1) A solution containing the climatic eeld In acetic acid 2 8 with 
respect to perchloric ©old wss measured aggdnet a blank containing ohly 
acetic aeid and the seme concentration of perchloric acid* (2) The state 
concentretion of elnxiamlc sold was treated with enough cerium (1?) solu- 
tion m  that the mole ratio of oxidant to cinnamic acid was k to 1. The 
same amount of ©erlum (I?) solution was added to the same volume of 
acetic add 2 M with respect to perchloric eeld. After standing until 
the decoû josition of cerium (1?) was complete, this solution was used as 
the blank to which the solution containing the oxidised ©1imaroic acid 
was compared* (3) Bensoic acid in the same molar concentration was pro* 
pared in acetic acid 2 K with respect to perchloric acid* This solution 
was measured against a blank containing only acetic acid made to 2 M 
with respect to perchloric acid.

The spectra obtained on the three described solutions are shown in 
Fig. 6*

A ©enter which might be espected to be attacked during the oxida­
tion of cinnamic sold with cerium (1?) Is the double bond on the side 
sham* Attack of this double bond would lead to interference of resonance 
by decreasing the mount of conjugation* Concurrent with resonance 
interference would coma the shifting of tbe absorption bands to a lower 
wave length*

By making reference to the spectral curves, one can see that the 
absorption band of cinnamic acid is located at exactly the same wav©
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length m  a lesser one of the oxidation system. On this basis it nay 
be said that the oxidation of citmxnie acid is incomplete with the 
addition of four moo* cerium (IV) per millimole cinnamic acid. Attack 
of the double bond is indicated by tfes appearance of what seems to be a 
strong absorption band at about 2$h am. Below 252 mu the solutions 
became opaque and the exact location of this lower absorption band la 
unknown* If the oxidation process results in complete rupture of the 
double bond a product which wight be expected is benzoic acld# It is 
quite obvious that benzoic acid is not a product formed in appreeijfcle 
quantities when reference Is made to the curve obtained with pure benzoic 
acid dissolved in the same medium as the oxidized cinnamic acid.

In the hops of being able to obtain a procedure which could be 
utilized in the direct oxidimetrie titration of cinnamic acid, the per* 
chloric acid concentration of the solutions being titrated were varied. 
Concentration ranges of from 1 to h H perchloric acid were employed but 
in m  case was It possible to obtain m  and point,

Gyclohexsne and m&leic acid are oxidized but at a slower rate 
throughout the titration than the corresponding oxLdstlon of cinnamic sold. 

While b determination of these unsaturated molecules was not realized, 
these observations show that double bond unsstursiien is attacked by 
cerium (IV) at an appreciable rate in this medium,

12, 2.5̂ Dimethyl̂ 3̂ Be3gm®>>2, 5~diol
this reagent, obtained commercially, appears to be quite stable in 

the oxidizing medium, this helps to illustrate the indication of greater
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stability of triple bond unsaturations toward cerium (17) oxidation then 
a double bond wnsataration in the acetic sold medium,

13* 2-Mercaptobeirathiaaol
fids meresptan exhibited a eurpriolngly high degree of stability in 

the oxidation medium.
Ho attempt is made in these examinations to el aim a thorough investi­

gation of the oxidation possibilities of cerium (17) in acetic eeidj but 
a nldo range of bond types received attention. In these studies none of 
the reagents ware found to be determinable by the oxidation tltrationj 
but by the proeess of elimination some possible end products or inter­
mediates are eliminated as possibilities in the oxidation scheme of the 
four chemicals investigated in detail.





9b

DISCUSSION OP MECHANISM

The information collected in this mark provides a basis for Inter­
esting speculation concerning the mechenism of cerium (IV) oxidations In 
this medim, For the mechanistic considerations a certain mount of 
information is available which is applicable to all of the reactions 
studied in detail. (!) the use of 1-cerbon-lit acetic acid Indicates 
extensive md  &toichlometrie participation of the solvent in the reac­
tions, (2) Qualitative tests suggest the presence of peroxy acetic acid 
in the decomposing cerium (XU) solutions. (3) Only a limited masher of 
compounds undergo reaction at a sufficient!/ rapid rate to permit a 
direct titration.

By reference to mechanistic studies in srster, it is possible to 
derim infoxmtion which may be spiled to cerium (XU) oxidations in 
acetic acid, In aqueous media, It has been proposed that ionic oxidising 
agents react in the following manner with oxygenated reductasits (6,13) * 
Using iron (XXX) as the oxidant acting on an organic molecule containing
oxygen which has at least on® pair of unshared electrons*

. C • o; + Fo+** -C - O' ♦ Fa*4

. C * O' ♦ fa*** - 0 - 0  ♦ Fa44

The oxidation is probably preceded by an Intermediate complex form­
ation (7,8). The rata of oxidation Is a function than of the oxidizing 
power of tbs oxidant and Its ability to fora tbs Initial complex.
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f to® evidence collected in this work is not sufficiently complete to 
propose a definite Mechanism; but by referring to studies in aqueous 
medic, it la possible to present a scheme which will explain the results 
found in tiiis work*

Under the conditions employed in the determination of this reagent, 
the oxidation is essentially instantaneous * the reaction proceeds with 
the consumption of two meq* of cerium (IT) accompanied by the evolution 
of two millimoles of carbon dioxide per millimole oxalate. Only cartoon 
dioxide could be detected m  a product of the oxidation, sod carbon-lit 
studies indicate extensive and apparently stoichiometric participation 
of the solvent* A measurement of csrbon-lh dioxide indicates that the 
reaction proceeds involving acetic acid md oxalate in a mole for mol© 
ratio*

In order to eex^&y with these observations It would appear necessary 
that an unstable intermediate must be formed in the oxidation scheme which 
involves the solvent and the oxalate in equal molar proportions*

Definite proof is lacking but a reasonable explanation might be the 
formation of a mixed peroxide which would undergo further decomposition 
accompanied by an intramolecular rearrangement, this might be depicted 
in a scheme similar to the following*

A. Oxidation of Sodium Oxalate

0 * C0a + C 0-j
OH
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Am intramolecular decomposition of this type would ccsaply not only 
with the results obtained for cerium (IV) consumption and carbon dioxide 
©volution, but would also explain the inability to detect © combustible 
gee. If tlie decomposition of the proposed intermediate would proceed 
with the formation of a free methyl radical, methane would be expected 
as a product ©f the oxidation (19,23,35,36)*

In addition to an intramolecular rearrangement of the type mentioned 
it would be conceivable that a modified Baeyer~Villiger reaction might 
explain the results (3)«

A generalined Baeyer-Villiger Rearrangement is:

* & * •  ♦ R»C©aH HC -OH1 4 R"CO*H 

A Baeyer^VHliger Rearrangement modified to fit the oxalate systeir is:

If this type of a rearrangement were operative then methyl formate 
would be a reaction product* Whom applying the test for methyl formate, 
described previously, the results were negative. This indicates that 
if this reaction does tefee piece, it is minor in extent.

wMlft the evidence is not conclusive it seems possible that the 
proposed intermediate might be formed and that its decomposition proceeds 
in the manner shown.

9
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B« Sodium Hosexalsfce

As in the titrations of oxalate, the oxidation of this reagent 
takes place essentially ijurtaneously. The oxidation requires four milli- 
equivalents cerltm (X?) and la accompanied by the evolution of three 
mUltmoles of carbon dioxide, la the carbon dioxide evolution studies 
utilising carbon-lb, extensive participation of the solvent is indieeied. 
Apparently acetic sold eaters into the reaction in a stoichiom®trie 
manner. A molar ratio of one carbon dioxide derived from the solvent 
per eno of mesoxalate oxidised is obtained through the use of this tech-* 
niqae.

Again the evidence la too Inconclusive to propose a definite mechan­
ism j however, it would seem possible that the initial step in the oxi­
dation step involves oxidative decarboxylation. If this takes place, 
the molecule remaining would be oxalic add which could be oxidised as 
in the scheme mentioned previously.

Clear out evidence supporting this type of mechanism is lacking but 
eajploying m  eaq&snaiien such as this would coi^ly with the observations:
(l) Ho combustible gas is detected. (2) The reaction is somewhat slower 
than the corresponding oxalate oxidation. (3> The studies employing the 
csabof*»lh tracer technique show that, in the oxidation process, the sol­
vent participates in a stoichiometric manner with one mole of acetic 
acid being used per mole sodium mesoxal&te oxidised. (b) The reproduci­
bility and stoichiometry of the reaction are satisfied.
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Citric Acid mud Kalemie Add

The available date are not sufficient to offer a reasonable explana­
tion for the oxidation of these materials. Apparently the re set! one are 
Wit# conplex. The complexity might he ejected if the proposed staeohan** 
lass in aqueous media mentioned praviously takes piece in the acetic acid 
meditsn* Using raalonlc add m  an example t

v  <«pr w a s  I

0' 0 * C «  OH

*2 *" 2 „  oh w r  «♦H C + 2Ce(XV) *- COH ♦ 2CeIII * H
0 » C - OH 0 * C - OH

The resource possibilities of the free radical may stabilise the 
r die el sufficiently to permit polymerisation. If this Is the esse one 
could expect two types of bonds to he formed preferentially In the polymer 
each of which has about the same bond energy!

These possibilities, if they exist, could e^lain the inability to 
isolate clear cut products and the fast that m  end point is reached 
which corresponds to the transfer of m  fractional number of equivalents. 
It does not explain the evolution of two millimoles of carbon dioxide 
both of which come from the solvent.
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fhe lack of more information makes any more speculation pure guess­
work.

T#iat hoe been said concerning malonlc acid could be repeated in the 
explanation concemiiig the oxidation of citric acid. the increased com­
plexity of the molecule # however, would lesd one to suspect an even 
wider variety of reactions* Because sufficient data are not srfeil&le, 
it is impossible to drew conclusions other than those which would be 
exactly comparable to the speculation concerning malonic acid*
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m m m

Initially ibis work was begun to investigate possible analytical 
applications for which acetic acid solutions of cerium (17) could be 
used and to collect data which would sid in the ellucidetion of the 
oxidative Meehan!®® through which the reactions proceed in this medium, 
in general, these objectives have been accomplished as Is evidenced by 
the results produced in the investigation.

Acetic acid solutions of cerium (I?) were prepared from ammonium 
hexanltratocerste (17) since investigation shewed that higher concentre-* 
tions of oxidant were obtainable in acetic acid through its use then 
with other salts. An antperometrlc technique employing two active 
electrodes was used almost exclusively in following the course of the 
titrations. This procedure for detecting the equivalence point was 
adopted in preference to potantiometric methods because of certain in­
herent difficulties encountered with the reference electrodes in this 
non-aqueous medium.

The following observations were noted In the investigation t
(1) Acetic acid solutions of cerium (17) prepared from ammonium 

hexanitr©tocerate (17) ore reasonably stable if stored in the drrkj only 
in very precise studies is it necessary to rest endsrdise the solutions 
during a given work period. If the solutions are stored in light or if 
a mineral acid is present, the rate of decomposition of cerium (17) is 
accelerated to m  appreciable degree.



I d

(2) It is possible to standardise cerium (1?) solutions with 
primary #fc«**d*rd grad© sodium oxalate, this reagent fulfill* the re­
quirements necessary for e standard reduct ant in this medium. In ad­
dition to sodium oxalate, iron (n) perchlorate exhibits the prescribed 
requirements for a standard reluctant tilth one exception, nitrate pre­
sents a serious Interference, Even though Iron (IX) perchlorate solu­
tions can not be used for the determination of cerium (IV) in the pres­
ence of nitrate, they cm  be used to good advantage in the determination 
of other oxidants In the absence of nitrate. Evidence is offered de­
monstrating the feasibility of employing this reagent in the analysis 
of acetic add solutions of sodium permanganate and chromium trioxld©.

(3) ploying acetic acid solutions of cerium (I?), it is possible 
to deterdoe sodium oxalate or sodium mesoxalate in the presence of © 
wide variety of oxygenated materials. On the basis of these results,
It seems justifiable to claim increased selectivity ©f the oxidant in 
this medium* Malonie acid end citric acid are determinable by a direct 
oxidimetrlc titration, fhss® last oxidations ere not entirely satis­
factory sines empirical m m s  must be employed in detecting the end 
point.

(h) In the oxidation process of these materials, carbon dioxide is 
evolved in a stoichiometric manner, ^ploying acetic acid which is 
tagged with csrbon^lU in the carboxyl group, extensive solvent partici­
pation in the oxidation process is shown. Per mole of reluctant, the 
values for total c arbon dioxide ©volution and amount cf c erbon dioxide
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derived from the acetic add for the individual reduct ants are* sodium 
oxalate# two god ©nej malomlc acid, two and twoj sodium m e a o x a l a t e , three 
and ©nej and citric sold, three and three,

(5) A* in aqueous media the redox potential of the cerium couple in 
acetic sold Is dependent m  the type of mineral acid present and con* 
eonir&tlon of that sold* Perchloric acid provides the highest redox 
potential. The variation of the potential in the presence of different 
adds suggests that complexation takes place in this medium.

these accomplishments show partial fulfillment of the broad objec­
tives established at the beginning of the Investigation! however, during 
the course of the study, several other problems presented themselves i

(1) A more eezqplete investigation of iron (II) perchlorate to 
realise its eventual possibilities in this medium,

(2) Farther study concerning the employment of sodium per­
manganate in acetic acid,

(3) the extension of cerium (1?) oxidations to aubstmces other 
than oxygenated materials.

(h) stills ation of other tagged mclocules to farther ellucidate 
the oxidative machsniara.
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APP^OH 1

Summary ot Oagrganated Substance® Subjected to Cerium (IV) Oxidations

Determinable by Direct Titration
%dro<2uinon@
Sodium Oxalate 
Sodium Mesosjdate 
Malonie Acid*
Citric Acid*

Enactions Proceeding Baldly at First but Slowing Down During Titrations
Tartaric Acid 
Ethylene C&yeol 
C&ycerol 
Acetyl acetoncte 
Sucrose
OjesBlscetic Acid 
Pyruvic Acid

factions Proceeding Slowly Throughout the Titrations
Methylene Dtscetat©
Fomaldebyde Bensaldelyde 
Btjyl Alcohol 
MetliyX Alcohol 
Cinnamic Add**
Halle Acid
Cycloh®3B*na
2, 5-Dimethyl- 3- Hbsyne-â -Dî
2 Marc ̂tobensthls&ol 
P-aminofoenssolc acid and fluorene

Stable Materials
Methyl Formate 
Methyl Acetate 
Ethyl Acetate 
Succinic Acid 
Formic Acid 
Benaoic Acid

■ -J1 u"ir ¥'_jfei'rr% r 3r saMsfectory
*» Reacts at « rate approximating a Favorable titration.
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m m x i x  2

Calculation Used for intimating 
Kinimura Amount of CHgC14̂ !? Hooded

jjfgdyfgjgifrl & In order to be statistic &Lly accurate the final count 
mm% be at least six time# background or at least 21*0 counts per 
minute or k*Q counts per second.

i^aumotlorai (1) flow counter is 10* efficient. (2) The acetic sold 
and reductent react in a mole to mole ratio.

One mlllimsrie (fey definition) » 3,1 x 107 Disintegrations per 
second. /t least U.O counts per second are necessary for accurate 
work. Assuming IQ* efficiency of the counter, kO disintegrstions 
per second are necessary.

ho _
jTTaTIB^ isillicuries are needed in each sample,

Saw$Le eisss are in the order of 0.2 millimoles of redact ant which 
are dissolved in $0 ml. or 875 millimoles of acetic acid.
Using the original assumption of a reaction involving mole to mol© 
ratio of acetic add to reductmt this expression can be set vpt

f y 'xlgr a® X ^  • 0 ,1 ,73  x  10~a ■“/•“ P1®
Since 20 sables ere to be collected the minimum amount of material 
is shout 0.1 me.
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mmsxx 3

Sajfiple Calculation for Determining 
ilm Itxmlvmm% of Acetic Add Doing Carben~l2i Dioxide

Initial ut, sodium exiXgte
52*6 ag, • 0*392 nllll&oXee 

Total ift* 'precipitated laOO^
XSh*0 ag*

Wi* SaC03 taken for counting 
50*0 sag*

Set counts per nitrate on sample
£73*5

Hot counts per a&mte per ssillimole sodlvm oxelat©

Going through the mm® procedure nith the acetic aeld solvent after 
combusting md collecting the carbon dioxide efc SaCI3

2150 counts per d m t e

« 1*06 mUlimclee CO* from acetic mid
« & S m 3


