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SUMMARY

An extensive literature survey has been carried-out on the use of AlCl3
containing solveﬁt systems as organic reaction media. They offer the advan-
tages of short reaction times, ease of product recovery and saving on solvent
costs. Numerocus organic reactions are found to take place in these A1013
solvent systems, the three largest catagories being condensation-addition,
rearrangement—isomerization and dehydrogenation-addition reactions. Dehy-
dration, exchange and reduction-chlorination reactions have also been found
to occur, A1C13 solvent systems where one of the components is an organic
compound, e.g., the AlCl3—py?idine system, have been used as media for
organic reactions. A limited number of mechanistic studies have been car-
ried out. Only twe reports have appeared on the electrochemical behavior

of organic compounds in AlCl, solvent systems. One of these involved a

3
preliminary study on the electro-oxidation of several polynuclear hydro-
carbons vhile the other involved electro-initiated polymerization of
aromatic hydrocarbons.

The present study has, thus far, been limited to the equimolar NaCl-
AlCl3 system. A simple versatile experimental cell for the NaAlClé melts
has been designed., The acid-base equilibria in these melts are revieued
to point out some serious discrepancies in the published data on the system.
An unknown solid with an apparent equimolar NaCl—AlCl3 composition has been
found to form in éhe NaAlCl4 melts at temperatures below 225° C. é;rbon,

platinum and tungsten electrodes have been used as indicator electrodes in

the present studv.

v



ii.

Hydrogen chloride gas was bubbled through the.NaAlCl4 melt and a reduc-
tion potential of 1.15 volts vs. aluminum for H" was observed. No reoxida-
tion of the hydrogen was observed and the reduction potential of the ut is
a direct function of the Cl~ ion concentration in the melt in a similar
fashion to that observed for the aluminum electrode.

Iron was added to the system by anodizing iron wire and by adding anhy-
drous Ferric chloride, Cyclic voltammetry, pulse polarography, chronocam-
perommetry and chronopotentiometry were used to study this system. The
Fe+3/Fe+2 couple has a E% value of 1.53 volts and the reduction potential
of Fe*2 to Fe is 0.64 volts vs aluminum. The Fe+3/Fe+2 couple appears to
be completely reversible and the diffusicn coefficient for Fet3 at 175° cC.

is 8.8 x 10 © cmZ/sec. The results indicate the Fe+2

ion is moderately
adsorbed at 0.64 volts and only weakly adsorbed at 1.53 VAIES.

The electro-oxidation of ferrocene in a NaAlCla melt was investigated
using several electrochemical techniques. It appears that ferrocene under-
goes a reversible one-electron oxidation with possible product adsorption.
However, we have found differences between several of the measured and
calculated electrochemical parameters and it is obvious that further work
nust be done to verify the behavior of ferrocene.

The current state of the development of a system for the computeriza-
tion of electrochemical measurements in fused salts is discussed. Several
improvements have beep made to existing programs and electronic interfacing.
A chronoamperometrig‘program which automatically compensates for background
has been developed to measure electrode areas and for diffusion coefficients.

The plans for a pulse polarography program utilizing a dropping mercury

electrode is included in this report.



INTRODUCTION

The present work is a continuation of work reporxted previously, plus
one significant change. We have embarked on investigating the behavior
of organic species in the aluminum halide melts. The initial step was
to carry out an intensive literature survey, and the resulté of tpat sur-—
vey are included as Part I of this report.

‘

One of the perplexing problems associated with studies of the aluminum B
halide melts by modern electrochemical techniques is a question of melt
purity. Since both iron and hydrogen ion have been reported as melt impur-
ities, the electrochemical behavior of these species seemed worth studying.
The results on iron, while perhaps preliminary, appear valid and indicate
that certain previous reports on melt impurities may not be correct. The
results on hydrogen are preliminary, but appear to indicate that proton
reacts electrochemically in the system. Finally, a preliminary study of
ferrocene was carried out to aid in the establishment of a reference point
which might be expected to be independent of the acidity of the melt.

The question of techniques which are readily applicable in fused salts
has long been of interest. Our computerized system is being modified to

permit better experimental control; the value of this system may be seen

in the studies on the iron and ferrocene,
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ALUMINUM CHLORIDE CONTAINING SOLVENT SYSTEMS

AS ORGANIC REACTIONS MEDIA ~ A LITERATURE SURVEY

Some reactions have heen carried out in molten salts since organic
chemistry's beginning. A few of these are still found in the standard
synthetic repertery. Although new media [NHS(R), HF{%)}, dipolar aprotic
solvents] have been introduced and extensively exploited, fused salt
reactions have apparently never been regarded as a class or subjected
to systematic investigation. When, in recent years, organic fused salt
reactions have been considered as such, a general distinction has proved
useful (1) between (1) homogeneous reacti;n and (2) high-temperature
processes in which an organic reactant gas phase is contacted with an
inorganic melt in which it is poorly soluble. Study of the latter,
which are often efficient replaceﬁénts for heterogenecous catalysis by
solids, has been spurred by industrial interest, and this type of process

(2)

forms the principal subject matter of a review by Sundermeyer ™', An

(3)

excellent review by Gordon provides a collection of the necessary
practical information for planning fused salt experiments, together
with a summary of known organic fused salt reactioms,
Three areas of organic chemical interest in molten salts are
taking form:
(1) Synthesis, where we can expect to see old reactions
improved and altered, and new reactions discovered

through the use of fused salt media, Modification

of the reactivity of nucleophilie and electrophilic



reagents, and acids and bases; the appearance of new
redox systems; and electrochemical .and other modes of
generation of reactive intermediates are among the
foreseeable developments.

(2) Separation techniques in which one or more molten
;;lt phases take part in chromatographic solvent-
extraction; ion—~exchange and electrophoretic pro-
cedures.

{3) Physical-organic investigations in which ionic liquids
constitute new tools in kinetic and equilibrium problems
employing electrochemical, spectroscopic, cryoscopic,
and other type measurements,

Although the two reviews cited above mentioned the use of fused
aluminum chloride and aluminum chioride containing melts, hereafter
called AlCl3 solvent systems, as organic reaction media, a compre-
hensive review was not presented. It is the purpose of this section
of this report to present a thorough review of this area. At the
same time, some other pertinent studies concerning the interaction of
aluminum chloride with organic molecules.will be discussed. While many
different organic reactions have heen carried out in AlC‘l3 solvent
systems, there are three reaction types which have been studied ex-
tensively. These are (1) condensation-addition reactions, (2) re-
arrangement-isomerization reactions and (3) dehydrogenation-addition
reactions, the Scholl reaction. Each of these reaction types has been

observed in other solvents in the presence of aluminum chloride and



other Lewis acid type catalyst. However, advantages such as short
reaction times, ease of product recovery, saving on solveant cost,
ete, make AlCl3 solvent systems worthy of study. Other types of
reactions that will be discussed are exchanges, dehydrations, and

chlorination reductions.

A, Condensation-Addition Reactions.

Condensation-addition reactions are formally analogous to the well
known Friedel-Crafts reaction. There appears to be omly one physio-
chemical study of Friedel-Crafts type reaction in AlCl3 solvent sys-—

(4)

tems. Komagorov, Baeva, and Koptyug using infrared spectroscopy -
studied the formation of acylium cations from aromatic carboxylic
acids. and acid chlorides. In a 60:40 mole % AlClszNaCl melt in the
temperature range 25-160°C the formation of the acylium ion, AerE2
where Ar = phenyl, o-chlorophenyl, p~chlorophenyl and o-methoxyphenyl
could be followed by its infrared absorption at 22400m—1. Acylium ion
concentration was found to increase with temperature and disappear
reversibly on cooling, with appreciable concentrations of the ion ocec-
curring only at temperatures greater than 130°C.

An example of the Friedel-Crafts hydrocarbon synthesis which was
carried out in an AICl, solvent system is the reaction of benzene with

3
ethyl chloride or ethyl bromide at 150-170°C to yield ethylbenzene.
However, large amcunts of tarry products are formed(5).
Many examples of condensation type reactions have been carried

out in A1013 solvent gystems, In general, one of the reactants

has either been carboxylic acids, dicarboxylic acids, acid anhydrides or



lactones, while the other has been aromatic or heterocyclic compounds
which were not severely deactivated. In the following discussion, we
will discuss the use of these various reactants. One of the simplest

cases is the reaction between phenol and benzoic acid in a 68:32 mole %

AlClB:NaCl melt to give o- and p-hydroxybenzophenone as illustrated:
OH
H
%% 68:32 Mole %
AlClB:NaCl
+ o =8 4+ c=0

O

The earliest reports of condenzation reactions in AlCl3 golvent
systems invariably involved the use of acid anhydrides as one of the
reactants. As we will see, the products one obtains are dependent on
the reaction temperature. Keto-acids are obtained at lower temperature
while quinones are obtained at higher temperature, no doubt by conden-
gation of the keto-dcid. We will first discuss the reaction where
phthalic anhydride and its derivatives are one of the reactants. .

(62

Waldmann and Sellner reported that when phthalic anhydride

and pyrocatechol were heated at 110°C in an AlC13,NaCl melt the
product was the keto-acid and not hystazarin, the corresponding

¢

anthraquincne:



HO,C 0

0
o AlCls,NaCl OH
o+ @[O =
: OH 110° ¢ OH

However, at temperatures of approximately 200°, gquinones are secured.

.

In this way, hydroquinone with phthalic anhydride yields gquinizarin

0 OH

0 Q8 69:31 Mole %
AlClB:Na01
0+ +
T =
OH

Another example of the effect of temperature on the product is

the reaction between phthalic anhydride and o—cresol(6). At 120--130°C
in a 65:35 mole # Alcla:NaCl melt, a mixture of is;meric keto-acids
is obtained, Howevef, if the reaction mixture is heated at 165°C,
the product is a mixture of the corresponding anthraquinones.

Aromatic amines also undergo condensation with phthalic anhydride.
8-Naphthylamine adds normally to phthalic anhydride in an AlClB,NaCl

melt at 110-115°C to yield aminonapthoylbenzoic acid(g). ®)

Kranzlein
has also been successfél in preparing keto-acids from a number of

polynuclear amines and phthalic anhydride reactants with an AlCl3,
NaCl melt at temperatures of 110-120°C. Further heating at about

150°C results in ring closure. This is illustrated for 4-aminobiphenyl:



NH, NH,, NH,
AlCl,_,NaCl AlC1, ,NaCl
3 X 3
o+ j—— || — ||
~Z~  120° ¢, = 150° ¢
. 30 Min. 1 Hr.
~

/AN

\
~

5
a
\

Other amines which wer; found to undergo at least the first step
of the condensation reaction were 3-methyl~4-aminobiphenyl, 3-amino-
phenanthrene, 2-aminofluorene, Z2-aminochrysene and 3-aminopyrene.
However, similar condensations could not be effected with either
m-tolidine or benzidine probably because the 4,4'-positions of
these compounds are occupied.

Amides will also undergo condensation with phthalic anhydride.
When l-acetamide-3-methyl-4-hydroxybenzene was heated with phthalic an-

hydride for ten minutes at 110°C in an AlCl,_,NaCl melt, a 647 yield of

)

3°
tacetamide—4tmethyl-51hydroxy-2-benzoylbenzoic acid was obtained
A number of heterocyclic compounds have also been found to condense
with phthalic anhydride. %The condensation of phthalic anhydride with
2-aminocarbazole or with 3-amino-9-ethyl-carbazole at 110°C in an
AlCl,_ ,NaCl melt gives 2-amino- and 3-amino-9-ethylphthalylcarbazole

3,
©

in 65-70% and 52% yields, respectively Fusion of 3-aminodibenzo-



furan and phthalic anhydride with an AlClS,Na01 melt for 30 minutes at
115°C and then for 1.5 hours at 150°C leads to the production of the

ring closed compound, 3-aminophthylbenzofuran in 40% yieldcg):

NH

115° C 30 Min,
150° ¢, 1.5 Hr.

The compound,2-(2,5-dimethyl-3-thenoyl)benzoic acid, upon heating in

an A1C13,Na01 melt, is converted to the corresponding quinone(lo):

RO, C a cH, 0 ca,
AIC1, ,NaCl
/
5 g s
.
CH, i ctl,

A few less reactive aromatic compounds have also been found to
condense with phthalic anhydride.Z',5'—Dichloro;Z—benzoylbenzoic had
been prepafed by heating 1 mole of phthalic anhydride with 0.5 moles of
p-dichlorobenzene, ané 1.5 moles of AlCl3 at 110-120°C for about 4 hOurs(ll).

Substituted phthalic anhydrides can also be used in the condensation
reaction with aromatic compounds., For example, hydroquinone reacts

with 3,6-dichlorophthalic asphydride at 200°C in an AlCl3,Nacl melt

to give an 847 yield of 5,8-dichloroquinezarin:
cl 0 CH

ALC1,4,NaCl

0 +

' J

200° C

1 OH




The 4;5-dichloro-acid anhydride similarly gave an 80% yield of 6,7~
dichloroquinezarip(lz).

Methylated phthalié anhydrides have been found to react with
various hydroquinones in an A1C13,Na01 melt in the temperature range

(13)

180-190°C to give either the keto-acid or the anthraquinone derivatives .
A fewwinvestiggtors cite the use of acylated phthalic anhydrideéh

in Friedel-Crafts type reactions, 4—Acet;1-phthalic anhydride hgs

been condensed with hydroquinone in an A1C13, NaCl melt at 180°; heating

for 45 minutes produces 5,8-dihydroxy-2-acetyl-anthraquinone:

0 H

' 0 OH
AlCi3 ,NaCl
-+ r
CH,,CO CH,CO
: 0 OH

3
H

Like treatment of toluhydroquinone produced 2-acetyl-6{(or 7)-methyl-
5,8-dihydroxyanthraquinone, and analagous reaction with 1,4-naphtho-
hydroquinone yields 2—acetyl—5,8—dihydr0xy—6,7-benzoanthraquinone(14).

The anhydrides of other aromatic and heterocyclic dicarboxylic
acids are also known to undergo Friedel-Crafts type condensation reactions.
For example, phenols such as p-chlorophenol, p-cresol and p-naphthol
have been condensed with naphthalene-2,3-dicarboxylic acid anhydride
in an AlCl. ,NaCl melt at 200-210°C to yield the corresponding

33
substituted benzanthraquinone(ls). Waldmann(lﬁ)

using a 65:35 mole 7
AlClB:NaCl melt at 200-210°C for 3 hours found hydroxybenzanthraquinones

from the interaction of naphthalene 1,2-dicarboxylic anhydride with
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various phenols and hydroquinones. For example, with hydroquinone

the following occurs:
OH 0

65:35 Mole %
AlCl :NaCl
—3>
200° C, 3Hr.
OH 0

an

Mayer and his co-workers have described the interaction of

thianaphthene-2,3~dicarboxylic anhydride and hydroquinone, in an

AlCl3,Naql melt to give a 76% yield of 7,l0-dihydroxybenzothio-

phanthrenequinone., Friedel-Crafts' condensation of thianphthene~-2,3-dicarbox-

ylic acid anhydride or its substitution products with aromatic hydrocarbons

(18)

and phenols.in AICl_,NaCl melts is covered by several patents

39
The condensation of aliphatic acid anhydrides with aromatic
substrates in.AlCl3 solvent systems has also been studied. Maleic

anhydride and hydroquinone in an AlCl3,NaCl_melt at temperatures

over 200°C yield naphthazarin(lg):
OH 0
lCl sNaCl
>200 C
OH 0

In the alkyl naphthazarins, the quinoid and benzenoid states of
both rings appear to be interchangeable. Hence, the condensation
of 3-alkylhydroquinones under the same conditions results in the
formation of naphthazarins in which the alkyl derivative is

substituted in the quinone nuclel(zo)



OH 0 O 0O
A1C14,NaCl
= 0 P
>200° ¢
R R
3 Y R = Alkyl oK 5

Brockman and MillecmI) have prepared alkylated naphthazins by
reacting alkylated hydroquinone methyl ethers with maleic anhydride

in an AlCl,,NaCl melt, During the reaction, saponification of the

33
methoxy group occurs. In the condensation of 3-isohexylhydroquincne~
dimethyl ether under the above conditions, isohexylnaphthazarin was

not obtained. Instead, the product was 1,1'-dimethyl-1,2,3,4~tetra~

hydroquinizarin formed by ring closure of the intermediate alkyl

naphthazarin;
OCH3
AlClS,NaCl aHs
—_—
ca, T 9 23
(CHZ)EEH
‘CH
OCH, 3 0

OH 0 CH3

CH

OH

Substituted maleic anhydrides also undergo condensations. Citraconic
anhydride and hydroxyhydroquinone in an A1C13,NaCl melt yields

6= (orx 7)—hydroxy—z-methylnaphthazarin(22).

11



Dicarboxylic acids themselves are reported to undergo conden-
sation with aromatic substrates in AlCl3 solvent systems( ). Suc-
cinic acid and hydrequinone in a 68;32 mole % A1G1,:NaCl melt ‘at
180-200°C for two minutes yields 1,2,3,4-tetrahydronaphthazarin,
while under the same conditions adipic acid gives 6(2,5—dih§droxy~
benzoyl)-valeric acid.

Bruce, Sorrie, and Thomson(23) have also reported the condensa-
tion of lactones with hydroquinone under the above conditions. Upon
reacting y-~butyrolactone with hydroquinone one obtains 4,7-dihydroxy-

3-methyl~indane-l-cne, the same product which one obtains from

crotonic acid and'hydroquinone:

OH 68:32 Mole % O 68:32 Mole % OH
AlClB:NaCl AlClB-NaCl
3 e » £180-200° C_ j
180-200° C c 2 Min, HO ,
Y 2 Min, 3
OH 0]z}

The product from the reaction of the lactone apparently arises by
ring opening followed by elimination of hydroxide ion and a shift of
the consequent double bond to form a vinyl ketone which, as we will
see later, cyclizes to form the desired product. In a like manner,
the product of the reaction between y-valerolactone and hydroquinone

under the same conditions, is 4,7-dihydroxy-3-ethylindan-l-one,

12

At the outset of this section we described the condensation reaction

of an aromatic acid and phenolic derivatives as well as the intra-

molecular ring closure of keto-acids using the AICLl, solvent systems

3

at temperatures below 150°C, The intramolecular cyclization of
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aryl-substituted aliphatic acids has been described(23). For
example, in a 68:32 mole % AlCl3:NaC1 melt at 180-200°C for two

minutes S-phenyl propionic acid yields 85% of indan~l-one:

68:32 Mole %

GO H AlCl, :NaCl

.‘\ZCH_Z ..._........_..3_..._._.._._._}

& 180~200° C °
2 2 Min,

0
« while y-phenylvaleric acid yields benzosuberone in 227 yield.
One other interesting example of the intermolecular ring
closure is the reaction of B~{3-acenaphthoyl)-propionic acid in an

AlCl, ,NaCl melt at 150°C to yield peri—succinoylacenaphthene(24):

39
COCH,CH,,CO H oC 10

272772
AlCl, NaCl

A thorough. study of the intramolecular ring closure condensation
of derivatives of o-benzoylbenzeoic acid in A].Cl3 solvents systems has

(25). Some of the acids

been carried out by Baddeley, Holt and Makar
were susceptible to isomerization and afforded anthraquinone after
migration of substituents. These isomerizations will be discussed

in a later section and it will be sufficient here to just illustrate

the course of the reaction., For example, when o(2,5-dimethylbenzoyl)-
benzoic acid is heated for 1 hour at 175°C in a 75:25 mole % AlCl3:

NaCl melt, both 1,4-dimethyl- and 1,3-dimethylanthraquinone are obtained

while 0(2,4-dimethylbenzoyl)benzoic acid under the game conditions
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gives only 1,3-dimethylanthraquinone. This sequence is outlined

below:
HOZC 0 CH3

75:25 Mole %

AlCl :NaCl =~

l75° C
CH.3
HOZC
I N CH3
,/’

cH
3

Similar examples are found with other alkyl derivatives of
o-benzoylbenzoic acid. It has been concluded by these workers
that products of fusion with AlClS,solvent systems are determined
by the relative rates of isomerization and of ring closure of

the o-arcylbenzoic acids.

One other class of acids which undergo intramolecular ring
closure in AlCl3 solvent systems are the f-aroylacrylic acids which
yield 3-ketoindane-l-carboxylic acids(zs). This is not formerly
a condensation reaction as the acid function remains and therefore

-

this reaction will be discussed in a later section.

B. Molecular Rearrangements and Isomerizations

Rearrangement of the substituant groups in aromatic compounds is

frequently facilitated by the use of anhydrous aluminum chloride.



Nuclear bound alkyl may immigrate in either an intermolecular or
an intramolecular manner. Acyl and sulfonyl substituents may also
rearrange to new positions on the aromatic nucleus. These type

reactions have been cobserved by many workers in A1Cl, solvent sys-—

3

tems,

The rearrangements of phenolic esters to hydroxy aromatic ke'_tones':
which is known as the Fries rearrangement, have been observed in 68:32
mole % AlClyzNaCl by Bruce, Sorrie, and Thomson(23). For example,
upon heating phenyl acetate for two minutes at 180-200°C in the above

melt both o~ and p~hydroxyacetophenone were obtained,

OCOCH3 COCH3 COCH3
68:32 Mole % OH
AlCl3 :NaCl - +
180~200° C
2 Min,
OH
55% 37%

Similarly, quinol dibenzoate gave 2,5-dihydroxybenzophencne,

68:32 Mole %

AlClS;NaCl

180-200° ¢

2 Min,
0Co ) OH

The fate of the second benzoyl group is unknown.

:

Auwers(27) hag tabulated a number of instances in which the

normal product of the Fries rearrangement was accompanied by an
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isomeride, derived by displacement of an alkyl group from its original
position, Baddeley(zy) later showed that the products depended on the
number of moles of AlCl3 used, In particular, this author studied the
Fries rearrangement and subsequent isomerization of 3,5~-dimethylphenyl

acetate at 140-150°C. The regults are showvn in the scheme below?

OCOCH3 0H OH

1 Aalcl CoC
1 AlCl3 COCHB 3 H
—— B e Y

CH H.C
H,C G,y H,C 3 3

2 AlCL CHy
f\\\r 3

Baddeley also obtained kinetic data for the isomerization in a-83:17
mole Z ALCL,:NaCl melt at 140° and 150°C.

A reaction which is formerly analogous to thé Fries rearr?ngement
is the isomerization of aryl sulfonates to hydroxyaryl sulfones. Upon
fusing phenyl benzenesulfonate with AICl

3
. . .(29)
o- and p-hydroxydiphenyl sulfone are obtained :

AICL

at 150° for 1.5 hours,
3 .

o
OH :j::
50 + 50,

%) 150°C, 1.5 Hr. ? 2 f

Similarly, p-chlorophenyl benzenesulfonate gave 2-hydroxy-5-chloro-

=

diphenylsulfone and p~toluyl benzenesulfonate gave 2-hydroxy-5-methyl

diphenylsulfone.
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A number of isomerizations in which ring closure occurs are

also known to occur in AlCl3 melts(23’25). As we mentioned before,

B-aroyl-acrylic acids in a 75:25 mole % AlCl3:NaCl melt at 135°C
for 1 hour yields 5-ketoindane-l-carboxylic acids, e.g., the follow-

ing reaction is observed:

CH, 0
75:25 Mole %
AlC1, :NaCl
3 -5
€0, 135° C, 1 Hr.
CH3

Similarly, aryl vinyl ketones are found to cyclize in a 68:32 mole %

0

002H

CH3
CH,
AlClszNaCI melt, For example:

'l 0
68:32 Mole % )
e A1C1,:NaCl ‘
180-200° ¢ °

2 Min,

Ring clogure is probably effected through formation of an oxonium complex

and one of its resonance structures.

X flc
0—AlCL, 0—AlCl,
) X

- +—
CH, @®CH

2

A number of other rearrangements have been obsexrved in AlCl3
solvent systems. Loudon and Razdan(SO) found that chromanones and

3,4-dihydrocoumarins are rearranged to hydroxyindanones. Some

typical exampies are shown below:



O
¢ 58:50 Mole % )
AlCl3:NaCZL
h
0 190° ¢
40 Min.
OH 0
ALCL 0
3
¢ )
170°.¢C, 3 Hr.
0 0
CH

Similarly, 2,3-dihydro-4-methyl-3-oxobenz-l-oxazine was rearranged

to give two oxindole derivatives when fused with A1013 (31):
oH
i :q: X0
CH3

N-arylphthalimides are transformed into lactams upcn heating

with an AlCl3,NaCl melt (32) . N-phenylphthalimide is converted to

the lactam of 2-(2'-aminobenzoyl) benzoic acid:

: : : AlCl. ,NaCl

About 25 patents have been granted for methods of isomerizing

n-paraffins to branched-chain compounds. Aluminum chloride/alkali

(33)

metal melts containing an excess of AlCIL

have been used The

3

reaction is generally carried out below 200°C. The longer the carbon

chain of the n-paraffin, the lower is the temperature chpsen, since

18
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otherwise undesireable cracking occurs, It has been found useful

to add small quantities of hydrogen chloride

34
¢ ); for example, the-

isomerization of n-butane to ilsobutane then proceeds at 141°C with

a 507 conversion., This process is of interest for increasing the

octane rating of petroleum fractions,
e

In a series of papers, Baddeley and his co-workers

~

(25,26,28,35)

have made a thorough study of the isomerization that takes place in a

variety of aromatic ketones and alkylated phenols and benzenes in

AlCl3 solvent systems.

below:

COGH3

CH3
COCH3

CH3
CH3

COGH3
CH3
H3C

A few representative examples are illustrated

COCH3

AlCl
3
>
170° ¢, 1.5 Hr.
CH,
COCH,
Alcl,
>
170° C, 1.5 Hr. CHg
CH,
GOCH, COCH,
Alci, .
> +
170° ¢ gy ¢ CH.. CH
1.5 Hr. 3 3 3

CH
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0H oH
COCH,, NI ; COCH,
: 140-180° C
H,C CHgy 3 Hr. H,C
CH,
CcH COCH
COCH, CocH,
87:13 H.C
H.C cr, B7:13 H,C CH, HC B, H,
S + +
H,C cH, AlCl: HyC CH, H, CH, H,
NaCl
100° C OCH, H,

150° ¢
COCH3 CH3
H3 H3
+
H3 H3 H3C CH3
CH3 CH3

Without going into detail, a summary of the reaction mechanism

can be given. The following points are known:

1. In the case of ketones, one molecular proportion of AJ.C."L3
combines with the carbonyl group to form an oxonium complex
and an additional mole of AlCl3 is needed to effect isomeri-
zation,

2, The presence of hydrogen halide is necessary.

3. The products are determined by the relative rates of (i)
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deacylation followed by reacylation, and (ii) intramolecular
migration of the o-alkyl group to the adjacent meta-position.

4., As homologs of benzonitrile are not isomerized,'it appears
that steric factors determine the variocus isomerizations
that take place, This is also seen in the case of methylated
anthraquinones which alsc do not undergo isomgrization. -

5. The ease of alkyl migrations or mobility is in the order
propyl >ethyl >methyl.

Similar migrations have been shown to occur with some o-alkylbenzene-

(36)

sulfonie acids and o-alkyldiphenyl sulfones ¥or example, in an 81:19

mole % AlCl3:NaGl melt at 200°C for 10 hours, the following isomerizations

were cbserved:

81:19 Mole % 81:19 Mole .%
Al1Cl_:NaCl Al1Cl, :NaCl -
4 3 SO
302 3 so2 < 2
CH,  200° ¢ 200° C H
(:::) 10 Hr. 10 Hr.
H,C H,C CH, H3C
CH3 , H, CH,
50,H S0,H
81:19 Mole %
CH
Hac 3 AlCl3:NaCI
200° ¢ H.C CH
10 Hr. 3 - 3
CH, CH,

The greater mobility of ethyl groups over methyl groups was alsa
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observed in several cases. The explanation for these reactions is
-

no doubt identical to that for the aromatic ketone isomerizations.

C. Dehydrogenation-Condensation Reactions

Aluminum chloride is known to catalyze nuclear dehydrogenation
condensation of aromatiec hydrocarbons, with formation of higher ring

compounds. The reaction may be intramolecular or intermolecular.

Thus 1,1'-binaphthyl yields Perylene(37)

vield 2,2'—bichryseny1(38). Since the application of the dehydro-

and two moles of chrysene

genating activity of aluminum chloride to the synthesis of polynuclear
ring systems has been largely worked out by Scholl, who has extended
it primarily to the synthesis of a wide range of oxygenated deriva-
tives, condensations of this type are known as the Scholl reactions.
Although the Scholl reaction has been carried out in other solvents,

in the many cases the use of AlLCl_, solvent systems was found to remove

3

hydrogen (the byproduct of the reaction) imore effectively.

In the original reports of the Scholl reaction, fused AlICL, itself

3
was used as the solvent. TFor example, upon refluxing néphthalane
with AlCl3 at 180°C for 1 hour, perylene was obtained(Bg).

. AlCl3
2 . + ZHZ

180° ¢, 1 Hr.

More recently, AlClgNgGl melts have been used in the synthesis of

polynuclear hydrocarbons. The preparation of 1,1234.5; 8.9~ tribenzo-



(40) (41)
perylene, I and 2.3; 10.1l-dibenzoperylene, II, are illustrated

3

below: -

‘ 80:20 Mole 7 ‘
= AlCl1,:NaCl
3 e ‘ +
' . 130° ¢, 2Hr, e
I
I

65:35 Mole Z%
AlCl_:NacCl

3 >

130° ¢
30 Min.

The Scholl reaction has more commonly been carried out on poly-

(42) prepared 1,9-benzanthrane from

nuclear ketones, 8choll and Seer
phenyl Il-naphthyl ketone in 754 yield by heating the ketone with 5

parts of A1013 at 150°C for 2.5 hours:

23



AlCl3

= 150° ¢, 2,5 Hr.

.
These investigators applied analogous procedures for the intermolecular
ring closure of a miscellany of polynuclear ketones, However, fluorene
could not be prepared by heating benzophenone with aluminum chloride.
Polynuclear hydrogen is obviocusly mere readily set free than ig
benzenoid hydrogen(43).

Since the Scholl reaction is one of dehydrogenation, the use of an
oxidateve mixture of fused salts, or of an oxidizing agent together
with aluminum chloride, has been found effective in accelerating
condensation. The aroyl hydrocarbons used in these syntheses are
ordinarily prepared by reaction of an aroyl chloride with the appropri-

ate aromatic compound in the presence of AICL When reaction is

3
effected in an AlClB,NaCl melt, ring closure may cccur during the pre-

paration of the ketone, Dibenzopyrenequinone and its derivatives are

thus secured from oc-aroylnaphthalenes and aroyl chlorides(éa). Poly~

nuclear products from mixed diketonmes can also be formed by oxidative

ting closure(45). Thus, methylpyranthrone is formed by adding benzoyl-

pyrene and p-toluyl chloride to an A1Cl,,NaCl melt at 110-120°C,

3,
raising the temperature quickly to 165°C, and passing in oxygen until
the reaction is complete, the fused mass becoming biue. The reaction

probably occurs according to the following scheme:

24



() = @
' A1C1 4, NaCl
—_——
+
‘ \ 110-120° C O

COCl

02 165° C

o
liill’ CH
0

Other examples of ring closures of polynuclear ketones are summarized

by Thomas(AG).

Several other examples of the Scholl type reaction are illustrated

below:

0 | j\ 0
HN)I\N HN N
AlCl3 ,NaCl
_ (Ref. 47)

150-170° C



CN (OCH3)

CN (OCH3)

The by-product -of the Scholl reaction is hydrogen gas.

of the hydrogen evolved is of interest.

26

CN (0H)
AICLl .
3 .
- + H2 (Ref. 48)
140° ¢, 1.5 Hr,
CN (QH)
N==]
AlCl3
S — Q Q + H2 {(Ref. 49)

The fate

Various examples of reduction

of compounds containing hydrogen acceptors confirm the evolution of

hydrogen.

AlCl3 at 130-160°C, conversion to 1,2,3,4-dibenzopyrene occurs

When phenyl-l-naphthylphthalide is heated with 4 parts of

(50)

A similar dehydrogenation and reduction was shown in the conversion

of meso-diphenyldihydroxy-dihydro-1,2-benzanthracene to 5-phenyl-1,2,3,4-

dibenzopyrene,

yields 2,11-dihydroxyperylene-3,1l0-quinone

0

‘\.
o

Condensation of 1,1'-binaphthyl~3,4,3',4'-tetraquinone

(51) .

o
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Here the fate of the hydrogen which is evolved is seen in the
production of the hydroxy-derivative.

One further comment regarding the Scholl reaction is worthy.
We have seen above that for the rearrangement and isomerization
reactiéns studied by Baddeley(35) HCl was necessary as a catalyst
for the reaction to proceed. This author also claims that HCl
is necessary in the Scholl reaction. For example, l-benzoyl-
naphthalene is converted in 70% yield into benzanthrone by fusion
with more than tﬁo molecular proportions of aluminum chloride at each
125°C in the presence of hydrogen chloride; however, the reaction
did not occur when dry oxygen or nitrogen was passed through the
molten mixture, Addition of sodium chloride and consequen£ forma-
tion of NaAlCl4 did n?t promote the reaction. These observations
indicate that the presence of HCLl is essential for the occurence of
the Scholl reaction, and also that a stream of dry nitrogen or
oxygen can effectively remove hydrogen chloride from liquid mixtures
containing AlCl3.

D. Miscellaneous Reactions

Although the following reactions are included under the general
heading of miscellaneous reactions, they are of some importance. We
have classified them as dehydration, exchange, and reduction-chlorina-
tion reactions where possible.

(i) Dehydration reactions

One of the simplest dehydration reactions which has been



observed is the formation of benzonitrile in 84% yield from

benzamide(sz):

CONH CN

2
50:50 Mole %
A1013:N801
—
Initally 100° C
Then 290-295° C

The reaction is carried out by initially heating the amide
at approximately 100°C with preformed sodium tetrachloro-
aluminate, then raising the temperature to 290-295°C where-
upon the preduct usqally distills out. Similar treatment

of ammonjum benzoate, using two molecular equivalents of
AlClB, gives a 50% yield of benzonitrile, The reaction

has also been applied to chloro~ and nitro-derivatives of
benzamide and to 1- or Z2-naphthamide.

Recently an interesting dehydration reaction involving
ring closure has been observed by Arient and Slavik(ss).
When l-arylamino-anthragquinones are heated in a2 64:36 mole 7
AlClB:Naél melt at 150-160°C for 15 minutes ceramidonines,

ITL, are obtained and in some cases small amounts of

1,2-phthaloylcarbazol derivates:

R ' R
1 64:36 Mole % 1
ALGL, :NaGl NH

3 —

>

150-160° G
15 Min.

0 R2

28
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A similar reaction to that above was found when 2,2'-di-

phthalimidobiphenyl was heated in an A1Cl_,NaCl melt at

3’
160-250°C for 10 hours to yield flavanthrene(Sé):

: l l ALC1,,NaCl
0
2/ \;

3,
_.-_....._.__._._9.
160-250° ¢
10 Hr.

(ii) Exchange reactions

Several interesting exchange reactions have been ob-
served in AlCl3 solvent systems. A very useful example is
the preparation of chlorosilanes. When a 1:1 mixture of
silane and hydrogen chloride is led into either an
A1C1,:NaCl or AlCleiCl melt at 120°C, 80% of monochloro-

3
. , . . . (55)
silane is obtained together with other chlorosilanes :

S1H,+HCL A1C14:NaCl o H,SiCl + H,
120°C

To avoid evolution of hydrogen from the valuable Si-H compounds,

the commutation under otherwise identical conditions is preferable:

s Al1CL, :NaC i
S:.H4 + SiCl4 2 H251012.

120°C

Alkylated silanes can also be prepared in this way using the
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same type melts. This provides a simple and extremely
fayorable method of preparing dimethylchlorosilane, which

is used for the synthesis of a,wnhydridOpolysiloxanes(56):

(CH3)2 SiH2 + (CH3)281012 —_— 2(CH3)251H01

Recently, a new method has been developed for the preparation
of methyl metal compounds from methyl chloride and the chlorides of
boron, aluminum, silicon, tin, phosphorus, antimony, and mercury in

(57)

A1C13 solvent systems Metals are suspended in the melts to
act as halogen acceptors. The reaction is illustrated for tetramethyl-

silane:

3 8iCL, + 12 CHCL + 8 Al A@gaf_z% 3(CH

§i + 8 AlCL
1 3

3)4

The difference between this reaction and the usual Wurtz synthesis

is that the acceptor metal is not an alkali metal, and that the metal
halide formed is soluble in the melt. Thus a free metal surface is
always available unti} the metal has been completely consumed. Moreover,
if the system is chosen correctly, moré solvent (in the above case,
AlClé}is formed iq the course of the reaction. Another important ad-
vantage is that the acceptor metal halide can be recomverted into the

acceptor metal (Al) and the halogen (012) by electrolysis of the melt,
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The recovered chlorine can be used either for preparation of fresh
silicon tetrachloride or for the oxychlorination of methane.

Another interesting exchange reaction which has been observed
is the selective substitution of o~fluorine atoms by chlorine in
perfluoro ethers. When, for example, perfluoro-2-methyl-tetrahydro-

at 180°C for 14 hours a,a,x'-trichloro-
(58) .

furan is heated with AlCl3

perfluoro-2-methyltetrahydrofuran

AlCl

Fy F2F 3 - Fy cm 1
F [ ]( o v c1 [ ]<
2p R 180° ¢, 14 Hr. 20 R

£

Rf = perfluoro alkyl

Several other perfluorotetrahydrofurans and tetrahydropyrans bearing
a single perfluoroalkyl substituent in the o~position also undergo
the above reaction. However, in the sbsence of an a-perfluorcalkyl
substituent perfluoro ethers undergo cleavagesas illustrated:

Alcl
3
R CFZOCF R » (Rfcc1200012Rf)--§Rfcoc1 + RfCCl3

£ 2T y75° ¢, 16 Er.

AICL
F, Fy 3.5 2

—_—ly ——% €1_C(CF,).,COCL
F ¥ c1 1 3u\Ealy
2 2 175° ¢ 2™p 2

D
i3 Hr.

It is interesting to note that when a-alkyl substituted perfluoro
ethers were heated 'at 230° for 15 hours in a 50:50 mole % AlCla:NaCl
melt no reaction was cbserved. The authors attribute this observa-

tion to the speculated lower Lewis acidity of the binary system.
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The replacement of fluoride by chloride has also been observed
with perfluero aromatic compounds. ¥For example, when perfluorobenzene
(607

is fused with Alclé at 140°, perchlorobenzene results

AlCl3 (:::)

©Q ==
(iii) Reduction and chlorination reactions

At ledst two groups of workers have observed an interesting
reaction of aromatic nitro compounds when they are brogght in
contact with A1C13,NaCl melts., In the cyclization reaction of
l1-phenylaminocanthraquinones reported above(SB), Arient and Slavik
found the following reaction scheme when 1l-(p-nitrophenyl)amino-

anthraquinone was reacted in a 64:36 mole 7 AlCl, ;:NaCl melt at

3

180°¢ for 15 minutesg

0,N ’,/’/’EZZ/’/”/)V

64:36 Mole - %

AlC1,:NaCl, 180° ¢

64:36 Mole %
AlCls:NaCl, 200~220° C
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We seé that simultaneous reduction of the nitro compound and
nuclear chlorination has occu?red, the necessary hydrogen atoms
being supplied by the starting material itself. A similar reaction
occurs with the 3-nitrophenyl isomer.

A similar reaction has been observed by Russian workers(Gl).
When either m-dinitrobenzene or 2,4-dinitrochlorobenzene were
heated in a 72:28 mole 7 AlClB:NaCl melt at 125-150°C and treated

with a reducing agent such as stannous chloride and hydrogen

chloride for 3-4 hours, 2,4,6~dichloro-1,3-diaminobenzene resulted:

N02 NH2 NO2
72:28 Mole % c o1 72:28 Mole %
AlClB:NaCl AlClE:NaCl ’
. ey *-—
No. 125-150° C c1 125-150° C NO
2 3.4 Hr. 3-4 Hr.
snCl,, HCl Ccl SnCl,, HCl c1

I

When m-dinitrobenzene and 1,5-benzoylnaphthalene are treated in the
same manner, one obtains Tyand 3,4,8,9-dibenzpyrene-5,10-quinone.
In this, the hydrogen necessary for the reduction of the nitro
compound né doubt is supplied bythe naphthalene derivative when

it simultaneously undergoes the Scholl reaction., One final point

to be noted is that the above nitro compounds themselves are



recovered unchanged on simple heating in an AlCl3;Na01 melt,

Nutlear chlorination of unsubstituted aromatic compounds
has also been found to oceur in AlClB:NaCI melts, When a
mixture of benzene and chlorine are passed into a 61:39 mole %
AlCl3:Nacl melt at 200°C, mono-, di-, tri-, and tetra-chloro
benzeneg are obtained(Gz).

Aliphatic chlorinations have also been carried out in
AlCl3 solven£ systems, For example, 1,1,2-trichloroethane is
prepared in 64% yield by passing chlorine and ethyléne chloride,
“in the ratio of between 0.55 to 0.75 parts by weight of chlorine
per part of ethylene chloride, through a 50:50 mole % AlClB:KCl
melt at 350°C, (63)

E. Other AlCl3WContaining Solvent Systems

So far in the above discussion, we have concerned ourselves with
AJ_Cl3 solvent systems which consisted only of fused AlCl3 or eutetics
of AlCl3 plus an alkali metal chloride. A number of other A1013
solvent systems exist which contain as their second component an or-
ganic compound. These solvent systems have been used as organic
reaction media and deserve comment. In one of these systems, the or-
ganic component sef%es also as a reactant,

The solvent system which is most like the ones so far discussed
is the fused system aluminum chloride-pyridine. In an early British
(64)

patent

with aluminum chloride would be an excellent condensing agent for

it was suggested that the addition compound of pyridine (Py)

34

effecting ring closure of dianthraquinonylamines. This type of reaction
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has now been observed. In the earlier cited work of Avient and Slavik(53),
it was found that replacement of the AlCl3:NaCl solvent media by a

67:33 mole Z:Py melt the reaction of l-phenylaminoanthréquinones-led

to the formation of 1,2-phthaloylcarbazoles, the byproduct in the

former solvent, in approximately 307 yield.
R g

@ 1 67:33 Mole % R

NH AlCls:Py 1

0 ' —y
140° ¢ !

‘
)

The Scholl reaction has also been carried out in the A1013:Py
solvent system. When a-hydroxyanthraquinone is heated at 100-130°C

in an AlCl3,PY melt 1,1'-dihydroxybianthraquinoyl is formed(6s):
Q OH 0 Ol
AlC1,,Py
_—>
100-130° C
) 0
0 D
OH 0

The phase diagram for the fused AlCla:Py system has recently

been determined by Wick(66).
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The solvent system consisting of 06:32 mole % AlCl3:Urea has
been used as an organic reaction media(67). The solvent is formed
by adding urea to aluminum chloride under controlled conditions so
that the temperature does not rise above 100°C, then the mixture is
cooled to 25°C. The reactant is then added and the temperature raised

to 70°C. In this manner, many substituted amides can be prepared

from the appropriate aromatic

CONH

66:34 Mole %
E AlCl,:Urea R
3
. »
70° ¢

It is to be moted that one of the solvent components is also a reactant,

. : 68
Similar reactions occur( )

when mixtures of AlCl3 and compounds of
the general formula XCOX', where X denotes, hydrogen, halogen, alkyl
or amino and X' is an amino or O-metal radical, if X is hydrogen,

have been used as solvent systems and reactants.

¥, Electroorganic Chemistry in AICL, Contajning Solvent Systems
~

Although a considerable number of papers have appeared on the

electrochemistry of inorganic species in AICl, containing solvent sys-

(69)

3
to our knowledge only two reports omn electro-organic chemistry

(70)

tems

have appeared, Fleischmann and Pletcher have carried out a cyclic

voltammetric study on a number of polynuclear hydrocarbons in a melt

consisting of 50:36:14 mole % ALCl, :NaCl:KCl at 150°C using a pyrolytic

3
graphite electrode. They found that the large polynuclear hydrocarbons
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show a series of electron transfers while the simple hydrocarbons

show a single wave., At sweep rates of 0.1 V/sec., pyrene, anthracene,
and diphenylanthracene gave peaks on the raeverse sweep showing the
initial product; of the first electron transfer to have some stability,
although it was clear from the peak size that they are not completely
stzble, Furthermoré, the reverse peaks occurred at a potential

close to that expected if the oxidation was electrochenically
reversible., In no case could evidence be found for the reduction

of the aromatic hydrocarbons. Their results are summarized in Teble I.

TABLE I. Aromatic Hydrocarbon Oxidation Potentials in 50:36:14 Mole %
:NaCl:KCL (Volts vs Al)(70)

AlCl3
Ratioc of Ratio of
Ep/Z Wave Heights Ep/2 Wave Heights
benzene 2.09 - chrysene 1.34 1 '
naphthalene 1.57 - 1.78 2
anthracene 1.26 1 2,10 4
1,72 1 pyreﬂe 1.19 1
1.90 1 1.79 2
2.30 2 2,03 4
phenanthrene 1.43 1 diphenyl-1,25 1
1.84 1 anthra- 1,75 2
cene
chlorobenzene 2.48 - 2,20 4
biphenyl 1.66

2.03

The other known report on electro-organic chemistry in AlCl3 solvent

systems concerns the electrochemical polymerization at a platinum


http:diphenyl-l.25

38
71

electrode of a variety of aromatic compounds . The compounds

to be polymerized are dissolved in a ternary complex of an aromatic
hydrocarbon, a hydrohalogen acid and an aluminum halide with a mole
ratio 1:1l:2 respectively, with electrolysis then being initiated:
Among the most interesting products are poly(p-phenylene) which is
formed from benzene and p-sexiphenyl, formed from biphenyl. The

relation between the current density, electrode potential, and

efficiency of formation of these products is very complex.

G. Summary

Let us briefly summarize the findings of the literature survey.
Many different organic reactions are found to proceed in AlCl3 con-
taining solvent systems. Three major types of reactions, namely
condensation-addition, rearrangement and isomerization and dehydro-
genation~addition reactions have been studied extensively. Other
types of reactions wﬂich have been found to occur in these solvents
are dehydration, exchange and reduction-chlorination reactions.
AlCl3 solvent systems having an organic compound as one of their com~
ponents have been studied. Only two reports have appeared on the
electrochemical behavior of organic compounds in A1013 solvent systems,

Under the general category of condemsation~addition reactions,
mono- and dibasic carboxylic acids, acid anhydrides and lactones were
found to react with a variety of aromatic and heterocyclic compounds,
most of which are activated by hydroxyl, amino and/or alkyl substituents.

The reactions are carried out in the temperature range of 100--220°C
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with reaction times ranging from 2 minutes to hours. In the case of
monobasic acids only keto products are obtained, with dibasic acids
and acid anhydrides keto-acids are the initial products; however,
if the reaction conditions are severe enough, ring closure of the
keto~acid occurs yielding quinones. Lactones give rise.to ring
closed ketones. Intramolecular ring closure has been found in the
case of aryl substituted aliphatic acid, In some cases, isomeriza-
tion was observed to play an important role.

Numerous molecular rearrangements and isomerizations are found
to occur in AlCl3 solvent systems. In a few cases these reactions
allow the synthesis of compounds which cannot be prepared by any other
methodl Of the rearrangements which have been studied, the Fries
rearrangement is the wmost common, Ph;nolic esters and arylsulfonates
undergo rearrangement to the respective hydroxy ketones and sulfones.
Isomerization of alkyl groups is found to occur in some cases, B-Aroyl-
acrylic acids and aryl vinyl ketones are found to rearrange to ring
closed ketones, the acid function remaining in tact im the former case.
Heterocyclic compounds such as chromanones and coumarins alse rearrange
to cyelic aromatic ketones. A thorough study was carried out by
Baddeley and his co-workers on the isomerizations which take place in
aromatic ketones and sulfones and in alkylated phenols and benzenes.
The migration of an:alkyl and/or acyl or sulfonyl group depends mainly
on the relative rates of deacylation or desulfonation followed by re-
acylation or resulfonation respectively and (ii) intermolecular migration

of the o-alkyl group to the adjacent meta-position. Sufficient AlCl3



together with some HCL is necessary for the reaction to occur,
Steric factors were alsc found to be of importance.

Dehydrogenation-addition reactions which are generally known
as the Scholl reaction have mainly been carried out with two classes
of organic compounds - unsubstituted and substituted polynuclear
hydrocarbons and diaryl ketones. Both intra- and intermolecular
reactions have been observed, Hydrogen chloride is claimed to be
needed as a catalyst for the reaction., The by-product of these
reactions is assumed to be hydrogen gas and the fate of this material
has been considered. In a few cases, redﬁcible groups within the
starting materials have been found to be reduced during the course
of the reaction and this was offered as evidence for the existence
and fate of the hydrogen gas.

Several other types of organic reactions have been observed in
AlCl3 solvent systems. Dehydration reactions have been carried out,
one example being the formation of benzonitriles from benzamides.

The ring closure dehydration of l-arylaminc-anthraquinones to cer-
amidonines has been extensively studied.

Exchange reactions involving a variety of starting materials have
been reported. 0£ fechnical importance are the exchange reaction
of the hydrogens attached to silicon for chlorines and the exchange
reaction forming methylmetal compounds from methyl chtoride and the
chlorides of the metal. Chlorine has also been found to exchange with
fluorine in A1013 solvent systems.

One final reaction of interest which has been reported to occur

in AlCl3 solvent systems is the one involving aromatic nitro compounds,

In two instances, it has been reported that nitro-substituted aromatics

40
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undergo simultaneous reduction of the nitro group and chlorination
of the aromatic nucleus. The hydrogen necessary for the reduction
probably comes from hydrogen chloride which is either added to the
reaction mixture or formed during the course of the reaction.

AlCl3 solvent systems having as one of their components an
organic compound have been used as organic reaction media. In the
fused A1013~pyridine system reactions similar to those which occur
in AJ.Cl3 solvent systems have been fouyd. Reactions have also
been reported to occur in which the organic component also acts as a

reactant, e.g., the formation of benzamide from benzene in an AICl iurea

3
melt.

Only two reports on the electrochemical behavior of organic compounds
in AlGl3 solvent systems have appeared, In one case, the electro-oxida-
.tion of polynuclear hydrocarbons was briefly studied. While in the
second case the electro-~initiated polymerization of sevéral aromatic
compounds was reported,

If one is to &raw any conclusion from this literature survey, it
certainly must bé the observation that considering the known reactivity
and catalytic behavior of AlCl3, nany different organic compounds are

"

stable in'AlCl3 solvent systems, In particular, the stability of
aromatic- hydroxy and amino compounds in comparison to aromatic mitro
compounds. The many rearrangements and isomerizations that occur
together with the Scholl reaction emphasgizes the need for caution when

attempting to carry out physical chemical studies in AlCl3 solvent

systems, The need for catalytic amourts of hydrogen chloride for



many of these reactions to proceed is worthy of further study.

The possibility of bubbling dry oxygen through an AILCL, :NaCl melt

3
is hard to believe as one can readily calculate the favourable heat
of formation of -aluminum oxide, Fipally, it would appear that many

of the reactions discusded could be subjected to an electrochemical

study both synthetically and mechanistically.

42
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ACID-BASE EQUILIBRIUM IN NaAlCl, MELTS

4
AND EXPERIMENTAL WORK

A. Chemical Equilibrium

The NaAlCl4 melt can be considered as ar acid-base system in which
an acid is defined as an acceptor of a chloride ion. Similarly a base

is defined as a chloride ion donor,

241C1," = A;2c17" + C1™ &)

base acid
The electrode reaction at an aluminum electrode in this melt can be

written as
ALC1,” + 3e = Al + 4CL7 (2)

and the electrode potential is given by

- go _RE , [c1]*
E o= B -gpdn [ATCT, T )

Several other electrode reactions can be written for this electrode,
The intermal thermodynamic equilibria which must be satisfied at all
times will reduce all of these Nernst equations to equation 3 by the
inclusion of the appropriate equilibrium constants in the E°. For a
lérge portion of the A1013 concentration range the AlCl4“ concentration
will remain constant and the aluminum electrode becomes an acid-base
indicating electrode.
(1, 2)

used A1C13 to titrate an

NaAlCl4 melt saturated with sodium chloride. The object of their work

Two separate groups of workers
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was to determine the equilibrium constant for the dissociation

2A1C1,7 = C17 + A1,C1 Ky (4)

The electrochemical cell used to make the potentiometric measurements

was
Al/AlClB, NaClsaturated !/ AlCls, NaClI/Al . s
and the cell potential is given by
ferm 1
AR 4RT £n sat (6)

3F -

since the ratio between the two AlClé’ concentrations is near unity.
At higher AlCl3 mole percentages this approximation is no loager justi-
fied.

The first assumption made in their calculations was that any AlCl3

added to the system reacted completely by one of the following reactions:

(1) AlCl3 + Cc1™ +-A1C14“ (in basic melts) (7)
or
(2) A1013 + A1C14' > A12017_ (in acidic melts) (3)

The titration produced the typical S—shaped acid~base titration curve,
At the inflection point of the curve the melt is neutral and from

equation 4 the following can be stated:

1
- - ~ &
(¢l ]eq. B EA]'2017 ]eq. KM )
At 175° C., AE was about 180 mv for cell (1) and the amount of AlCl3

added was suppesedly equal to the amount of excess chloride ion in the

saturated melt, -

XAlCl3 - IClﬂ]sat. - [Cl—jeq. Qo
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Therefore,
. X+ [c17]
AR = gRT m eq. (11)
¥ [c17]
eq.
and the {Cl“]eq and KM can be easily calculated., Torsi and Mamantov

(L

attempted to fit their data at higher AIC1, concentrations using KM and

3
found that the deviations at compositions beyond 55 mole percent AlClBV
-indicated that the above assumptions are not justified. The potential
between an aluminum half cell containing a 50:50 mole percent AlClS:NaCI
melt and a similar cell containing a 66:34 mole percent AlCl,:NaCl melt
at 175° C, was 480 mv. Anders,(z) in a crudely designed cell, measured
only about 110 mv for the same cell, King(4) reports a value of 220 mv
for the same measurement. The latter two values are suspect due to the
inexact experimental conditions under which the measurements were made.

From vapor pressure measurements King and Seemiller(s) have reported

on the thermodynamic equilibria for the NaAlCl4 system as follows:

- = - = '+
C17 + AICI, AlCl, K, = 6x 10 _ (12)
- - - - in
AICL,~ + AIC1, Al,C1. Ky = 2 x 10 (13)
- _ 6
2A1Cl3 = AlCl. K, 12( x 10 (14)
X
- = - = 1 2 = 2
AL, CL. + c1_ A1,C1L, Ky - 6 x 10 (15)
_ K
2A1C1 = Cl™ + Al.C1.~ K, =2 = 0,33 (16)
4 257 4 7
1

There is a glaring discrepancy between the X values obtained for
equation 16 by this method (K, = 0.33) and the K, value of 7.9 x 108
determined by the titration method.(l’ 2) The K4 value of 0.33 is
unrealistic since it states a 50:50 mole percent mixture must contain

very large portions of free chloride ion and 1f this were true, the

titration of the melt with small amounts of AlCl3 would have a very
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small effect on the emf of the cell, King(4) has indicated these values
were only preliminary and a revised value for the vapor pressure work
would be forthcoming. There are probably several sets of K values which
can be fitted to the data by a computer to give a local minimum deviation
between the experimental and the calculated points. The equilibrium
involving tﬁ; dimer would explain the deviation between the calculateé
emfs and the observed values, As the AlCl3 was added, only a small por-
tion would be available to react with the C1™ or AlCl4" while the bulk
of the addition would remain as the dimer. It appears that the emf data
ig reliable but the interpretation ig in error, whereas from the vapor
pressure measurements only the KD is reliable, Usimg this as a starting
point, it is proposed that with the aid of analytical techniques on a
computer an attempt will be made to fit the emf data to equations 6, 12,
13 and 14, 1t is hoped that by the inelusion of the various equilibria
a reasonable fit can be made over the entire composition range. The
existence of the ALCl_, A1CL,”, AL,Cl.” aand Al.Cl. species in the NaAlCl

3° 42 "2 2776
(6)

melt has been confirmed recently by Raman spectroscopy.

4

It has been reported that the difference between the E° value for the

Ag{I)/Ag couple in the 50:50 and 66:34 mole percent ALCL,:NaCl melts is

about 546 mv at 200° C.(7) Combining this fact with the 480 mv(l) for
the cell,
AL/AIC1,, NaCl // AIC1l,, NaCl/Al an

3’ 3’
50:50 66134

the following emf series can be set up based on the aluminum reference

electrode in a 50:50 mixture,
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TABLE L
ELECTRODE POTENTIALS IN NaAlCl4 MELTS
Couple ' E° (V.) ALGL, :NaCl
AL(ITII)/Al 0 50:50
Al(III)/AL 0.480 66:34
Ag(I)/Ag 1.290 66:34
Ag(I) /A 1.356 ‘ 50:50

The 66 mv difference between the two Ag(I)/Ag potentials is insignifi-
cant since the E° for the couple in the 66:34 mole percent melt is an
extrapolated value and the sum of all the errors in the measurements
probably exceeds 66 mv, The significance of the two similar standard
potentials is that Ag(IX) is unaffected by the C1l™ ion concentration in
the melt and the Ag(I)}/Ag couple is a better reference electrode for these
melts than the aluminum electroée. The indifference of Ag(I) to the Ci™
concentration indicates that the C1™ ion is more strongly complexed by
AlCl, than by Ag(I). - This approach can be easily applied to other metals

3
in these melts to study their chloride complexing ability.

B. Equipment Design and Experimental Procedures

(7

The melt purification procedure reported previously was used to
purify all of the melis. A new experimental cell was designed and sev-~
eral new furnaces were built to facilitate the ease and rate at which
new electyode cellé could be set up. The new cell {figure 1)} consists

of a teflon biscuit (3" x 3") sealed to the top of a glass cell by means

of a tight fitting groove in the teflon. Several holes were drilled in
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the teflon top and various sizes of ground joints were press-fitted in
these holes. The typical cell top contained a 6 mm Pole for a thermo-
couple well, a 10/18 joint for a counter electrode, a 14/20 joint for
the reference electrode comfartment and a 1" hole with an O-ring groove
around the top for the working electrode compartment.

The normal procedure was to prepare a 100 ml melt in a cell placed
in a furnace céntaining a window so that thé bottom of the cell could be
seen., After purification the 7 mm fine porosity sintered glass fritted
reference electrode compartment was placed into the melt. The aluminum
reference electrode consisted of a spiral of aluminum wire connected to
a short piece of tungsten wire sealed in the glass plug in the top of
the reference compartment, The counter electrode comnsisted of a large
tungsten wire spiral sealed into a 10/18 glass plug.

A second melt of about 250 ml was prepared in a second furnace.
About 10 ml of this melt was transferred by means of a preheated pipette
to a working electrode compartment in the smaller cell. This electrode
compariment consisted of a 20 mm medium porosity éintered glass frit at
one end, a 1" piece of glass tubing in the middle and a 14/20 ground
joint at the top. A tightly fitting O-ring around the 1" glass barrel
of the c;mpartment both supported and sealed it to the teflon top. Tef-
lon adapters purchased from Kontes of Illinois were used to seal the
electrodes into the compartment as well as adjust the level of the elec-
trode in the compartment. All of the compartments were adjusted so that
all of the melt levels in the cell were equal. It was necessary to blow
a gmall hole 2 to 3 inches above the melt level in each of the cell com-
partments to equalize any differences in the vapor pressures above the

various melts.
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Small ring furnaces were built to fit around the teflon tops. By
maintaining the tops between 175 and 200° C., the build-up of AlCl3 in
the cooler portions of the cell.was eliminated. This feature will be
of utmost importance when measurements are made in the A1013 rich melts.
Iwo temperature controllers purchased from ThermoElectric, Model 32422,
were used to control the temperatures of the melts to #0.5° C. It should
be pointed out that the original (manufacturer's) controllers left 110
volts connected to the heating coils when it was in the off position.
The two controllers have been rewired to eliminate this‘unsafe feature
of the ingtrument.

It was noticed that in several of the melts a white salt-like precip-
itate remained in the bottom of the cell after the purification process.
A 30 gram NaCl--AlCl3 (Fluka reagent chemicalg) sample was weighed out
into an all-glass éell, evacuated for 5 minutes and then sealed. The
cell was slowly heated to 180° C. and maintained at this temperature for
3 hours; A salt-like precipitate remained in the bottom of the cell
(about 2 - 3 grams) and the melt was very dark in color. A small sample
of the liquid phase was .taken for analysis and then the temperature was
increased to 425° C, There was no solid left in the cell at this ele-
vated temperature. After about 1 hour the melt became light ambeF in
color and a dark ring formed on the cooler portions of the glass at the
top. Another sample was taken and then the melt was slowly cooled to
250° €. The melt turned cloudy at first and then a white salt-like
precipitate settled out in the bottom. A third sample of the liquid
was taken, the melt reheated to 425° C, for 48 hours and then cooled

once again to 200° C. A much larger precipitate with a chunky appear-

ance formed this time and a fourth sample of the melt was taken.



54

8-Hydroxy-quinoline in an acetic acid-ammonium acetate buffer was
used to precipitate the aluminum as Al(09H6N0)3. .The analysis showed
that all the samples contained the same mole percent of AlCl3 (53.6
x(}.1%) regardless of whether there was ; solid at the bottom of the
cell or not. These results indicated that the precipitate must have
had a composition of NaAlCl4 and not NaCl as previously suspected. Tﬂe
potential of the Al reference in the small electrochemical cell never
varied by more than 5 mv from an alumipum electrode immersed in the
melt which had been pipetted from the large bulk melt storage cell,
This provihed anothér piece of evidence in support of the results from
the aluminum analysis. Additional work is required to determine exactly
what is occurring in these melts, even though the presence of this pre-
cipitafe doesn't appear to affect any of the electrochemical measurements,

Chemical analysis of the NaCl and AlCl3 found their purity to be
better than 99.5%. The NaCl was further dried at 450° C. under vacuum
for 3 hours before it was transferred to the dry box and weighed out
into the cells. The AlCl3 was stored at all times in the dry box to
prevent any contamination.

Four different electrodes were used in the experimental measurements.
A pérolite carbon buttom electrode (area = 0,0985 cm?) was prepared by
éress—fitting a short piece of carbon rod into a piece of %" teflon rod.
The background current for the carbon electrode in z purified melt using
a linear sweep of (.5 V/sec, is given in figure 2a. This electrode
proved to be useful for potentials in excess of 1.5 volts vs the aluminum

reference electrode., The tungsten electrodes tended to become fouled

at these excessively anodic potentials,
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The background cyclic voltammogram using a platinum button electrode
(area = 3.63 x 10~3 cm?2) exhibited a behavior similar to that previously
reported;(7) however, at potentials more anodic than +1.3 volts the elec-
trode appeared to be well behaved (figure 2b). Continued cyclic sweeps
was observed to cause one peak couple to grow and the other to decrease
in height:ﬂ The sweep rate dictated which couple was going to decrease
and which ome to increase, As the gweep rate was increased, the growth
phenomenon shifted from the couple at 1,1 volts to the one at 0.75 volts.
The fact that stirring had no effect on the voltammogrsm and that none
of the other electrode materials exhibited peaks in this region suggested
one of two things: (1) the peaks may arise from some gurface reaction
involving a platinum chloride film, or (2) some impurity is strongly
adsorbed and reaction is catalyzed on the platinum surface. Additional
work will be required on this electrode before it can be classified asg
a reliable indicator electrode for the NaslCl, melts.

Two tungsten button electrodes (areas = 6.28 x 10~3 cm?® and 5.08 x 1073
cm?) and a tungsten wire electrode (area = 4,07 x 1072 cm2) were used for
most of the experimental measurements (figures 2¢ and 2d). The useful
potential range of these electrodes was from 0.3 to 1.7 volts. Beyond
this range it appeared as if the electrode increased in area resulting
in a background current of about 4 to 5 times the magnitude of the origi-
nal values. No significant changes were observed in the shape of these
enhanced voltammograms except for the increase in magnitude by a constant
factor. It was noted that the tungsten wire tended to be very splintery
due to longitudinal holes in the wire, Attempts will be made to make new

tungsten electrodes after the wire has been sputtered to seal up the end

of the wire. It is hoped that this procedure will reduce some of the
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fouling observed on these electrodes. The background currents using the
tungsten button electrode in integral pulse polarography over several
potential ranges are given in figure 3.

An attempt will also be made to construct a gold electrode utilizing

shrinkable teflon to seal the gold wire into the glass,

C. Preliminary Studies of Hydrogen Chloride Gas in NaAlCl4 Melts

A preliminary experiment has been car;ied out to study the electro-
activity of HCl or H' ion in the NaAlCl, melts. Figure 4 shows the vol~
tammogram which was recorded at 175° C on a tungsten button (area = 6.28
x 1073 cm?) inmediately after bubbling dry HCl gas through the melt for
5 minutes. The large nondescript peak at 4+0.55 volts decayed rapidly
with time to give a steady state voltammogram in about 10 minutes (figure
5). The first cyclic sweep produces a trace which is considerably larger
than the steady state trace which is reached after about 5 cycles. Stir-
ring the melt had no appreciable effect on the shape or magnitude of the
recording,

The rest potential of the tungsten electrode in the HC1 system was
1,202 volts vs aluminum which is the same as the corresponding value in
the pure melt, No anodic wave could be detected on the reverse sweep
using the tungsten electrode, Bubbling nitrogen through the melt for
about 5 minutes reduced the peak height by about a factor of 5. This
is consistent with the efficiency that has been reported for the removal
of HC1l from the organic AlCl3 systems. Without knowing the concentration
of the active species, it is not possible to relate the peak potential
of 950 mv to the E° value. If a nominal value of 200 mv is used for the

shift from E° to EP, the estimated E° value of 1.15 volts 1s in agreement
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with the 1,15 volts obtained for HCL in the 66:34 mole percent system.(9>

The absence of the change in E° for HCL when going from the 50:50 to the

66:34 mole percent system can be explained by considering the following

reactions:
HCl = ¢1” + HF (18)
P
ity = HC1 19
") —-——-KH(Cl_) (19
B 4+ e = H, (20)
A
&, )
E = E° +5% g2 (21)
¥ )
By )? Ky
E o= B+ pp—2 By ) (22)
F Cyer? T
E = E°* + %?- Zn (Cc17) (23)

Equation 23 has the same form as the equation for the aluminum elec-
trode reaction except for‘a unity term versus a 4/3 term., The precision
of ﬁhe current experiments is not great enough to detect the difference
between 1 and 1.33, If the assumptions above are valid, the chloride
ion dependency of the HCl reduction potential indicates that it is the
dissociated hydrogen ilon that is being reduced and not the molecular
hydrogen chloride. The large peak at 0.55 volts may perhaps be attrib-
uted to the re&uction of HCl1l gas and the rapid reduction in peak current
is due to the evolution of the HC1l gas in excess of its solubility in
the melt, ’

In order to observe an oxidation peak for H2 it is necessary to

maintain a good three-phase contact at the electrode as well as areason-

ably large solubility product for H2 in the melt. Most gases are only
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sparingly soluble in fused salts at the best of times.

D, Ferric-Ferrous Chloride in NaAlCl, Melts
The electrochemistry of irom in the NaAiCl4 nelts is of primary

importance as it has been argued that the common impurity in the melt

(11, 12) (13)

PN 1 . i
is 1ron,(-9? organic materials or dissolved silicon compounds,

Three different reductions (Fe+3 + Fet? > petl Fe) and two oxiéations
(Fe + FeT2 + Fe+3) have been reported for the iron system in the 0,66
A1013, 0,14 RCl, 0.20 NaCl texmary melt.clo) According to Giner and
Hollek(lo) the unpurified melt background exhibits reasonably defined
peaks at 1.0 (cathodic peak) and 1.1 (anodic peak) volts vs Al, Two
ili-defined peaks at 0.3 and 0.4 volts (cathodic and anodic peaks,
respectively) were also recorded. Upon the addition of FeCl3 to the
melt, the peaks at 1,0 and 1.1 volts were only marginally increased in
magnitude; however, distinct peaks of a major size were created at 0.3
and 0,5 volts, The Fel3 + Fe™2 reduction was asgigned to the 1.0 volt
peak, the Fe'2 » Fetl reduction to the 0.3 volt peak and the current
beyond 0.1 volt was attributed to the Fetl + Fe reduction., Giner and
Hollek reported that the reoxidation of Fe + Fet2 occurs. at 0.5 volts

+3

and the Fe'l"2 -+ Fe oxidation occurs at 1.1 volts.

The deposition potential of Fe™2 in the ternary melt at 156° C. was

reported to be 0.55 volts by Yntema gg_gi.(7)

They reported that only
iron was depostied from 0.55 to 0.35 volts but at 0.13 volts a co-deposit
of iron and aluminum was formed. The two reports on the reduction of

iron do not seeém to be reconcilable; thus it was decided to examine the

system in our 50:50 NaAlCl4 melt.
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Our investigation has not been completed; the figures given in this
report are preliminary and subject to change. All of the data have not
been fully analyzed due tc the lack of a sufficient quantity of measure-
ments in certain areas, hence some conclusions are speculative. The
system has been studied utilizing cyclic voltammetry, integral pulse
polarography, chronoamperometry and chronopotentiometry. Once the com-
puter programming and the required electronic construction for double

potential step—chronocoulometry(14)

has been completed, this technique
will be used to study adsorption in the system.

A typical cyclic voltammiogram is given in figure 6 for a NaAlCl4
sygtem at 175° C. after FeCl3 has been added., An attempt was made to
anodize a piece of iron wire (0.2 cm?) in the melt. At currents as low
as 0.5 milliamps the iron wire rapidly became pclarized and evolved 012
at about 2 volts, A steady current of about 100 pamps could be realized
by potentiostating the iron wire at +1.6 volts vs the aluminum reference
electrode. The electrochemical results appeared to be independent of the
metﬁod of addition., The behavior of the double anodic peak at 0.78 and
0.74 volts with increasing sweep rate (figure 7) is characteristic of

moderate to strong adsorption of Fé+2.(l5)

Increasing the sweep rate
decreases the amount of Fel? that is reduced during the cathodic portion
of the sweep; consequently, after the adsorption layer has been filled
(at 0.74 volts) there is a decreasing amount left to form the iron to
free ferrous ion peak. Increasing the sweep rate from 0.125 V/sec. to
0.5 V/sec. caused the two relative peak heights to be reversed.

Repeated scanning between 0,63 and 0.3 volts has the effect of show-

ing how increaging the Fet? concentration affects the voltammogram
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{figure 8). The rapid switching back to thé cathodic scan just after the
iron metal has been stripped from the eiectrode cauges a local concentra-
ting effect. Both the cathodic and anodic peaks exhibit an increase in
magnitude with preference given to the more anodic peak of each doublet.
This feature also confirms the presence of adsorptiom of the ferrous

(13)

ion. Figure 9 illustrates the effect of sweep rate on the Pet3/Fet2

3 .
couple at 1.53 volts. The gradual increase in £/V? with sweep rate is

indicative of weak adsorption of Fet2

while the dramatic increase in the
anodic peak current is the result of a local concentrating effect pro-
duced by the stripping of the iron metal from the electrode.

The dependency of peak heights on the adsorption makes the correla-
tion of peak current with concentration almost useless for all the peaks
save the Fel3 to Fet? reduction at 1.48 volts (figure 10), The peak
separation of 100 mv is slightly greater than the 84 mv for a completely
reversible couple at 175° C. This increase in peak separation may be
due to some irreversibility in the system or distortion of the anodic
peak by the adsorption to more anodic potentials.(15) The E;i for the
ferric—ferrous couple by cyclic voltammetry is 1.53 volts and the Eli for
the reduction of ferrous to iron metal is 0.65 volts.

The equilibrium potential of an iron wire immersed in the NaAlCl4
melt containing FeCl3 was about .0.74 volts vs Al and the potential
exhibited very little response to the FeCl3 concentration, The equilib-
rium potential of a tungsten electrode was 1.53 volts at low ferric
chloride concentrations (3.70 millimolar) and 1.62 volts in a 14.0

millimolar solution. Due to the uncertainty in the ferrous ion concen—

tration, it was not possible to calculate the E° potential from this
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data, These numbers are in agreement with the E%'s determined from the
cyelic voltammetry, .

The substantial potential difference the Fet3/Fet? couple and the
Fet?/Fe couple means that thermodynamically the ferric ion and iron wire
will react spontaneously to form the ferrous ion. The pértial passiva-=
tion of th; iron wire during its oxidation to the ferrous ion suggeség
there is a kinetically coﬁtrolled step in the process. The Fe+3/Fe
reaction is thermodynamically feasible; however, the kinetics of the half
reaction may prevent the formation of any substantilal amount of ferrous

ion in the melt. Chemical analysis for the total ironm content in the

NaAlCl, melts will tell us how much ferrous ion is produced by this reac-

&
tion,
TABLE 2
PULSE POLAROGRAPHY IN A NaAlCl4 MELT AT 175° C.
Fe+3 - Fe+2 Fe+2 + Fe+3 Fe+2 =+ Fe
[FeCl,]

millimolar Ld(pA) E%(V) id(uA) E%(V) id(uA) E%(V)

tm— JR—

2.59 10.6  1.525 11.8  1.538  21.2  0.628
5.28 20.5  1.525 23.2  1.53  41.0 '0.637
8.58 3.0  1.540 37.0  1.53  70.0  0.656
14.00 54,0  1.540 64.0  1.540 116.0  0.628
Average 1.532 1.536 " 0.637

Three different pﬁlse polarograms were rumn on the system at the var-

ious concentrations. Figure 11 shows a complete pulse polarogram going
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from 1.7 to 0.3 volts using a tungsten micro-button electrode (area = 5.08
x 10F3 em?). The wave height of the second wave at 0.635 volts is twice
that of the wave at 1.530 volts; they represent the Fe*2 » Fe and the
Fet3d » Fet2 reductions respectively. The data for the other pulse polaro-
grams are summarized in Table 1 and the Ld versus concentration relation-
ships are plotted in figure 12. Once again the slope of the ferrous éo iron
reduction {curve A)‘is twice that of the ferric to ferrous reduction (curve
C). The currents for the reoxidation of Fet2 to Fe™3 (curve B) is slightly
larger than that observed for the reverse reaction.

The reversibility of an electrode can be characterized by the use of
(16)

’ ,C
For a D.M.E. the lia(cathodic)/
+ 8

Ld(anodic)] current ratio is unity for a reversible process and approxi-

reverse scan pulse polarography.

mately 7 for an irreversible process. Without resorting to the rigorous
mathematical formulation of the problem and by imposing several conditioms,
it is possible to convert the published results for the D.M.E. into a
usable qualitatiﬁe form for solid electrodes. The experimental propedure
consists of running two pulse polarograms on a system such as

0+ ne=R (24)
with only 0 in the initial solution. The first polarogram is the simple
reduction polarogrgm utilizing a rest potential several hundred millivolts
aﬁodic of the E% for the reaction., The pulse heights are slowly increased
until the electrode potential during the pulse is weli along the cathodic
diffusion limiting plateau (200 to 300 mv cathodic from E%). tm is the
time interval between the application of the pulse and the current mea-
surement and ty is the time Interval between pulses, In the case of the
forward scan (cathodic) the t; must be long enough to allow the system

to reach complete equilibrium between each pulse, A depletion effect
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will result if t, is too short and a diminished diffusion current will

1
an

Increasing t. until the £, remains comstant will insure a

1 d
tl of a sufficient magnitude, The cathodic diffusion limited current

result.

i& will be given by the Cottrell equation,

. * D
g = nFAco/ TE

*
where CO is the bulk concentration of the oxidized species and the other

(25)

terms have their usual meaning., Equation 25 applies whether the oxida-
tion reaction is reversible or irreversible.

The reverse scan (anodic) consists of sitting out on the cathodic
linmiting plateau for a period of time, ty, before pulsing backward to

more anodic potentials. In the derivation of the equations for the ia

(oxidation) of the reverse scan, it was assumed that at the birth of

*
each drop a uniform concentration of C0 exists throughout the system.(l6)

Hence, at time t1 the cathodic current is given by the Ilkovic equation.

,C 7D
o nFAC v ST (26)
1
This assumption is not strictly correct since repeated pulsinglfrom the

rest potential will cause a depletion effect(17)

of the oxidized species
and result in a current less than that preducted by eguation 26 at time
ty. If, on a first order approximation, we neglect this depletion

effect, then the cathodic current at time t, for a solid electrode will

be given by
.C ® D
44 = nFAC, /“tl (27)

The pulse polarogram records the difference between the cathodic
current at tl and the anodic current at tm. For an irreversible elec-

troreduction the anodic current is zero, hence the recorded anodic



current is

. %
% = nrac, v -2 (28)
d 0 ﬁtl

The ratio of the limiting currents for the cathodic and anodic scans for

an irreversible electroreduction is
LCT —_— .
€3] t
el / g 29
lic] tn
d
For our experimental conditions this ratio equals 2.24,
In the case of a reversible electrode the concentration profile of
the reduced species must be considered. The results from the treatment

(18)

of nmon-uniform solutions plus the fact that at time t and a poten—

tial on the limiting anodic plateau the anodic current is given by

R = are /2 1 “n (30
fey T MG e 1o e )
m mo 1 m

Once again the pulse method records the difference between the cathodic

current at tl and the anodic current at tm which is equal to

— 5 t
a ¥ ,D 1 _ //, m i
4y = mFAG, v -ty B 1t/ ! (31)
m 1 ™ 1
Hence the ratio of the limiting currents for the cathodic and anodic

scans of a reversible electroreduction is

il / B /‘5’; -
= 1/t /= (32)
I'éal f:1 + tm tl
d
When t is small compared to s equation 32 reduces to
B
(33)

.a Ay
|31
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The values for £ and t, used in the current experiments were 50 and

2530 milliseconds, respectively; therefore, the anticipated ratioc is
.C .
U P A
.2 300 250

12

Errors introduced into the calculation by the assumption can be

-1
= (.962 (34)

i

reduced by several methods. If it is convenient, a rotating electrode
or a stirred solution can be used to enhance the recovery of the con-
centration of the oxidized species around the electrode. The diffusion
layers mext to the electrode are too small to be affected by the stir-
ring motion. A second method is to use a double step procedure in which
the electrode is held far out on the limiting anodic plateau until an
uniform solution is realized before stepping to the potential on the

limiting cathodic plateau for the t. delay time. The pulse and current

1
measurements are then made as before, This procedure is similar to the
dépble step potential chronocoulometry in that it insures an identical
start .for each delay period.

The cathodic and reverse anodic scans for the Fe'3/Fe?? couple are
presented in figure 13. The cathodic E% differ by only 9 mv and the
ig[i: ratio is 0,89 where the theoretical values for a completely
revexrsible system are 0 mv and 0.962, respectively. The experimental
current ratio taken from the Ld versus concentration curves'is 0.91.
This latter value of the current ratio is closer to the theoretical
value (67 low) and represents the average of all the data,

The good fit of the experimental polarogram to the theoretical
polarogram in figure 13 further indicates a high degree of reversibility

3

in the Fet3/Fet2 couple.
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Several preliminary current reversal chronopotentiograms were recorded
(figure 14) in an attempt to confixm the presence of adsorption.(lg) The
irreproducibility of the current data obtained did not warrant any further
interpretation save that there is an apparent couple at 0.4 to 0.3 volts.

This may be due to a co-deposition of iron and aluminum on the electrode

which is in keeping with the results of Yntema gg_gé,(g)
The relationship between the first transition time, Tl’ and the second,
Tz, for a two step electrode process Is given byFZO)
n2 n2 2
T, = T, 29+ 1 (35)
2 1 n n
1 1

n, = 1, and n, = 2 for the Fe'3 » Fe™2 > Fe electrode process; therefore,

T, = 87 (36)

2 1
The time scale used in the recording of the experiment and the factor of

eight prevents the observation of the T. transition.

An Lt%

1

curve frém chronoamperometry (figure 15) was also used to
calculate a walue for the diffusion coefficient for comparison with those
obtained from the other electrochemical methods. Only the reduction of
ferric ion to ferrous ion gave reproducible results. The results for the
other scans were dependent upon the length of time between initial poten-
tial application and pulse application. This behavior was to be expected
since the starting at any potential other than on the anodic side of the
Fev3/Fe*2 couple results in the electrolysis of a non-uniform solution
rather than a uniform solution. ¥For a similar reason, D values cannot

be calculated from the pulse data for the other scans and the cyclic
voltammetric data at the other areas of interest are too scattered to

warrant their use. The Fet? D values calculated from the three electro-

chemical methods are summarized in Table 3 along with the measured E% values.
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TABLE 3
ELECTROCHEMICAL CONSTANTS FOR THE IRON-SYSTEM IN NaAlCl4 MELTS AT 175° C.
Methed
Integral Pulse Chronoamperometry Cyclic
Voltammetry
E!.5 (volts)?h
ret3/Fet2 1.534 - 1.53
Fet2/7e 0.637 — 0.65
D (cm2/sec)
ret3 9.9 x 1076 8.2 x 1076 " 6.9 x 1076

Of the three methods used to determine D, the cyclic voltammetry method

is the least reliable;(ZI)

the average D value from the other two methods

is 8.8 x 107% cm?/sec., The deposition potential for Fe'2 in the 66 mole
percent AJ.C].3 has been reported to be 0.47 volts. Combining this value, the
E% values for the 50:50 melt and the values in Table 1 of the acid-base

equilibrium discussion produces the following emf series for the aluminum

chloride melts.

TABLE 4
ELECTRODE POTENTIALS IN NaAlCl, MELTS
Couple . E®° AlClB:NaCl
ALCITII)/AL 0 50:50
A1(TII)/AL 0.480 66:34
Fe(liI)/Fe 0.64 50:50
Fe(II)/Fe 0.95 66:34
Ag(I)/Ag 1.290 66:34
Ag(1)/Ag 1.356 50:50

Fe(III)/Fe(II) 1.53 50:50
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The shift in the Fe(II1)/Fe ﬁotential going from the 50:50 to the
66:34 mole percent melt is 0.3l volts in the same direction as the shift
in the Al(III)/Al electrode potentials. The fact that the iron shift is
2/3 the aluminum shift and the valency ratio between the two is 2/3 may
be just fortuitous. The study of other metal ions in the two melts should
illuminate’ the situation and it should be possible to set up a series of
chloride complexing equilibrium constants for these various metals.

The iron system in the NaAlCl4 melt appears to be a very well behaved
reversible system with a moderate adsorption of the ferrous ion on the
tungsten‘indicator electrode. ‘It is not clear yet just why the anodiza-
tion of an iron wire in these melts semi-passivates the iron electrode
only during electrolysis. Onece the current has been discontinued, the
iron electrode rapidly returns to its original state. The electroreduc-
tion curves verify that any iron impurity in these melts can be easily
and effectively removed by simple electrolysis or displacement by aluminum
metal.

Our deposition potential for Fet? (0.64 volts) in the 50:50 mole
percent AlClB:NaCI melt is 0.31 volt; cathodic of the value reported by

(7)

Yntema et al. for the 66:34 mole percent melt after corrécting for
the different reference electrodes. The increased stability of the fer-
rous ion in the melt containing the higher chloride ion concentration
illustrates that the ferrous ion is fairly strongly complexed by the
chloride ion.

The potential of the cyelic voltammetric peak reported by Giner and

(10)

Hollek for the reduction of Fe'3 to Fe'? in the 66:34 mole percent

melt vs. the aluminum reference electrode in the 50:50 mole percent melt
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is 1.5 volts. This value is surprisingly close to the value (1.48 volts)
we observed in our 50:50 mole percent melt. The cathodic peak that Giner
and Hollek assigned to the Fe™2 > Fet! reduction after correcting for the
different reference electrodes appears at 0.5 volts in our system. This
value is some 400 millivolts cathodic of the corresponding value reported
by ¥Yntema éE.El'(7) The fact that the potential of the Fet3/Fe™2 couple
does not shift with a change in the chloride concentration in going from
the 66:34 to 50:50 mole percent melt is not consistent with the other
observations. Giner and Hollek's FeCl3 may have been wet or contaminated
thus causing the discrepancies. In addition, the adding of 480 millivolts

for the change in aluminum reference electrodes represents a major portion

of the electrode potentials.

E. Electrochemical Oxidation of Ferrxocene in NadlCl, at 175° C.
b d

In their investigation of the electrochemical oxidation of a series

of polynuclear hydrocarbons, Fleischmann and Pletcher(zz)

indicated that
these electro-oxidations were partially reversible. However, they found
several waves for most of the compounds investigated with no quantitative
data being given. These results together with the known reactivity of
polynuclear hydrocarbons in A1C13 containing melts (see above) suggest
that these compounds form a very complex system in such melts. We there-
fore searched for a simple organic type compound which would lend itself
to a simple quantitative electrochemical study on which we could base an
electrochemical investigation of other organic species in A1013 melts.

(23)

Peover has shown that ferrocene is such a compound which behaves very

well electrochemically in several solvent systems. We quickly established

that ferrocene was stable in a NaA1014 melt and therefore decided to study
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its electrochemical behavior in AlCl3 contalning melts.

Analogous to its behavior in aprotic solvents, ferrocene was expected
to undergo a reversible one-electron oxlidation in molten NaAlClé. A cyelice
voltammogram of a 1.75 mM solution of ferrocene in NaAlCl4 at 175° C, at
a sweep rate of 0,25 V/sec. is shown in figure 16. It appears that ferro-
cene does indeed undergo a reversible electro-oxlidation. The expected
linear relationship between the peak current, {_, and square root of sweep
rate, U%, and the ferroceme comncentration are shown in figures 17 and 18,
respectively. Comparison of the L_values for ferrocene at the same sweep
rate and concentration with those for the Fe(III}/Fe{IIl) couple {see above)

indicated that ferrocene was undergoing a reversible one-electron oxida-

tion.

.

However, upon carrying out further diagnostic testsszl) snall devia-

tions from ideal behavior were found. With a peak potential, Ep, value
of 680 mv, E!i {85.17 % Ep) was calculated to be 625 mv. At 175° C. theory
predicts a value for Ep (anodic) - E

*5
sistent value of 50 mv. Also at 175° C. Ep(anodic) - Ep(cathodic) is

of 42 mv, while we observed a con-

expected to be 84 mv and we observed varying values from 70 to 95 mv, the
lower values occuring with higher concentrations and sweep rates.

We have also calculated the peak voltammograms for the reversible
one-electron oxidation of ferrocene. Using a diffusion coefficient walue
obtained from cyclic voltammetry (see below) and Randles-Seveik constant
calculafed from a value of 2.69 x 105 at 25° C., the current as a function
of applied potential is given by the following equation:

i = 491 n¥/2 AD% U ox') (37)

where (X') is the current function evaluated by Nicholson and Shain,(24)
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the other terms having their usual meaning. Comparison of the calculated
with recorded voltammograms showed good agreement with the rising part of
the curve and slightly beyond the peak. However, in all cases small devia-
tions were found at.potentials 25 ml anodic of EP, the observed anodic
currents always being larger than theory predicted.

also gave

Evaluation of the ratio Lp(cathodic) to Lp(anodic), ch/Lpa’

values different from unity, the expected value for a reversible one-
electron change. Depending on the evaluation method used, ipc/ipa was
less than or equal to unity at low sweep ratés, while reaching values as
large as 1.2 at our highest sweep rates.

Pulse polarographic and chronoamperometric techniques were also used
to investigate the electrochemical behavior of ferrocene., Normal pulse
polarography on a 3.23 mM ferrocene solution from 0.3 to 1.1 V with a
delay time of 250 msec. and a pulse width of 50 msec. gave the pulse polar-
cgram shown in figure 19a. The E% value of 625 mV taken from the polaro-
gram is identical to that obtained from cyclic voltammetry. Comparison
of the experimental with a calculated polarogram indicates that the experi-
mental one is not ideal. With a starting potential of 450 mV the observed
pulse polarogram was much more ideal (see figure 19b). The non-ideal
shape of the polarogram obtained with a starting potential of 300 mV may
be caused by aluminum dissolution while with more anocdic starting poten-—
tials this process ceases, When one calculates the pulse polarographic
limiting currents from.ip values we find that the observed pulse limiting
currents are somewhat larger. This is probably to be expected since in
cyclic voltammetry at potentials more anodic of Ep’ the calculated currents

are lower than those observed,
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Reverse scan fulse polarograms were also obtained for the ferrocene
system. A representative example is shown in figure 19c. Although in
all cases the polarcgrams were quite drawn out, a value of 630 mV was
obtained for E%. This is very much different from the E,/2 value of 625
mV obtained from the normal pulse polarogram or cyclic voltammogram.

The ratio of the anodic to cathodic limiting currents were,as predicted,
less than unity; however, the value varied for the three concentrations
studied.

Computerized chronoamperometric studies were also carried out on the
ferrocene system, ¥From the observed current time curves, diffusion coef-
ficlent values ranging from 5.6 x 1078 to 1.74 x 107° cm?sec™! were
obtained for ferroceme, Using data from cyclic voltammetry, an average
value of 5.74 x 1078 cm?sec™! was obtained for D. The varying values of
D obtained from the computerized current-time curves is probably due to
an insufficient amount of data.

An explanation of the observed deviations from the predicted values
for several of the electrochemical parameters is not readily available.
The small deviations in potential parameters may be due to geasuring
accuracy. A possible explanation for the iarger deviations is that the
product of the oxidation of ferrocene (the ferrocenium cation radical)
is adsorbed.(ls) This would account for the ratio of ipc toi.pa being
greater than unity. Product adsorption would also cause a cathodic shift
in EP or E% and this would explain the varying values of Epa - Epc as the
anodic peak potential dees remain constant. However, it is doubtful that

shift would amount to the 50 mV difference observed in pulse polarography.



73

Although the electro~oxidation of ferrocene in NaAJ.Cl4 appears to be
a reversible one-electron oxidation with possible p;oduct adsorption, the
noted deviations make it obvious that further work must be dome. Controiled
potential coulommetry will be carried out. Cyclic voltammetry over a much
greater sweep rate and concentration range will be performed. 'Refinements

in the chronoamperometric measurements will be made.
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APPENDIX I

N71-19565
SYSTEM FOR COMPUTERIZATION OF T

ELECTROCHEMICAL MEASUREMENTS IN FUSED SALTS

A. Puggosé

Many of the modern electrochemical techniques involve ocutputing a
complex time~based potential wave form to a potentiostat followed by a
rapid measurement of the resulting current at specific points in time.
domplex analysis of the raw data is often réquired before the experi-
mental data can be interpreted in order to optimize the experimental
parameters, The results from a computerized system can be plotted
directly onto an 8% x 11" sheet of paper and the numerical values for
each data point (before or after analysis) can be listed., The use of
a 12 bit A/D converter gives a resolution of one part in four thousand
which 1s better by a factor of 40 than what can be expected from an oscil-
lographice t?ace. The use of RC timing circuits 1n analog systems is a
much more tedious process than merely typing a numerical time value into
the computer program. The versatility of the computerized system is only
limited by the imapination of the computer programmer since through pro-
gram control switches can be opened or closed, any voltage wave form can
be created, and both rapid and accurate numerical measurements can be
made. In a more sophisticated system a continuous dialogue and response
between the computer and experiment can be used to optimize the experi-

mental conditioms.
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B. Construction and Calibration of Transmission Lines

(73

As outlined in our previous report a method of driving two 50 yard
RG174/AU coaxial cables connecting the.computer to the experimental set up
has been perfected., This system consisted of a line driver (figure 20a)
at the transmitting end of the line and a line receiver (figure 20b) at the
other end. A 50 ohm terminator is inserted between the transmission line
and the line receiver to match the line impedance. The common mode signal
(4 volts, 60 cps) picked up by the transmission line is eliminated by the
use of a differential amplifier in the line receiver.

Since the output from the D/A on our computer ranges from 0 to -10 volts,

it was necessary to incorporate a DPDT switch (S figure 20b) to facilitate

1°
the use of both anodic and cathodic signals in the experimental measurements.
In addition, the use of this switch in the receiver at the computer elimi-
nated the necessity to distinguish between cathodic and anodic signals in
the compdter pProgramming.

The imperfections in the amplifier circuits used in the transmission
lines necessitated the use of a line calibration program and the appropriate
potential corxrection subroutines for all the potential I/0 used in the com~
puter programs, The bias in the operational amplifiers is compensated for

by the variable "B" and the amplification error is corrected by the vari-

able "'F' when used in the equations

r
out

1

v /Fout) + B {A-1)

out out

\Y

1 - -
in (vin + Bin)/Fin (A-2)

The V' is either transmitted to the D/A or received from the A/D and V is

the corrected value used in the program. A typical printout from the
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Transmission Line Calgbration Program is given in figure 21. The four
calibration figures obtained from this program are then entered during
the initialization period of each program utilizing the transmission
lines.

Past experiencé has shown that it is often advantageous to comnect
the experimental cell to the potentiostat at a controlled interval before
the computer begins ;o make measuremenits. Two additional transmission
lines are being constructed so that the relays on ghe computer can be
used to activate the switches in the potentiostat. In addition, these
lines will also be used in the timing procedure contained in the Pulse
Polarography on a Dropping Mercury Electrode Program. A more detailed
description of this program will be given in a later section of this

report,

C. Modifications to the Pulse Polarography at a Stationary Electrode

ggpgram.

The original pulse polarography program has been modified to allow
for the storage of up to eight different base lines. The appropriate
base line can then be automatically subtracted from the experimental
results before they are plotted. Figure 22 shows how this procedure can
improve the detall of a plot when the base line represents a significant
portion of the total current.

Another minor modification has been the addition of a parameter
'start” to the input of the program. This parameter sets the height of
the first pulse in the "normal" and "difference' modes of the program
which effectively'expands the potential scale on the plot to any desired

scale, The scale expansion is very helpful when performing wave analysis
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by providing a short potential range spanned by a very high density of data

points.

D. Pulse Polarography on a Dropping Mercury Electrode

Prolonged exposure of solid elédctrodes to the NaCl—AlC].3 melt often
polsons the-electrode surface and makes it umreliable. Several workers
have used a mercury electrode successfully in these melts over a voltage
range of 0 to I vs. an aluminum reference electrode. Since experimental
evidence has shown that several metals and some organics are electroactive
in this region, it was decided to construct the required electronics and
to modify the existing pulse polarography program to facilitate phasing
of the computer clock with the dropping electrode. -

The electronic circuitry (figure 23) allows the computer to start a
birth detector by the use of a computer relay and a transmission line.

The birth detector consists of a sine wave generator which imposes a small
A.C. signal on the D.M.E. through the potentiostat. The release of the
mexrcury drop causes a sudden change in the surface area in contact with
the melt. The abrupt change in the A.C. capacitive current causes the
differentiator to generate a pulse which is then amplified and transmitted
to the remote start on the computer's clock, Once the computer program
senses that the clock has started, the birth detector Is automatically
disconnected from the potentiostat by program control., After a given

time delay to allow the mercury drop to grow to a mature age, a pulse is
applied, data recorded and then the birth detector is reactivated for the
next drop. The major portion of the clrecuitry has been tested and proven

to work: however, due to the back-order of certain electronic components,
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the final assemblage using the transmission lines has not as yet been
tested.

The input parameters to the new pulse program are identical to those
used in the previcus program except for the meaning of the delay time.
Instead of being the time between the pulses, it will now be the time the

computer waits before’applying the pulse to allow for the formation of a
mature new drop of mercury at the electrode. The absence of a déop knocker
will prevent excessive agitation in the cell as well as eliminate many of
the problems inherent in drop knockers. The natural drop rate must be
adjusted so that the drop time exceeds the sum of the delay time and pulse
width by af least a few milliseconds. There is no real upper limit to the
drop time except excessive values will proleng each experimental run.

The obvious application of this system to aqueous systems will elimi-
nate the reservations that many people had in using pulse polarography on
a hanging mercury electrode or some other electrode with an unrénewable

surface.

1 .
E. it2 Program-Chronoamperometry

The diffusion coefficients for the Ag(I)(7) and the Cd(II), Pb(I1),
Sn(IT) and Cu(Il) ions(s) in the NaAlCl4 melt are approximately one order
of magnitude smaller than the values reported for the alkali metal chloride

(25) The small diffusion coefficients indicate that

and nitrate melts.
there may be a significant difference in the structure of the NaAlCl4
melt when compared to the simpler alkali metal chloride melts. In order

to effectively examine these diffusion eocefficients as well as to accu-

rately'determine the electrochemically active area of the solid electrodes,
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a program utilizing the following equation(ZI) has been written and de~

bugged:
it? = 54,5 x 10% aap? C (A-3)
4 = microamps
t = seconds
A= cm?
D = cm?/sec
C = bulk concentration in millimoles/litex

The Lt% program has the capabllity of storing eight different base

lines with a maximum of 120 data points in each base line. The normal
!

approach to using equation A-3 is to delay the measurement of the first
data point until the charging of the double layer is completed. In low-
viscosity solvents the itk product is by no means constant, but Increases
rapidly with time due to the stirring action of concentration demsity
gradients. This problem is accentuated at elevated temperatures. The
computer system allows the experiment to be carried out in the millisecond
time fcale instead of the normal second or tens of seconds time scale.
The subtraction of the base line which represents the residual charging®
current and impurity faradaic currents eliminates the problems associated
with the previous methods. at short time periods.

The program is set up so that any of the three parameters (viz., Area,
A; Concentration, C; Diffusion Coefficlent, D) can be calculated provided
the other two parameters are known. A block diagram of the program is
given in Appendix III and a typical printout for the calculation of the

area of an electrode is given in figure 24. A description of the input
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parameters and how to run the program is given in Appendix II. Figure 25
is the plot for the determination of the area of a platinum button elec—
trode using a 2,77 millimolar potassium ferrocyanide solution in a 2 molar
XC1 base electrolyte. The it% vs t plot for the same system without a
base line correction has also been included on the plot. The coﬁputed
electroactive area of the electrode is 0.202 em? compared to the visually
measured area of 0.?10 em®. All of the tungsten electrodes appeared to
be immediately passivated when attempts were made to measure their areas
in the ferrocyanide solution. Preliminary measurements made in the fused
salt system indicates that this measurement will prove to be useful in the
determination of diffusion coefficlents in melts, It will be necessary to
use a different system and published D values to determine the area of the

tungsten electrodes before any work can be done in the NaAlCl4 melts.
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N71-195686

APPENDIX IX

1
it? COMPUTER PROGRAM

A. Purpose and Introduction

This program applies a given pulse to an electrochemical system and
then records the current at given time intervals. Utilizing the equation
for linear diffusion, one of the following three parameters--area, concen-
tration and diffusion coefficient--can be calculated provided the other
two are known. A plot of £ vs t and i.t15 vs t, the least squares slope and
intercept of Lt% vs t and the requested parameter make up the output from
the progran. A facility has been incorporated into the program to allow
for the use of transmission lines. This facility requests four calibration
figures which are oﬂtained from the Transmission Line Calibration Program.

The remainder of this report explains the loading, operation and meaning

of the parameters used in the program.

B. Loading the Program

The program may be loaded from the disk or from a punched binary éaper
tape. The floating point package must be stored on the disk under some
name, say FPKL.

Set 7600 in the switch registers, press "stop", press ''load add', press
"start”. The following printout will be produced on the teletype where the
underlined type is the output of the computer:

. 10AD§
IN- S:FPK1,S:PROG §

%
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*

oPT- 2
ST = 200 5
A4 44

Vj designates a carriage return and each 4 is replied to by typing "control
P". "PROG" is the name that the program is stored under on the disk or if
a paper tape is used, replace "PROG" by '"R'. The paper tape is loaded in
the high speed paper tape reader and it will be read twice dﬁring the load-
ing procedure, The program will start automatically after the loading is

completed.

C. Hardware Set-Up
Connect the transmission lines, set the clock swltch to operate and

activate the plotter.

D. Input Parameters and Operation

The input parameters are listed below in the order that they appear
in the printout., Certain parametexs ean be changed during the operation
of the program without having to reload the program. Each of these parame-

ters has a switch number, SW1, SW2, etc., which will be explained later.

CLOCK INTERVAL =

This is the time in milliseconds between each clock tick.

This value can be obtained from the clock calibration program.



83

roun =
These are the 4 transmission line calibration figures obtained
from the Transmission Line Calibration Program for the current
electronic set-up.

PULSE HEIGHT =
SW0; the absolute magnitude in volts of the potential pulse to

be applied to the cell.

INPUT TIME FOR 1ST PT, INTERVAL & NUMBER OF PTS
SWl; the time in milliseconds after the beginning of the pulée
at which the first data point is taken, the time in milliseconds
between each point and the number of points to be taken (< 120).
RO =
SW2: the current measuring resistor in ohms.
FOR X
MIN & MAX =
SW3; the minimum and maximum values for the time scale on the
plotter in milliseconds.

FOR X

MIN TCK & SPACE =

SW33; the value of the first tick mark and the spacing for each
successive tick mark along the time axis in milliseconds.
FOR Y
MIN & MAX =
SW3; same as for X except along the current scale in micro
amps.

FOR Y



84

MIN TCK & SPACE =

SW3; same as above.

FULL SCALE PR KY

SW4; use zero control on plotter to set required location of

the upper right-hand corner of the plot, then press any key.
ZERG PR KY

.SW4; use the calibration control on the plotter to set the

required location of the lower left-hand corner of the plot,

then press any key.

VALENCE CHANGE =

5W5; the n value in the equation

CALC A, C OR D?

SW6; select the parameter to be calculated, reply with A for
area, C for concentration or D for diffusion coefficient.

MILLIMOLAR CONC =

SW6; concentration in millimoles per liter.

SW6: value of the diffusion coefficient in units of cm?/sec.
AREA =
SW6: area of electrode in em2,
At this point in-the program zero volts is the output to the potentiostat
so that the bias on the potentiostat can be adjusted to apply the desired
initial potential to the cell. The direction of the pulse to be applied
is determined by setting the switches on the two line receilvers to cathodic

or anodic.
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SCALE FAC & AVERAGE =

The scéle factor is used to increase the magnitude of the
current values so that they fill the entire plot. The factor
doesn't change the values being used in the calculations,
Average is the number of times the experiment is to be repeated
before averaging the current, This is used to improve the sig~
nal to noise ratio.

B OR 8§ & BASE NO =

B indicates that this is a base line determination and the
values are to be stored under the given base number (1 to 8).
8 stands for a system with an electroactive species in it and
that the given base number is to be subtracted from the data
to correct for double layer charging and other impurities in

the system. Care must be taken to see that the time scale,

nunmber of points and pulse height are the same for the § run
and the stored base line. The program doesn't make any checks
for compatibility between the two sets of data.

DELAY =
This parameter request appears only when "AVERAGE" is greater
than-unity and it is the time in milliseconds that the computer
waits for bef;re repeating the experiment.

REPEAT THE EXPT?

Y for "yes" sends the program directly to the scale factor
input request and it is ready to repeat the experiment without
altering any of the parameters associated with the switches.

N for '"no" sends the program to the following printout.
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SET SWITCHES PRESS KEY

Turn all the switches off and then turn on enly the switches
assoclated with the parameters you wish to change, Press any

key once all of the switches are set.

There are sgveral self-explanatory error messages built into the parameter

input portion of the program., The usual correction is to reenter the re-

quested parameters.

SWITCH 11 CONTROLS THE AXIS DRAWING ROUTINE.

The routine isn't very fast and often the axes are not required
on trial runs. The axes are only drawn when switch 11 is turned

on.

E. The Program
A deseription of the iInstruction mnemonics used can be found in the

previous report on the Pulse Polarography Report.(7) The upper 4K of core

storage is used strictly for data storage and no use is made of the disk,
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Initialize

Read parameters
Clock interval
B (in)

B (out)

F (in)

F {out)

b

Zero volts outy

\NE

Block Diagram for iik Program

Read parameters

Pulse height

Time of 1lst Point (t.)
Time of interval {(Atl)
Number of points
Measuring resistor
Scale for X axis

Scale for X tick marks
Scale for Y axis

Secale for Y tick marks
Valence change

J

Type of experiment

¥

Input A

Input A

JInput C
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Input: Scale Fac. & Average
: Mode type, base or system
: Base line number

Average
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> 1 Yes

Input delay time

No

Zexo data array

Ny

@

Pulse height output
Start clock

Wait for 1lst point, t
ez

1

Read 4
Store 4

No

Finish'waiting

¢, no. of point >
Stop clock
Zero volts out
Add stored L to data array
Average no No

Satisfied

At

alt delay time

®




Zero sums for least
squares procedure
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F

For next point calculate
Time t
Average 4

Store 4 in appropriate
location of designated
base line array

[

Subtract appropriate £
 stored in designated
base line number

]

N/

Calculape

itlﬁ
Plot after scaling
L

At* w3 ¢

Lwvs t

Add appropriate values
to 1east%squares' sums
for a it™* vs t fit.

No

Calculate and output the slope

and intercept

Calculate requested parameter

tand output A

©




Repeat

Experiment?

Allow user to determine
which parameters to change
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(1),

(2)
3

(4)
(5
(6)
(7
(8)
9)
(10)
(11)

(12)
(13)
(14)
(15)
(16)
(17)
(18)
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FIGURE TITLES

1 Experimental Electrochemical Cell

i
HERUrRuHMEoOE OO
I

2 Current

A -
B -
C -
D -

Thermocouple well

19/22 ground joint for reference electrode
25 mm hole for working electrode compartment
14/20 ground joint for counter electrode
Working electrode

Teflon adaptor

VWorking electrode compartment

O~-ring

Teflen cell top

Ring furnace

Glass cell

Furnace

Melt

Reference electrode compartment and Al electrode
Tungsten counter electrode’

Density vs Voltage Curves for NaAlCl, Melt at 175° C.

A
Carbon electrode

Piatinum button electrode

Tungsten button electrode

Tungsten wire electrode

Sweep rate = 0.5 V/sec
Vertical lines represent 'a current density of 1 ma em™2 for
corresponding electrode.

3 Integral Pulse Polarography Background in a NaAlCl4 Melt at 175° C.

Area of tungsten electrode = 5.08 x 103 em?
Pulse width = 50 msec
Pulse delay time = 250 msec

4 Cyclic Voltammogram of HCl in a NaAlCl

4 Melt at 175° C.

Area of tungsten electrode = 6.28 x 1073 cm?
Sweep rate = 0.5 volts/sec

Recorded immediately after bubbling HC1l through the melt.
Peaks decreased with time.

> Cyclic Voltammogram of HCl in a NaAlCl

4 Melt at 175° C.

Same as figure 4 except recorded 10 minutes later.
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Cyclic Voltammogram of 5.28 millimolar FeCl3 in a NaAlClQ Melt at
175° C. :

Area of tungsten electrode = 5.08 x 10~3 cm?

Sweep rate = 0.5 volts/sec
S$+0.3>1.7 + 0.3

Anodic Portion of Cyclic Voltammogram of 8.58 millimolayr FeCl,-in

a NaA1013 Melt at 175° C. 3

Area of tungsten electrode =-5.08 x 1073 cm?
Range scanned: 1.7 - (0.3 + 1.7 volts vs Al

Cyclic Voltammogram of the Fe(II)/Fe Couple in a NaAlcCl
175° c,

Area of tungsten electrode = 5.08 x 10”3 em?
[Fe013} = 8.58 mM

Sweep rate = 0.5 volts/sec
Repeated cycling increases both peaks.

4 Melt at

Cyclic Voltammograms of the Fe(III)/Fe(II) Couple in a NaAlCl, Melt

at 175° C. N

Area of tungsten electrode = 5.08 x 10~3 cm?
[FeCl3] = 14,0 mM

Cyclic Voltammetry Peak Currents vs Fe013 Concentration in a NaAlClA
Melt at 175° C.

Area of tungsten electrode = 5.08 x 1073 cm?
Sweep rate = (.5 volts/sec

Integral Pulse Polarogram of 14,0 milliimolar FeCl, in a NaAlCl
at 175° C. 3 4

Area of tungsten electrode = 5.08 x 1073 cm?
Pulse width = 50 msec
Pulse delay time = 250 msec

Integral Pulse biffusion Currents vs FeCl

NaAlCl4 Melt at 175° C.

Area of tungsten electrode = 5,08 x 10~3 cm?
Pulse width = 50 msec
Pulse delay time = 250 msec

3 Concentration in a

Integral Pulse Polarograms of the Fe(III)/Fe(II) Couple in a
NaA1014 Melt at 175° C.

Area of tungsten electrode = 5.08 x 10™3 cm?
Pulse width = 50 msec

Pulse delay time = 250 msec

[Fe013] = 5,28 mM
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Figure

14 Chronopotentiogram of 14.0 millimolar FeCl3 in a NaAlCl4 Melt at
175° ¢.

Area of tungsten electryode = 4.07 x 1072 cm?
Carrent = (0.5 milliamp

15 Chroncamperometric Curve for a 5.28 millimolar Solution of FeCl3
in a NaAlCl4 Melt at 175° C.

‘Potential step from 1.7 to 1.2 volts vs Al
Area of tungsten electrode = 5.08 x 1073 cm?
Calculated D = 8.2 x 10~5 em? sec

16 Cyclic Voltammogram of 1.75 millimolar Ferrocene in a NaAlCla Melt
at 175° C.

Area of tungsten electrode = 6.28 x 1073 cm?
Sweep rate = 0.25 volts/sec
Ep(anodic) = (0,680 volts

17 Cyclic Voltammetric Anodic Peak Current Vs Sweep Rate for 6.19

millimolar Ferrocene in a NaAJ.Cl4 Melt at 175° C.

Area of tungsten electrode = 6.28 x 1073 cm?

18 Cyclic Voltammetric Anodic Peak Current vs Ferrocene Concentration

in a NaAlCl4 Melt at 175° C,

Area of tungsten electrode = 6.28 x 10-3 cm?

19 1Integral Pulse Polarograms of 3.23 millimolar Ferrocene in a NaAlCla
Melt at 175° C.

Area of tungsten electrode = 6,28 x 10~3 cm?

Pulse width = 50 msec

Pulse delay time = 250 msec
20 Circuit Diagram for Transmission Line Driver and Recelver
21 Computer Printout from Transmission Line Calibration Program

22 Pulse Polarogram of 5.28 millimolar FeCl, in NaAlCl
with and without Correction for Base Line.

4 3t 175° ¢.,

Area of tungsten electrode = 5.08 x 1073 cm?
Pulse wiidth = 50 msec
Delay time = 250 msec

23 Circuit for Birth Detector

24 Computer Printout from it% Program
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Figure
25 Chronoamperometric Curve with and without Correction for Base Line

[KAFe(CN)6} in 2M KC1 = 2.28 mi

Temperature = 25° ¢
Platinum button electrode
Potentlal step from O to +0.7 volts vs S.C.E,
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Figure 21

Calibration of Transmission Lines

0 VOLTS OUTPUT

B(OUT) = +0.0000000E + 00

B(IN) = +0.0000000E + 00
V(IN) = +0.,1192092E - 03
BIAS OK? N

NEW B OUT & IN = -0.00311, 0.0

B(OUT) = ~0.3110000E - 02

CB(INY = +0.0000000L + 00
V(IN) = -0.2341673E ~ 03
BIAS OK? N

NEW B OUT & IN = -0.00311, + 0.000234

B(OUT) = -~3110000E -~ 02

B(IN) = +0.2340000E - 03
V(IN) = -0.1326701E - 06
BIAS OK?7 Y

1 VOLT OUTPUT

F({OUT) = +0.1000000E +01

F(IN) = +0,1000000E + OI

V(IN) = +0,3013372E + 00

F VALUES OK? N

NEW F OUT & IN = 0.3476157, 1.0



Figure 21 (continued)

F(OUT) = +0.3476157E + 00

]

F(IN) = +0,1000000E + 00

V{IN)

il

+0.9815831E + 00
F VALUES OK? N

NEW F OUT & IN = 0.3476157, 0.9815831

F(OUT) = +0.3476157E + 00

F(IN)

I

+0.9815831E + 00

V(IN) = +0.1000015E + 01

F VALUES OK? Y

THE CALIBRATION FIGURES ARE

B{OUT) = -0,3110000E - 02

F(OUT)

]

+0.3476157E + 00

B(IN)

it

+0.2340000E -~ 03

F{IN) = +0.9815831E + 00

REPEAT CALIBRATION?
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CLOCK INTERVAL = 0.1

B(IN) = 0.000234

B(OUT) = -0.00311

F(IN) = 0.98158

F(OUT) = 0.34762

PULSE HEIGHT = 0.7

INPUT TIME FOR 1ST PT, INTERVAL NUMBER OF PTS 5,5,100
TIME OF 1ST PT = +0.5000000 E + 01
TIME OF INTERVAL = +0.5000000 E + 01
R(M) = 1000

MAX T (MICROAMPS) = +0.5094067 E + 04
FOR X

MIN & MAX = 0,500

FOR X

MIN TCK & SPACE = 0,50

FOR Y

MIN & MAX = 0,5000

FOR Y

MIN TCK & SPACE = 0,500

FULL SCALE PR KY

ZERQ PR KY

VALENCE CHANGE = 1

CALC A, C OR D? A

MILLI }MOLAR CONC = 2,77



Figure 24 (continued)

D = 0.00000629

SCALE FAC & AVERAGE = 5,1

B OR S8 & BASE NO - Bl

IT¢s) vs T

SLOPE = -0,2044196 X + 02
INTERCEPT = +0,1077684 E + 02
AREA IN CM SQ = +0.1077684 E + 02
REPEAT THE EXPT? Y

SCALE FAC & AVERAGE = 5,1

B OR S & BASE NO = 31

ITC(s) VS T

SLOPE = -0.3311705 E + 01
INTERCEPT = +0.6253594 E + 02
AREA ¥N CHM 80 = +0.2016518E + 01

REPEAT THE EXPT?
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