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Abstract:
This dissertation encompasses two separate and unrelated research topics.

I. Electrochemical Reduction of Chlorinated Nitro and Nitrosobenzenes in Dimethylsulfoxide The
reduction potentials of nitrobenzene and all possible isomers of its chlorine derivatives have been
obtained by cyclic voltammetry in dimethylsulfoxide. The first reduction wave in each case, except
pentachloronitrobenzene, appears to be a one electron reversible wave. Subsequent reduction waves are
irreversible and have been interpreted in terms of either loss of chloride from the benzene ring or
reduction of the nitro group to nitroso. The loss of chloride is the dominant reduction process for the
higher chlorinated isomers while concomitant reaction of the nitro group and chlorine is observed for
the monochloronitrobenzenes. The proposed reduction processes are indicated by the observation of
new electrochemical processes when a second cycle of the voltammogram is recorded. Nitrosobenzene
and all possible isomers of its chlorine derivatives, except pentachloronitrosobenzene, were synthesized
and cyclic voltammograms were recorded for each. The reduction potentials of nitrosobenzene and the
monochloronitrosobenzenes correspond to some of the reduction potentials for the second cycle
voltammograms for the polychloronitrobenzenes.

II. Power Series Representation in the High Temperature Phase Equilibria of Several Metal Oxide
Systems The use of Redlich Kister power series representations of thermodynamic quantities in the
study of high temperature phase equilibria is described. Literature data was used to obtain power series
equations for the activity and enthalpy of the rutile phase of titanium dioxide treated as a solution of
titanium metal in titanium dioxide. Mass spectrometric data for the vaporization of potassium oxides
was obtained from another researcher. This data was interpreted to give new values for the heats of
formation of K20(s) and K202(g). These new values and literature data were used to determine power
series equations and calculate a potassium oxide phase diagram. The phase equilibria of lithium oxide
and aluminum oxide was treated by power series representations and a revised phase diagram is
proposed. Power series representations in the potassium oxide, calcium oxide, and silicon dioxide
ternary system are presented.
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His invisible attfibutes, that is to say his everlasting
power and deity, have been visible, ever since the world
began, to the eye of reason, in the things he has made.

Romans 1:20 (The New English Bible)
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Abstract

This dissertation encompa.sses two separate_ and unrelated research
topics.

I. ZIlectrochemical Reduction of Chlorlnated Nitro and Nitrosobenzenes
in Dimethylsulfoxide '

The reduction potentials of nitrobenzene and all possible isomers
of its chlorine derivatives have been obtained by cyclic voltammetry
in dimethylsulfoxide. The first reduction wave in each case, except
pentachloronitrobenzene, appears to be a one electron reversible wave.
Subséquent reduction waves are irreversible and have been interpreted
in terms of either loss of chloride from the benzene ring or reduction
of the nitro group to nitroso. ‘The loss of chloride is the dominant
reduction process for the higher chlorinated isomers while concomitant
reaction of the nitro group and chlorine is observed for the mono-
chloronitrobenzenes. The proposed reduction processes are indicated
by the observation of new electrochemical processes when a second cy-
cle of the voltammogram is recorded. Nitrosobenzene and all possible
isomers. of its chlorine derivatives, except pentachloronitrosobenzene,
were synthesized and cyclic voltammograms.were recorded for each. The
reduction potentials of nitrosobenzene and the monochloronitrosoben-
zenes correspond to some of the reduction potentials for the second
cycle voltammograms for the polychloronitrobenzenes.

II. Power Series Representation in the High Temperature Phase
Equilibria of Several Metal Oxide Systems

The use of Redlich Kister power series representations of thermo-
dynamic quantities in the study of high temperature phase equilibria
is described. Literature data was used to obtain power series equa-
tions for the activity and enthalpy of the rutile phase of titanium
dioxide treated as a solution of titanium metal in titanium dioxide.
Mass spectrometric data for the vaporization of potassium oxides was
obtained from another researcher. This data was interpreted to give
new values for the heats of formation of K.0(s) and K50, (g). These
new values and literature data were used to determine power series
equations and calculate a potassium oxide phase diagram. The phase
equilibria of lithium oxide and aluminum oxide was treated by power
series representations and a revised phase diagram is proposed. Power
series representations in the potassium oxide, calcium ox1de, and
silicon dioxide ternary system are presented. :




then, many possible intermediates and products observable electro-

SECTION I.

INTRODUCTION .
The electrochemical reduction of nitrobenzene is one of the
classical reactions of organic polarography. vHowever nitrobenzene
is rather prolific in its reduction products, and éomplex reduc-
tién pathways are possible. Under the proper solvent and elec- -
trode conditions one can reduce nitrobenzene to nitrosobenzene,
phenylhydroxylamine, aniline, azoxybenzene, azobenzené, or hydra-

zobenzene. Most of these compounds can be electroactive, as well:

as many of their possible anions and dianions. There are indeed

chemically even for the reduction of unsubstituted nitrobenzene.
The focus of this present work is on the.eleqtrochemical reduc- ]

tion mechanisms of polycﬁlorinated nitrobenz?nes in the solvent

dimethylsulphoxide, (DMSO). Therefore the reduction of nitrobenzene

in aqueous systems will be éonsidered only briefly and the remainder

of thi; introductory discussion will be limited to the reactions of

nitrobenzene, the halonitrobenzenes, and their decomposition products :

in aprotic'solvent systems,

Electrochemistry of Nitrobenzene
Nitrobenzene can be reduced in acidic aqueous media, pH less than

L.7, and the following mechanism has been proposed:l

FAEN
o e




2 .

COHNO EST + 20— +mF + 4
¢H0,H, e s — CéH5NOH H,0 (slow)

<L -
" Dem 1 + .
O H NOH' + 267 + 2H" ———> C H NH,OH (fast).

Tbe rate determining step is the reduction.of nitrobenzene to the
protonated form of nitrosobenzene. Nitrosobenzene is more -easily
reduced than nitrobenzene and the second step leading t; protonated
phenylhydroxylamine is rapid. Following this four electron wave, at
a more cathodic potential, a two electron reduction to the protonated

form of aniline is observed:

06H5NH203+ + 2~ + 2HT ——> C6H5 3 + H,0

In neutral and dlkaline solution, pH greater than 4.7, the pro-

posed mechanism is:

NO + e +~H20 —_— Céﬂ NO H- + OH™ (slow)

CyH 5

PR

~ + 26™ + 2H0 —> HOH + . t).
06H5NO2H 2e 2H,0 - CéH51~\I OH + 30H (fast)

The second .reduction wave of phenylhydroxylamine to aniline, as in
the acid case, is not observed.
In the nonaqueous solvents N,N—dimethylformamidez, (DMF ), and

3

acetonitrile”, (ACN), nitrobenzene is first reduced in a reversible
one electron transfer to its stable anion radical. At a more catho-

dic potential an irreversible three electron transfer with protonation




3

occurs to form the major product, phenylhydroxylamine, With an
added proton dpnor,.suéh,as phenol, the first reduction wave grows
and the second decreases. At a mole ratio of acid ﬁo nitrobenzene
of four to one only .one irreversible four electron wave is observed
as in the alkaline aqueous’ systems.

Reduction of nitrobenzene in the presence of a suspension 6f
activated neutral alumina to remove every trace of electrophilic
‘impurity, can result in the formation of the nitrobenzene dianion
which is stable'bn the time scale of cyclic voZL.‘c,a.mme.tI'y.l+ This ob-
servation of.reversibie behaviour for the dianion is successful in
DMF, hexamethylphosphofamide, and pyridine, but in ACN where the
solvent itself can donate protons more easily:the dianion decompﬁses
more rapidly.

In anhydrous liquid ammonia the dianion of nitfobenzene'is'sta—
ble with respect to protonation on the time scale of cyclic voltamm-
try and does not protonate even on.an electrolysis time scale, -al-

5 .

though it does precipitate as the .potassium salt,

Electrochemistry of Halonitrobenzenes

- Haloaromatics can generally be divided into two classes with
respect to the mechanism of halogen loss.6 The first class contains
aromatic compounds with only halogen substituents or if other sub-

stituents are present they are-electrochemically imactive. These com-




L |
pounds, such as the halogenated benzenes, biphenyls,ﬂbenzonitﬁiles,
and naphthalenes, lose halide in a two-electron reduction with the
addition of a proton‘to‘quantitatively form the dehalogenated aro-
matic.

The second class of compounds, examples of which are some
halogenated benzophenones, guinolines, phenzaines, and nitroben-
zenes, can losé halide after less than two electrons transferred and
the reductions usually result“in.substéntially.less thanrlOO% con~
version tO'ﬁhe dehalogenated aromatic. The.unhalogenateduparent
compounds in this class -are electrochemically reducible at potentials
similar to those of their halogenated derivatives and after electron
transfer halide loss from these derivatives may have to‘compete-with,
or be replaced by chemical reactions of :the non-halogen functional
groups.

In 1962 Holleck angd Becher7 reported the polarographic halfwave
potentials for ‘the first reduction waves of several of the isomers
of iodo, bromo, and chloronitrobenzene in DMF and ACN. They observed
anomalous reduction waves following the initial ones for p—broﬁo and
p-iodonitrobenzene, Maki and Geske8, previous to this had not been
able ‘to observe an electron spin resonance, (ESR), signal for electro-
chemically generated p-iodonitrobenzene anion radical.

Adams and co'workers9 set about to resolve this problem. They




5
observed two reduction waves at a hanging mercury~drop electrode,
(HMDE), for each of the six isomers of bromoAand-éhloronitrobenzene
and three reduction waves for -each of the three isomers of iodoni-
trobenzene in IMF. By observation of its ESR spectrum during
electrolysis at a potential between the second and third waves, they
determined that the result of the second reduction of each of the
lodonitrobenzenes was the formation of the nitrobenzene anion radical.
Although they were able to show that iodide is lost by electrolysis
on the first wave, no ESR signal was .observed at this potential.
Electrolysis of o-bromonitrobenzene in the presence of tetraethyl-
ammonium perchlorate as supporting electrolyte and of p-bromonitro-
benzene :in the presence of tetraethylammopium'iodide at a potential
more cathodic than thei;‘first reduction waves also resulted in the
generation of the nitrobenzene .anion radical. Ioss of chloride was
not observed during the time“for'which they electrolyzed solutions
of the. chloronitrobenzenes.

From these observaﬂions;,Adams and .coworkers postulated for the
iodonitrobenzenes that the .first wave was .a ‘two electron transfer re-
sulting in the elimination of iodide and tﬁatvthe second -wave was the
10

formation -of the nitrobenzene anion radical. . lawless and Hawley

interpreted them as postulating the following mechanism:

C H NO2I + 2e~ + Hf——> C H NO, + I (first wave)

67 65
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CLHNO, + o= === C4HsNO,, - (second wave).

5

This mechanisﬁ is not consistent with the original data in that
the halfwave potentials for the second-waveé of the iodoniﬁrobeﬁ-
zenes are isomef dependent and fifty to eighty.millivolté more
cathodic than thg first reduction of nitrobenzene.

Fujinaga and coworkersll electrolyzed the three chloronitré-
benzene isomers on the first wave in ACN in -an ESR cavity and did not
observe chloride loss. Electrolysis of the meta and para isomers in
DME at the potential of the second wave resulted in the respective
anion radical ESR 'spectra although at reduced iptensity to that ob~-
served when the electirolysis potential was held between the two waves. -
In bMF electrolysis of o—chloronitrobenzené at the potential of ‘the
first wave resulted in the slow disappearance of the o~chloronitroben-
zene anion radical ESR spectrum and “the slow appéarance.éf that of
the nitrobenzene anion radical. When three moles .of phenol were
added for each mole of o-chloronitrobenzene dehalogenation was not -
observed at any potential. The following mechanism was pfoposed for

o—chloronitrobenzene:

CéHANQQCl + é-'——ﬁ>nC6HANOZCl: | (first wave)
06H4N02017 + 26" + HN — 06H5NQ27 + C1™ (second wave).
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The behaviour of. p-bromonitrobenzene was .similaz"'to o-chloro-
nitrobenzene, o-bromonitrobenzene rapidly dehalog_elna‘ted -even when
electrolyzed in ACN and dehalogenation was not obsgrved for m~bromo-
nitrobenzene. All of the iodo isomers showed rapid dehalogenation
with formation of the nitrobenzene anion radical and the following

order was deduced for the ease of dehalogenation:

p;m~Cly, m-Br<o-Cl< p-Br-< o-Br, p,m,o-I.

Chronoamperometric techniques were used by lawless and Hawleylo

to determine that the first -two reduction waves for p-iodonitroben-
zene are the result of approximately two electrons being transferred.
They proposed the :following mechanism, where SH represents the sol-

vent:

C.H l\IO2I +em T= CéHhNO I-

67L

C, H,NO, I+ H NOy» + I (fast)

0L =7 Gl

.+ + 5¢
C 6HZ+NOZ SH — C 6H5N02 S

,CéH NO + e~ CéH

5 p)

This mechanism, in contrast to “the .one they assumed to be proposed
by Adams and coworkers9, ‘has. a total of two.electrons transferred in-

stead of three to end up with the formation of the nitrobenzene anion




radical.

lawless and Hawley also-used‘theif chroncamperometric data and
a current-reversal chronopotentiometric technique to measure pseudo
first order rate constants for hydrogen abstraction by nitrophenyl
radicals. The half life of the p-nitrophenyl radical, from their
‘measu}ements, ranges .from approximately one second in DMF té approx-
imately nine seconds in DMSO with tetraethylammonium iodide present
as supporting electrolyte. .Erom their survey of decomposition rates
these workers conclude‘that the stability of anion radicals in the
different solvents used increases in the order DMF~= ACN~<.DMSO.

In two subsequent publications Iawleés,_Hawley, and .coworkers
have described investigations into the mechanism of'decomposition of

diha.loni'brobenzenes12

and steric effects on reduction potential and
rate of halide elimination.l?

Electrolysis of 2,6-dichloro, 2,3-dichloro, and 2,4 dichloro-
nitrobenzene at potentials just past the first reduction waves in .
DMF and/or ACN resulted in the formation of o-chloro, m-chloro, and

.p~chloronitrobenzene .anion radicals respectively. Three reduction

waves were observed for o-chloronitrobenzene in DMF as compared 1o

9

two waves observed by Adams and coworkers’ under supposedly‘thg same
conditions. The second wave was attributed to the further rgduction

.of the o-chloronitrobenzene anion radical to.form the nitrobenzene.
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anion radical and the third wave was considered to be ‘the further
reduction of the nitrobenzene anion radical. Controlled péteptial
electrolysis of 2,6-dibromonitrobenzene to "the point where two elec-
trons had been transferred per mole of substrate resulted in 98% |
disappearance of starting material and the,onlj product analysis
they could determine was 24% conversion to nitrobenzene and 8% con-
version to o-bromonitrobenzene.

Investigation of steric effects on halonitrobenzene -electro-
chemistry led Hawley and coworkers to conclude that .the twisting of
the nitro group out of the plane of the ring by §rtho substituents
causes more loss of résonance energy for the nitro anion radical than
for the neutral molecule. ‘The higher energy préduct requires a mofe
cathodic potential.for‘anion radical formation, -while fhe possibility
for relaxation of the twisted nitro group enhances thé rate of elim-
ination of the .ortho substituent. They also postulate that the cath-
odic reduction potential shift does not reflect -the entire loss of
resonance energy since part of this loss shouid be made-up by in-
creased solvation of the twisted nitro .anion radical. Methyl sub-
stitutions on thé halonitrobenzenes were observed to increase the
rate .of halide loss even when steric effects were not involved.

14

Nelson, Carpenter, and Seo™ " have .used cyclic voltammetry,

chronoamperometry, and chronopotentiometry to investigate the reduc-




tion mechanisms of all'the:monohalonitroben;enes; They have demon-
strated that the first reduction wave is a one élecfron transfer for
all of the compounds investigated except o-bromo and o-iodonitroben-

10 on the one -electron

zene. They concur with lawless and Hawley
transfer followed by loss of halide and hydrogen atom extraction fol-
lowed again by one -electron transfer for the decomposition of p-
icdonitrobenzene to the mitrobenzene anion radiqal. They observed
the ESR spectrum for the nitrobenzene anien radical during elec-
trolysis of all the monohalonitrobenzenes in ACN, although for the
fluoro and chloronitrobenzénes up‘ﬁo several hours of electrolysis
time were required. The inference is made that the p-lodonitroben-
zene decomposition mechanism is general'for the hglonitrobenzenes.
However excessive electrolysis time for generation of the nitroben-
zene anion radical demonstrates that this i1s a very slow pathway for
the fluoro and chloronitrobenzenes.

The .first order rate constants measured for halonitrobenzene

decomposition from chroncamperometric data show the following trends:

k

m.eta'= k

para< kortho and ' kF<kGf kBr< kI.‘

In experiments with deuterium oxide :and deuterated "ACN ‘they
were able to persuasively show that the solvent.and not residual

water is the source of hydrogén-for halide replacement.
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During electrochemical synthesis investigations, at high sub-
" strate concentration, 4-nitrobiphenyl.was formed by electrolysis of
p-iodonitrobenzene in a 50/50 mixture of ACN/benzene, also 50 — 60%
yields of 4,4'-dibromoazoxybenzene were obtained by electrolysis of
p-bromonitrobenzene at the potential of .its second reduction wave.
Notably, no dinitrobiphenyls or solvent addition products could be
isolated or characterized although several unidentified products were
produced.

Sosonkin and coworkersi5’16 have used both-electrochemical and
chemical reduction of halonitrobenzenes to determine the mechanism
of halide substitution by hydrogen. They support the mechanisms pro-
posed for o=-chloro, p-bromo, .and the iodonitrobeqzenes_ﬁy Fujinaga

and coworkersil, They elaborated on these mechanisms as follows:

ANOZX + e~ :;::'06HAN02XT (first wave;.X=Cl,Br)

CeH
.06H4N02X7 + e~ —> 06H4N02x= — céﬂhqu" i S

CgH,NO,™ + gt — C4HN0, 5 (second wave)

G HNO, + o™ —= CAHNO," .

6 2

and
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C,H NOZI +e- =— C,H NOZIT—%>06H NO,+ + I™

674 674 42

CgH,NO,* + e™ —> CgH NO (first wave)
06H4N02_ + HF — C4HgNO,,

céf;ﬁqu +eT =T 6}151\102“T | (second wave)

Thus far in this section, pertinent results of the electro-
chemical investigations of halonitrobenzenes have been presenfed with
a minimum of personal comments., These results will now be summarized
and critically analyzed..

The several proposed mechanisms are illustrated in figure 1.
Pathway (1) encompasses an initial one-électronyreversible-wave to
form the stable halonitrobenzene anion radical, At a more cathodic
potential, (c.a. one volt), a éecond electron is. added, rapid dehalo-
genation occurs, and the resulting carbanion-extracts a proton from
the solvent to form nitrobenzene. Nitrobenzene is reduced more
easily than the halonitrobenzene anion radical :so it is rapidly re-
duced in.a one electron transfer to make the second wavela'two elec-
tron reduction. This pathway is the one . originally suggested by

11

Fujinaga .and coworkers™  and also supported by Sosonkin.and co-

workers.'l5’16
The pathway represented by (2) begins with.a two-electron wave

which can be ‘broken down .into .an initial one electron transfer to




FIGURE 1. -Halonitrobenzene Reduction Pathways
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yield an unstable halonitrobenzene anion radical. It loses halide
and is .rapidly reduced by a second-electron to a carbanion. .Pro-
tonation results 'in the formation of meutral nitrobenzene which .is
reduced at a slightly more cathodic potential, (c.a. 0.2 volts),
resulting in the second wave. This pathway was inferred by the data
of Adams and coworkers9tfor‘the decomposition of the iodonitroben-
zenes. It was also supported by the observations in references 11,
A5, and 16.

Pathway (3) again begins with an initial one electron ‘transfer
to yield an unstable halonitrobenzene anion radical which loses ha-
lide. 'The neutral radical which results is reasonably stable and de-
compeses by hydrogen atom extraction from the solvent. .Nitrobénzeﬁé
is then reduced at the same or a slightly more cathodic potential and
a total of two one electron waves are supposedly .observed. The work

10,11 and. that -of Nelson and coworkerslh

of Hawley .and coworkers sup-
port this pathway.
The following observations ;are made:
1. It appears obvious that any supposed conflict between the mechan~
isms of pathwajs (1) and {(3) can be explained by allowing both
to be vélid. If an electrode is held;at'the;ﬁotential of the

first reversible wave the halonitrobenzene anion radical -can

lose halide at a rate characteristic of :the particular halogen
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and isomer involved. If as in the case of iodine;fhalide loss
is rapid and if hydrogen atom extraction is valid, the nitro-
benzene anion‘radicél can be generated with only two electrons

transferred.

When the halonitrobenzene anion.radicai is quite stable as for
chlorine, reaction by pathway (3).Qill be slow. Applicétion of
an electrode potential .as cathedic as the second wave can then
produce the nitrobenzene anion radical with a transfer-of three

electrons.

Neither pathway (2) or (3) explain the iodonitrobenzene electro-
9

chemistry of Adams and coworkers’. The first reduction wave of

these compounds is at least twice as large; (twice :as much

\current), as the second wave. The halfwave potentials of the

second and third waves do not correspond to those of nitroben-
zene, the supposed product of the first wave. A reduction mechan-
ism involving a solvent addition product may be able to explain

these results.

Product analyses after controlled potential electrolysis have not

.resulted in the identification of ‘the nitrobenzene radical coupling

product, dinitrobiphenyl, even though the postulated lifetime .of

the radicals is quite .long. Also the faté of the solvent radicals
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remains a ‘mystery. A number of its addition products are possi-

ble, (figure 2), and they should be .identifiable.

4. Failure to minimize residual watér can have a substantial effect
on ‘the potentials and possibly the mechanisms of decomposition
at the more cathodic irreversible reductions. As .mentioned

9

earlier, Adams and coworkers’ observed one reversible and one
irreversible wave for the reduction of o-chloronitrobenzene. ILaw-
less and Hawleylz obsefved one reversible and two irréversible
waves for this compound under nearly identical conditions. This
author has observed that addition of traces of water to dry DMSO
can ‘cause a change from a total of three waves to .a “total of two
for the reduction of.this compound and that changes in the volt~-

ammograms of polychlorbnitrobenzenes by traces of water is a

general feature.

5. DNo reactions of the nitro group concomitant to halide loss have

been described previous to this investigation.

Electrochemistry of Nitrosobenzene and Azoxybenzene

Kemula and Siodal7.have investigated the electrochemical reduc-
tion of nitrosobenzene in DMF with sodium nitrate as .supporting
electrolyte. They observed two polarographic waves for this reduc-

tion, and the first was attributed to the formation of the nitroso-
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benzene anion radical. The second wave was postﬁlated'to be a com-
bination of the further reduction of the nitrosobenzene anion radi-
cal and the reduction of azoxybenzene formed by the reaction of ‘two
anion radicals from the first wave or anion radicals reacﬂing with
neutral nitrosobénzene molecules. Electrolysis of nitrosobenzene on
the first wave resulted in the current decaying to zero before the
passage of oné electron per molecule of substrate. Polarography'of
an electrolyzed solution indicated only the formation of azoxybenzene.

Asirvathan and Hawley:L8 have studied the controlled-potential e;ec-
trolysis of nitrosobenzené in ACN.and DMF. In ACN they observed un~
usually rapid decoﬁposition which was complete after the passage of
0.3 moles of electrons per mole of substrate. They proposed that
hydroxide ions produced during the formation of azoxybenzene also
caused the decomposition of nitrosobenzene to azoxybenzene. This was
supported by the fact that each 0.3 of a mole of tetraethylammonium
hydroxide added to a solution of nitrosobenzene caused the disappear-
ance of one mole of nitrosobenzene, with the formation of azoxybenzene
at a 70% yield. At least nine other minor products were isolated but
not identified. Similar yields of azoxybenzene were obtained from
exhaustive électrolysis and again it was the only product_that could
be identified. - A

Although the nitrosobenzene anion radical was somewhat more stable
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in DMF, similar results were obtained .for both electrochemical .and
chemical decomposition in this solvent.

19

Lipsztajn and.coworkers observed three polarographic waves for
the reduction qf nitrosobenzene in DMFlWith'tetraethylammoﬁium
perchlorate -as supporting electrolyte. However under the same con-
ditions, four reduction wéves were observed oh.a chrono~voltammogram
‘taken at a hanging mercury drop electrode. They interpreted their
results as shown in figure 3. Nitrosobenzene .is .reduced in a par-
tially reversible one electron wave to the nitrosobenzene anion rad-
ical which can dimerize and lose hydroxide to form azoxybenzene. From
the electrochemistry of authentic azéx&benzenezo,'they'were able to
interpret the second wave as the reversible one electron reduction
of azoxybenzene. The third wave was believed to be .a combination of
further reduction of nitrosobenzene anion radicals that had survived
dimerization and the irreversible reduction of azoxybenzene anions
to give azobenzene, The.aéobenzene.formed:is moré easily reduced
than the azoxybenzene anions so a second -electron is instantly trans-
ferred to give ézobenzene anions, whose reduction td hydraéobenzene
constitute the fourth wave.

They found that changing ‘the -concentration or the cation of "the.
supporting electrolyte could cause substantial changés in -the electrd—

chemistry of nitrosobenzene and in the presence of sodium perchlorate




FIGURE 3. Electrochemical Reduction Pathways for Nitrosobenzene
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their results were similar to.those of Kemula and Sioda.l7
In anhydrous liquid ammonia .nitrosobenzene caﬁ be reduced in
two reversible one electron steps to its stable_dianion.s Nitro-~
sobenzene 1s also observed as a stable reduction product of nitro-
benzene in liquid ammonia with isopropyl -alcohol added as a proﬁon
donor. The proposed mechanism is as follows:
e~ ‘ ~e;

C,H NO =——> C,H NO.* === C,HNO _
675 2 652 675 2

C6H5N02 '+AROH-—%>06H5NO2H"+'RO'

C6H NO2H'——*-CéH NO + OH™

5 5

b b

e~ b - _e =
CéH NO =—= 06H5NO a— CéH NO

H NOT + ROH — C,H_NOH™ + RO™.

C¢ 5 65

The cathodic cycle of a cyclic voltammogram shows two waveé. The
nitrobenzene anion radical is formed‘on the first wave and the pro-
tonated'nitrosobénzene dianion is formed on ‘the second wave. On the
anodic scan 'two new .waves are seen. The first is from the oxidation
of the protonated nitrosobenzene dianion which after loss of ‘an
electron, rapidly deprotonated to give the nitrosobenzene anion rad-
dical. The oxidation of the nitrosobenzene anion radical makes up

the second new wave. .A second cathodic sweep 'shows the reduction
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of nitrosobenzene at a potential anodic of nitrobenzene reduction.
No reports of electfochemical investigations .of halogenated nitro~
sobenzenes in .aprotic media were discovered during an extensive lit-

erature search.
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STATEMENT OF PROBLEM

This work has grown out of that of S. 0. Farwell>® and F. A.
Beland.22 They investigated ‘the electrochemical reduction of
several chlorinated homologs such as the polychlorobenzenes and
polychlorobiphenyls, -The only electroactivg functions in these com-
pounds were the chlorine substituents and ‘they concluded ‘that eaéh
electrochemical reduction wave was the result of an"irreveréible
two electron transfer with the loss of chloride and proton abstrac-
tion. They applied controlled potential electrolysis and CHNDO
molecular orbital calculations to the problem of determining electro-
chemical reduction mechanisms .and product distributions for these
compounds.

The electrochemical behaviour of molecules with more than one
electroactive functional group, specifically the chlorinated nitro
and nitrosobenzenes, are the subject of this investigation. .Further-
more, both reversible and irreversible electrochemical processes are
involved in the reduction of these compounds and cyclic voltammetry
is needed to distinguish between the two .processes. The elucidation -
of the mechanism of reduction in the presence of competing electro-
¢hemical and chemical reactions and the cataloging of the reductiqn
potentials in the solvent dimethylsulfoxide .for the .polychloronitro
and polychloronitrosobenzenes is the problem .addressed in this :por-

tion of this dissertation.




EXPERIMENTAL
Electrochemical Cell and Electrodes

A small volume H—pell,was constructed with a glass wool plug
to divide the two compartments. A total sémplg volume of 8 to ld
milliliters for the two compartments was found to be convenient.
Between analysis of samples the cell was rinsed repeatedly with
distilled water and the cell was then dried by rinsing three or four‘
‘times with acetone followed by forcing a current of air through the
glass wool plug.

The working electrode was a platinum flag with a total area of
approximately 60 mm?,-coated with mercury by the procedure of Enke
and-coworkersJQB An auxiliary or counter electrode was formed by a
coil of 20 gauge platinum wire. The reference electrode was a silver
wire which had been anodized in the presence of chloride to form a
silver chloride coating. This coated wire was:placed.in a glass tube
with a fine capillary'tip and ‘the tube was filled with a saturated
aqueous solution of potassium chloride.and silver chloride.

Although aqueous reference electrodes have .large, unknown juhction
potentials when used in nonagueous systems, these junction potentials
can be made reproducible with a properly constructed reference elec-
trode.?* This Ag/AgCl reference has an equilibrium potential 0.197

volts positive -of the .standard hydrogen-electrode. This is 0.045
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volts negative of the potential of the .more commonly used saturated‘
calomel eiectrodecand:approximate comparison to potentials reported
versus the saturated calomel can be obftained by subtracting 0.045
volts from the potentials reported herein.

The reference electrode was placed in contact with the solution
in one compartment of .the H-cell and the wquing-and coﬁnter elec-
trodes were placed in theiother‘compartﬁent. The working compartment
solution was flushed with nitrogen for several minutes to remove

oxygen prior to recording of a voltammogram.

Cyclic Voltammetry Instrumentation

A& conventional cyclic voltammeter with :a sténdard"three electrode,
operational amplifier potentiostat was constructed as shown schemati-~
cally in figures 4 and 5. This design,allowed for the initial poten-
tial and the cathodic .and anodic limits to be independentlj and arbi-
trarily set. .The .anodic and cathodic sweep rates were also independ-
ently variable, but for all the work reported herein they were :set
-equal to -each other -at 75 mv/sec. The uncompensatea IR drop in ‘the
system was deemed negligible and was not corrected 'foI" electronically.
All voltammograms were recorded on a Houston Insﬁruments Omnigraphic

2000 X-Y recorder and peak potentials were determined graphically.




Figure 4. Cyclic Voltammeter Block Diagram
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Figure 5. Cyclic Voltamrneter Circuit Diagram.

14—
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Solvent Purification

Reagent grade dimethyl-sulfoxide, (DMSO), was obtained from.J. T.
Baker Co. and was found to contaiﬁ at least one electroactive impur-
ity which interferred with the recording of voltammograms of sub-
strates .at 5 x.lO'QE concentrations.

The solvent was purified by refluxing BOO-AOO'ml per batch over
ten grams of sodium hydroxide at.épproximately 75°C for two and a
half hours. The refluxing mixture was continuously stirred and
.maintaiﬁéd under an atmosphere of nitrogen at reduced pressure. The
solvent was then decanted into a flask containing five grams of pul-
verized calcium hydride, to removéﬁwaterz and the mixture was ‘stirred
for -three to four hours.wﬁile a nitrogen atmosphere was maintained
above the liquid. The DMSO was then distilled under vacuum, with the
first and last 20-30 ml being discarded. The collection flask was
cooled in an ice bath and the middle fraction was obtained as a solid.
A1l soiutions for electrochemical .analysis were prepared and analyzed

within.48 hours -after this purification and drying procedure.
Electrolyte and Organic Substrates

The supporting electrolyte used throughout this study was tetra-
ethylammonium perchlorate from Eastman Organic .Chemicals, halogens

as bromide 100 .ppm or less.
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Polychloronitrobenzenes

Nitrobenzene was purchased from Fisher Scientific Co. Sam-
ples of 2-chloro; L-chloro; 2,i-dichloro; 3,i-dichloro; 2,3,k-
trichloro; 2,4,5-trichloro; .2,3,4,5~tetrachloro; 2,3,5,6-tetra- -
chloro and pentachloronitrobenzene were purchased from Aldrich
Chemical Co., Inc. Samples of 3-chloro; 2,3-dichloro and 2,5-
dichloronitrobenzene were purchased from J. T. Baker Chemical Co.

The synthesis of the following compounds -was carried out with.
fhe goal of obtaining enough pure product to cafry out electrochem-
ical analysis. ILittle effort was devoted ‘to perfecting synthetié
methods and yields are -not reported. In the case of the poiychloro—
nitrosobenzenes, much of the crude product was sacrificed in the in-
terest of purity. Yields were typically 1% or less, but most of
these materials contained no impurities observable by voltammetry.

Samples of 2,6~dichloro; 2,3,5~trichloro;ﬂ2,3,6—trichloro; 2,4,6~ -
trichloro and-2,3,4,6-tetrachlorénit:ébénzene were synthesized by
Kathleen Brunke, Linda Davis, and/or Richard Geer. Sampies of 2,6~
dichloro and 2,A,6-trichloroaniline.were oxidized with 30% H202 in
a 9 'to 1 mixture of acetic to formic -acid at near ‘boiling temperatures
to yield 2,6-dichloronitrobenzene, m.p. 71-72°C and 2,4,6-trichloro~

nitrobenzene, m.p. 69-70°C. A sample of 2,3,5-trichloronitrobenzene
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was synthesized ‘by chlorination of o-aminonitrobenzene in both meta
bositions with .chlorine gas. This was followed by replacement of
the amine group by chlorine with'cuprous éhloride‘via'the Sandmeyer
reaction, m.p. 49-50°C. A sample of 2,3;6—trichloronitrobenzene was
synthesized from 2,6-dichloronitrobenzene by chlorination of one of
the meta positions with antimony pentachloride{‘m.p. 78-83°C. A sam-
ple of 2,3,#,6-tetrachloronitrobenzene-was the .nitration prodgc% of
1,3,A,5—tetrachlorobenzen¢ with nitric -and sulfuric acid, m.p. 40-42°C. -
A sample of B,B-dichloronitrobenzene was_synthesi;ed by_degmination
of 2,6-dichloro-h—nitroaqilipe w;th;sgdium.piyriténin thgnpresgnce:.
of ethanol and sulfuric .acid. The crude product was steam dis?illed
and then recrystallized from ethapol{“m.p. 58760°Cﬂ__Avsample.of
3,4,5=trichloronitrobenzene was synthesized by diazotization of 2,6~
dichloro=4~nitroaniline witﬁ sodiuﬁ nitrite in the presence of acetic
and sulfuric acid. The freshl& prepared diazonium salt solution was
added to a solution of cuprous chloride .in concentrated HCI to ef-
fect the replacement of fhe dilazonium group by_chlorine. The crude

product was recrystallized from acetic acid, m.p. .67-69°C.

Polychloronitrosobenzenes

1 ) 25
Nitrosobenzene was synthesized by the procedure .of Coleman et. al.

which entailed the reduction of nitrobenzene in a vigorously stirred
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aqueous suspension with zinc powder, (J. T. Baker'éhemical Co. ).
The reduction product{ phenylhydroxylamine, was oxidized to nitro-
sobenzene in a coldmaquequs_solpp?on pf“splfgpic.gcid.and sodium
dichromate. The.crude‘product.was_steam'dispilled apdlrecrystgllizgd
from ethanol. A sample of Afchloronitrosobenzeneuwas synthégizgd by_
the same procedure as nitrosobenzene exqépt ‘t.he LP—chlorophe.nylhydlrozqyrl-
mine was isolated and :ecrystallized from hexane and the crude pro-
.duct from the ox1datlon was used without further purlflcatlon.

Samples of 2,6~ dlchloro, 2,3,6~trichloro; .2,4,6~trichloro; 2,3, 4,6-
tetrachloro and 2,3,5,6~tetrachloronitrosobenzene were synthesized
by the oxidation of the respeqtive.anilines_wiﬁh 30% 3292 by the pro-

cedure of Holmes .and Bayer,'26

modified by,thgjuse'of a9 to 1 mix-
‘ture of acetic to formic acid as solvent instead of purgfacetic agid.
The solutions were allowed to react for 24 to 48 hours gt room temper-
ature and the products were recrystallized from ethanol. 4An -attempt
to synthesize pentachloronitrosobenzene by this method was unsuccess-
ful,

The remainder of the polychloronitrosobenzenes were syn#hesized
by a procedure similar to that of Tutz and Lytton;?7 'Typical;y 20
grams of the particular chlorinated'nitrobenzene and l‘gram of CaCl2
were dissolved in 150 milliliters of a 5 to 1 mixture of ethanol apd

water, more solvent being required for the higher chlorinated com-

pounds. 20 grams of zinc powder, (J. T. Baker Chemical Co.), was




32

added-and the stirred mixture was refluxed for 45 minﬁtes, At
this point the reaction pots always,containéd a lot of.precipi-
tated material which was filtered hot and washed with sevéral-hun-
-dred milliliters of hot ethanol. The filtered alcohol-water solu-
tion of chlorinated phenylhydroxylamine was added to 25 grams of
ferric chloride hexahydrate dissolved in 400-500 ml of ice water
slurry. A precipitate was obtained immediately and it was allowed
to digest for several hours before it was filteréd off andAsteam
distilled. The chlorinated nitrosobenzenes distilled ovér.as small
green or green-blue droplets :and collected as several large oil drop.
When these oil drops solidified the product was recrystallized from
ethanol. Tl';e melting points of the nitrosobenzenes are given in

table 1.
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Table 1. Polychloronitrosobenzene Melting Points

Chlorine Position
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*Melting began at 76° to a medium green liquid and the last fine

needles melted at 86°C.

Observed
Melting Point(C°)

60
52~56
68~72
80-8L
88-90
43-45
97-98
172-173
83-85
97~100
58-59
77-78
170
- 88-90
140
76-86% -
83-85.
163-164
197-198




RESULTS AND DISCUSSION

The peak potentials for the reduction waves of the polycﬁloronitro
and polychloronitroscbenzenes are -shown in tables 2 and 3. Too‘féw
repeat measurements were recorded to determine a statistical pre-
cision for these values. However experience with measuring the peak
potentials of 2-chloronitrobenzene at several different times .during
the period of .investigation revealed that the deviation from measure-
ment'to,measuremept.was about i 10 millivolts. All of the reported
values are believed to be precise within these limits.

The matching of peak potentials of -electrochemically active :inter-
mediates with the peak potentials of authentic compounds deserves
more leeway ‘than T 10 millivolts since the intermediateé give rise

to ‘smaller current waves whose peak potential can mot be measured

.as ‘precisely as ‘the peak potentials of the larger waves. Also the
potentials of the intermediate waves are often close to other waves

‘which may shift -the .apparent -potential of the peak current.

Semi-quantitative :interpretations of ‘the voltammograms for the

‘purpose .of identifying electrochemical reduction pathways are now

presented. 'The mechanisms.presentéd show .the electrochemical -and
chemical reactions to ‘the points:where the reduction product is a
previously discussed compound. The electrochemistry of thiélcom—
‘pound when considered .as a reduction productiis taken to be the same

as when this compound was considered as the 'substrate.
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‘Two cyclic voltammograms of niirobenzene-are,shown'in figure

6. The top voltammogram shows that -the first -reduction process is
reversible, This wave corresponds to the one electron reduction of
nitrobenzene to its stable radical anion and the oxidation of the
anion is observed on the anodic -sweep. The.current—%oltage curve
will track itself without any nqticeable decrease in current for
several hundred cycles. However if ‘the potentiai of the working
electrode, with respect to the reference electrode, is allowed to be-
come .more negative,.a second electrochemical process takes place.
On voltage scan reversal there is no corresponding oxidation and
this second reduction is therefore irreversible. Also the oxidation
of the nitrobenzene anion radical is observed at reduced current

magnitude .and.a new oxidation process is observed. A -second cathodic

sweep ,shows that this new prbcesé‘iS‘reversible, Figure 38 shows

cyclic voltammograms for nitrosobenzene. The peak potentigl for the
reversible wave of nitrosobenzene compares well with the peak poten~
tial f&r'the new wave in the nitrobenzene voltammogram, -0.829 volts
and -0.818 volts respectively;

A méchanism,is proposed for the ‘electrochemical reduction of ni~-
trobenzene in figure 7. The first electfon transfer corresponds
to the firstareversible:wave.of the wvoltammogram, peak potential

-1.053. The second wave involves a second electron transfer and
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yvields the dianion of nitrobenzene which abstracts.a,proton,l
probably from the solvent, and loses hydroxide to form nitroéo—
benzeﬁe. The next two electron transfers should take place at ‘the
potential of the second wave, -2.009 Qolts, since their potentials
from the analysis of authentic .nitrosobenzene are -0.829 -volts and
-1.890 volts. Some.of the nitrobenzene and nitrosobenzene anion
radicals in the vicinity of the electréde survive further reaction
since their oxidation can be seen onvtheﬂahodic sweep. This is
identical to ‘the mechanism proposed by Smith .and Bards‘for the re-
duction of nitrobenzene in ligquid ammonia in the presence of isopropyl
alcohol.

Cyclic‘voltammograms for 2~chloronitrobenzene are :shown in figure
8. The first wa&e is again reversible, the second ﬁave.resulis in
the appearance of & new electrochemical process, and ‘the .third wave
results in the appearance of a second new set of waves. Figure 9
shows ‘the proposed mechanism for the electrochemical reduction of
‘this compound. .Although the loss of chloride after the sécoﬁd'elec-
tron transfer is not observed 'in ‘terms of a wave for nitrobenzene,
this process is observed for .4-chloronitrobenzene under the right con-
ditions. The first new wave has a peaklpotential of ~0.631 volts
compared with -0.648 volts for the first reversible wave of 2~chloro-

nitrosobenzene, figure 39. The second new wave has a peak potential
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of -0.823 volts compéred Withv—b_829'volts for the.fifst rever-
sible wave of nitrosgbenzene. That mnitrosobenzene appears to be
a product of the second irreversible wave of the 2-chloronitroben-
zene reduction also éupports the suggestion that halide loss is one
of the reactions of the dianion of 2-chloronitrobenzene. |
Cyclic voltammograms of 3-chloroni@robénzene are shown in .figure
10. Only one irrévefsible ﬁayé is oﬁserved in this case and only one
new set of electrochemical waves is observed on a second voltage
scan. The prop&sed electrochemical reduction mechanism is shown in
Tigure 11. The peak potential of the reduction -of the neﬁ wave is
- =0.66l compared with ~0.669 for the first feversible wave ofl3-
chloronitrosobenzene, figure 40. On the first -cathodic scan-the
potentiai sweep was interrupted at ‘the cathodic limit and the po-
ﬁential;was held -there for ten seconds. Close examination of the
original voltammogram revealed a very small $et‘of'waves juét cath~
odic -of the reversible wave for 3-chloronitrobenzene. -‘Nitrobenzene
and its anion radical are judged to be :responsible for this set of
waves and the loss of chloride is probably a minor pathway for the
réaction of the dianion of 3~chloronitrobenzene. That the loss of
‘halide from the meta position “is slower than loss from the ortho and .
para pogitions,agrees with observations in ‘the literatqre.

Cyclic voltammograms of A4~chloronitrobenzenes .are shown in figure
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12, and the proposed electrochemical reduction mechanism is -shown
in .figure 13. One irreversible wave with.a shoulder is observed on
the cathodic scan. With the information available it i1s impossible
to distinguish the relative magnitudes of the current rising .from '
the two irreversible processes. The middle voltammogram includes a
ten second hold of the potential at ‘the cathodic limit. The subse~
guent .cycle shows two new électrochemical processes. The most anodic.
is attributed to 4-chloronitrosobenzene, figure 41, and the set of
waves just cathodic of the reversible wave for brchloronifrobenZene
are -attributed to nitrobenzene. When the potential is swept out past
both the irreversible waves the set of waves attributed to nitroben-
zene is not observed on the second cycie, but .a set of waves at the
potential of nitrosobenzene is now observed.

From a qualitative analysis of the relative magnitudes of the
current waves attributed to -the monochloronitrosobenzene and nitro-
sobenzene for each of the monochloronitrobenzene voltammograms,

" ‘the order of the rate of chloride loss from-the dianion of the mbno-
chloronitrobenzene is ortho=para=meta.

The difficulty of observing intermediate reaction products in-
creases with the ‘number. of substituents gince‘the number of possible
products also increases. Therefore the proposed mechanismSJthét Tol-

low are on a less firm footing than those that precede.
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Cyclic voltammograms of 2,3-dichloronitrobenzene -are shown in fig-
ure 14 .and the proposed electrochemical reduction mechanism is shown
in figure 16. The only possibly new electrochemical proceés ob-
served after éweeping past ‘the first irreversible wave is a very
small set of waves whose potentials do not con;gspond'to—any.likely
reduction product and may be due to an electroactive impurity. If
any 3-chloronitrobenzene was formed in the first irreversible reduc-
tion process it was not observable electrochemically since the peak
potentials for the reversible reductions of the 3-chloro and 2,3~
dichloro compounds differ by only one millivolt,

Surprisingly-thefe'is evidence that the loss of -the meta chlorine
competes with the loss of the ortho chlorine. The second irreversi-
ble wave peak potential for 2,3-dichloronitrobenzene is ~1.850 -com
pared to -1.811 and -1,870 for the first irreversible waves of 2-
‘chloro and 3-chloronitrobenzene. OSweeping past the second wave re-
sults in one new set of waves with reduction peak potentigl -0.655
volts which can be compared with either -0.648 or -0.669 for the re-
duction waves of 2-chloro or 3-~chloronitrosobenzene.

The third reduction wave peak potential is -1.977 volts -compared
with —=2.009 .for the second reduction of nitrobenzene. A second small
set of waves is observed :after sweeping past all'the'reductioﬁ waves
and its reduction peak potential is -0.791 compared to -0.829 for

nitrosobenzene.
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+ Cyclic voltammograms of22,5-dichloronitrobenzéne ére shown in fig-
ure 15 and ‘the proposed-electrochemical reduction mechanism is shown
in figure 16. If the ortho chlorine .is lost on the first irreversi-
ble wave the electrochemistry of the resulting 3-chloronitrobenzene
may.be obscured by that of 2,5-dichloronitrobenzene since their
first reversible waves have similar potentials. 'The peak potential
of the 'second irreversible reduction is -1.872 compared ‘to -1.870
for the drreversible :reduction of 3-chloronitrobenzene. The.potential
of the new set Sf-waves‘compareS‘very‘well with'thatvof 3—chloro-
nitrosobenzene.

Cyclic voltammograms of 2,4-dichloronitrobenzene are .shown .in
figure 17 and the proposed electrochemical.feduction mechanism is
shown in figure 19. The most interesting feature'is'the apparent
formation of nitrobeénzene when the sweep was interrupted for 10 sec-
onds. at the potential of the second irreversible process. The peak
potential for the new wave is -1.038 compared"to.él;OSB,for nitroben~
zene. All of the first.and sécond sweep'poténtials are consistent
with the dominant loss of ‘the ortho chlorine and the :formation of
L-chloro and nitrosobenzene. |

CycliC'voltammograms of 2,6=dichloronitrobenzene :are shown.in fig-
ure .18 and the proposed electrochemical reduction mechanism is ‘shown

in figure 19. 'The compounds with both .ortho positions chlorinated
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appear to exhibit absorption phenomena at the mercury electrode.
On the second cycle the .reversible wave is shifted anodic if the
sWweep has been as cathodic as “the first,irréversiblelwave. Both
2-chloro and nitrosobenzene are postulated as reduction inter-
mediates for this compound. .Any formation bf'nitrobenzéhe may be
obscured by the wave for 2,6-dichloronitrobenzene.

.Cyclic voltammograms for 3,4-dichloronitrobenzene are shbwn in

figure 20 and the proposed electrochemical reduction mechanism is

shown in figure 22. The major reduction intermediate observed was
3-chloronitroscbenzene.

Lyclic voltammograms for 2,3,4-trichloronitrobenzene are shown in
figure 21 and the proposed electrochemical reduction mechanism_is

shown in figure 22. The major reduction intermediate observed was

3=~chloronitrosobenzene.

Cyclic voltammograms for 3,5-dichloronitrobenzene are shown in

figure 23 and the proposed electrochemical reduction mechanism is

shown in figure 25. The major reduction intermediates observed were
3-chloronitro and 3-~chloronitrosobenzene.

Cyclic voltammograms for 2,3,5-trichloronitrobenzene are shown in
figure 24 and the proposed electrochemical reduction mechanism is
shown in figure 25. 'The major .reduction intermeqiates observed were

3-chloronitro and 3-chloronitrosobenzene..
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Cyclic voltammograms for .2,3,6-trichloronitrobenzene .are shown
in figure 26 .and the proposed electrochemical reduction mechanism _

" is shown in.figure 28, The first irreversible reduciion’is postu-
lated to result.in the loss of an ortho chlorine to give 3,5-
dichloronitrobenzene. The next -two waves, irreversible waves, are
similar to those of 2,5~dichloronitrobenzene, however a small tfailing
shoulder at “the potential of the second reduction of nitrobenzene
shows that like the case of 2;3-dichloronitrobenzene-the orthé
chlorine enhances the rate of loss of .the meta chlorine;

Cyclic voltammograms for 2,4,5-trichloronitrobenzene are .shown
in figure 27 and the proposed electrochehical<reduction'mechanism
is shown in figure 28, The major reduction intermediates observed
wefe 3=~chloronitro and 3-chloronitroscbenzene.

Cyclic voltammograms for 2,4,6—trichloronitrobenzene;ére shown in
Tigure 29 and the proposed-electrochemical reduction mechanism is
shown in figure 31. The major .reduction intermediate obsgrved-was
nitrosobenzene, but.a small amount of 4-chloronitrosobenzene also
appears to have been forﬁed. - |

Cyclic voltammograms for 3,4,5-trichloronitrobenzene are -shown in
figure 30 and the proposed electrochemical reduction mechanism is
shown in figure 31. The major redﬁction intermediates obser%ed were

3—chloronitro and 3-chloronitrosobenzene.
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Cyclic voltammoérams for 2,3,A,5—tetrachlofonitrobenzene are
shown in figure 32 and the proposed electfochemical,reduction
mechanism is shown .in figure 35. The major reduction intermediates
were observed on voltammograms not included here, however very
small waves were observed which were attributed to,3—éhloronitro~
sobenzene and possibly 3,5-dichloronitrosobenzene.

Cyclic voltammograms of 2,3,4,6—tetrachloronitrobenzene.are shown
in figure 33 and the proposed electrochemical;;eduction mechanism is
shown in figure 35. The major reduction intermediates observed were-
3-chloronitroso and nitrosobenzene.

The sweeps to more anodic potenials show .an interesting electro-
chemical process. The anodic wave ‘is the absofption on or reaction
with the mercury electrode of electrochemically génerated chloride.
The cathodic waves .are due to-desorption or‘reverse-reéctions of the
chloride mercury film, Similar observations for a "mercury .iodide
film pattern® have been reported by Adams et. §;=9 These film pat-
terns are a good test to see if a reduction wave results .in the loss
of chloride or not. That these waves are -truly due:to chloride
reaction is supported by the observations that thgy.occur.after the
reduction of hexachlorobenzene and they .are also'bbserved when
tetraethylammonium chloride is-added to a DMSO tetraethylammonium

perchlorate solution.
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Cyclic voltammograms of 2,3,5,6-tetrachloronitrobenzene are
shown in figure 34 and the proposed electrochemical reduction mechan~ _
ism is shown:in figure 35. The major reduction products observed
were 3~chloronitroso and nitrosobenzene and possibly 3,5-dichloro-
nitrosobenzene.

Cyclic voltammograms of pentachloronitrobenzene. are shown in
figure 36 and the proposed electrochemical reduction mechanism is °
shown in figure 37. 'The difference in peak potentials for the rever-
sible and first irreversible wave of the polychloronitrobenzenes has
steadily decreased with increasing number of chlorines. For penta-
chloronitrobenzene the first wave is irreversible and-chloride is
Jdost during this process as shown by the mercﬁry chloride film pat-
tern. The only set of intermediate waves observed is probably due
to 2,3,4,5~tetrachloronitrobenzene. | |

In general the electrochemistrj of the polychloronitrobenzenes is
greatly effected by tfaée‘amounts of water in the solvent. For exam-
ple the voltammogram .of 2-chloronitrobenzene only exhibits one irre-
‘versible wave when a littie water is added. The new waves observed
in the presence of water are larger and are poorly defined.

The observation of the formation of'nitrosobenienes as electro~
chemical reduction products of nitrobenzgnes has not.begnlreported

and probably does not occur for work with these compounds in
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acetonitrile .and N,N-dimethyformamide. The fact that. nitroso-
benzene formation is observed in liguid ammonia with‘éddedﬂisoprop&l'
alcohol and in DMSO and mot .in ACN .or DMF gives rise to the idea |
that the acidity of the solvent plays a major role in thé:likelihood
of this reduction pathway. | '

Of the reduction pathways described ir the introduction and
illustrated in figufe.l the one designated as (1) .is the most con-
sistent with the observation here for the polychloronitrobenzenes.
However loss of chloride from its nitrobenzene anion radical may
take place if the potential is held on the first reversible wave long
enough. .In the case of .2,3,5,6-tetrachloronitrobenzene electrolysis
on the first wave did result in ‘the disappearance of the 2,3,5,6
compound and the appearance of 2,3,5-trichloronitrobenzene.

The cyclic voltammograms of ﬁhe polychloronitrosobenzenes, ex-
cept pentathoronitrosobenzene, are shown in figures 38 through 56.
The electrochemical’reduction mechanism_proposgd by Lipztajn;§i4 3;;19
for nitrosobenzene in DMF, figure 3, appears to be fairly general for
the polychloronitrosobenzenes. However the reduction pathways are
complicated by chloride loss especially for the higher‘chlorinatea
nitrosobenzenes. The first wave is somewhat reversible,in'all cases
and is .attributed to the formation of the nitrosobenzene .anion rad-

ical. The loss of chloride on this first wave is observedfeven for
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the dichloronitrobenzenes aé shown by the mercury chloride film
patterns.

The second:major wave ‘in each case is irreversible and is,probablf
due to the formation of the nitrosobenzene dianion. Minor waves are
observed and'are attributed to the electroactivity of azoxybenzene
and aquenzene_ .Their formation from the dimerization éf the nitrb-
'sobenzene anion radicals is, in part,=re§ponsible for‘thg partial
reversibility of the first reduction of the nitrosobenzenes;

Although the ﬁ;timate,redﬁction.ﬁroducts of the polychloronitro-
benzenes in DMSO afe probably .comprised mostly of phenylh&droxylejf
amines, the formation of some azoxybenzene and azobenzene can be
envisioned under the right conditions of applied potential.

The peak potentials of the first ?eduction waves of the poly-
chloronitrobenzenes are .shown plotted against the number of chlorines
on the molecule in figure 57. .Three -groups can be distinguished in
this figure. The compounds without an ortho chlorine -are ‘the ‘most
easily reduced for each chlorine number. .ihe‘cgmpounds with one
ortho chlorine are the next most easily reduced and tﬁe compéqnds

with both ortho poéitions substituted are the most difficult. The

lines in figure 57 show these groupings.




‘Table 2. First Cathodic Sweep Reductions for Polychloronitro-
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benzenes. Peak Potentials in Volts vs. Ag/AgCl.

Chlorine
Position

2
3
i
2,3
2,4

a5

2,6

3,4
3,5
2,3,k
2,3,5
2,3,6
Lylyy

2,4,6
354,55

2335455
2,3!14‘, 6

2,3,516
-2:314;5:6'

Reversible
Wave

~1.053
-1.026
-0.931
-0.965
-0.930
-0.939
~0.898
-1.094
-0.875
~0.808
. -0.876
-0.823
-1.010
-0.838
-1.016
-0.770
-0.78L
=0.942
-0.934
-0.892

First

-2.009

~1.811

-1.870

~1.884

~1.559
-1.664

~1.650
~1.671

-1.692
-1.726

-1l.481

-1.408

~-1.402

w=L.524
~1.480
~1.460
"-1.253

-1.172

-1.098

~-1.258

Irreversible Waves

Second Third
~1.956
-1.999
~1.850  -1.977
-1.898 .- -2.001
-1.872
~1.866  -2.025
~1.900
-1.689
C 21,666 -1.830
~1.723  .-1.889
-1.673  --1.885
-1.678  -1.890
-1.691 ~-1.930‘
;1.732 ~1.903
“1.4h6 -1.729
~1.510  =1.660
-1.388  -1.727
-1.686

=1.439

Fourth -

-2.007

~2.022°

-1.835
~1.856

~1.830

~1.797
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Table 3. Peak Potentials of New Waves on the Second Cathodic
Sweep for the Polychloronitrobenzenes and Peak Potentials
for Reduction Waves of the Polychloronitrosobenzenss.
Potentials in Volts vs. -Ag/AgCl.

Polychloronitrosobenzenes

Position N Bomemiiobensenes  Reversinle Trreversitle
Second Cathodic Sweep -

- -0.818 . -0.829  -1.890
2 -0.631  -0.823 o -0.648  -1.712
3 -0.66h - ~0.669  -1.711
4 =0.706  -0.805 ~1.032 = -0.722 ~1.763
2,3  -0.655  -0.791 - -0.529 -1.593
2, =0.709  -0.792  -1.038  -0.553  -1.660
2,5  -0.671 : : -0.487  =1.591
2,6 -0.643  -0.827 -0.594  “-1.679
3,4 -0.676 - 0.588  -1.701
3,5  ~0.665  =-0.922 ~0.52,  =1.577
2,3,4  =0.675 ~0.453  =1.584
© 2,3,5  -0.65§ ~0.910 , -0.371 -1.399
2,3,6  —0.66  -0.693 ;0.892 ~0.481 -1.516
2,4,5 ~0.668  =0.910 -0.413  =1.584
2,4,6  -0.723  ~0.817 ~0.516 ~1.600
3,4,5  ~0.660  =0.923 ~0.473  .=1.492
2,3,4,5 . -0.513  --0.686% 0382 -1.356
2,3,b,6  -0,672% ~0.811 S AT R BA I
2,3,5,6  -0.522  -0.678 -0.781 -0.382  -1.39%

2,3,4,5,6 -0.752

#Estimated from anodic peak potential. .
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FIGURE 7. Electrochemical Reduction Pathway for Nitrobenzene
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FIGURE 9. Electrochemical.Reduction Pathways
for 2 - chloronitrobenzene
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FIGURE 11.
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Electrochemical Reduction Pathways
for 3 - chloronitrobenzene
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FIGURE 13 Electrochemical Reduction Pathways
for 4 - chloronitrobenzene
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FIGURE 16.

Electrochemical Reduction Pathways for
and 2,5 - dichloronitrobenzene
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Figure 1? 2,4 - dichloronitrobenzene
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FIGURE 19. Electrochemical Reduction Pathways for 2,4 - dichloronitrobenzene
and 2,6 - dichloronitrobenzene
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FIGURE 22. Electrochemical Reduction Pathways for 3,4 - dichloronitrobenzene
and 2,3,4 - trichloronitrobenzene
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Figure 23 3,5 - dichloronitrobenzene
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FIGURE 25. Electrochemical Reduction Pathways for 2,3,5 - trichloronitrobenzene
and 3,5 - dichloronitrobenzene
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FIGURE 28. Electrochemical Reduction Pathways for 2,4,5 - trichloronitrobenzene
and 2,3,6 - trichloronitrobenzene
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FIGURE 31. Electrochemical Reduction Pathways for 2,4,6 - trichloronitrobenzene
and 3,4,5 - trichloronitrobenzene
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Figure 34 2,3,5,6 - tetrachloronitrobenzene
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FIGURE 35- Electrochemical Reduction Pathways for 2,3,4,5 - tetrachloronitrobenzene,
2,3,4,6 - tetrachloronitrobenzene, and 2,3,5,6 - tetrachloronitrobenzene
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FIGURE'37-

Electrochemical Reduction Pathways for 2,3,4,5,6 - pentachloronitrobenzene
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Figure 38 Nitrosobenzene
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Figure 40 3 - chloronitrosobenzene
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Figure 57. Peak Potentials of the First Wave Reductions of
Polychloronitrobenzenes Plotted Agalnst the Number
of Chlorlne Substltutlons.
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SUMMARY

The -electrochemical reduction of 'the polychloronitrobenzenes
was investigated by cyclic voltammetry. fhe-first reduction in
each case, except pentachloronitrobenzene is a one electron trans-
fer to form the 'stable radical anion. Subsequent reduction waves
correspond to electrochemical elimination of chlorine or reduction
of the nitro group to nitroso. HReduction potentials, cyclic
voltammograms and proposed electrochemical .reduction mechanisms
are given for all of the.polychloronitrobenzenes."The fofmation of
nitrosobenzene and the monochloronitrosobenzenes .as electrochemical
reduction products of the polychloronitrobenzenes in dimethylsulfoxide
is a significant observation.

The polychloronitrosobenzenes were ;ythesiied and thelir electro-
chemistry in dimethylsulfoxide recorded. The observed reduction:
processes of the chlorinated nitrosobenzenes follow the general
mechanism of nitrosobenzene although loss of chlorine is a compli-
cating factor in the mechanism determination. The reduction poten-

tials are given and the cyclic voltammograms shown.




~ SECTION II.
 INTRODUCTION

Thé'study of phase equilibria involves the determination of the
existence or coexistence of the three states of matter, (solid, liquid,.
and gas) with respect to thermodynamic stability at differentvtemper—
atures and pressures, When two or more'components are preseht the
study is extended to a range of compositions as weil. The fherquy-
namic stability of the different bhase§ of a set of materiais at dif-
ferent temperatures; pressures, and compositions can be determined
from the thermodynamic properties éf the éystém of materials and if
the dependence of the thémodynamic properties on temperature, pres-
sure, and composition are kﬁown, the phase equilibria of the system
is determined. | |

Temperature.and pressure dependence of thermodynamic properties
are of inﬁerest‘apaft from the study of phase quilibria. For exam- o )&
ple, the temperatﬁre depéndence of the'en?halpy is determined by the
heat capacity and iﬁs temperatufe dependence and at constant\temper—
ature the pressure dependence of the Gibb'!'s free energy is related
to volume. However one new variable is of importance in the study of
.solution chemistry or phase equilibria and this is the composition

variable,

Power series equations representing thermodynamic properties such

as the enthalpy or free energy of a solution are logically chosen to
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be power series in a composition variable. A number éf different ways
of representing the compositon of a solution are commonly used, for
example molarity, molality,'mole percent, weight percent and mole
fraction. One of the most convenient for phase equilibria work is
iole fraction and power series expansions .of thermodynamic proper-
ties in terms of mole fraction have been used for sometime.

One of the earliest proposed set of power series representations

is that of Margulesz? shown here for a two component system:

T o o o2 2
Lrfpma Uy TBpg T 0 - )

e _ 2
T =zxx, (A + Bexy + Coxy v .+ .)

Y is used to represeﬁt an arbitrary thermgdynamic quantity such as
enthalpy, free energy, logarithm of .activity coefficient, and so forth.
§i stands for the partial moial quantity defined as éY/éﬁi, I; is the
value of the thermodynamic property for the pure material, and Y° is
the excess quantity of mixing. As regquired, at the composition of
either of the pure materials the excess quantity of mixing goes to
zero and the partial molal quantities go'to-the molar valués of the

pure materials, i.e. ¥, = P at x = 1.
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Although ﬁhe Margules equations have these essential qualities
there are some disadvantages to using these-simple power series.
First a different set of coefficients appears in each of the equations
above. Second the mole fraction terms within a given equation are
nonorthogonal. If the terms were orthogonal the first three terms
of a four term series would be identical to those of a three term
series, However becéuse the terms are nonorthogonal with respect to
each other the coefficients would differ considerably between a three
or four term fit of some thermodynamic data. The decision of how many
terms to use in.a power series fit of a set of thermodynamic data
points is facilitated by knowing the approximate magnitude §f the
individual term contributions. This is pbssibie‘when the terms are

somewhat orthogonal.

Bale and Pblton?9have proposed the following power series for

thermodynamic property representation:

. Il
- 2
L-p = (exy) i agP ()
il

T vo — R 2
TomY5 = %7 {5 byPs(xq)

n
Y = xx 2 qui(xl).

2 170

The Pi(xl)vare standard Iegendre polynomials which are completely

orthogonal, However the relation of the partial molal quantities to
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- the excess quantity.réquires that each equation have its own set of
coefficients if the Iegendre polynomials are used for the mole frac-
tion terms.

A reasonable compromise between ortﬁbgonality and convenience

is provided by the Redlich Kister equationsBo’zl:

?fl-zm = xg [A + B(hxy-1) + C(6x-1)(2x-1) + D(8xl—l)(2xl-l)2. X ]

T, = 1 [ 4+ Bl -3) + 0(6x-5)(2,-1) + D(ax,-7)(2x, 1) - . |

¥ = xx, [‘A + B(2e-1) + 0(2;;1;1)2 + D(2x-1). . . ] .

The coefficients are the same in each eqﬁation and although the terms
in a particular equation are not exactly ofthog&nal with reséect‘to
each other,.approximaté orthogonality does exist. The individual mole
fraction terms of the Y equation are shown in figure 58. The shapes
of these terms are well suited to being added together to,fit'the ob-

served behaviour of excess ‘thermodynamic quantities.

The reason that the éoefficients can be the same in each equation
is that the partial molal equations-are.derived-fromlﬁheir relation-
ship to the excess quantity equation. From the definition of the par-
tial molal guantity:

Y
Yi = anl n

2o TP




Figure 58. Individual Contributions to Y
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and the expression for the thermodynamic guantity:

Y=n7Y? +n Y3

' -e
1¥7 T n¥g + (o) + 0¥

the following relationship can be derived:

e
e 2%
=y° +7 + +

Yl Yi Y (n:L n2)

50

' %le=<<‘> : Suy = 2 ite:
Since 53, §%§><§%&>and R write

Y

2Y°
l »

- 0. = -+
Xl ¥ *5 2X]

The eqguation for Y° can be rewritten as:

Ye = A(—xi + xl) -+ B(—2x?_ -+ 3;&5—:@ + c(-zpc_f[ -+ exi—sxiﬂ_l)

and
x éze = pl-2x x.+x_ ) + B(—éxzx +6x_x.~%x.) + C(~16 3x.+2 2x--10x X tx. )
2 3% 2 X 1% % X XrRba x - 10, X,
. 2
¥ *5 %{ = Al -2 x Hx )
3 2 2
+ B(—2x1+3xl-xi—6xlx2+6xix2—x2)

L, 3 _ 2 3 2
+ C(-hx e - ?xlﬂl—léxlx2+2l+xlx -0, x 2)

Using~xlfx2=l this equation can be rearranged to:

a4
¥1 Yi

Yo 3% = 5

ST %2 [“B(‘*Xl‘l) + 0(6x ~1)(2x,-1). . ]
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The individual terms for the Y.-Y° equation are shown in figure 59.

171
The shapes of the individual terms for Yé—YS can be obtained from
those for Yi—X{ by reflecting the points of the graph through a plane

perpendicular to the paper at xi=.5 for the terms A, C, E . . . and
by rotating the points of the graph 180° about an .axis thfough*the
point where x1=.5 and coefficient equals zero for the terms B, .D,

Fao ..

Ieast Square Fitting of Data

The method of least squares is based on finding the line which
will minimize the sum of the squares of the differences between ob-
served and calculated data points. If values of a dependent variable,
Y, are measured at a series of valﬁes of an independent variable, x,
a straight line fit of the ¥y values will have the form y = mx+b where
m is the slope and b is the intercept. The square of the difference
between the measured value y and a calculated value mxtb is (yhmx—b)g.
The best fit line can be determined by minimizing the sum of these
differences for all the y values. This minimization can be accom-
plished by setting the derivativés of the sum of the differences with

respect to m and b equal to zero.

i
o

= L (meb)® = ¥ 2(y-me-b)(-x)

i
o

). 2(y-mx-b)(-1)

2 T (ymx-b)?




Figure 59. Individual Contributions to Y~-Y".
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Rearrangement gives:
z:xy = b Z:x:+-m.z:x2
E:y'= bn +m Z:x

where n is the number of observations. These two equations in two
unknowns can be easily solved for m and b.

The least squares method can be used to determine the Redlich
Kister power series coefficients similar to the:procedure for m and

b in the linear case. .For example:

Y = 2 (1= )(& + B(2x-1). . L)
' 2
) [¥ - Qe e + B0 ) ]
Taking derivatives with respect to .A and B gives:
Y2 [1o-atdit )-B(-2dimxdn) | () =0
52 [Ye-A(-— im_L)-B(-aciﬂxf-xl)] (—kiﬂxi—xl) =0
and rearfangement gives:
ZYe (- i-l-xl )=4 Z(— i:}xl)2+B Z (-2};?_+3x32_—x1) (-Xi-bL_L)

2Y° (—2121+3x:2L-x1 )=A Z(-xiw“xl ) —in+BXi—x +B). (-?J{+3x§—ﬁ )
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The experimental values of ¥° as a function-of x can thus be used to

determine the power series equation.

Equilibrium Constants

Equilibrium constants are very useful in the study of phase
equilibria since they indicate the relative .amounts of the different
components present at eguilibrium. An equilibrium constant is related
to the standard Gibﬁs free energy of the components involved in the

equilibrium by the following expression:

Gf = ~RT 1n KT

The equilibrium constant can alsc 'be expressed as:

o ~°HT/RT _257/R

KT‘=

or:

_ 1 *Hn/2.303R1, (2502, 3038

However tabulations of thermodynamic properties often include the free.
energy function,gi, which contains the temperature dependence of both

aH and &8, .

@ H§.98 .15 —G,f,
T_‘f—-———“—*—-

T
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Although several slightly different definitions of § are sometimes
used in the literature, this definition results in a familiar form

for the equilibrium constant expression:

' 'KT = lJ‘AH298.15/2.303RT10 AE/.2-3031%,

The free energy function .is preferred in tabulations such as the JANAF
tablesBZSince its variation with temperature is nearly linear. This
allows free energy function values of reasonable accuracy to be deter-
mined at intermediate temperatures by interpolation'Bgtween the tabu-
Jated values. | |

Computer calculation of free energy function values at different
temperatures is easily accomplished if both the value of the free energy
function at a;particﬁlar temperature and a heat capacit& equation wvalid
for the‘temperatﬁre range considered are known. A convenient equation
for heat capacity as a function of temperature used throughout this

work is:
Cp = A + B(T-To) + C(T-To)? + D(T-To)>. . .

The coefficients can be &etermined by least squares fitting of exper--
imental heat capacity data and the A value autométically gives the
heat capacity at the standard temperature, To.

A set of standard thermodynamic properties can be chosen to allow

the calculation of equilibrium constahts at various temperatures.
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For each component the values of EE H? 5,:a.nd a valid heat

HO
) To’ "To’ 7298.1
capacity equation .are sufficient to allow equilibrium constant .calcu-

lation.

Calculatioﬁ of a Phase Diagram
In order to calculate a phase diagram it is necessary to know

the activity of the components as a function of ‘temperature and
composition with the pressure frequentiy chosen to be constant. Red-
lich Kister equations for logx at a standard témperature.and for the
-enthalpy of the system cén provide this necessary information on acti-
vity to .a reasonable approximation. If the heat capacitj of the system
and the temperature dependence of ‘the heatrcapacit& are .known as.a
function of composition, activity wvalues at different temperatﬁres'
can be calculated wifh greater accuracy. The accuracy of thé calcu~
lated values will of course debend‘on the accuraey of the experimental
data used to determine ‘the coefficients of all .the power series eqﬁaf
tions, .and on the quality of the fit obtained.

| The lines on -a two component phase diagram show the temperatures
and -compositions at which the different phases are in equilibrium.
Therefore if one calcﬁlates the equilibrium constant at a particular
‘temperature for the reactiqn.of the component; of the one phase going
to form the components of another, .one will have an expreséioﬁ for

the activities of the product components-divided by ‘the reactant com-
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ponents raised to the appropriate stéichiometry_powers. The Redlich
Kister equations allow the activity of each component at this temper-
ature to be calculated at any composition. The composition or compo~
sitions at which the calculated activitieé in the appropriate equili-
brium expression equal the equilibrium constant will be the cbmposi—
tions of the points of equilibrium on the phase diagram .lines at that
temperature.

For example:ansolid of stolchiometry M2N3 can be in equilibrium
with liguid of composition XMM+XNN below the melting point of M2N3.

The reaction and equilibrium constant for M2N3 going to liguid will

be.:

'This equilibrium constant can be calculated from tabulated thermody-

namic properties for M, N, M2N3. Power series equations for log b’M

and log?¥ N @llow the following relationships to be written:

loggM 2 logXN)3

Keq = (x,10 ) (leo

B HBUrL). < ) 12 [ afaBlne3). - .17
Keq = leO JgNlO '
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. Since the equilibrium constant is known and the A, B, C. . .. are
obtained from.experimental data,.a .computer can easily step through
mole- fraction values.and by a minimization'proceés arrive at ‘the
mole fraction or mole fractions that make the two sides of the equa-
tion equal. By repeating thgs process at different temperatures the
entire line of equilibrium ¢om§ositions and temperatures for solid

M2N3.in equilibrium with liguid can be determined.

Extended Redlich.Kister Notation
One of the major advantages.of power series representations in
the study of phase equilibria is that, in ptinciple,.all of the ther-
modynamic information of multicomponent systems -can be represented
by a .relatively small number of power series coefficients. Thus far
most of this discussion has been oriented toward iwo component .systems.
However a notation for extending Redlich Kister power~series.rep;esen—
tations to three component systems has been presented in the literature.
This notation has been superceded by a slightly different notation
‘which has been checked out for up to six component systems and will
bé described here.
Ideally the description of a multicomponent system will include
contributions from each of the binary, ternmary, quaternary, etc. sub-
systems plus contributions from the properties of the components when

all are present at once. The coefficients through E terms for a three
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- component system with the newest .notation are shown.in Table 4. The
first three columns correspond to .the Redlich Kister coefficients for
the three binary subsystems. The remainder of the terms must be.de-
termined from thermodynamic property measurement in the three com~

ponent system.

Table 4. Three Component. Extended Redlich Kister.Coefficients.

Ao A3 A
, a
Bip B3 Bos Baop
C C C c@ P
12 13 23 321 321
D D D D2 D2 D¢
) 13 23 321 322 321
E E._ . E. B2 D BS g
12 13 23 321 Eion 321 321

For the excess guantity the mole fraction terms which are multiplied
by these coefficients are coded for by the subscripts and superscripts.
As for ithe binary power series the coefficients times mole fraction
products in the first three columns are A1231x2 lelx (x X, )
Cza?zxé(xé"33)2’

The pumber of superscripts is always two less “than the number
of subscripts. The number of subscripts starts at two for each cap;
ital letter and can increase to a maximum of one more than the posi-
tion of the letter in ihé.alphabet or to the mumber of components .con-
sidefed which ever is smaller. For example the maximum number of sub-

scripts .for E is six if six or more components.are being considered
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but is limited to- three for a three component system.
» The A term is second power in mole fraction, the B term is third
power ana so on. The small case letters also code for powers and the

following scheme is helpful:

The contributioﬁ to the excess thermodynamic propsrty of E§21 is
sixth power in mole fraction and the first three mole fractions are
x3x2;1 for the subscripts 3 2 1. The next mole fraction term i;'Tm
where ‘m is the huﬁber of the ‘capital letter, which is 6 for E, minus
the number of subscripts. In this case m is 6-3=3. T is defined as
l—xi where i is the first subscript. For E§21Ai«is also 3 and so far
this gives'Eg2lx3x2xl(l-x3)3. The superscripts are correlated with
the subscripts starting from the right. Therefore for a coefficient
such aé EEZBA’ a correlates with 4 and ¢ correlates with 3. For each
superscript there is a Z% term where n is<corresbonding power of the
superscript. Z is defined as (xj-xk)/T where j is the second subscript
from the left and k is the subscript correlated with this Z term's
superscript. For E§21 the only Z term corresponds to the -superscript

b which is correlated with the subscript 1. This gives J equal 2, k
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equal 1, and n=b=2, The complete-contribution:is:

o ,
32lx3x2x1T32 E321x3x xl(l—x3)3<x?::;> —ﬁ§2lxszxl(l'xj)(x2’x1)

This can be extended to terms that can appear in systems with
more than three components such as Gig§45 where i equals 1, m equals
8-5=3 and j equals'Z. For the first a on the right k is 5 and n is

0 and:

(2(a))° = Z2Ey0 =1
For the ¢ superscript k is 4 and n is .2 .and:
(2(e))° = C2ry®
The second a superscript gives k equal 3 and n.equal O and:
(2()° = (2273)° =
The total contribution of Gié;hB to the excess quantity is:
23 s ) (l)(%) ()=
Gi%§h5xix2x3xax5(l—gl)(x2—x4)2
Scme more examples a?e: |

X, X X (x x )

Dba
32547372757
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F23 (e, )
235647253 % 5% 6%, KXy,
B |
e Fe%%, (%))

B g e, () ()
c 3 2

G345 3x133(1 xz) (x x

The use of the extended Redlich Kister equations in phase equilibria

work is very involved and will not be explained here. However sev—
eral investigations of power series use in binary systems will be

described in the next sections .and a short look at a termary system

will be taken in the final section. .




TITANIUM DIOXIDE

The first example of the application of Redlich Kister power
series to ‘the description of phase equilibria is somewhat trivial but
serves as good tutorial example of the methods used.

The rutile phase of titanium dioxide exists over the temperature
fange of 800°K to its melting point at 2143°K. Rutile can be re-
duced a moderate amount so thaf the composition range over which the
.integrity of the rutile crystal structure is maintained is from TiO
to T:LO.'L.9‘5'231+

duced rutile will be considered as a solution of titanium metal dis—

2
. For the sake of thermodynamic calculations the re-~

'solved in titanium dioxide.
In order to obtain a power series that represents a ‘thermodynamic
property, the first thing that is needed is experimentally'measured

values of the thermodynamic quantity. Blumenthal and Whitmor635

have
used a solid electrolyte electrochemical cell,

Pt |Fe, wustite | (0.852r0, + o.1scao)lﬁ0x1de\ Pt,
to measure potentials which can be related 'to the equilibrium oxygen
pressures over titanium oxides of different stoichiometries. 'The
values they obtained for oxygen pressures over TiOl.é92 at several ,
temperétures are gi&en in Tablg 5.

Normally if thé measured activities or pressures were those of
one .of thé'solution components, a power series equation for the

logarithm of the activity coefficient could be fit directly. 1In

this case the measured values -can be related to the
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Table 5. Equilibrium Oxygen Pressures Over'TiOl 992 From EMF Data
Temperature ( °K) Partial Pressure OZ(Atm.)
1123 ° - 2.36x107%3
173 - . 9.95X107%<
1223 3.03%107%0
1273 7.16X10"17
1323 © 137aot?

Table 6. Equ%%%brium Constants for the Reaction
2

13008 — Ti(c) + 0,(e)

Temperature (°K) Keg
173 2.8507X107
1273 5, 7239x10~30
1323 1.6558x1072°

1735 ' 1.0782x10"19
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activities of the solution components: by the following reaction and

equilibrium constant:

TiOZ(c,rutile)—ﬁ> Ti(c,beta) + 02(gas)
aTiPo2

%4 = 3o,

Bguilibrium constants can be calculated at the temperatures of the
experimental data from the standard thermodynamic properties in table
7. The calculated equilibrium constants appear in table 6 .

Chemists are quite used to thinking about solutions of solid
solutes dissolved in liquid solvents. The solutes.inlthése solutions
normaily aissolvehés.molecules or they dissociate into ions. - In.a .
solid solution a dissolved molecule can disﬁociate inﬂo atoms and each
fragment of the molecule .can behave as an independent solute'species.v.
When titanium dioxide dissolves in nearly pure titanium metal, the
oxygen atoms will occupy interstitial posifions in the titanium lat-
tice and will no longer be associated with a particular titanium atom.
The effective molecular weight of titanium.dioxide which contributes
.one mole of independent solute species for each mole of material dis-
solved is half that of'Ti02 and has the formula Tim50°

The effective molecular-weight of titanium metal dissolved in

nearly pure “titanium dioxide can be .determined from the Henry's law




Table 7. Standard Thermodynamic Properties

H0007H298.15  H1000 D 1000 ¢, 10¢,

Ti0,(c, rutiie) 46,940 -897.81 82.320 17.50 3.208
Ti0,(1iquid) 16940 -839,56 107.10 21.0

Ti(c; beta) 19.062 25.058 49.869 6.821 1,096
Ti(1iquid) 19.062 39.92  56.605 8.5

0,(gas) . 22.707 22.707 220.77 8.334 1.141

. Enthalpies in kJ/mole; Free Energy Function in J/mole°K

€, equation is G = Gy + Cp(T-1000) + C3(T-1000)% . : :

Values taken from JANAF Tables

C_ equation
p cduatLo

6 9
10 03 10 CH

~-0.6238 0.4187

0.9701 0,7151

124,
10 C5

-0.1087
-0.2635

-0:1935

12T
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behaviour of the titanium:metal activity. In the Henry's Ilaw region
of a solution thg activity of the dilute component will be proportion-
al to its mole fraction and the propoftionality constant is the Henry's
Jlaw constant. If an-arbitrary molecular weight'for titanium is assuﬁed,

‘the following reaction can be written:
2Ti 0(c)=nTi + 0. (g)
o5 1/n 28

and the following equations deduced:

apy  =KXps (Henry's law)
l/n l/n T

nn
a n. =k .
Ti x‘I‘:L
A /n

2
Keq am.
n - Ti 50

m.
Ti Po
Yo T2
2
(8.0 Keq am; o
inl — P . .
/n 02

Blumenthal and Whitmore determined the equilibrium oxygen pres-

1.992 a'n.d‘T:LOl.998 and found that it increased

by a factor of 1900. The value of s 0.changes very little over
Ti s

this range of composition and the mole fraction of Til/n changes by

sure at 1173°K for TiO

" .a factor of 4 no matter what the value of .n. ‘The-value'of n is cal-

culated .as follows:
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2
Keq ap; 0

. .
knxTil/n(l.992) . Fo Lo
Kxn,  (1.998) Keq ~3’fi. 50

T
*1/n Po_(1.998)

\ Il
Til/n(1.992) _ ,P02(1.998)'

X-Til/n(l.%e) Po5(1.992)

(1) = 1900, n = 5.45

The value of n can.be chosen to be either five or six corre-
spopdlng to the formulas T11/5'or Tll/é' The scolution of titanium
metal in Ti 5O is postulated to proceed by one or both of the fol~
lowing reactions:

+

3 + | =
Ti 5+8/5 Ti O0—»4/5 Ti +1/5LF (interstitial)+8/5 O .

1/ 5

Ti. , +Ti

+ =
5O-->-2/3Ti3 +1/3(oxygen vacancy)+0 .

1/6
Both equations result in the formation of one ﬁole of independeﬁt-
solute épecies for each mole of dissolved titanium and both give Ti
ions which are the electron donating impurities résponsible for the
n-type semiconducting properties of reducéd rutile.

Since Raoult's law is obeyed by the major component, Ti'SO and

Henry's law is obeyed by the minor component, Tll/5 or Tll/é,‘the acti~
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vities are varying linearly with mole fraction and there is 1little
to be gained by fitting more than one power series coefficient for
log § . One coefficient for log ¥ at 1173°K can be .exactly deter-

mined by an equilibrium constant and one oxygen pressure value:

) p) 5
o2y s P2 Wiy 1Ty g

Keg= o = .2 2
8Ti (0 BT 0 XT3 50
L) " 2 -
Keq XTi 50
5log‘6Ti -21o0g ¥ - =108 | ————=-
1/5 .5 Po2 x'.%i
o 1/5

The one coefficient Redlich Kister equations for log b are:

_ 2 2
O—A(l—xTi O) s logb/Tll/S AXTi. 0*

iogg .
Ti .5 5

)

Substitution of these equations into the previous one gives:
5 5 Keq xf3 o

'A[%ri 0~2=%g; ) ] = log|po B>

For the oxygen pressure, equilibrium constant, and mole fraction at

1173°K and TiO_ the value of A is:
1.992

A(log §,Ti. , )= ~.313164

1/5
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By a similar procedure, the value of .A at 1173°K for Til/é can be
calculated:

A(log b’.,Til /6 )= .-4.8732x10'_L‘.

Although the coefficients were determined at the TiO com-

position, the power series equations are valid over the entire rutile
composition range. As a check the equilibrium oXygen pressure over
Ti0 can be calculated and compared with the experlmental value.

1,998
The Redlich Klster gquatlons.are.

log éTi.S =A(1~ le O) and log X “Ale 50
The mole fraction of Ti.50 at Tiol.998 for the'Til/5.éase i83.997504-
and the activities are a,., .=.997500 and am. =1.21811x10 ~. The
‘calculated equilibrium oxygen pressure at 1173°K is:
Keq a%i 0 18
Po2= : - = 1,067x10  atm.
an.
T
/5

This compares well with the -experimental value l.9070x10-l8 atmos-
pheres at this temperature and comﬁositionBQ.
The enthalpy of this solution can be determined from the tem-

perature dependence of the activities. ‘A form .of the Gibbs-Helmholtz

equation:
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alogp H°

01/T ~ 2.303R

gives the temperature dependence of the activity or activity coef-
ficient in terms of the enthalpy of the solution. The log ¥ coef-

ficients at 1273°K are A(log¥,Ti, , )= -.222985 and A(log ¥ ,Ti, /60"

. 1/5)
7.49602x10 ~. By use of a modified Gibbs-Helmholtz equation:

aA(log¥)  A(H)
al/T T 2.303R

The value of the enthalpy coefficients are:

) = «2.59x10" Y/mole and A(H,Ti. , )= -2.16x10% “/mole

1/67

A(H,T1, /s

These coefficients for enthalpy can be used to calculate log ¥ coef-
ficients at any other temperature via the following equation:

1 1 A(H) _
A(log & ’T2)=(E2_51)2'303R+ A(log ¥ ,Ti).

With these values for enthalpy and logZ’ coefficients and the
calculated equilibrium constants the acti&ities of both components
and the equilibrium oxygen preésure can be calculated at any temper—
ature and compositioh over which the rutile phase of titanium dioxide

exists.




POTASSIUM OXIDES

The high temperature thermodynamié behaviour of potassium oxides
is of particular interest in‘molten_carbonate fuel cell chemistry |
where oxygen dissolved in the.LiZCOB-KZCOB'mixtures results in the
formation of some potassium oxide. The phase equilibria of potassium
oxides is also of interest in the operation of coal fired magnetohy-
drodynamic channels where potassium metal is used to increase the
conductivity of the working plasma.

Three compounds .of potassium and oxygen are known to-exist:
potassium monoxide, (KZO);‘potassium peroxide, (K202); and potassium
superoxide, (KQZ)'

Potassium Monoxide is the most reactive of the oxides, it is

difficult to keep pure, and is so corrosive at.high temperatures that
reaction with most crucible materials intérferes with éccurate ther-

modynamic measurements. The potassium oxide system will be treated

as a solution of KQ-5(1) and 0(1l) in equilibrium with the solid com-

pounds, The molecular weight of KO _ was chosen because of the sol-

5

ution behaviour of KZO with SiO2 and AlZQB'and so that fhe power series
equations from this system could be combined with those of the other
systems. The selectioﬁ of 0(1) will be discussed later.

‘The genera;lyraccepted value for the enthalpy of formation of

: 6
KO 5,--180.75 kJ/mole, comes from a single reported heat of solution3 .
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* Attempts to obtain .a .phase aiagram using this value indicate the
possibility ‘that this value is in error.

The original records from experiments with ﬁotassium monoxide
heated in a platinum effusion cell in a méss spectrometer were ob-
tained from Dr. Thomas .Ehlert of Marquette University, Milwaukee,
WI. In Dr. Ehlert's experiments, solid Kzolwas formed by the feac-

37,38,

tion

2KNO_+10K —> + N,.
KNO,+10K —>6K 0 + N,

The potassium nitrate was reacted with excess,potassium-metalg the
unreacted portion of which was distilled off at 500°K. This resuited
dn high potassium ion currenté,in the mass spectrometer-and eliminatéd
the possibility of measuring equilibrium potassium pféssures. These
would have been of value in determining the monoxide enthalpy .from

the predominant decomposition reaction:
2KOJ5(S)—*-1/2 K2Q2(s) + K(g).

However good ilon currents for K20+ could‘bé measured and the
enthalpy of formatiqn of solid potassium monoxide could be détermined
from its heat of sublimation and an independently determined value
of the heat of formation of K20 gang, ‘Figure 60 shows.two seperate

experiments for which the logarithm of.K20+ current times tempera-
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Figure 60. Logarithm of the
Product of T and the K-O+ Current
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ture is potted against reciproéal temperature. Since equiliBrium
pressures .can be related to the currént by preséure = (sensitivit&
constant) * (current) ~ (temperature), the enthalpy of sublimation
can be calculated from the Gibbs-Helmholtz equation and the slopes

in figure 60. The sublimation reaction is:
.2KO.5(S)-—%>K2O(g).

The equilibrium constant is:

PK,0(g)
KZO(S)

The Gibbs-Helmholtz equation is:

slog Keg = R*(slope).

«H =R

This is designated as a second law treatment.
‘The five values shown as solid circles came from what appeared
to be the better experiment and the slope of the least sguares line

through these points was used to calculate a £&H§9é of sublimation

of 181 kj/mole. In conjunction with a previously measured value of

‘ , 39 . o .
[} : - ‘
Aka,298 for K,0(g) of -142 kj/mole”’, the value of zka,298'f°r
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.KO.5(s) is determined to be =162 kJ/mole.
Another walue of 4HS for KO (s) can be obtained from
£,298 W5 :
a third law treatment if the value.of ‘the sensitivity constant is
known. An experimental value for the sensitivity constant has

39

been determined from a mass spectrometric study of the equilibrium’’:
k,0(g) —2K(g) + 1/2 0,(g)

This wvalue has been corrected for the size of the effusion orifice

and the detector gain differencesAo . The resuiting value is 2.975.

The value of I;A.T at 600K is 3.765x10 10

sure is l.lelO—?w This pressure is equal to the equilibrium constant

and ‘the corresponding pres-

for the sublimation of.KzO and is also egual to:

= 10~ 2 Hsub1,298/2,303RT 1(3‘@ 600/2.303R

The ‘value of £>q2 can be calculated from the heat capacities and

600
§§IOOO values for KO.5(s).and KZO(g) and the equation:

ﬁi —EE | .[ ] L 1 . IT-EE-dT
p =%p - [H(To) - H(298.15) | (7-7,) -1 7, CPAT+)7 T
to correct to 600°K. The free energy functions at 600°K are 62.00

-and 278.06 J/mole®K for KO 5(s)-and KZO(g) respectively and Aﬁééoo

equals 154.06 J/mole®K. The calculated value for 13Hsubl,298 is =195
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kJ/mole and the third -law value for ZSHE 298 is =169 kJ/mole for
! 2
KO 5(5), For table 8 the wvalue has been rounded off to -170

jSkJ/mole. This value ‘agrees reasonably well with the second law

heat and has been adopted for.the caleulation-reportéd here.

Potassium Peroxide The enthalpy of formation of K2O2 reported
5 .
in the JANAF3 tables refers back to the data of Centnerszwer and
41,42

Blumenthal ,but their data for the previous thought to exist com- '

pound KZO .are for the temperature range 753-912°K. These tempera-
‘ 43

tures are above fhe KOZ-KZO2 eutectic. De Forcrand® reports a heat

of solution for K203 which was used by Rileyhh to calculate an
enthalpy of formation of -489.53 kJ/mole for K202(s).

Measurements of oxygen pressures over K02 provide -an even better

means of calculating this enthalpy of formation via the reaction:
2qu(5) —>K202(s) + Oz(g)

Second law calculations for the heat of this reaction from two
seperate expe:r':'Lmenta.'1.':'|_nvest‘:i.ga't,j.onsl“L"’LP5 yield 61.76 and 65.27 kJ/
mole respectively. |

"These two studies are in excellent agreement on the oxygén
gas pressure.at 573°K, A third law treatment at this temperature
using the estimated entropy for.$2Q2(§) given in JANAF?2 giv?s a heat
of reaction at 298°Klof 75.55 kJ/mole. ‘The heats of.reaction 65.27

and 75.55 kJ/mole and the accepted heat of formation for KOZ(S) of




Table 8.

. a
Thermodynamic values for the pure materials.

. b
° ° CD equa.:1on3 .
O 0 . T )
H 398.15 1000 % 298.15 & 1000 ¢, 10°c, 10°¢

Material
Materia 3

KO, (s) .284512+ 2000 -221589  122.499% 4  166.067 95. 502 3.066  -29.415
K,0, (s) -495411#% 3000 -408020  109.923% 4 167.830  147.029  60.799 -8. 406

KO, . (s) -170000 % 5000 140708  51.004%6  75.689  38.062 4,017

KO, 5 (1) -159536%9000 -123972  59,918%9  87.990  47.907 7,

531
o (1) -8397° 11648 31.367°¢ 45.719  29.288 2,092
K,0 (g)  -142256%15000 .- -98480  265.805 +8 . 297.524  62.358
KO (g) 6527012000 91575 238.11242  256.722  38.200 1.168  ~0.097

Kzoé (g) -2976691 15000 -249922 271.460%10  305.432 62. 3589

a) All values are given is SI units, J, K, and moles. The number of figires given was selected
to reproduce equilibriumi constant calculations to five or six significant figures, and bears no

relationship to the accuracy of the teims. Uncertsdinties are estimated for Ho298 and Soz

98"
b) The equation for heat capacities is Cp = C1 + CZ(T-IOOO) + CB(T—IOOO)Z. ’

c) A defined standard state is used for ‘O (i), and thére is nothing to measure the uncertainty against.

d) An additional Einstein heat capacity term at hv /k = 1266 K is added for K,0, (g).

eeT
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~284.51 kJ/mole yield heats of formation for KZOé(s) of ~503.75 and
~493.49 kJ/mole. The average of these values and -489.53 from the
heat of solution of K, O_ gives .aH° = - .58 kdJ/mole for K O .
205 & £,298 495.58 kJ/mole fo _2_2(5)

The free -energy function and 'heat capacity in table 8 are from-the

JANAF tab1e532 .

Potassium Superoxide The thermodynamic values for KQ2(S) in
table 8 are essentially those of the JANAF tablesBQ. The heat capa-
city equation is a least squares fit of the JANAF high temperature
extrapolated values.

Traces of KOH dissolved in solid K02 are virtually impossible
to eliminate. Besides this impurity, the decoﬁposition of K02(s)
forms some K202(s) before the melting point of KO2 is reached even
infthe presence of oxygen at one atmosphere. Melting points re-~
ported in the literature range from 653 to‘838°K41:h6‘5Q; The best
values, 823 and 838°KA7’5oare extrapolations that take account of the
potassium hydroxide impurity content. Taking account of both hydrox-
ide and potassium peroxide impurities should give a still higher melt-
ing point; For this work the temperatureiat which solid'KOz.is,in
equilibrium with liquid of the same composition is estimaped to be
‘845°K.,

Hypothetical Oxygen Liguid The use of a hypothetical material

such .as oxygen liquid 'at atmospheric pressure and itemperatures near

1000°K is justified simply by the convenience its use provides and
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Ey the fact that it can be very easily related to reality. First
since potassium and oxygen formaliquids with K to O ratios from
2:1 to 1:2, a simple means of treating this variable composition
liquid as a solution.of two materials 'is needed. KO.S(l) and 0(1)
have been chosen to fulfill this need. - Second 0(1) can be easily
related to the equilibrium oxygen gas pressure over the liquid via

an equilibrium constant for the reactién:
2 O(l)—+>02(g).

‘This equilibrium constant.can be calculated from the known thermo~

dynamic properties of oxygen gas and the arbitrarily chosen thermo-

dynamic properties of oxygen liquid. .The standard -enthalpy was
picked so that it would be similar to that ;:f 02(g) at 1000°K and
500 bars pressure. The free energy function was chosen so that the
activity of O(1l) would, vary smoothly through out the entire compo~-
sition range of the phase diagram. ‘The -standard state properties of

0(1) are given in table 8 .

Activity Coefficients Ieffler and Wiederhorﬁ?l have measured
equilibrium oxygen preésures over potassium oxide liquids at 773,
873, and 923°K. They measured these pressures over the cbmposition
range in mole :fract;i.on from X0 5 = 877 to XKO.S = 441, However

the valugs from xKO ; = .877 to Xpo 5

= ,6667, (the K202 composition),
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appear to be in-error, possibly because one .of the vaporization
species,is‘KZOZ(g) which may have reacted with their quartz crucible

holder to release additional-oxygen.

2K,0,(g) + 8510 —= 2,51 0y + 0,(e)

The oxygen pressure values in the regibn between the.KzQz.and
KO2 compositions were used to determine activities for 0(1) via the
equilibrium constant described above. The 1og5 0(1) values calcu~
lated from these activity values -and the corresponding mole fractions
are shown in table 9.

Three values for log'XKO 5(1)'were estimated by assuming that
the solution of.K202(l) in kZO(l) is ideal. For thé.Raou;tstaw.re—
gion the activity.of Kzo(l)-will be equal to its mole fraction in
the K,0(1) - K202(l) system. At 'XKzo(l) = .9, .8, .7 the .act;vity
of KO(1) = .9, .8, .7 and since aI%Q.B T aKzo(i)‘the activity of
KO-5(1> = 949, .894, .837. For the K2O(l)-—.K202(l):system the mole
fractions szo(l) = .9 and szQz(l) = .1 correspong to0 1.8 + .2 moles
of KO.5(1) for each .1 moles of 0(1l) or x

KO (1)
= .,909, .870. ‘The following values

. 952. For XK20(1)= .

.8, .7 the mole fraction of KO 5

obtain:




Table 9. Activities and Log ¥'s for 0(1).

xKO.‘5
.568
(541
2524
.518
508
.498
488
<469
455
A2
41

773°K
%o(1)
2.3978X10~4
3.4331x107%
. L 858x10™4
5. 49LOX10™H
6.1131X10°%
7.5824X107%
8. L77LX107
9.2865)(10‘*1+
1.0173%1073
2.1108%1073

2.9366X1073

1og5 0(1)

-3.2557
~3.1261

-3.0258

-2.9432
-2.9057

-2.8209
~2.7810
-2:7572
-2.7290
-2.4222

-2.2796

K0, 5
645
399
571
556
538
+529
515
.503
483
148
L6

873°K

ao(1)
3,.5764X10
I 341631074

1

6.3554X1074
6.9620K107%
7.6088X107%
8.3673x10~%
8.9879X107%4
9.4266X107%

1.2711%1072 .

2.0098X107°

2:4614%107

1oga'o(l)
-2.9968
-2.9655
-2.8293
-2.8046
~2.7833

=2.7504

—-2.7321 ~

~2,7220
-2.6093
~2:14388
-2.3523

KO g
645
613
.585
565
.552
.538
iby8

923°K

o) 8% oq)
L:4632X107%  ~2,9006
5.4052X107%  ~2,8549
6.4162K10™%  _2.8108
6.9143x10™ ;2.%987 .
7.9004X107%  Z2.7536
8.4683X10 ¢ ~2.7368
28694010 ;2;28L1

LET.
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“%05(1) tog KKQ_5(1)
.952 - | ~1.69x10°2
.909 ' -7.06x1073
.870 ~1.68x107° -

An alternative manner in which to treat the ideality of this

solution is to say that oxygen reacts with KO 5 to form K202 and

for nearly pure KO S‘the expected activity is:

a

KO == (XKO.ID_—ZXO)/(:L-ZXO): (BXKO_'5—2)/(2XKO "lf)

5 5

This -expression comes from the fact that two moleciles of KO _ react

with each atom of .0 to form K202. The values of log ¥ calculated

KO0.5
this way are very close to those calculated by the previous method
and although the first method was actua;ly used in the phase diagram
calculation, the second method was presented in the literaturé52.
Tsentsiper g}l_§;i7’59in‘their phase diagram studies of potassiﬁm
oxides, conducted experiments which allow the estimation of the com-
position and temperafure of a point'on the curve for liguid in equili-
brium with solid K02. This point at xKO p = L85 and T%733°K for the

equilibrium:

,KOZ(S)=F5?KO.5(1)‘+ 1.5 0(1)




139

and the eguilibrium constant:

1.5 l 5
XKO 5 KO 1o %
Keq =
1
_ ‘ ' 1.5
allow the calculation of a value for log XKO ¥ o °
. .5 -

- Keq”

1.5 _. S
log ¥ KO 5\50 = log (-486)(..51451'5

The melting point of KOZ’ estimated to be 845°K, allows the calcu-

lation of a similar value at Xgg = L2
<D
1.5 Keq(BAS)l 5
1o ' =1 .
g 5}{0“550 o8 (.4)(.6)

The potassium oxygen ratio of K202 corresponds to g = 6667

<5
and the melting point of K2O2 is reported to be 763 °KZ.+1’ L"Z». A value

for log blio '\60 can be obtained from the equilibrium constant for
o5

K202 in equilibrium with liquid at this temperature as was done for

the melting point of K02. However a mixed least squares fit of the

log XO(l)" “l°g'XKo 5(1)’ tog XKo 5(1

for log KKO (1) XO(ZL) showed 'that ‘the oxygen pressure measurements
(log ¥

) XO(l) values and this value
51

0(2) .values), were inconsistent with this K202 melting point
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value. When this point.was omitted from the least squares calculation
‘the‘activity coefficient equation that was obtained resulted in.a cal-
cﬁlated_melting point below 650°K and the K202 - KO2 eutectic temper-
ature was well below 633°K. This is inconsistent with Riley'544 ob-
servation of solid-solid-gas equilibrium in ‘this composition region
at 653°K. This conflict between the measured oxygen pressufes and
the reported melting point .of K202(s)'was resolved by calculating ‘the
value of log ﬁnio 5'Xo.for'the 5202 melting point at 700°K. Per-
forming the_least.squares with this point at relatively low weight
gave an activity coefficient power series with-which the melting

points of 683 and 865°K for K,0, and KO were calculated.. The mixed

2
Jleast squares fit of the logZ' values was performed after all the

values had been corrected to 1000°K with the enthalpy equation described
in the next section. The Redlich Kister power series equation for

log ¥ is shown in table.@?.

Enthalpy Equation Although the standard-enthalpies of the solid

compounds have been chosen, the enthapies of the liquid.components
must be determined as a function of composition so that the tempera-
ture dependence of the activities can be calcuiated. |

'The heats of fusion for the'pétassium oxide compounds were esti-
mated to be 16.7438.4kJ, (LE2 kcal), per mole of potassium in the com-

pound. The heat of fusion equals the difference between the enthalpy




J

Table 10. Rédlich-Kister Coefficients for the KO,

A B ¢
Log, ¥ 1000 -9.213020  0.636777  ~7.4013

H (J mol™L) -167661L, -9966 -199623

5= 0 liquid Sysfema

D
93  -2.102460

~12185

E
29.207264
1152339

F

=19, 554747

941663

™T
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of the liquid and the -enthalpy of the solid. The enthalpy of the

liquid equals:

= © -+ © 4 -+ €
B iquia = "Ko 5HKO 5 nofg * (agg 5 0, JH

and

-_— o - e K
Ckausion ko 5 fxo 5 *+ oG + (nKO 5+‘n0) H" = ng HZ q44-

For the fusion reactions:

| AHfusion B —
1/3 XK.0.(s) —>=2/3 KO (1) +1/3 0(1) —=1/3 K0 (1)
2°2 50 | R 2

He

(g +mg)
)

the 2aH at 1000°K for the first reaction.can be calculated to be

~57.24 kJ from the values in table 8 . Then the excess enthalpy of

mixing, H®, at 1000°K equals 2/3(16.74) - 57.24 = -46.08kJ/mole. For

the fusion reactions:
2/5 K0,(s)—>2/5 KO (1) +3/5 0(1) =+ 2/5 K0,(1)

The value of H® at 1000°K is -39.34 kJ/mole. These two values for

H® are plotted at ‘their appropriate compositions in figure 61.
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- Figure 6l. Plot of Enthalpy Data for KO 5 = 0 Liquid Systen.

in O
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- “Earlier, in the discussion of the relationship of the partial
molal Redlich Kister equations to the equation for the excess quan-

tity the following equation was derived:

o B3 i
L -1 =Y +x Xy 5%y

A similar equation is valid for Yz - 1,°:

¥ - 0 = - aYe
-1 Y- x 3

The intercept at x2=l of any line drawn tangent to the curve for Y

Cwill give a value for ?é-— Y2° since

d d
y=mx+b, m =ja§, b=y~ X'Eg"
leffler and.Wiederhorn51 have measured oxygeh pressures at three
different temperatures .near the composition XK = .586 and the
- )
value of H2.was calculated to be -46.57 kJ/mole at this composition.
This means that a line tangent to the curve for i at x .586

should intercept the X,

The experiments of Ieffler and Wiederhorn also indicate that

= 0 axis at -46.57 kJ.

H_ does not vary greatly between x, = .45 and .60 and this is not

2 L

surprising since the mixing of KO 5 and KO2 liquids is not expected

to be highly exothermic.

A curve for H® like that in figure 61 was drawn by hand by try-
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ing to best fit the H® values and the character observed for ﬁz.
A number of'points were taken off this hand drawn curve and a least
squares fit was calculated. The actual curve shown in figure 6i is
that determined from the least squares equation for enthalpy which
is given in table 10,

The lines of the phase diagram, figure 62, were calculated by

the procedure described in the introduction. The KO , liquidus line

>
was calculated by finding the compositions for which ‘the activity of
KO.5(1) satisfy fhe equilibrium constants for KQ.S(C):;i:KQ,5<l> at

a series of temperatures. The temperatures and compositions-of li-

50 , were calculated by using the'log ¥
and enthalpy Redlich Kister equations to find the activities of KO 5(1)

quid in equilibrium with solid K

and 0(1) that make the following equilibrium expression true:

-2
8K0 5 a0 2
Temp, a o5
K202

In this case a.composition‘will.be found on each side of the K202 com~
position for each temperature. The KO2 liquidus curve comes from the
logz' and enthalpy equations-and the equilibrium constants for

KO,(c) ==K0 (1) +.1.50(1).

The intersections of the .liquidus curves correspond to the

eutectic temperatures and compositions. The horizontal lines connect
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Figure 62. Potassium Oxides Phase Diagram.
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the three phases that are in equilibrium at these temperatures.
Equilibrium between liquid potassium oxide and oxygen gas at
one atmosphere 1s obtained at the higher temperatures of the phase

diagram near the composition of KO This line was calculated by

o
finding the temperatures and compositions at which the activities of

0(1) satisfy the -equilibrium expression:

Po2 1
KTemp. = a(‘?j = 38 ..
The temperatures of the KO - K202 and K202 - KO2 eutectics

from the phase diagram calculation are 525°K -and 620°K respectively.

The 525°K eutectic is supported by differential scanning calorime-

tric data which shows an endotherm at 520i10°K for a sample of KO
53

in a pure gold crucible‘ ‘

5

Thermodynamic Properties of §292£gl An -additional bonus of the

use of the mass spectrometric data of Dr. Ehlert was the chance to
interpret the vaporization informztion to estimate the thermodynamic
properties of K202(g). In addition to ‘the K20+ currents observed for
the potassium oxide samples, currents of nearly equal magnitude were
observed for Kot. This contrasts with the situation with K2003 sam-
ple where at higher temperaturesthe Kot current'ﬁas an order of
.magnitude lower than the K o™ current39’40. Figure 63 shows a plot

2
offln(IKo+)(T) vs. 1/T and a least squares line with a slope corre-
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Figure 63.

FPlot .of Logarithm of

KOT Current Time T vs. 1/T.
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sponding to a heat of vaporization of 154 kJ/mole. This would

correspond to a heat of formation.of KO(g) of ~65 .kJ/mole which

seriously disagrees with a previously determined value, +65 kJ/moleBg.
The mosf reasonable species that could be responsible for the

KOT currents iS'KZOZ(g)‘ A second la& treatment of liquid'Vapori-

zation by the reaction:
2K0 (1) +0(1) —_*3202(8)

gives CxHE = =310 kJ/mole for K202(g). This value is supported by
a third law calculation and leads to reasonable values for K202

vapor pressures. This vaporization,process‘could also be responsi-
ble for the high oxygen pressures over heated K2Q2 samples since it

can react with glass or quartz to produce oxygen.




LITHIUM ALUMINATES

Although lithium monoxide is not as basic or corrosive as
potassium monoxide, it is still reactive enough to react with alum-
inum oxide, a weak acid, to form a series of compounds. The best
known and characterized compound is the meta-aluminate LiAl0,. The
thermodynamics of this material is of particular interest since it
is being used as a porous ceramic support for high temperature

molten carbonate fuel cells. There is also a stable spinel struc-

oky55

ture on the alumina-rich side of the phase diagram which has

the formula LiAl5O8 although it is stable over a substantial range
56,57

of stoichiometry at high temperature . Two compounds have been

identified and characterized on .the lithium-rich side of the phase
8

diagram. They have the formulas Li3A103 and Li5AlOA5 .

The molecular weights for lithium oxide and aluminum oxide that

have been chosen for this study correspond to the formulas LiO

1.5° 1io 5'will be designated as component one and AlO

will be designated as component two.

and AlQ 1.5

The standard thermodynamic properties of IiO 5(5) are quite well

established32’73’7h. The same is true for LiAlO259 although the melt-

ing point in reference 59, 1883°K, is questionable. There is however
a reasonable amount of evidence for an alternative melting temperature
near 1973°k%%561, The choices used for the standard thermodynamic

properties of alpha, gamma, and liguid AlOl 5 have been discussed in
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the literature . These selections are listed in table 11 along

with heat capacity equations.

58

la Ginestra et. ali” have reported differential thermal analysis

results for the heats of reaction:
3 ‘ 3 = e i‘
3110 ((s) + 210, (c, ¥ )—>Ii 410,(s) #Hgpy = -3h.5% 4 ki/mole

5140 5(s) + 410, 5(c, ¥ ) —1Li Aloh(s) sH = -28,2% 2 kJ/mole

5 743

From the information in table Ilthe enthalpy change is calculated for

the reaction:

Li0 ,(s) + AlOl'5(c,\5 ) —-1iA10,(s) 2B, = ~62.8 kJ/mole

ignoring the slight variation of ©H with temperature. The following

reactions can now be written:

LiA10,(s) + 4110 .(s) s 1i £10,(s) =H = 434.6 kJ/mole

b)

1

LiAlOZ(s) + 2Li0 5(s) ——>113A103(s) &H = +28.3 kJ/mole

If ACp is assumed to be zero the standard heats of formation of

Li5A104(s) and LiBAlOB(s) can be calculated as =2350 and -1758

kJ/mole respectively.

These values can be used to calculate the heat for the dispro-

‘portionation of 113A103 to L15AlOAL and LlAlOz.
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Li A103—>1/2 i

3 A:LoZF +1/2 LiA102 &H = -11.34 kJ/mole

5

63

Since this reaction occurs when Li3A103 is heated ™, it follows

that if this reaction is exothermic 113A103 is thermodynamically

unstable at all temperatures. However the uncertainty.of the & H

reported by la Ginestra et.,al.58.for the formation of LiBA_'LO3 is

almost enough to allow the disproportionation reaction to be endo-~

‘thermic and LiBAlO3 may be stable at 298°K. In any case, L13A103

is not included in the high temperature phase diagram proposed here. -

Li5AlOA(c) is a thermodynamically .stable phase :even though its

formation from LiAl0, and 140 ¢
the .entropy of mixing of the lithium and aluminum on the cationic
sites rather than By its enthalpy.

There is essentially no enthalpy data for lithium aluminate
liguids, however from the heats of reaction of I.:i.O..5 and Albl.S'to
form solid it is reasonable ‘to conclude that the most negative excess
enthalpy of mixing for the liguid compénentslwill occur at a mole
fraction near 0.5, the composition of IiAl0,. If liAlOz.melts at
1973°K £he enthalpy.of the solid at this temperature can .be calcu~
lated to be =1020 kJ/mole from the.information in table 1l. JANAFS9
reports a 4H = 88 kJ/mole so that the enthalpy of the liguid will

be -932 kJ/mole. This value is 41.5 kJ more negative than the sum

is endothermic. It is stabilized by -
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of one mole of each of the pure liquids.at this temperature and
corresponds to an excess enthalpy.of.mixing of -41.5/2 or
~20.7 kJ/mole. An excess enthalpy curve which has a minimum of
~20.7 kJ at x = .5 is represented by the Redlich Kister power series

with the following coefficients:
A(H) = -82931, B(H) = 0, C(H) = +47095

6L
Venero and Westrum  have measured the heat capacity of solid

LiM1 0, from 7.4 to 541°K, which gives a value for 5598 = 149.79

J/mole °K. The heat capacity at higher temperature can be esti-

mated with. little -error by the sum Cp(li0 ) + 5 Cp(AlO This

1.5)'
data. along with the value for the enthalpy of formation of,LiAlSO8

at 968°K reported in referénce 64 would give a usable set of thermo-
dynamic values for the spinel,unfortunately they predict dispropor-
tionation to LiAl0, and corundum, AlOlOE(c,t*),-at'all temperatures.
However if the high temperature distribution of the lithium and alum-
inum ions is completely random in both the tetrahedral and octahedral
sites of LiAl5O8 an additional 22.6 J/mole °K entropylof mixing can
be added to the entropy and 298.15 °K and‘to.the free energy function
at 1000°K. Also there is an order-disorder transition in the LiAl5O8

57,65

crystal structure near 1563°K and if this transition is assumed

to involve a &H of 10.7 kJ/mole and.a &8 of 4 J/mole °K, a reason-
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able phase diagram can be obtained. The standard thermodynamic val=-
ues chosen for the high temperature form of .the spinel material are
given in table li,

Activity A eutectic is reported to occur betweenjLiAlSQ8 and
LiAlO2 at X, = 45 and T = 1943°K 55. The equilibrium constants for

the reactions:

L1A15O8(s)-—+>IiOw5(l)'+ 5 Alol.S(l)-

and

.Lj._AlOZ(s)——}LiO.S(l) + AlQl 5(:L)

yield values for log Bl 52 = ~1.572 and .log ‘61 52 =.=1.376 at

this composition and temperature. These two values allow the cal-

culation of log ¥, = -.049, ¥, = .893, and a, = 0.491 for liguid
alumina at X, = .55. 'Since the wvalue .of 2, ié only.about 10% less
than’x?, it appears that the Raoult's Ilaw region for AlOl S‘exiends

out to a mole fraction of nearly .45 for LiQ.5.

The equilibrium constant for congruent melting oi"LiAlO2 at
1973°K is .0117542 and the value of log Zl ¥, is -1.3278. By using
the enthalpy equation discussed earlier this value can be corrected
tolog ¥, ¥, = -1.34470 at 1943°K and x = .50, If the logarithms .

of activity coefficients with Raoult's Iaw behaviour for Xé out to




Table 11

Thermodynamic Properties of the Pure Materials in the L10'5-A10]_5 System

0 20 (1] 0
S298 %1000 Hag8 Mooo
Substonce cal moT']K' cal mo]-.lK'1 kcal mol ™! keal mol”}
LiA105 (c,v) 12.75 23.007 -284.1 -268.706
A0, & 6.087 12.2175 -200.25 -190.933
(c,corundum)’ .
A10; g(c,y) 6.25 12.668 -198.000  -188.245
A0, . 9.27 16.5551 -190.358  -182.152
" {2,<2000K)
A0, ¢ - (19.1587)  -190.358  (-197.020)
(2,<2000K)
L10 c(c) 4.528 8.6045 -71.445 -65.222
Lio_stz) 6.58 12.5897 ' 64.2088  -57.9674
LiA10g 41.198 75.90 -1080.437 ' -1027.637
{c;spinel,high temp form) -
LiA10g ~ 40.198 78.399 -1082.8'  -1030.0
(c,ordered spinel,low T) .
LigA10,(c) 27.83 64.8742 <561.61 ~521.324
; LigA104(c) 22. 4a. -420.22°  -392.60

Cp equation

A

24.35106  1.0882

14.908

15.5835

17.312

- 27.66

10.3127

9.84
84,5049

84.5049

65.6019
40.9765

Bx10> cxigb ox10° £x10°
-.83333
2.3471  -1.27117 .34615
1.40191 N FAT [V -.53590
-2.96
3.1535  -1.5276
o2
9.84839 -2.1074 0 -2.5592
9.84839 -2.1074 0 -2.5592
16.702 -6.9437
1 10.3952 -3.8885

qstT
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xl = .45 and this value for.log‘gl K2,at x = .50 are fitted to a
three term power series, the Redlich Kister coefficients at 1943°K

are:
A(log §) = -2.689L, B(log¥) = 0.0, C(log¥ ) = 1.5272

However when this set of coefficients was tested in.a phase dia-

gram calculation the LiAl - LiAZLO2 eutectic was well below

5%
1943°K. A much better phase diagram can be obtained by taking into
account the stoichiometry of the spinel phase, LiAl5O8, that is in

and lidquid at the eutectic temperature.

57

equilibrium with LiAlO2

Iejus and Collongues” 'report the composition x, = .85714 at

1673°K for the saturation of LiAlEOs'with,corundum. This gives a

value of log §, =~=0.07287. 4t 1673°%K a value of log.§° =-.314074

at Xy = .83333 can be calculated from the properties of stoichiometric

.LiAl5O8.

sonable representation of the activity of AlOl'S(c,X ) and LiO 5(c)

If four coefficients are used to fit these two values a rea-

in the solid spinel solution can be obtained. .The Redlich Kister
coefficients are shown in table 12, With these .coefficients the
boundary lines for the spinel phase can be calculated and an estima-
tion of the composition of LiA1508 in equilibrium can be made. Some-
where between X, = .2 and x; = .166667 the activity of AlQl°5(c,X )

1
will be .64 and the corresponding activity of A10¢ 5(l) is J4759.
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Table 12. Redlich-Kister Coefficients for 'the Solid Spinel Phase

in the LiO 5= A10 System Referred to LiO 5(c) and

105’
AlOl 5(c,l) as Standard States.

A B ¢ D
log § 1000 -3.971271 847024 - -.5780L0 -.068274
enthalpy kJ/mole -99.4210 21,2087 ;lA.4737 ~-1.7096

Table 13. Redlich-Kister Coefficients for the Liguid Phase in

the ILiO 5 = AlOl 5'System.
A B .C
log & 1000 | -4.7918 ~1.9826 1.1939
' —82,931 0.0 47.095

enthalpy kJ/mole
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log ¥ o for A10, . liquid at x, = .55 is -.0628 and two Redlich

1.5 2
Kister coefficients for'ﬁhe.liquid=can be fit by requiring the B
value to give this log ¥ Z'Value exactly. At 1943°K the coeffi-
cients are A(log §) = -2.6894, B(log§ ) = ~-1.9826, C(logh) = 0.0.
The enthalpy coefficients were used to.correct these values to
1000°K with the results shown in table 13. These coefficients have
been used to calculate the liquidus curves of the phase diagram,

figure 64. This lithium aluminate work has been published in

reference 72.
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Figure 64. TIithium Aluminate Phase Diagram.
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KO ; -Ca0 - 5i0, TERNARY SYSTEM

This system is a subsystem of a larger system which also
includes the .oxides of sodium, aluminum, and iron., The thermody- .
namics of this large system is needed to accurately modelzthe
phase equilibria of a coal fired magnetohydrodynamics channel.

The binary .subsystems KO.5—8102 and Ca0 —~ 510, have been treated by

66,67

2

the power series method and the KO 5 = a0 solution will be

assumed to be ideal., KO 5 a0, and S_iO2

one, two, and three respectively.

are designated as components

Redlich Kister coefficients for enthalby for the three binary
subsystems are given in the first tﬁree columns of table 14. The
ternary terms in this table were determined by interpolation Be-
tween the binary'terﬁs. The genéral procedure for this iﬁterpo-

68_79. Several A terms

lation process is described by G. W. Toop
have been determined for the heat capacity and its tempefature de-
pendence in the binary systems., "Since there are no ternary correc-~
tions to the.A terms, the binary coefficients can be used -directly
to correct the corresponding enthalpy coefficients for changes in
- temperature. The heat capacity coefficients are shown in ‘table 15.
Activity data for this system comes from several sources. Po-
tassium gas pressures were measured over samples of ‘the three com-

ponents at a number of compositions in a Woodriff Furpace by Puli-

gandla Viswanadham. These data are shown in table 16.




161

Table 14. Ternary Enthalpy Coefficients.

Ao M3
0 -8.64100
Bl Byg
0 ~7.76211
€10 Sy
0 -3.22126
Do Dy
0  2.51210
B, B

0 2.19437

Arg
-5.96122
a.
323 B
-6.27582 ~5.67394
a
C23 C321

—4.02094 11.143433

(=8

Dos D30y
=1.62641 —72.99906
. .

E23 E321

0 48.00184

b
C
321

0.775185

b
D321

-11.59743

b
E321

18.37785

c

D321
~1.97295
c ,Ed
321 321

3.56585 0.27430
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Table 15. Heat Capacity Coefficients.

Cp A12 =0 AlB =8 A23 = 5.6
2P Ajp =0 A3 =-0.0267 Az3 =0
BZCB Ao — _ -6
Table 16. Potassium Pressures Over KO 5~ CaO?— SiO2 Liquid Solutions.
Sample Xpo *ca0 . bgPK * Temp. (°K)
0 Fga0+%8i0,
1 .0502 .33691 -5.16879 1701
2 .09985  ° ..33341 -5.05297 1649
3 .15003 .32953 -4.92072 1649
L .20015 33760 -5.05439 1538 -
5 .1000 .20013 -4.8888 1649
6 .19999 .20010 -4.96717 1649
7 .09998 . 40012 -l 68741 1649
8

.19998 .40012 ~L 54763 1538
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The potassium pressure can.be converted to KO . activities by the

<5
following equilibrium and equilibrium constant:

ko't ==x(e) + 1/4 0,,(g)

.5
Po, = 1/4 Py
PK Po%/'}"P
Keq = —— =
gKo
5 -

The equilibrium constants were calculated from thé known thermo-
dynamic properties of the eguilibrium components.

Two activity or lc:g75j+ values were determined from the two points
at 1553 and 1693°K where tridymite is in equilibrium with liquid on a
published ternary phase diagram7;; The log.Kh's are log 5%1s for the

difference between the log §'s for Ca0 and SiO, calculated from the

2

equilibrium constants for crystobalite and pseudowollastonite going
to liquid and the log ¥'s for Cal and Si02 as the mole fraction of

KO 5 goes to zero, calculated from the Ca0 - Si0O_ binary.

2
The lines in the three component phase diagram defined by

xcao/(xCaO +'xSi02) are pseudobinary systems which intersect the

KO 5-apeX. The pseudobinary Redlich Kister coefficients can be de-

termined for thermodynamic quantities along these lines of composi-

tion just as if they were true binary systems. The relationship
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between the pseudobinary coefficients and the exﬁendéd notation,
three component coefficients is complicated, but conversion be-
tween the two types of coefficients‘is_possible.

The three cbmponent.coefficients were obtained in the follow-
ing manner: first an entire set of log ¥ coefficients was obtained
from the coefficients for the three binary subsystems‘by Tgop inter-
polation. Since a limited amount of experimental activity data was
available, the extended notation coefficients from the interpolation
were used to caicuiate pseudobinary coefficients, through F terms,
for the three values of xCaO/(XCaO + xSiO2> shown in table 16. The
last three terms were retained for each pseudobinary and the first
three coefficients obtained by least squares fit of the.log,ﬁl and
log 3 4 values, after they had been corrected to 1000°K with the
enthalpy and heat caﬁacity equations. |

An additional constraint was placed on each least §Quares
equation in the form of an initial slope for log‘Kko‘5 at xKO.5 = 0.
For the KO.5 -~ 5i0 binary the initial slope .for log‘KKO s is -71.319
and for the KO 5 - Ca0 binary the initial slope for log.B’Ko 5 is zero
since the system is assumed to be ideal. The values of o
xCaQ/(xCaO + xSiOg) are 0.334363, 0,200115, -and 0.400120 for the three

pseudobinaries and these are also the values of x when.xKo equals

Cal 5
e = -
zero. The values of log ¥ X, 0108 KCaO + xSiOZlog Xs;xqz for th§
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al ~ SiO2 binary at the appropriate mole fractions of Ca0O are
Xp,0 = 0-334363, log Ke. = -1.00985; x.,, = 0.200115, log 5€ =

~1.24526 and x = 0.400120, log ¥ = -1.24526. The initial slopes

Ca0

for the three pseudobinaries are calculated by interpolating between

- Cal

> 2 5

systems and then subtracting the value of log 3°:

the initial slopes for log XKO 5 in the KO _ - Si0, and KO

Initial Slopes .

X.00 ~71.319(1-%., o) - log &°
0.334363 -46.4628
0.200115 ~56.5096
0.400120 -41.5370

The first three log § coefficients for each of the pseudo-
binaries were calculated from the log ¥, and log ¥ , values under
the constraints of these initial slopes. Thé pseudobinary coeffi-

cients are:

Xca0 A B c D EF
0.334363 =-6.9600 10.0800 =-22.6487 9.8186 | 3.7244 0.68004
0.200115 =9.7998 9.9504 =12.0849 13.8819 —-8.7454 2.0472
0.400120 -8.6813 9.8013 =-12.3149 7.6560 =2.7192 0,36424
The extended notation, three component log § coefficients at

1000°K were calculated from the pseudobinary coefficients and. are

shown in table ‘1’7.
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Table 15. Ternary Log

Coefficients for KO
System. '

5 = Ca0 - 510, Tiquid

1000
12 A3 A
0 -18.7154 -11.3125

a . .
12 By B23 Bia1 :
0  -15.7461 -11.4036 -17.8786 '

a b -
- Cyp C13 Co3 C321 €321

0. =-11.3359 -5.1273 63.1499 0251250

. a, ; o) c
Do D13 D23 D321 . D321 D321

0 -13.9369 0.,25908 =327.2701 -=41.7019 -8.8452
. 8 b - d
E12 E13 E23 ' b321 'E321 ‘ E321 _ E321
0 -16.5173 TR.4022 546.1408  168.8564  L0.5704  2.5203

; : a b c - d e
Flo g Fas F31 Fio1 | T3y Fi21 T3y

0 -7.8163 - 0 -381.5330 -183.6830 -51.7836 -7.8163 ~0.4885

Potassium gas pressures over KO . - Ca0 - Si0, solutions calcu-

) 2

lated with these coefficients are shown in figure &5.
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" Pigure 65. Calculated Potassium- Pressures Over KO 5 - Ca0 - Si0

Liquid Solutions ..

5
-4
" log Py ‘
{atm)
5
0
y
KOQ‘.S
'anpor pressure-of potassium at 1888 K over KOy 5 - Cal - SiO2

slags asa function of XKOO : and X, o /(XCaO+XSi02)
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SUMMARY

Power series representation of 'thermod'yna.mic'quantities provides
a convenient method for handling the phase equilibria of multicom-
‘ponent systems. The use of the Redlich-Kister power series formalism
has been described and its application to several metal oxide systems
has been presented.

The rutile phase of titanium dioxide can be treated as a solution
of titanium metal in titanium dioxide and the activity of these two
components over'the. composition .range of the rutile phase are given
in the form of a poﬁer series,

The thermodynamic data available in the literature and some mass
spectrometric data for the potassium oxides were used in coﬁjunction
with Redlich-Kister equations to calculate -a complete potassium oxides
phase diagram. This is the first proposed diagram for the potassium
monoxide to potassium peroxide region.

Literature data and powef series representations were .used to cal-
culate a revised phase diagram for the 1lithium oxide and aluminum
oxide system.

Measured potassium pressures and :Lni‘ormatlon from the binary sub-
.sys'bems were used to determine ternary Redlich-Kister coefficients for

the potassium oxide, calcium oxide, and silica ternary systems.
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