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Part I

QUATERNARY AMMONIUM CONPOUNDS



I. Introduction

It has long been known (1) that tertiary amines are
capable of reacting with organic halldes to form a group
of compounds celled the guaternary ammonium salts, as il-
lustrated in the reaction:

Rzl + RX —> RyNX

where R 1is an organic group such as glkyl end X is a halogen.
The unigue feature of these compounds isthat, although they
are formed by the reactlion between compounds having dis-
tinctly organic properties, these substances have properties
analogous to those characteristic of inorganic salts., They
are all crystalline solids which dissolve in water to give
solutions which readily conduct an electric current. They
are also highly dellquescent. The explanation of the be-
havior of salts of this type is seen from a congideration

of their electronic structure, which may be represented as

follows: +
g
-s 4 ”e 7/ -
2N + L —> eV & I
z ' €

It will be noted that although the number of electrons
in the outer ring of the nitrogen atom does not change
during the increase of valence from three to five, the
type of valence 1is altered. The trivalent form is purely

covalent whersas the guaternary smmonium structure contains



four covalent linkages and one electrostatic valence bond.
The source of the extra valence lies in the fact that the
nitrogen atom can act as a "donor of electrons."

Originally, these compounds were thought to be "mole-
cular compounds,” written (CHyz)z N°CoHgI. The general
abandonment of this view came when V. Meyer and Lecco (2)
in 1876 showed that the same body was obtained from tri-
methylamine and ethyl iliodide as from ethyldimethylamine
ané methyl iodide. 1In 1913 the distinction between the
lonized valency and the non-ionized valencies was very
apparent when J. Meisenheimer (3) showed that [(CH3)5 N -
0CHZ] O and [(CHz)z NOH | OCHgwere not identical compounds.
However, it was the development of the electronic theory
of valency by G. N. Lewis and W. Kossel and the r&oognition
of the distinction betveen clectrovalency and covalency
that lead to a fuller understanding of the nature of the
quaternary ammonium salts.

KHeacCtion mechenisms have been proposed for the for-
mation of these compounds, but as yet no definite conclus-
ions have been reached, so they will not be discussed.

The nitrogen atom is not alone in showing this type
of compound formation. Phosphorous, arsenic and antimony
form similar compounds in whicn they, too, have coordinstion
number of four, whereas oxygen, sulphur, selenium and tin

have coordination number of three and that for iodine



is two. The compounds formed by these elements in their
highest nositive valence asre analogs of the ammonium series
and are called onium salts,

For the present study a number of quaternary ammonium
galts were prepared to be used in the fused state as sol-
venbs for inorganicvsalts, thus giving solutions from which
metals msy be deposited electrolytically. The ammonium
salts were oprincipally alkyl halide derivatives of pyridine,
though two derivatives of dimethyl aniline were also pre-
pared. The prepérations were accomplished by direct mix-
ing of molar proportions of the nitrogen base and the
organo-halide with stirring at room temperature or reflux-
ing. The easec of formation varied considerably from the
reactions of explosive violence to no reaction even with
heating. In some cases additional tests were made for
the effect of solvents on the rate of reaction.

For certain of the compounds pyrolysis experiments
were performed, and these are described along with the
results of the electrolysis of the pure fused salts. The
electrolysis of solutlons of inorganic salts in the fused
ammonium salts is discussed in a later sectlion of this
paper. Pyridinium ethyl bromide has received the most

attention in this study.



I7.  BExperimental

A. Pyridinium Salts of Some Organic Bromldes

1. Ethyl Pyridinium Bromide [C}/— C Hs ] + B by

The preparation of this materisl was accomplished
by the mixing of equimolar proportions of pyridine (dried
over solid potassium hydroxide and distilled) and ethyl
bromide (dried over calciwn chloride and distilled) with
stirring at 25°9-30°C. The mixture was protected from the
atmosphere. The reaction was completed at the end of 18
to 24 hours to yleld s pure white crystalline solid. This
produét was washed with dried benzene or toluence to remove
the excess reactants, as the pyridinium sslt scemed to be
the least soluble in these solvents.

The highly deliquescent product was analyzed for

bromide ion by the Volhard method with the following result:

Caslculsted Found
% Bromide ion 42,49 42.0

The material melted at 115°-116°C to gzive a clear, pale
yellow liquid. Trowbridge and Diehl (4) had obtained a
melting point of 111°-112°C on a product of almost equal
purity on the basis of the bromids ion analysis. However,
more recent investigators have contested the melting point
data for similar compounds obtained by Trowbridge and Diehl

on the basis that they, too, were low.



The use of toluens as a solvent for the reactants
gave practically no increase in velocity but did yield

a whiter product. +

2. n-Butyl Pyridinium Bromide (( » —C#z—(//z—'f"’z"c"’s] Br

Equimolar proportions of pyridine and n-butyl bro-

mide were gently refluxed in preparing this compound.

A layer of red-brown liquid formed on the bottom of the
flask after a few minutes and by the end of two hours this
amounted to ninety percent of the totsl volume. The re-
maining excess milky-white layer was poured off and the
reaction product cooled to give a light brown crystalline
solid. A portion of this was washed with about 20 volumes
of dry acetone in 4 portions to give pure white n-butyl
pyridinium bromide with melting point 1042 105°C and a

Br~ analysis (Volhard) as follows:

Calculated Found
% Bromide ion 37,0 ‘ 36.5

This materiasl was deliquescent also. HNo value for the
melting point of this compound has been reported in the
literature. +

3. Benzyl Pyridinium Bromide [< ,}"‘”2 "D] Br

The mixing of eqguimolaer proporbtions of pyridine and

benzyl bromide vroduced a reaction of explosive violence

with svolution of‘considerable heat. The product was a



very viscous yellow mass which set to a white solid after

standing a few hours. A bromide ion analyslis gave:

Calculated Found
% Bromide ion 32,0 31.4

HWo sharp melting point could be observed for the
benzyl pyridinium bromide. This materisl was very deli-
quescent and showed unusual supercooling. It should be
pointed out that this behavior seems to be typlcal of the
benzyl helide derivatives snd that the la ck of a sharp
melting point may bs considered a property of the compound

rather thsan the result of impurities.

+2

4, Bthylene Dipyridinium Dibromide [<::}>-c%@-4#é— C::?] 2&35—
Upon mixing one mole of ethylene bromide with two

moles of pyridine, a red color is produced in the solution
followed by the settling out of the first erystals. Heat-
ing is required, and the end product is usually a red and
pink solid. For the present research a number of prepar-
abtions were made under varying conditions. The observations
during the preparations and results of the analyses of the
products are described in Table I. These are to be dis-
cusged under the following headings: The molar proportions
of reagents, the temperature of reactions, and the method
of purification of the product.

a) The Molar Proportions of Reagents.

None of the preparations was found to have a bromide



Table I. Preparation
Mol Ratios Tempera- Time
fyridine ture Hegquired
Ethylene °¢
bromide
2,00 80° 1 hour
100° 1 hour
120° 5 min.
2,40 72-76° 5.5 Hrs.
0.85 85° for 5 hours,

(70°/0) followed
by & days at
room temperature

Theoretical Values:

(Pyridine)o Ethylene bromide
(Pyridine)] Ethylene bromide
(Pyridine)g Ethylene bromide-l

of Ethylene Pyridinium Bromide

Purification Description
of product
None Red solid,

some pink

Washed with anhyd,
ether,vacuum dried

Dark »ink or
rose wnpowder

Washed with enhyd.
ether,vacuum drisd

Psle nink now-
der, M.P.=
250025590
(with decomp.)

Recrystallized from Flat, light
EtOH, dried in Buch- brown plate-
ner funnel by suct- lets, H.P.=
ion. Spread on clay 2850C (with
plate decomp. )

The H20 solutions
from anslysis be-
fore and after EtOH
crystallization wre
evaporated to dryness

Pale, light
brown plate-
lets., M.P.=
2600130¢

Washed with anhyd.
ether, vacuum dried

Dry powder,
faint cream
cast

Washed with anhyd.
etier, vacuum dried

Dry npowder,
faint cream
cast

46.20 9/
29.94 o}
HoO = 43.8

an

Analysis
/o Br

42.54

42.82

41.71

45.07

42.96

36.11

34,45

O/O



ion content as high as the theoretical valus for ethylene
dipyridinium dibromide. The highest values for the bro-
mide ilon were obtalned by mixing the reagents in stoichio-
metrical nroportions, tihe use of an excess of either re-
asgent ylelding a lower bromide ion content. An excess

of either reagent alsc retarded the rate of the reaction.
On the other hand, the product resulting from the mixture
in which there was an excess of ethylene bromide over the
stoichiometrical amount for bromoethyl pyridinium bromide
contained more than the theoretical amount of bromide ion
for this salt.

b} The Temperature

The effect of temperature on tie speed of the rsaction
is well 1llustrated in the three cases in which stoichio-

metrical amounts of rcagents for ethylene dipyridinium
dibromide were used. At 80°C the reaction reguired one
hour to reachh completion, at 100°¢ considersably less than
one nour was reqguired, while at 120°C the reaction was
very vigorous and was complete at the end of five minutes.

Even at room temperature the reaction of ethylene
bromide witn pyridine probably is faster than that of ethyl
bromide, but as the solution containing ethyl bromide can-
not be neated much sbove room temperature, the resction
rates at higher temperatures cannot bs compared.

c) Method of Furification of Product

The methods employed in purifying the product of the



reaction were 1) washing witi ethor followed by sentle
heating undor vacuum, and £2) recrystellization from ethyl
aleohol, [iltration torough a puchner funnel, followed by
a gqulck wasn witn sther snd drying on & clay nlate.

As would be expected, the recrystnllization procedure
proved to be the betber method. This is shown by s com-
parison of tne asnalyses of the product obtalned at 120°.
The ebther washed product nad a bromide lon conbant of
41,71% while the product recrystallized from slcohol con=-
tained 45.07% bromide ion. The recrystallization srocedure
has tne disadvantage of loss of meteriasl because thie solu-
bility of ethylene dipyridinium dibromide is rsther high
even at 0°C

However, 1t should be pointed out that almozt as pure
a product can be obtained without any »urificstion if stoi-
chiometrical proportions are used and the reactlion is run
et a lower temperature to glve & slower reaction. The
product formed by reaction st 80°C contsined 42.54% bro-
mide ion without purification as comnpsred with the value
of 43.07% for tihs aleohol purified product previously
described.

It is very important to note that chyl@ne diryridinium
dibromide does not form a hydrate. This 1s shiown by the

analysis and particulsrly by the melting ooint of the »ro-



duct resulting from the svaporation of the combined water
solutiohs of the 43%.07% and 41.71% bromide products. The
analysis was 42.96% bromide ion with a melting point of
260°+ 3°¢., It is very doubtful that a hydrate of this
material would be stable up to such a high temperature,
Any deliquescence observed with ethylene dipyridinium di-
bromide would probably be the result of excess pyridine

remaining in the material.

B. Pyridinium Salts of Orgenic Chlorides.s

1. Hoayl Pyridinium Chloride

The mixing of equimolar gquantities of pyridine and
ethyl chloride at 25%- 30°C. produced a very slow reaction.
A small amount of an oily leyer appeared after several days
and crystals started forming after two months. The reaction
wasg allowed to continue for 1l months at the end of which
time about 100 grams of slightly impure crystals were ob-
teined.

A sample of this material was washed with dried toluene,
the toluene decanted, then evaporated by gentle heating
under vacuum. A melting point of 116°-117°C was obtained

with a chloride ion (lohr) enalysis as followss:

Calculated Found
% Chloride ion 24,69 ‘ 24,51

The preparation of this compound hss not been recorded

%~ Notes The structures are similar to bthose of the bromides.

10



previously in the literasture. It is deliquescent and in
many ways closely resembles ethyl pyridinium bronide.

In an attempt to speed the reaction, the solvents
acetone, toluene, and benzyl slcohol were used. Tests
for the chloride ion after one week indicated bthat a large
amount had been formed in benzyl alcohol whereass very little
had been formed in elther scetone or tolusne. However,
because of the high solubility of ethyl pyridinium chloride
in benzyl alcohol, and the nigh boilling point of benzyl
alcohol, no separation was accomnlished.

lany tests have been made by various investigators
on the rate of the addition reaction between tertiary
amines and organic halides in various solvents, and, in
general, the reactions are relstively slow in hydrocarbons
and ethers, but in alcohols and ketones they proceed sev-
eral hundred times faster.

2, Benzyl Pyridinium Chloride

The reaction between equimolar amounts of pyridine
and benzyl chloride was considerably slower than thst for
the bromide as stir:ing for sbout 18 hours at 25°-30°C was
necessary to yield almost complete reaction. The resulting
white s0lld was deliquescent, did not give a sharp melting

point and was not analyzed.

11



3., Tertiary Buiyl Pyridinium Chloride

No reaction was observed between tertlary butyl
chloride and pyridine even with refluxing.

4, Bthylene Dipyridiniuwm Dichloride

The refluxing of the stoichiometricsl proportions
of two moles of pyridine and one mole of ethlyene chloride
produced a cloudiness in the solution at the end of twenty
minutes with a red solid beginning to be deposited after
gbaut 45 minutes. The reasction was practically complete
‘;ftcr elgnt hours,

.Although the product was usually used without puri-
ficatlon, two purification methods were Investigated. Wash-
ing with dry toluene gave a red and pink powder which was
very deliquescent. Recrystallization from ethyl alcohol
produced light brown platelets which were filtered in a
Buchner funnel snd washed with a little ether. The re-
sulting“product was not deliquescent and was very similar
to the ethylene dipyridinium dibromide prepared in this
manner. However, the method is not very useful because
of the high solubility of the product in salcohol even at
low temperatures. The purification was sufficient to in-
dicate that the deliguescence of the impure product is

probably caused by the excess pyridine 1t contains.

12



C. Dimethyl Anilinium Salts of Orgsanic Bromides

Ethyl and benzyl anilinium bromides were prepared,
but the general properties were sc unsatisfactory that
they were not considered worthy of further investigation.
Both compounds dissociated on melting and excess reagents
caused considerable discoloration.

D. Pyrolysis of some Pyridinium Compounds

Ethyl nyridinium bromide, n-butyl pyridinium bromide,
and bengzyl pyridinium bromide and chloride have been made
the object of a brief study on the effecet of heat on pyri-
dinium compounds. Two types of decomposition have been
obsérved:

1) Ethyl pyridinium bromide and n-butyl pyridinium
bromide decomposed to give pyridinium hydrobromide and the
unssturated hydrocarbons ethylene and butylene, respectively
while

2) Ybenzyl pyridinium bromide and chloride dissociated
into the original components, l.e., pyridine and benzyl
halide. Recombinagtion occured in this type of decomposition.

These results were obtained experimentally in the
following manner for the cases of ethyl and n-butyl pyri-
dinium bromides. A side-arm flask with receptacle was used

and the salts were heated until distillation occurred (about

3000GC) at atmospheric pressure. A clear liquid which set

13



to a white solid condensed in the receptacle. In the case
of ethyl pyridinium bromide, the gas formed merely was
shown to be unsaturated by decolorization of a potassium
permanganate solution end of bromine water. However, in
the case of n-butyl pyridinium bromide, the gas formed

was condensed and identified as n~butylene by the prepar-
ation of the dibromide, whose refractive Index and boiling
point corresponded to those of meso-2,3 dibromo butane.
The solid products of the experiment were analyzed by
determining the melting points and bromide ion content.
Table 1 gives the numerical data obtained for the various
materials.

It may be seen from the table that conversion to
pyridiniuvm hydrobromide and unsaturated hydrocerben occurs
in the distillation. PFurthermore, the stabllity of ethyl
pyridinium bromide is greater than thst of n-butyl pyri-
dinium bromide since the analyses of the undistilled resi-
dues indicates thel almost complete conversion to the hydro-
ﬁromide had teken place before distillation in the latter
case whereas almost none had in the former case.

Noller and Dinsmore (5) studlied the totsl rate of
reaction between pyridine and seven alkyl bromides at 149°C
using 1ll:1 mol ratios of alkyl bromide to pyridine. They
concluded that two simultaneous, independent reactions

were occurring: 1) the removal of HBr from alkyl bromides,

14



TABLz II. Bromide Anaslyses

Sample
Bthyl pyridiniua bromide
~- Theoretlical

BEthyl gyridinium bromide
~~ Before hesting

Hesidue after partiesl
distillation

Condensed distillate

Pyridinium hydrobromide
-~ Theoretical

n-Butyl pyridinium bromide
-- Tusoretical

n-Butyl pyridinium bromide
-~ Before heating

Kesidue after pertial
distillation

Condensed distillate

Z

Meltin

s, PO
C

ooy

o

115-116

115%5

104-1056

210X 10

215-218

*. Trowbridge and Diehl (4)

and 2) tae formation of pyridinium alkyl bromides.

i

nt

% Bromide ion

4.6

49.1
49.9

However,

the study cerried out in thls resesrcn was directed at the

rate of removal of HbBr from the fused guaternary suanonium

salts from the standpoint of thelr usefulness as stable

clectroiysis mediums in the fused state.

In the ceses of benzyl pyridinium bromide and caloride,

tiie same apparatus was ussed, with a lower temporature (sbout

15

, bubt no

e

evolved.



The condensate from the distillation was a cloudy liguid
which on gentle warming rcacted to again produce a viscous
mass. Dissocisbtion into the original components had oc-

curred.

B, The Electrolysis of Fused Pyridinium Saltis

Several of the pyridinium salts prepared have been
electrolyzed at temperatures of from 5° to 100°C above
their melting points between a spiral platinum cathode and
a carbon rod anode set in opposite arms of a U-tube with
no diaphram. In every.case a dark colored materlal, usu-
ally blue, was produced at the cathode with bromine being
formed at the anode. Continued electrolysis produced a
black, tarry mass.

In the case of ethyl pyridinium bromide, which has

+
the ions [ON CgHs] and Br~, the blue material which
formed was probably the same compound which Emmert (6)
had obtained by the electrolysis of a water solution of
ethyl .yridinium bromide and which dofmann (7) had obtained
by the action of sodium amalgam on ethyl pyridinium bromide,

namely, dihydrodiethyl dipyridyl:

oY
=\, 7/ — -
(#’..(Aé-ﬂi::;>—“<:;;>’ che - A5
3 == 4/

No attempt was made to isolate and identify this compound.

The conductivity increased with temperature nearly

16



three-fold between 120° and 200°C. Gas was given off when
the temperature reached 175°-200°C, with or without the
cuarrent, as the result of the decomposition to give ethylene.
Shutting off the current casused the blue color to disappear
on standing several minutes, probably becsuse of the dis-
vintegration of this compound, whereas the red bromine merely
diffused through the solution, with a considerable amount
settling to the botteom. Continued electrolysis produced a
black tarry, water-soluble mass.

In one experiment the current was passed in the normal
direction for a few minutes to produce the organic reduction
product in the vicinity of the cathode and free bromine in
the vicinity of the anode. The polarity and current were
then reversed to give immediately a black tarry mass at
both electrodes. Thus the similar mass which was previously
mentioned to result from continued electrolysis is probably
the result of resction between the electrode products which
have been brought btogether by diffusion.

The results for n-butyl pyridinium bromide were almost
identical to those for ethyl pyridinium bromide, the cathode
product probably being the similar compound dibutyldihydro
dipyridyl.

In the case bf benzyl pyridinium bromide and chloride,
the dark colored cathode product, probably dibenzyldihydro

dipyridyl (also obtained by Hofmenn and Emmert), disinte-

17



grated to give a brown materisl snd contimued electrolysis

resulted in a red-brown viscous, waber~insoluble msss.

18
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Part II
THE BELECTROIYSIS OF IHORGANIC SALTS IH

FUSED PYRIDINIUM SALTS



Part II. The Electrolysis of Inorganic Salts Dissolved

in Pused Pyridinium Salts

Introduction

pudrieth, Long snd Edwards (1) studied qualitatively
the solubility of various metals, oxides and salts in fused
pyridine hydrochlcride in order to show the acidic nature
of the "onium" ion. They found that the metals aluminum,
cadmium, calcium, magnesium, zinc, and even copper dissolved
rapidly to form the corresponding chlorides and hydrogen gas;
manganese, nickel, tin, lead, and iron reacted in the same
manner but less rapidly; whereas arsenic, mercury, silver,
and platinum were apparently unaffected. As further evidence
of the acidic nature of the fused sglt, the oxides of anti-
mony, barium, bismuth, cadmium, cobalt, copper, iron, mer-
cury, lead, magnesium, mangsnese, and nickel were found to
dissolve readily to form the corresponding chlorides and
water. Several other oxides were found to react slowly or
not at all.

The aclildic character of the pyridinium ion in fused
nyridine hydrochloride has a theoretical foundation in the
general theory of acids aend bases as set forth by Bronsted
(2). According bto this concept, since acids are distinguished
by their abllity to give off hydrions and bases are charac-

terized by their abllity to take up hydrions, these sub-

stances may be schematically defined according to the equations
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Acid Z—=Base + H
That is, a base is necessarily formed when a substsance
functions as an acid giving off hydrions. For exanmple,
consider the acetic acild~acetate ion system

HAc === Ac~ 4+ H™T
where HAc acts as an acid and Ac™ acts as a base; or fthe
case of

NH 4+;;:Iﬂi5 +H+
where NH 4+is the acid and NH 3z 1s the base.

The influence of solvent is of greatest importance,

for the dissoclation of an acid takes place only under the
influence of the solvent. If this is included in the scheme
for acetic acid given above, the result is:

Hic +H O == Ac” + HPT
where HAc and H#' are acting as aclds and H and Ac™ are
acting as bases. If aniline were the solvent, the resction
would be

Hic + C@glpz> Ac™ + CgighH 5 .
With pyridine the reaction would be

HAc + Cgigl === Ac™+ C gl g
where the pyridinium ion, cg&g&rﬂ would be an acid, although
pyridine is a base. The experimental evidence glven above
confirms this statement.

In addition to the reactions mentioned above, which are

characteristic of an acid solvent, the chlorides of many
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mtals were found to be quite soluble in the fused salt.
These were the chlorides of aluminum, anti-ony, cadmium and
cobalt, copper, iron, mercury, magne sium, mangenese, nickel,
and zinec. The chlorides of sodium, potassium, calcium and
barium werc less soluble. In some¢ casss the fusion of
metallic chlorides with nyridine nydrochloride in the pro-
per proportions led to the Tformation of the corresponding
double cnlorides. MWMany other salts were found to be very
soluble in the fused pyridine hydrochloride, particularly
the nitrates of berylliiuwa, calcium, chromium and thorium.
Some carbonates also reacted readily.

Audrieth, Long and Edwards also found that many of
these melts conducted the ek ctric current readily. How-
ever, metalllc deposits were obtained only in tne follow-
ing instances: 1) Melts prepared by dissolving lead oxide
and antimonous oxide in fused vpyridine hydrochl ride; 2)
Melts prepared by dissolving arsenous, bismuth, mercuric,
nlumbous, and stannous chl-rides in fused pyridine hydro-
chloride; and 3) From the fused double salts AsClz+(CsHgN+HCl)z,
BiClgz* (CsHgN*HCl)p, and SbClz-(CsHsN-HCl)g, and later  (3)
(CoClg) o (CsHgN-HCLl)5. The less active metals, arsenic,
bismath, and antiwmony, could be readily discharged in the
form of good crystalline deposits (3). HNercury collected

on the cathode in the form of small globules. Cobalt gave
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a lustrous plate while tin deposited in the form of loose,
metallic flakes. Attempts to deposit the more active metals,

tungsten, molybdenun, mangenese¢, vasnadium, chromium, aluminum,

&5}
—

iron, zinc, lead and magnesium were unsuccessful (3).
The acidic ngture of the pyridinlum ion imposes =2

serlous limitation on the activity a metal may possess if

it is To be elsctrolytically deposited from fused salt

solutions containing this ion. The purvose of this re-

search was to employ as solvents for salts of the metals

certain fused pyridinium compounds in which the hydrogen

atom csusing the acidity.is replaced by an alkyl group,

as lor example, ethyl pyridinium bromide. These fused

solvents would be expected to possess approximately the

same properties of solubility toward the salts of the metals

as pyridine hydrochloride was shown to possess. Since these

alkyl pyridinium compounds would not show acidic character,

the electrodeposition of the more active metals might be

possible.

BExperimental

The apparatus for determining the behavior of the
various melted mixtures consisted simply of & round-bottom
tubs, 2.5 centimeters in diameter, into which were fitted a
platinum cathode of one square centimeter area, and a carbon

rod anode 0.4 centimeters in diamebter. The volume of solution
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to be tested varied from five to ten cublce centimeters,
The tempersture was conbrolled by means of an oil bath
and in most of the sxperiments was maintained at 150°-140°.
Voltages ranged from 8ix to twelve veolts with currents
varying between 0.01 amperes snd 0.5%50 smperes.

In preparing the fused melts for electrolysis tests
anhydrous salts were ussd, but only ordinary vrecautions
were oxercised to exclude molsture. The procedurs was as
follows: Tno ethyl pyridinium bromide stock was melited and
5 cec. portions poured into best tubes, wnleh were thon stop-
vered. The gdditions of the anhydrous chloride, nitrate and
sulfate selts of the metals to the melted pyridinlum salt were
made [rom welghing bottles, the amount belng determined by
difference. Heabting was usuelly necessary to increase the
rate of solutlon and fregquently bolling for s few minutes was
rogulred. The concentratlions chosen to test were arbltrary
and the maeximum solubility was reached only in the cases of
the chlorides of silver, menganese and beryllium and of all
of the sulfates. Sodlium, lithium, barium and cerium chlorides
were practically insoluble. It snould be polinted out thet the
concentrations actually used do not necessarily recresent the
minimums from which metal mey be deposited.

A comparison of the relative sclublilities of the chlorides,
nitrates and sulfales of lead, nickel, cadmium and zinc showed

tiie chlorides and nitrates to be considerably more soluble
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than the sulfates in every case.

It is interesting to note that & lerge number of bthe

inorganic salts formed deoply colored solutions when dis-

solged,in the fused pyrldinium salts.

A. Bthyl Pyridinium Bromide

The results of the electrelysis of metallic chlorides

in fused ethyl nyridinium bromide are presvnted in Table I,

showing the relative concentrstions actually used, whether

a metnl deposit was obtalned, the relative conductivity and

remerks as to whether organic reduction occurred st the cathods.

HMetal

Silver
Copper
Bismuth
Lead
Tin
Nickel

Cobalt

Cadmium

Iron

TABLE I.

Results of Hlectrolysis of Solutions

of Hetallic Chlorides in Bthyl Pyridinium

Helative
Concen-
tration

Low

High
Very low
Very low
High
High
Very low
High

Bromide
Relative Hetal
Conduc- Deposit
tivity
High Yes
High Yes
Very high Yaé
Low Yes
High Yes
High Yes
Very low No
Low Yes
Very high Yes
Low No
Low Yes
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Homarks

Organic reduction
Organic reduction
Orgenic reduction
Orgsnic reduction

Wo orgenic reduction
Organic reduction (2)
Orgsnic reduction

Ho organic reduction
High melting point
Organic redwe tion

No organic reduction
(Continued)



ietal Helative Helative letal Remarks

Concen- Conduc-~ Deposit

tration tivity

Low Low Ho Organie reduction
Zinc :

Very nigh High Yes Ho organic resduction

Low Very low No Organic reduction
Manganese

High Very low No No organic reduction

Low Low Ho Orgenic reduction
Aluminum

High Very high Yes Ho organic reduction

Low High No No orgenic reduction
Beryllium

High Very high Wo(?) Ho orgenic reduction

Silver, copper, bismuth, lead, tin, nickel, cobalt,

cadmium, iron, zinc and sluminum were depcsited from an-

hydrous solutions of thelr chlorides in fused ethyl pyri-

dinium bromide. dangangese was not denoslited and the de-
position of beryllium was doubtful.

The efTect of concentration is clearly borns out by the
experiments. It will be noted that in the cases of cobalt,
‘iron, zine and aluminum, at low concentrutions of metal
chloride organic reduction occurs and no metsl is deposited,
wireroas at nign concenbtration there is plating which is not
sccompanied by organic reduction. These facts indicate that

there is a critical concentration, or critical molar ratio

of mutal chloride to ethyl pyridinium bromide, above which
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the metal lons react st the csthode and below which the
ethyl pyridinium ions form an organic reduction vroduct.
The critical value may not be a certain singular value, but
is probably & renge of values in which both reactions can

oceur at the cathode. The use of voltases consldersably in
excess of the deccomposition voltages of both reactions is
orobably the cause of this simultansous derposition of metael
and organic reduction product. However, 1f anodes of the
motal to be plated were used, this would rsduce the voltage
requirement for the metal deposition and probably eliminate
the dissdvaentage of contamination to s large c¢xtent, if not
completely.

Furthermore, the order of the decomposition potentials
of metals in this solvent is very probably differcnt from
thet in water solutions. The case of nickel serves to
demonstrate the point for, although the nickel and cobalb
solutions were of exmctly the same concentration and nickel
is normally adjacent to cobalt in the seri¢s, nickel plated
out wnile cobalt did not. The fallure of manganesc to glve
a plate may indicete that it has g higher potential or that
the maeterial used as manganese chloride was in reallty man-
ganese oxide.

Tables II and III give the results of the clectrolyses
of solutions of metal sulfates snd nitrates in fused ethyl

pyridinium bromide. The metals copper, lead, nickel and cadmium
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TABLEE II.
Metallic

HMetal

Copper

Lead

Nickel

Cadmium

Zinc

TABLE IIl.

Motal

Lead

Nickel

Cadmium

Zinc

Helative
Conecen-~
trgtion

Low

Low

Very low

High

Low

Helstive
Concene
tration

High

High

Very hig

]
3

High

Helative
Conduc~
tivity

High

High

High

Low

Low

Helntive
Conduc-
tivity

High

Very high

Very high

High
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ietal
Denoslt

Yas

Yes

Yes

No

Depcait

Yes

Yes

Yes

Yas

Hesults of Electrolysis of Solutions of
Sulfates in Ethyl Fyrldinium Browmlde

Hemarks

Brown waber-insol-
uble materisl also
produced

Blesck water-sol-

uble, brown water-
insoluble material
mixed with derosit

Black weaber-ine-
soluble materiesl
present

Brown orgsnic matter
mixed with metsl

No organic re¢duction

Hesults of EKlectrolysis of Solutions of
Metallic Ritrates in Ethyl Pyridinium Bromide

Remarks

Deposit Clean al-
though brown, water-
ingoluble meterisl
alao »nroduced

Deposit clean but
with brown matter
ag with lead

Orsnge solid formed
at anode, but solu-
tion remeined clear

Also brown materisasl



were deposlted from solutions of their sulfates in fused
othyl pyridinium bromide and lead, nickel, cadmiua snd
zinc were obtained from solutions of thelir mitrgtesrin
fused ethyl pyridinium bromide. Although tests were not
made using solutions of tine nitretes and sulfates of other
motnals, it 1s liusly that meny of the metals could bs suc-
cussfully deposlited electrolyticslly.

In Teble II it is seen that nickel can be deposlted
from a soliution of very low concentration, indiceting thmt
it probably has a relatively much lower deposition potential
in tiils solvent. Zinc did not deposit from the solution of
the sulfate because the solubllity was not sufficlently high.

The sulfate and nitrate solutions produce s brown
maberial es a by-product of the electrolysis. In the cases

of leasd snd nickel sulfate solutlions, an additionsl black
contagminant is produced. In genersl, the chloride solutlons
are uwore satisfactory than the sulfate or nitrstse solutions
on the basis of conteminstlion., The use of metallic sulfates
has the additional dlsadvantaege of low solubilities. Howsver,
as wroeviously mentioned, the use of msnodes of the same metal

would probably reduce the difficulty of contamination.

B. Bengyl pPyridinium Bromide

The metals copper, lesd snd zinc were derposited slectro-
lytically from sclutions of the metallic chleorides in fused

benzyl pyridinium bromide, but nickel and cadmium could not
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be deposited. Table IV snhovws the results of these
glectrolyses,

TABLE IV. Rosults of Hlectrolysls of Solutions
of ¥Metsllic Chlorides in Benzyl Pyridinium

Bromlde
Metal Relative Kelative Metal Hemarks
Concen- Conduc~ Derosit
tration tivity
High Very low Ho Complex formation?
Copper
Low High Yes Clean denosit
Lesd High Low Yes Crystalline de-
rosit in needlk s
Hickeol Low Zero Ho
High Low Ho Sharp melting polnt,
Cadmium complex formation?
Low High Ho Dark materisl pro-
duced at cathods
Zinc High Very low Yes Ho orgenic matter

The benzyl pyridinium bromide solutions showed a very
different behavior from the ethyl pyridinium solutions. An
exanination of the dsbta given in Table IV reveals the fol-
lowing infoirmations: 1) in the case of nickel, the solution
did not conduct the current at all, 2) with lesd and zinc,
althougn plotes were obtalned, the conductivities were very
lowy and 3) in the cases of copper end cadmium, solutions of
high concentration had a very low conductivity and produced
no mebal deposit, whersas the solutions of low concentration
had high conductivitiss and the metal was denoslied from the

copper solution.
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Thias last fact saugeests thet the formation of a non-
conducting complex 1s taking place and thaet the amount is
proportional to the gnount of copner or ¢admlum salt. The
high concentrations represent p &cﬁically complete formation
and therefore low conductivity. In the cases of low con-
ductivibty, the current was probably cerried by the pyridinium
salt.

It may tous be concluded that, in general, benzyl
pyridiniuam bromide scolutions are less smultable then the
ethyl pyridinium solutions of Inorganic salts for the

electrodeposition of motals,

sSummary

Using solutions of metael chlorides in fused ethyl
pyridiniun bromide, the sueccessful electrodenosition of
silver, coppor, blsmuth, lead, tin, nickel, cobslt, cadmium,
iron, zine, and espscially aluminum was sccomnnlished in
tnie research. A1lso using scolutlons of the sulfates of
copner, lead, nickel, cadmium and zinc in fused ethyl py-
ridinium bromide, these metsls, excent zine, were denosited
glectrolytically. The metels lead, nickel, cadmiun and zine
also werce obtsined from solutions of their nitretes in melted
ethyl pyridinium bromide. In addition, the zlectrolyesis of
moiten soiutions of the chlorides of copper, lead, nicksl,
cadmium and zinc in benzyl pyridinium'bromid@ were successiul
in the derosition of metallie coprer, lesd and zinc. The

enlorldes of scdium, 1lthium, barium and cerlun exniblted
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almost no seciubility in fused ethyl , yridinium bromide

snd therefore could not be decomposcd electrolytically.
Using soluvions of metallic enlorides In fused benzyl

pyridinium bromide, copper, lsad and zinc were deposited

glectrolytically. However, nickel snd cadmium could not

bs deposited. The formation of non-ionlzed complexcs with

the solvent seemed Lo be taking plece in some Instances.
DA
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Part III. THE ELECTHRODEPOSITION OF ALUMINUM

I. Introduction

The electrodeposition of aluminum from aqueous solubtions
1s severely limited by the position of sluminum in the
electromotive force series and by the pronounced tendency
of aluminum ions to hydrolyze to form insoluble slumina.
Although many earlier Investigstors claimed to be sble to
deposit alumlnum electrolytically from aqueous solution,
none of the processes devised was ever particularly successful
and meny have never besn verifiled.

It was recognized very early that the sbsence of water
was required for the successful deposition of aluminum from
solution. The famous Hall process for the production of
metallic aluminum embodles the slectrolysis of & molten
solution of alumins in cryollite. HMany siallayr processes
have been devised which involve solutions of an aluminum
salt, usually the chloride or bromide, in various inorganic
galts, such as KC1 or NaCl ond the like. These processes
for the most part require falrly high temperatures for
fusion, slthough not always sufficlent to csuse the aluminum
to be molten. Since a good plating process should be cap-
able of operation at reassonebly low temperatures, say 20°C

to 150°C, in recent years non-aqueous solvents, especially
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organic, have been investigated in the hope of obtaining
these lower temperatures,

Because of the analogy of smmonie to water, Taft and
Barham (1) attempted the electrodeposition of aluminum
from liquid ammonia solutions of aluminum nitrate, but were
not successful. Dirkse and Briscoe (2) succeeded in deposit-
ing traces of aluminum from ethanolamine solutions of alu-
minum salts, but were unsuccessful with acetemids, aniline,
pyridine, benzoyl chloride, and glacial acetic aecid solutions.
Similarly, Blue and Mathers (3) found that pure aluminum
could not be deposited from a solution of AlClz in formamide,
but that alloys of aluminum with iron and with zinc could be
'deposited, the quantity of aluminum in the alloy reaching
17%. Muller, Holzl, Knaus, Planiszig and Prett (4) also
were unable to deposit the metal from g solution of AlBrz
in snhydrous pyridine. However, Plotnikov and Balyasnuil
(5) made a thermal anslysis of the system AlBraz-pyridine
and found three eutectic polnts. Using a mixture which
melted below 45°C they were able to separate aluminum. Gray,
Bailey and Murray (6) electrolyzed an aluminum selt of
aminobenzenesulfonic acid to obtain the metal. Attempts
by Beal and Mann (7) to deposit aluminum from aluminum
perchlorate solutions in the monocothyl ether of ethylene
glycol were not successful. Tests by Wertyporoch and Adams

(8) and Wertyporoch and Silber (9) showed that a number of



eldehydes and aromatic hydrocarbons readiiy dissolve AlBrg
and A1013 but that the solutions are either poor or non-
conductors. Flotnikov and coworkers have made many studies
of the electrochemlical propertles of sclutions of sluminum
hslides in alkyl halides, aromatic hydrocarbons and their
’mixtures and have met with some degree of success in the
deposition of sluminum. A bath containing AlGls and toluene,
xylene or acetonitrile was used by Lalbin (10) to accomplish
the deposition. Plates could be made either smooth or pow-
dery by suitable adjustment of the current density. To in-
cregse bho conductivity, slkalil fluorides were added to the
extent of about one percent.

Many sttempts have been made to electrolyze solutions
of AlBrz in ethyl bromide alone or with other reagents,
particularly benzene and related compounds, Patten (11)
was sble to deposit sluminum in a dulli, crystelline form
from a 40.95% solution of AlBry dissolved in ethyl bromide.
Katsnel'son and Alzenburg (12) reported that the electrolysis
of AlBrgz- ethyl lodide-~alkali halide mixtures gave aluminum
crystals which adhered poorly. Wertyporoch and Wohl (13)
and Wertyporoch (14) made meny physical chemical tests on
combinations of sluminum selts In various organic solvents
and mixtures. They found that the conductivity of AlBrj3
dissolved in ethyl bromide was increased by the addition of

benzene, that the conductlivity lncreased with time, and that

[
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the reactlon produced HBr. Bubt they did not attempt to
deposit metallic aluminum from any of these solutibqs,by
electrolysis. Working independentlj, however, Blue and
. Mathers (15) reported that "aluminum of high puritf can

be deposited easily in a bright, finely‘érystalline, adherent
form from a SOlution,made by dissolving metalllic aluminum

in ethyl bromide and benzene uéing AlBr3 as g sbarter or
catalyst. Toluene, xylene, b—tetrahydro~naphthaléna, or
kerosene may be substituted for benzene under certain _
conditions; and ethyl thqride,‘msphﬁi chloride, and ethylens ™ -
chloride for ethyl bromide; The aluminum adheres well to
platinum, copper, steel and cast iron, but not to magnesium
or sluminum. The bath has a current efficlency of 60% and
over at both electrodes, and & throwing power of as high

as 28. It does not deteriorate and can be cpefated indefi-
nitely if moisture 1s excluded. Tha»cell,éoea not show a
éefinite deeomposiﬁion voltage, the potential drop varying
directly and regularly with current." Later a new, cheaper
and more efficient bath was reported by these workers (16).
This bath contained the condensatlon or reaction products
formed when AlBr, and AlClz are dlssolved in ethyl bromide
end benzene.. Also, HBr and HCl gave condensation products
in benzene with AlBrz and AlClz from which aluminum could

be deposited electrolytically. The most efficlent propor-
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tions were one cubic centimeter of ethyl bromide per gram
of AlBr, with about two cublc centimeters of benzene. The
bath had a good conductivity and gave excellent deposits

st room btemperature with a cathode efficiency of over 75%
end an snode efficlency of 1054. A cathode current density
of 0.0155 amps/cm2 was employed. The aluminum enodes had
an area asbout six times that of the csthodes, which were
usually of copper, but sometimes iron. The enode loss of
weight during c¢lectrolysis of this bath was groater than
the cathode gain because of the resction of ethyl bromide
with the sluminum enode (which would also cut down on the
cathode efficiency by attacking the deposited aluminum),
However, by the addition of ethyl bromide from time to

time it wss possible to maintalin the 1li1fe of the bath for

a long btime. One bath of 50 cc. was operated 8-10 hours
daily for & period of three months with execellent results,
3 ec. othyl brcmide bsing added after sach 100 hours use.
It was found that toluene and xylene In the plating bath
had 2 brightening effect whereas addition of pyridine and
other organic bases ruined deposits. Using this same bath
but with a high aluminum concentration and s low concentration
of another metal, Blue and Mathers (17) were able to deposit
alloys of aluminum with copper, zine, silver, tin, nickel,
lead and mercury. A different potential series of metals

wes observed in this solvent which placed aluminum closer
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to these metals thus making the alloy deposition easler.
The second metal was introduced in the bath by making it
the anode for a short while,

Hore recently Downie (18) has described a similer
process by which he deposited aluminum from a solution
which consisted of AlBrg, ethyl bromide, benzene and xylens,
the ethyl bromide being added to prevent the solution from
being affected by the atmosphere. External cooling by water
end the absence of moisture were reguired but the mebal waes
sald to be clean, smocth end strongly adherent.

In 1940, Scheibler and Henzel (19) described a process
for electrodepositing sluminum from a bath whlch consists
of solutions of aluminum-alkyls end AlClg in s solvent
inert to the pluminum-alkyls, namely xylene. The bebh liquid
seperates into two layers, the upper being xylene, which
also acts ae & protection layer, end the lower belng re-
actants. Whon the bath becomes contaminsted by water, it
is claimed thet 1t moy be regenerated by distillation.

Keyes end Swann (20,21) and coworksrs employed aluminum
Grignard resgents for the electrodeposition. Smooth coats
wore obtained at 20°C from ether solutions of dlethyl-
aluninun-iodide or ethyl-sluminun-dilodide in sn atmos-
phere of dry nitrogen slthough with the electrodes 1 cm.
apart, 40 volbts were roquired to produce a current density

of 0,02 ampa/cmg. These investigators (20,22) hsve slso
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used an electroiyte conbaining tetraethyl ammonlum bro=-
mlde and AlBrx. AlBrgz is added in mole to mole proportions
to the tetracthyl smmonium bromide csusing liquefaction to
set in spontancously abt room tempersture with the svolution
of heat. The liquid is then heated to about 100°C and an
aluminum asncde and copper cathodo Inserted. The current
donsity most sulbably employed is 0.068 amps/em>, whioh
required 2¢.6 volts. An anodic current efflciency of 100%
based on the smount of aluminum dissolved is cleimed ale-
though no mention is made of the cethode efficiency.

The fect that tetraethyl smmonium bromide is a gquater-
nary ammonium salt mskes this probably the closest approach
to the method to be set forth in thie psper, namely, the
electrodepcsition from solutions of elwainmam ciloride in
fussd alkyl pyridinium hslides. It will be racalled from
a provious sccticn that Audrieth, Long snd Edwards were not
able to deposit aluminum clectrolytically from s solution
of allly in pyridine hydrochloride because of the scidice
natuwre of that solvent.

II. Electrolyeis of Aluminum Chloride-~BEthyl Pyridinium
Bromide Solutiong

Prelininasry Ezpevriments snd Conclusions

During the firat experiments on the solubllity of

AlCl5 in ethyl pyridinium bromide and the slectrolyses of
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the resuliing solutlons speeinl precasutions were taken to
gxclude uolsture, The electrolysis cell conslsbed of a
stralght tube of 1 inch dismeter with e side arm of the
peme size. The ethyl pyridinium bromide wes placed in the
bottom of the sbtreight tube end AlCl; in the side erm, thus
enabling sdditionn of varying amounts of 2101, by tilting
without opening the cell. Drynesse was 1n$ﬁred'by ragsing
air dried over celeium chloride and poosphorous pentoxide
thirough the apparatus continucusly. Fuarthermore, the
Initlal transfer of materials to the cell was poerformed

in a dry stmosphere. Howover, later tests showsd that such
slaborate precautions with respect to molsture need nof be
oxercised.

After the cell had been supplied with the nmaeterials,
the athyl pyridinium bromlde wes melted and the cell tilted
s0 that AlCly spllled from the side-arm in small amounts.

A4 vigorous reaction ocourred with donse white fumes glven
off, These wore sublimed AlGlg. Az further additions were
made the vigor of the r&agtiom subsided and the sclution
took on a deep rad color in the region of about B0% al0lz
by weight, whils the volume of melt inereassed to sbout
twicse 1ts original volume.

2

Uslng a platinum cathede of 1 om™ area and s 0,3 cm.

ssrbon rod anode, several soclutlons prepared In the shove
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manner were slectrolyzed. The following conclusionsg were
reached from these preliminary experiments:

1. Aluminum can be deposited slectrolytically in smooth,
polishable plates from 6olubioné of AlCly in fused ethyl
pyridinium bromide. With the solutlons containing high
concentrations of AlClg, aluminum above was deposlited below
a certain voltage (aboub &‘volts), and sbovs this voltage
blue orgenic matter was deposited either alone or simul-
taneously with sluminum. It would appear that the 1™ and
(sthyl pyridinium)* ions are in compestltion for reductlion
at the cathode, and the ion in the highest rolatlve concen-
tration in comperison with its decomposliion volbage will
be the one reduced. In the case of very high concentration
of the one (which necessarily implles low concentration of
the other) there would probably be only one cathode product.
However, there must boe a rangs of concentrations in which
the use of high voltagse and currvent would csuse a local
decreass in concenbtration of the cne and asllow deposition
of the other, thet 1s, concentration polarization.

2. There 1s e minimum concentretion of AlCly, appro-
ximately 45-50% by weight, below which the solution will
not deposit aluminum electrolytically. Solutlions of lower
concentration form only the blue orgesnic reduction product.

3. The solutions exhibit a decomposition voltage for
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aluminum approximately between 1.5 and 2 volis between
the platinum end carbon slectrodes described.

4. The current is an ilmportent function of the tem-
perature. About 90°-100°C seems to be a critical value
aboves whnlich the current increasses very rapldly with teme
perature. In one sxperiment, at 90°C the conductivity was
1.7 x 10”9 reciprocal ohms, while at 130°C the temperature
at which the best results were obtained, the conductivity was
75 x 1079 reciprocal ohms.

It was further shown that aluminum could be deposited
from AlGlz-ethyl pyridinium bromide solutions using carbon
rods for both electrodes and using iron and steel cathodes
with carbon rod anodes. 1In addltion, sheet aluminum anodes
were used to eliminate the decomposition voltage and allow
continuous electrolysis by reaction with any halide pro-
duced at the anode. S8mooth, clean, adherent aluminum plates
were deposited on amall sheets of iron, steel and copper
using aluminum anodes,

The Effect of Aluminum Chloride Concentratlon

A. Phase Study ~ Variation of melting point with com-

position.
Mixtures of nine different concentrations of AlGls in
fused ethyl pyridinium bromlde were prepared. As previously

deseribed, these showed an initial vigor of reaction when
the AlCly was added to the melted ethyl pyridinium bromide.

Table I listc these solutlions, showing the welght percentage
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TABLE I.

Welght %
ﬁ;l()l;5

53.1

45,9
51.2

58.6
60.0

70.0

7/

freoparation of Mixtures of Aluminum Chloride

In Ethyl Pyridinium Bromide

Mol % Helting rPoint

AlCls (Temnp. of Maxri-

mum c%arity)

c

27 o 4 61
Softened

37.2 53
435.6 75
46,7 81
50.0 88
54,5 84
60,0 53
66Q7 "'4:0
680 2 -
76,9 187

sofbenad at 7O

at 45

44

Description

Deep orenge solution
at 135°

Deep crange-red liquid
at 125°, setting to orange
crystalline solid

Oreange liquid abt 1850,
giving orange solid at
room temperabure

Deeg orangée¢ solution at
120

Deeg orange solution at
1407, some so0lid present.
Orenge solid at room
toemperature

Deep red liquid st 140°

Brown liquid giving brown
s0lid at room temperature

Gray~brown liquid st room
temperature

Gray-brown liquid at room
temperature

Gray-browvn liquid at 140°
giving gray-brown, grainy
8011d at room temporature



of AlClz, the mol percentage of AlClz, the temperature of
maximum clarity, and a descriptlon of the solution.

It will be noted that as the concentration of AlCl5
is incféased, the color of the solutions changes from
orangé to deep red very. sharply between 50.0 mol % éhd
54.5 mol % AlCls. The color then darkens to a gray-brown
as the eutectic composition 1s approached. The reaction
- of the electrolyte when éxpgsed'bo molsture gradually changes
bfrém one.of watery deliquescence, similar to ethyl pyridinium
brdmide, to one in which a crust formation tskes pléce be-
cause of the AlCly present. ,

Figure 1 ﬁresents the mel ting point as a function of
f fhe concentrations of AlGl3 eand ethyl pyridinium bromide
in mol percent. There ars two eutectics and one maximum
‘in the curve. Such a maximum indicates compound formation,
and the composition at which this occurs 1s seen to be a
1:1 mol ratio of AlClz to ethyl pyridinium bromide. It 1is
also 1nterésting to note that the two eutectics appesr at
almost exactly 1:2 and 2:1 mol ratios. The eutectic tem-
perature at the 1:2 mol ratio of AlClz to ethyl pyridinium
bromide was taken to be 45°C because the 27.4 mol % and
37.2 mol % solutions both softened sharply at this temper-
ature. This is indicated on the curve by the dotted line
connecting the squares. The remarkably low melting point

of the eutectic at the 2:1 mol ratio should be noted especially.
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B. Minimum Aluminum Chloride Concentration for Plating

In performing the electrolyses to find the minimum
concentration of AlCly that can be used to olectrodeposit
aluminum, the cell used consisted of a siaple glass tube
of about one inch diasmeter and 10 cc, volume with a circular
aluminum anode surrounding a 1 cm.® flat iron cathode; The
temperature was 120°-130°C for all of these electrolyses.

Table II glves the results of these clectrolyses. The
lower limit of sluminum plating concentrations is between
50.0 and 54.5 mol % AlClz, although a very poor deposit was
obtained from the 54.5 mol % solution. There must be an
upper concentration limit alsc for pure AlCly does not give
an Al deposit. However, tnis upper limlt is not easily es-
tablished because at 125°%-130%the solubility limit of A1013
is roached at 77 mol % as can be scen from the phase dia-
gram. This 1s further borns out by the fact that aluminum
wgs obtained in a uniform adherent deposit from the 76.9
mol % AlClz solution at a temperature of 150°C slthough at
130°¢C AlClz was occluded in the deposit. Temperatures

above about 150°C cause slow sublimetion of the AlClﬁ.
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Table II. Electrolysis Results at 120°-130°C

Mol % AlClg Description of deposit

45.6 Blue organic reduction product

50.0 No aluminum, no blue material

54.5 Very poor, dark gray, non—adhofent

aluminum deposlt

60.0 Clean, adherent aluminum plate

66.7 Very shiny, adherent alumlnum plate
68.2 White, adherent sluminum plabe

76,9 Crystslline, non-adherent asluminum

deposit with occluded AlClg

It will be noted that at a 1:1 mol ratic of AlCl,
to ethyl pyridinium bromide neither metallic aluminum nor
organic reduction product was formed., This i1s the concen-
tration for which compound formation was indicated by the

composition-temperature phase diagram.

C. Direct Current Conductivities at Various Temperagtures

The direct current conductivities of three solutions
were measured at various temperatures and the results plotted
in graphlical form. Thess were [reshly prepared solutions of
54.5, 58.6, and 66.7 mol percent AlCls in sthyl pyridinium

bromide.,. It should bs realized that these conductivities
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can be interpreted only in a practical sense as any theo-
rotical interpretation would necessarily involve a knov-
ledge of such guantities as the kinds of lons carrying the
current, the viscosity at the various temperatures, and so
forth. Jurthemore, the conductivities are merely expressed
in reclprocal ohms and therefore are comparsble only among
themselves. HNevertheless, they show the desired relation-
ship. ¥For this purpose it was necessary to standardize the
cell and electirode dimensions, the volume of electrolyte
and the current density. The conditions used were chosen
largely because of their convenience.

Cell: Glass tube, 2,5 cm. in dlameter

Volume of elsctrolyte: 10 cc.

Anode: Aluminum sheet, 0.025 cm. thick, 1.6 cm wide,

in circular form agalnst the wall of the cell.

Total area of exposed side was 12.0 cmz.

Cathode: Thin squere iron sheet, total ares 2 em?.
Current density: 0.5 amps/dmg.
Table III contains the values obtained for the conduck-
ivity at varlous temperatures of the 66.7, H8.6, snd 54,5

mol percent AlCl, solutions. These data esre plotted in

3
graphlcsl form in pigure 2. At all temperatures, the con-

L)

s

ductivity of the 66.7 mol percent solution is grester than
that of the 58.6 mol percent solution, which, in turn, is

groater than the conductlvity of the 54.5 mol percent solution .,
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TABLE III. Conductivity of Aluminum Chloride-Ethyl

Pyridinium Bromide Solutions st Various Temperatures

Composition Temperature Condunctivity
Mol % AlCly %¢ Reciprocal ohms

66.7 125 7.7 x 1072

102 5.6 x 1072

82 B.7g x 107%

65 2.6g x 1072

58 1.5, x 1072

58.6 130 6.5 x 1072

111 3.0 x 1072

101 2.15 x 1072

91 0.9y x 1072

54.5 142 | 1.89 x 102

127 1.62 x 1072

112 1.17 x 1072

(100) (0.5 =x 107%)

(current density = 0.5 amps/dm®.)
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This increase of conductivity with increase in AlClyz con-
centration 1s ssen by comparing the conductivities of the
three solutions at a temperature of 120°. The increase is
sbout three-fold between 54.5 mol percent end 58,6 mol per-
cent, and the value for the 66.7 mol percent solution is
about five times that of the 54,5 mol percent solution. It
will be noted that the temperature range 1s shorter for the
58.6 mol percent solution than for the 66.7 mol percent
solution, and it is shifted slightly in the direction of
higher temperatures. This 1s because of the higher molting
point of this solution. For the 54.5 mol percent AlCl,
golution, the conductivity decreases markedly with tempera-
ture in the neighborhood of 110° because the plating tem-
pergture is very close to the melting point of the solution.

In general, the conductivity of fused salts or their
mixbures increases very rapldly just above the melting point.
At temperatures somewhat higher the conductivity usually
assumes a stralghtline relationship with the témperature.
This behavior was observed with the fused mixtures of AlCl3
in ethyl pyridinium bromide and is shown in the accompanying
table and graph.

D. The Effect of Temperature on Plating Pronerties

In addition to the change of conductivity of the various

solutions with tempersture, there is a change In the type
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of deposit obtained. 1In order to determine the minimum
temperasture at which smooth, clean, adhoerent plates could
be obtained from the solutions of 54.5, 60,0, 66.7, 68.2,
and 76.9 mol percent AlCls, electrdyses were conducted at
intervals of fifteen to btwenty degrees from 125°C down.
It was necessary to use lower current densities as the
temperature was decreased. At the temperabure at which
a poor deposit resulted, several current densities were
usually tested. The results are described below,

a) 54.5 mol percent AlClz: The plates obtained at

125° and 140° were only partly adherent because too high
a current density waes used. However, 125° probably rep-
resents the minimum plabing temperature even with lower
current densities because of the high melting point of the
solution.

b) 60.0 mol percent AlClz: Good plates were obtained

at temperatures as low as 80°. At 65° a spongy gray deposit
- slowly

of aluminum was obbtained which was only/soluble in concen-

trated hydrochloric scid. It was essily dispersed in water

to a high degree to give a gray, silky appeasrance. This is

probably due to the presence of numerous small platelets

of aluminum slong with some aluminum particles of almost

colloidsl dimensions.

c) 66.7 mol percent AlClz: With this solution 1t

was possible to obtain smcooth, white plates at temperatures

as low as 40°, although the conductivities were very low,
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At 30° a spongy deposit was obtained similar to that re-
sulting from the electrolysis of the 60,0 mol percent
A1G1, solution at 65°.

d) 68.2 mol percent AlClsz: Plates were obtained as

low as 80° although at this tempsrature they were granular
end only partly sdherent.

e) 76.9 mol percent AiClgs As previously mentioned,
a temperature of 150° was necessary to produce a smooth
plate as the deposit at 135° contained occluded elsctro-
lyte. |

It has now been shown that solutions 1n the neighbor-
hood of 66.7 mol percent are optimum from the standpoints

both of conductivity and of minimum plating tempersature.

The Effect of Current Density

In order to determine the optimum current density at
which plsting operations should pa conducted, s number of
experiments were made on a scale sufficiently large to
show that the process can be carried out practically and
at the same time make it possible to obtaln a better messure
of the current density and the type of deposib.‘

A. Apparastus

The apparatus used 1ls illustreted by figure 3. The

gell consisted of agn aluminum pot which also served as

anode, This was fitted with a wooden top slotted to allow
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FIGURE 3. ELECTROLYSIS APPARATUS
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passage of the flet cathode snd supplied with two glass
windows to allow observation of the electrolyts on either
side of the electrode. The cathodes were sheebs of steel,
brass, end bronze, 5 cm. wide and 14 cm. long with the
depth of immerslon of the cathodes in the elsctrolyte being
3.5 cm. A wotch glass wes placed on the bottom of the
aluminum cell to prevent contact of the cathede with the
bottom, which would result in a short-circulting of the
cell. The tempersture was maintained at 125° by the use
of a large oil bath. In order to prevent the diffusion of
moisture into the cell, a slow continuous stream of gir
dried over calcium chloride and phosphorous pentoxide was
gently blown in.

The electrolyte was an enhydrous 63.0 mol percent
solution of AlClg in othyl pyridinium bromide.
B. Procedure

1. Preliminary btreatment of the cathode:

Three genersl procedures were used to preparse the
surface of the cathode for plating. These were a) sanding
with emery paper, b) etohing in 6N hydrochloric acld or a
combination of sanding end acid etching, or c¢) making the
iron surface passive in concentrabted nitric acid. After
gach treabtment the surface wes dried with c¢leen cloth before

inserting in the electrolyte.
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2. EBlectrolysis:

The factors varied in the electroljses were the current
density and the time of electrolysis. This resulted in the
deposition of various amounts of gluminum, and from bthe data
it was possible to determine the amount of aluminunm which
can be plsebed most satisfactorily as well as the optimum
current density.

3, Subsequent Treatment of Plates:

An lmportent festure of the process involvad the im-
mediate removal of the adhsring film of electrolyte by
washing in benzens. The benzenc dissolves this £ilm and
thus prevents attack of the plate by hydrochloric acid pro-
duced by the reactlon of the electrolyte with wmolsturs of
the alr.

Tho corrosion resistance of the plates could be im-
proved by the subssqguent controlled oxldation of the surface
using concentrated nitric acid or anodic oxidation in s
chromic acid bath., However, this was not generslly done.

C. HResults snd Discussion

1. Alwainum Pleting on Sbteel:

The results are divided into two sections, namely, the
affect of current density and the effect of the amount of
aluminum deposaited.

Observabions on the effect of current density in a

number of teste with steeol cathodes on which approximately
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the same smount of aluminum wes deposited (equivalent
to 0.4 -0.51 ampere-hours/square decimster) showed that:

a) at a current density of 1.00 amps/dmz, the plates
sre unliorm but gray and the crystel size is fairly large;

b} at 0.90 amps/dm®, the ocrystelline cherscter is
85111 slightly granuler In some places:

c) abt 0.63 amps/dmz, the plates are uniform, but not
shinys

d) ab 0.46 amps/ém®, the plates are st en optimum,
being uniform, very finely crystalline, and shiny; and

e) at Q.30 ampa/dmg, the plate is not uniform, being
partly shiny end partly dull. |

On considering the cases in which various amounts of
aluminum were deposited under conditions of optimum current
density, the following observations were mede:

a) at the end of 0.28 ampere-hour/squarse decimeter
(emps=s=hours/dm®) the plete was white, but dull, snd shiny
only at the edges;

b) at the end of 0.43-0,49 amp-hours/dm® shiny, ad-
herent, uniform plates were obtasined; and

c) at the end of 0.6%9 amp«hours/dmz the plabe was
still shiny but the edges had become crystalline.

The optimum length of electrolysis is seen to be

egquivalent to sbout 0.5 amp-hours/dm2. In electroplating
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aluminum on steel a current density of 0,5 amps/ﬂmz for
one hour should be used.  Assuming a cebhode efficlency
of 100% snd the density of the electrodeposited sluminum
to he 2,7, the same as cast aluminum, this smount of cur-
" rent will deposit a layer of aluminum 0,006 mm thick. The
cabthoede efTiciency hes besn assumed Lo be 100 percent for
calculating the plete thilckness, This should be true as
long as molsture is excluded and no colored orgsnic re-
duection product is formed since the electrolyte doss not
react with aluminum when dry.

It must be realized that these opbtimum valuss apply
only for thls concentration of AlClg, but 1t is expected
that the values for other neighboring concentrations would
be of the same order of magnitude.

2. Aluminum Plating on Brass and Bronze

In a number of tests sluminum was plated on brass

end bronze sheeta. Inaspection of the plates and elsctrol-
| ysls data showed that the velues of the optimum current
density end amount of aluminum which may be deposited are
lower for plates on brass and bronge than the values for
aluminum plates on steel. Furthermore, the deposit is

muchh less uniform and edhsrent,

Adherence and Corrosion Hesistance of Aluminum Plates
The adherence of the sluminum to the steel, brass,

or bronze is an important function of the preliminary
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treatment of the cathode, This variasble has not been
completely studied as only three processes were used.
Fagsivity of the cathode seems to have no effect.

Corrosion resistance of aluminum surfaces is very
dependent on the trestment the pleted surface receives
after it is formed. This varieble hes not been studied
in this paper, but the corrosion reslstesnce is d@finitely
improved by the controlled formation of an oxide coating,
whetner 1t 1s done by concentrated nitric acid, anodic
oxidation in a cromic scid bath, or otherwise.

Contamination and Deteriorastion of the Elsctrolyte

It is possible that s freshly prepared saemple of the
electrolyte might contain water, excess ethyl bromide or
excoss pyridine if 1t has not been prepared carefully.

The wabter and the ethyl bromide would lower the cathode
efficlency by reaction with the aluminum depcsited and
increase the anode efficlency by inecreasing the rate of
solution there, These impurities may be rendered ineffective
by sllowing them to resct with the aluminum anode for a
while before placing the cathode in the elsctrolyte., The
presence of free pyridine would possibly result in the for-
mation of a gum or resin on electrolysis. However, the
gmounts of these lspurities should be small in a properly
prepared babh.

In sddition to the contamination of the slectrolyte
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by excess reagents or water, there can be contamination
by the introduction of foreigh metal ions. The source of
these may be the iron or other metal cathode, metal con-
taininé vessels, or lmpurities in the AlClz. In order to
determine the extent to which this might be expected to
occur, solubility tests of the metals were made., These
tests showed that even a sample of electrolyte which has
been exposed to the atmosphere through use will attack
only slightly the metals iron, opper, brass, lead and tin.
The slight etching that was observed was attributed to the
presence of moisture in the electrolyte. No effect was
obgserved on steel, bronze, or aluminum.

The effects of small amounts of copper and iron on the
character of the deposit were studied in more detail and
it was found that relatively low concentrations ruined the
deposits. Immediately after obtaining very good plates
with a sample of the AlClz-ethyl pyridinium bromide electro-
lyte, 0.1% cuprous ion (as CugCl,) was added. ‘This caused
the subsequent deposits to be black, greiny and non-adherent.
Both continued electrolysis and galvanic reaction with an
aluminum strip failed to restore the original plating pro-
perties of the bath. With a second sample of the electro-
lyte, ferrous ions to a concentration of 0.1% were intro-
duced by reversing the electrode polarity for the calculated

length of time, Immediately thereefter black, non-adherent
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deposits were obtained. 1In one case, continued electrolysié
succeeded in again producing shiny plates, while in snother
case abt a slightly higher concentration, continued electrol-
ysis had no beneficial effect.

It has been found that the properties of the bath
change over a period of time with continued electrolysis
at the required temperature, There is a change in the char-
acter of the electrolyte end of the plates, and a lowering
of the usable current density. The change in character of
the electrolyte results in a slight drop in the viscosity
and the melting point. However, the deposits become more
crystelline and finally become contaminated with organic
matter.

In order to determine whether this change is caused
by the electrolysis or by the prolonged heating, the follow-
ing test was made. A sample of freshly prepared electrolyte
was heated continuously for nearly 150 hours. The sample
was electrolyzed only long enough to make one or two plates
at the end of every 24 hours. Good adherent aluminum plates
were obtalned at the start of the test. Plates at the end
of 24, 48, and 72 hours showed an increasing amount of
crystalline character and were becoming less adherent. At
the end of 96 hours deposits of mixed aluminum and organic

reduction product were obtained and at the end of 144 hours
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only purple organlc matter was deposited on the cathode.

It was thus establlished that prolonged heating is
sufficlient to cause deterioration of the bsth. It was also
found that the deterioration is not caused by a change in
concentration of AlClz or ce¢thyl pyridinium bromide for the
addition of these éubstances did not improve the deposits

after deterioration had occurresd.

III. Electrolysis of Aluminum Chloride-Ethylene Dipyridinium

Dibromide Solutions

Aluminum may also be deposited electrolytically from
solutions of AlCly in ethylene dipyridinium dibromide. A
study has been conducted to determine the operating conditiohs
for electroplating aluminum from these solutions.

A. Phase Study

Mixbures of six different concentrations of AlClgz in
ethylene dipyridinium dibromide were prepared. These are
listed in Table IV, showing the weight percentage of AlClz,
the mol percentage of AlClz, the temperature of maximum
clarity, and a description of the product. The compositions
shown vary from a 1:1 mol ratio to a 5:1 mol ratio of AlClg
to ethiylene dipyridinium dibromide. The color of the sol-
utions varied only slightly during this very large variation
in the mol ratio of the components. There 1s a slight dark-

ening of the brown color with increase in AlClz concentration.
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In view of the fact that it was impossible to obtain
a sample of ethylene dipyridinium dibromide which contained
as much as the theoretical bromide ion content, it was nec-
essary to calculate an "apparent molecular weight" from
analytical data in order to provide a basis for comparison.
The sample used in the experiments described here were found
to contain 41.71% bromide ion. As e result the data cannot
be considered as accurate as those for AlClz in solutions
of ethyl pyridinium bromide.

Figure 4 shows the melting point as a function of the
concentration of AlClz and ethylene dipyridinium dibromide
in mol percentages. There scems to be only one eutectic
and no compound formation. Melting points of mixtures of
very low AlClz concentration could not be obtained because
of the ready decomposition of these mixtures. For this
reason, the possibllity of the formation of a compound with
& 1:1 or lower mol ratio of AlClz to pyridinium salt cannot
be completely excluded, although the general behavior makes
the existence of such a compound seem unlikely. The eubtectiec
oceurs at almost exactly a 4:1 mol ratio of AlClz to ethylene
dipyridinium dibromide. The mol ratio of AJ.Glr5 to pyridinium
© groups or bromide ions 1s 2:1 at this point. This 1s the
same ratio previously observed at one of the eutectics of

AlGl3 in ethyl pyridinium bromide. Also, as will be shown
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TABLE 1IV. Preparatidn of Mixtures of Aluminum Chloride

In Ethylene Dipyridinium Dibromide

Weight % Mol % Melting Point Description
AlCls AlCl. (Temp. of Maxi-
' mum clarity)
°¢
17.7 38 Decomposed on heating
25.9 50.0 200 £ 5 Red-brown solution, de-
: composed on heating to
. give black material
34,2 60,0 190-195 Red~-brown liquid, setting
to brown solid
41.1 66.8 140%2 Brown liquid setting to
brown solid

51,3 75.4 11223 Dark brown liquid giving

softened be- dark brown solid

low 70
58,4 80,0 70%5 Dark brown liguid of low
viscosity, which super-
cooled. Dark brown solid.

62.5 82.6 95 Dark brown liquid giving

softened at dark brown solid.

65 - 70

later, the ratio of AlClz to pyridinium groups seems to be

2:1 at the eutectic of AlClz and ethylene dipyridinium

dichloride,.

Taking all of these values into account it

would appear that there is some special significance at-

tached to these eutectics.
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B. Minimum Aluminum Chloride Concentration for Plating

Using 2 small cell similar to that used for conductivity
tests, the 82.0, 80.0, and 75.4 mol percent AlClS solutions
were electrolyzed at several temperatures from 100° to 145°.
The following observations were made:

a) 82.6 mol percent AlCl., only thin plates were ob-

tained with appreciable sublimation of AlClz at all temper-

atures above 100°.

b) 80.0 mol percent AlClz, excellent shiny or white
adherent plates obtained at temperatures between 115° anad
145°,

c) 75.4 mol percent AlClsz, unsatisfactory dark gray,

non-adherent deposits were obtained.

The minimum concentration of AlClz iIs thus found to be
between 75.4 mol percent, which corresponds to a 3:1 mol
ratio of AlCly to ethylene dipyridinium dibromide, and 80.0
mol percent AlClsz, which corresponds to a 4:1 mol ratio.

On the other hand, the plates at 82.6 mol percent AlGl3
(5:1 mol ratio) were poor, and sublimation of AlClz was ap-
preciasble. So it is readily seen‘that the renge of concen-
tration which csn be used in practice is rather nsrrow.

C. Direct Current Conductivities at Various Temperatures

The direct current conductivity of three solutions
were measured at various temperatures end the results plotted

in graphical form. These were freshly prepared solutions of
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75.4, 80.0, and 82.6 mol percent AlCl3 in ethylene dipyridinium
dibromide. The cell and electrode dimensions, volume of
electrolyte, and current density have been stendardized, The
same experimental conditions were used for these solutions

as for solutions of AlClyg in ethyl pyridinium bromide except

2 instesd of 2.0 cmg.

that the cathode area was 1.8 cm
Table V presents the values obtained for the conductivity
of various temperatures of the 75.4, 80.0 and 82.6 mol percent
AlClz solutions. These data are plotted in graphical form in
Figure 5. From the curves there is seen to be a straight-
line relastionship between the conductivity and temperature
for each of the solutions. At temperatures below about 11850,
the eutectic mixture (80.0 mol percent AlClz solution) ex-
hibits the highest conductivity of aﬁy of the solutions. But
at a temperature of gbout 115°, the curves for the eutectic
and for the 82.6 mol percent solubion cross and above this
temperature the 82.6 mol percent solution has the highest
conductivity. The conductivity of the 75.4 mol percent AlClz
solution at this temperature, obtained by extrapolation of
the curve, is approximately zero. However, the slope of this
line is so great that when a temperature of 150° is reached,
the conductivity of the 75.4 mol percent AlClz solution ex-
ceeds that of the 80.0 mol percent solution. Above a temp-~
erature of gbout 155° the 75.4 mol percent solution would

possess the highest conductivity of the three solutions tested.
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TABLE V. Conductivity of Aluminum Chloride-Ethylene

Dipyridinium Dibromide Solutions at Various Temperatures

(Current density = 0.5 amps/dm<)

Mol % Temperature Conductivity -
AlClg c° Reciprocal ohms
75.4 130 2.3 x 1072
145 5.0 x 1072
160 7.5 x 1072
80.0 90 2.2 x 1072
100 2.7 x 107%
115 4.1 x 1072
130 4.5 x 10772
145 5.0 x 1072
82.6 100 2.5 x 1072
115 3.9 x 1072
130 4.1 x 107%
145 6.0 x 10"2

This behavior of solutions containing less AlClgz than the
eutectic composition is very different from the behavior
of solutions of AlClz in ethyl pyridinium bromide of corres-
ponding composition. The values of the conductivity of the

solutions of AlClz in ethylene dipyridinium dibromide are
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of the same order of magnltude as the solutlons of AlClg
in ethyl pyridinium bromide but the temperature range 1is
shifted slightly in the direction of higher temperatures.

D. Optimum Operaeting Conditions

Solutions whose composlition is in the immediate nelgh-
borhood of the eutectic at 80.0 mol percent AlClz have been
shown to be the only ones from which good plates could be
obtained, The optimum conditions for operating s bath of
this composition have been determined by performing tests
at seversl current densities at a number of temperatures
between 90° and 145°. It was found that the best plates
were obtained st a temperature of 145° using a current den-
's1ty of 0.5 smps/dm® for 30 minutes. Temperatures above
this were not used because of the sublimetion of AlClgz,

The maximum current density at any ﬁemperature at which an
adherent plate could be obtsined was 1.5 amps/dm® at 145°,
but these were not as finely crystalline as the plafes

made at 0.5 amps/dmg.

IV, Electrolysis of Aluminum Chloride-Ethylene Dinyridiniuﬁ

Dichloride Solutions

The system of AlClz and ethylene dipyridinium dichloride
has not received extensive study yet because of the diffi-
culty of preparing reasonably pure ethylene dipyridinium

dichloride, which was mentioned in Part I, This difficulty
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led to the use of a direct method of prepafation of the
electrolyte using pyridine, ethylene chloride end AlClsz.
The method has been found to be ressonsbly satisfactory -
but is more susceptible to an excess of reagents. The pro-
cedure for preparing the electrolyte is to mix the stoichio-
metrical amounts of pyridine and ethylene chloride and allow
them to react at room temperature until a yellow color ap-
pears, which is accompanied by a slight increase in the
viscosity. This may require 24 hours. Weighed amounts of
AlCly are then added slowly with vigorous stirring. Con-
siderable heat is evolved. The solution changes in color
to a red-brown and as more AlClz is added becomes very dark
brown, or black. A rough indication of the phase dliagram
may be obtained by teking the melting point of the mixtures
at various stages in the additlon of AlClz. It was found
that there is dafinitely a eutectic in the neighborhood of
a 4:1 mol ratio of AlClz to ethylene dipyridinium dichloride.
Observations on two preparations showed that this eutectic
melts fairly sharply at 27°. The presence of excess re-
agents at the beginning of the addition of AlClz makes melt-
ing point data for low percentages of AlClz of no value.

The conductivity Qf the 80 mol percent A1015 solution
has been measured at several temperatures using the same
current density and conductivity apparatus as that described

for the ethylene dipyridinium dibromide. Table VI presents
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the dzta obtained. These dats have been nlobtted in graphical
form in Figure 6. A straightline relationship between con-
ductivity and temperature 1s found to hold for this solution
above a temnersture of about 90°, but below this temperature
the conductivity falls off more rapidly with further decrease
in tempsrature. For the purpose of reference, the line ob-
tained for ethylene dipyridinium dibromide at 80.0 mol per-
cent AlCl5 nas been drawn on the same graph. The two lines

ere found to be practically colncident.

TABLE VI. CONDUCTIVITY OF ALUMINUM CHLORIDE~ETHYLENE

DIPYRIDINIUM DICHLORIDE

80 mol percent AlClgz
Current density = 0.5 amps/dm®

Temperature Conductivity
¢° Reciprocal Ohms
70 0.5 x 1077
90 2.4 x 10™%
115 3.6 x 1072
129 4,6 x 1072

VI. Electrolysis of Aluminum Chloride-Ethyl Pyridinium

Chloride Solutions
The study of the system of AlGl5 and ethyl pyridinium
chloride has been directed only toward the establlshment of

the feasibility of depositing aluminum from such solutions.
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The addition of AlClz to fused ethyl pyridinium chlgride
produced a red-brown solution which was a liguid of low
viscosity at room temperature. The electrolysis of this
solution at a temperature of 110° using a current density
of 0.5 amps/dm® produced a bright deposit of metallic

aluminum in large crystals.

VI. Summary:

The results of the present research show that sluminum
can be deposited electrolyticeaelly on other metals from
solutions of anhydrous AlCls in any one of several fused
pyridinium compounds, namely, ethyl pyridinium bromide or
chloride and ethylene dipyridinium dibromide or dichloride.
Furthermore, the plates are smooth, and very finely crystal-
line, and may be produced on iron, steel, copper, bronze,
brass, platinum, lead and tin using aluminum anodes. Other
metals were not tested. The case of AlClgz in fused ethyl
pyridinium bromide has been studied in considerable detall
with respect to the effects of AlClz concentration, current
density, temperature, current efficiency, and the ease of

contamination of ths plating solution.
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