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/;?was investigated; Mo was studies in the basic melt (excess NaCl) while Se and Te

were investigated as a function of melt acidity and a variety of acidity depen-
dent electrochemical reactions were uncovered. The electrochemistry of Ni(II)
was also investigated, apd it was found that NiCl, was insoluble in the neutral
and basic melt. At 175°€ the melt becomes saturdfed with NaCl at about 1% ex-
cess. Although not subject to detailed investigation, it was found that oxygen
reduction in this melt could be catalyzed by the presence of metal cations.
Such as Cu(I) and Mo(V). \

A new "room temperature" molten salt, N-Butylpyridinium chloride

(BuPyC1)-aluminum chloride, was discovered. The 1:1 mole ratio mixture of ot

BuPyC1:A1C1; is liquid at 27°C, and the mole ratio may be varied from 1:0.6

to 1:2 at essentially room temperature, thus permitting significant variation
in acidity. Raman spectroscopic studies were carried out and the dominant
solvent equilibrium, 2 A1Cl, = A1,C17 + C17, was determined potentiometrically
as < 3.8 x 107'3 on the mole fraction scale, the limitation being imposed
because the BuPy” species is reduced by an Al indicator electrode in the basic
melt, thus rendering precise determination of this constant difficult. This
melt is miscible with benzene and other organic solvents and nmr studies in-
dicated that the benzene undergoes no specific interaction with the melt,
serving as a simple diluent. Determination of the dominant equilibrium
referred to above in a 50-50 volume precent mixture of melt plus benzene gave
a value for the equilibrium constant essentially identical to that for the
pure melt. This again indicates the absence of any specific interaction of
the melt with the benzene. A number of physical properties - conductivity,
and viscosity, in particular - are improved upon addition of benzene.

The Raman, potentiometry and other physical studies indicated that the
1:1 melt is essenti$11y BuPy” + A1Cl4, while the 2:1 A1C13:BuPyCl system can
be regarded as BuPy” + A1,C17. The equilibrium, A1CTs + A1CIL: I A1,C15 lies
much further to the right than in the corresponding alkali halide-aluminum
nalide systems, even when the temperature difference of the systems is taken
into account.

““The electrochemistry of a number of aromatic polynuclear hydrocarbons was
studied across the acidity range. A1l were shown to undergo a one-electron
oxidation to the radical cation that was independent of melt acidity and,
compared to ferrocene, oxidized at the same relative potential as in acetoni-
trile. high acidity, certain of the hydrocarbons appeared to participate
in acid-basé~ehemistry with the melt, and it was postulated that an aluminum
chloride analog of.a carbonium ion was formed. Some of the more easily
oxidized hydrocarbons were spontaneously oxidized by the most acid melt mixture

In related work £%he electrochemistry of a number of metal carbgny1s was
investigated in another” room temperature melt, a 2:1 mixture of aluminum
chloride and ethylpyridinium bromide. y\Attempts to study the electrochemistry

. of iron diimine complexes failed, sincCe it was found that the Fe(II) complexes

underwent photochemical conversion to the Fe(III) comples.
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This is the Final Report on AFOSR-ZSmE¥®®, "Electrochemistry of Solutes
in Chloroaluminate Melts and the Development of Related Electrochemical
Methodology.

The research carried out under this grant was intended to investi-
gate molten haloaluminate melts as solvents for chemical reactions, with
particular emphasis on the electrochemical behavior of solutes in these
systems. To do this, a variety of electrochemical and non-electrochemical
work is required in order to obtain a firmer understanding of the solvent
system characteristics and, in particular, the acid-base dependent chem-
istry in the system. As of February, 1979, a new task involving the
development of electrochemical methodology specifically aimed at aiding
the performance of this work was added.

The grant period was from 1 April, 1976 thru 30 June, 1979. Total
funds for the period amounted to $148,000. In the initial stages of
this grant only one of us (RAO) was a principal investigator. However,
an additional co-principal investigator was added as of February, 1979.
During the period of this grant one of us (RAO) spent a year on leave in
Washington at the Air Force Office of Scientific Research. During that
period Professor El1liott Bernstein served as Principal Investigator.
The project was initially funded for $50,000 and an additional $80,000
was funded 1 March, 1977. The initial funding was intended for 6 months,
but a no cost extension was requested. In view of the Principal Inves-
tigators Washington sojurn, another no-cost extension was requested.
A renewal proposal for $100,000 effective 1 February, 1979, was prepared
but, in view of the fact that the co-principal investigators were leaving
Colorado State University for the State University of New York at Buffalo,
this was decreased to $18,000 with a termination date of 30 June, 1979.
Hence, the 3.25 year period of this grant was funded for approximately
1.6 to 1.7 years of funding, as requested in the initial proposal sub-
mitted in June, 1975.
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I. Work in Sodium Tetrachloroaluminate

In the interests of brevity, material which has been published will
be covered by inclusion of abstract, with appropriate references.

Appendix I includes a cumulative 1list of publications on AFOSR
funding, or related funding; work performed on prior AFOSR grants and
previously included in past Final Reports, but which was published since
April, 1976, includes references 14, 15, 16 and 17.

Studies of Molybdenum chemistry in the basic sodium tetrachloro-
aluminate melt were completed and published (18). An abstract of the
published paper follows:

“A number of molybdenum chlorides and oxychlorides have been in-
vestigated in the sodium tetrachloroaluminate melt. The three- and
five-oxidation states were stable in the melt, but the six-oxidation
state, added as M003, M002C12, and MoOC14, oxidized the melt and was
itself reduced to Mo(V). The behavior of this Mo(V) was indistinguish-
able from that of Mo(V) added directly to the melt as the pentachloride.
Mechanisms have been proposed to rationalize the electrochemical oxi-
dation of Mo(III) and reduction of Mo(V), although in the latter case
layer formation on the electrode surface prevented a definitive charac-
terization. A disproportionation mechanism is believed to be operative
in the oxidation of Mo(III), and by cyclic voltammetry and rotating
ring-disk techniques it has been possible to detect an intermediate
Mo(IV) species."

Continued interest in the acid-base dependent chemistry of solutes
in these melts lead to a further investigation of the acidity dependence
of oxides and chalcogenide ions in the sodium tetrachloroaluminate melt.

This work has been published in Inorganic Chemistry (19). An abstract
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of that material follows:

"The acid-base chemistry of oxide, sulfide, selenide, and telluride
ions in sodium tetrachloroaluminate melts at 175°C has been investigated.
These ions were found to be trichloro bases in acidic melts, the equili-

2-

brium with the solvent being 3A12C1; fogE A]XC]E +* 3A161;. Within

the precision of the present results the relative strengths of the

2= o2 L g2 L g2

tribases appear to be in the order Te™ , Se <0

A desire to attempt to determine oxide ions in the melt lead to our
attempting to repeat work published by Tremillion and coworkers (B. Tre-
million, A. Bermond and R. Molina, J. Electroanal. Chem., 74, 53 (1976).
We were unable to repeat this work and a detailed study was made of the
behavior of nickel in the sodium tetrachloraluminate melt. This work
was published in the Journal of the American Chemical Society (24) and
an abstract follows:

"The electrochemical behavior of Ni(II) has been investigated in
chloroaluminate melts between 175 and 210°C. Ni(II) is completely
soluble in acidic mixtures where the pCl is higher than 5.5 (mol kg']
scale). A well-defined and behaved reduction wave is observed at 1.2V
vs. an Al reference in a NaCl-saturated reference compartment. When the
pCl is decreased, precipitation of NiC]z occurs, the result which has
been confirmed from electrochemical and x-ray diffraction experiments.

A solubility product of 10-12.9 (mo1 kg'])3 was found. This result is
also is disagreement with the precipitation of Ni0O which has been recently
proposed in the Titerature. As a direct consequence, the acid-base
behavior of oxide ions in chloroaluminate has been reinvestigated.

Precise titrations of the basic strength of oxide ions have been per-

2 mol

formed in narrow pCl ranges. An equilibrium constant of 1.6 x 10~




kg'] was found for the general reaction A10C1,” Z AT0C1 + C17, two
orders of magnitude higher than the previously reported value."

It is at least of passing interest to note that a private conver-
sation with Professor Tremillion at the International Society of Electro-
chemistry meeting in Trondheim, Norway in August of 1979 resulted in his
stating that they had been unable to repeat their own published work.

Work on the behavior of the chalcogenides in the melt was con-
tinued, in keeping with our prior work on sulfur (16).

Studies on the behavior of selenium and tellurium in the sodium
tetrachloroaluminate melts were carried out and published in the Journal
of the Electrochemical Society (23,27). Abstracts of those papers
follows:

"The electrochemistry of selenium and various selenium compounds in
A1C13:NaC] melts has been investigated by a variety of techniques in-
cluding pulse and cyclic v:ltammetry, coulometry, and the rotating-disk
electrode. It was found that selenium can be reduced, in both acid and
basic melts, by a single two-electron step to selenide which exists in
the melt as either AlSeCl or A1SeC1£ (or their analogous solvated species

A]ZSeC15 and A]ZSeC1§') depending upon the acidity. The mechanism for
the oxidation of selenium to Se(IV) was found to be dependent upon the
melt acidity. In basic melts, selenium was first oxidized by a two-
electron step to an Se(II) species and then by a further two-electron
step to Se(IV). 1In acid melts the oxidation was a single quasireversible
four-electron step. The reduction of Se(IV) to selenium was a single

four-electron step at all melt acidities. The kinetics of these oxi-

dation and reduction processes were investigated extensively. From

studying SeC]4 solutions, it was found that there were two Se(IV) species
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in the melt, SeC1Z™ and SeCl;, linked by the acidity-dependent equilib-

rium

secl; + €17 Sec1§‘

for which the equilibrium constant was calculated to be 6.0 + 1.0 x 103
on the mole fraction scale."

"The electrochemistry of Te(IV) in NaC1:A1C1, melts has been inves-
tigated by a variety of techniques including cyclic and pulse voltammetry,
potentiometry, controlled potential coulometry, and the use of the
rotating-disk electrode. It was found that in the most basic melts at
temperatures above 250°C, Te(IV) was initially reduced by a two-electron
step to a soluble Te(II) species which could then be reduced further to
elemental tellurium. At Tower temperatures and in more acidic melts,
Te(IV), which is present in the melt as the chlorocomplex ion TeC]E, is
reduced directly to Te which undergoes a complexation reaction with
Te(IV) to form Te§+. This complexation reaction and the oxidation of
Teﬁ+ have both been extensively investigated and a mechanism for the
complexation reaction involving a Te(II) intermediate is proposed."

It was also discovered that oxygen, which is unreactive at an

electrode in the melt, could be catalytically reduced by the presence of

traces of metallic ions, such as Cu(I) or Mo(V), in the melt. It is
hoped to utilize this discovery in future research activities in this gi
solvent. |
A review article dealing with aspects of our prior work and that of
others has been co-authored with Professor Gleb Mamantov, also an AFOSR

grantee, and published in a book arising from presentations at an Ameri-

can Chemical Society symposium (25).




¥ II. Work in "Room Temperature" Molten Salts
Many years ago, under AFOSR 71-1995, we initiated some electro-
chemical studies of the behavior of organic solutes in the sodium tetra-
chloroaluminate melts (4,6,9). This work was then split off, and, in

collaboration with Professor Larry Miller, then of Colorado State Univer-

-

sity, a research proposal was submitted to, and supported by, the Army
Research Office. Partial support from the American Chemical Society-

Petroleum Research Fund was also obtained. Several publications are

b i 2 R

attributed to this support as well as to AFOSR support and aid (8,12,14).
However, it was clear that the high temperature (175°C) required for the
sodium tetrachloroaluminate melt precluded extensive utilization as a
solute for organic reactions, though very interesting properties, such
as the surprising stability of radical cations, was noted.

We then discovered that a system of ethylpyridinium bromide-aluminum

chloride (1:2 mole ratio) had been studied briefly in the early 50's

AR TR R ———

(F.H. Hurley and T.P. Wier, J. Electrochem. Soc., 98, 203 (1951)) and we
utilized this sytem as a "room temperature" molten salt, since it was
1iquid at essentially room temperature (11,15).

Under the present support, the behavior of a number of metal car-
bonyls in a mixture of this room temperature melt with benzene, with
which it is miscible was studied and published in the Journal of Organo-
metallic Chemistry (21). An abstract of that work follows:

"The electrochemical oxidation of six metal carbonyls was studied
in a mixture of the high Lewis acid, room temperature molten salt,
composed of aluminum chloride and ethylpyridinium bromide (2:1 molar
ratio) and benzene (50% v/v). Chromium hexacarbonyl was found to be

reversibly oxidized to the seventeen electron cation Cr(CO);, isoelectronic

with vanadium hexacarbonyl. Some stability was also found for the
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corresponding 17 electron cation of iron pentacarbonyl. The other

carbonyl compounds studied Mo(CO)G, N(CO)G, Rez(CO)]O, and an(CO)]0
exhibit electrochemical behavior characteristic of chemical and electro-
chemical reactions following the electron transfer reaction. Based on
the large dependence of the oxidation potentials on the nature of the
central metal atom in this solvent, it is proposed that the metal carbonyls
interact with electron deficient species in the melt, decreasing the o
donor ability of the ligand, but increasing its m acceptor capabilities."

One of our colleagues at that time had an interest in iron diimine
complexes, and aside was made to study a bit of their behavior in aqueous
acid solution. This work was published in Inorganic Chemistry (20). An
abstract of that work follows:

"The electrochemical oxidation of tris(glyoxal bis(methylimine)-
iron(II), Fe(GMI)2+, has been investigated using cyclic voltammetry and

rotating-disk studies in 0.5 M H250 The main reaction product is an

4
iron{III) complex in which one of the GMI 1igands is oxidized to H3CN==C(0H)-
CH==NCH3, thus consuming 3F/mol of Fe(GMI)§+. A reaction mechanism
consisting of electrochemical oxidation of the Fe(II) to an Fe(III)

complex followed by a rate-determining first-order chemical reaction is

proposed. In this chemical reaction, the Fe(III) complex is intramolecu-

R AR

larly reduced to the Fe(II) state, with concomitant oxidation of the
ligand; the radical-Tigand complex is then further electrochemically
oxidized very rapidly. This proposed ECE mechanism is compatible with
the experimental results. The rate for the intramolecular reduction of
the ferric complex is 22 + 2 s']. This value is applied to estimate a

second-order rate constant of 109-10]o M‘] s'] for the chemical oxi-

dation of Fe(GMI)§+ in this acid concentration."
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R When efforts to study these complexes in the room temperature, acid
molten salt were made, however, it was found that the complexes were
photosensitive, and a brief study of this phenomenon was made and pub-
lished as a Communication in the Journal of the American Chemical
Society (22). Briefly, it was found that most of the Fe(II) complexes
of the iron diimines studied were converted into their Fe(III) complexes

on irradiation with low intensity visible light. It was concluded that

the reaction, which resulted in the oxidation of the complex involved

MLt

the ethylpyridinium cation as an electron acceptor, which could then
dimerize. This publication must, however, be considered as somewhat
non-definitive, but further work was considered beyond the scope of our
normal research interests.

The ethylpyridinium bromide-aluminum chloride (1:2 mole ratio
system) possesed significant limitations, however. It is only about the
1:1 mole ratio of aluminum chloride to organic halide (or inorganic
halide) that the acidity of the system may be significantly varied (3).
Thus, we continued to seek a low melting system where the mole ratio
could be varied about the 1:1 point.

In the spring of 1977, this hope was realized. We found that the
system N-butylpyridinium chloride-aluminum chloride was liquid at 27°C
and that the mole ratio of N-butylpyridinium chloride to aluminum chloride
could be varied from 1:0.6 to 1:2, i.e., it could be made very basic

with excess butylpyridinium chloride and quite acid in the 1:2 mole

ratio melt. A number of publications have resulted from this finding.
First, Raman spectral studies were performed and the results have

been published in Inorganic Chemistry (26). The abstract follows:

S ety e O




"The Raman spectra of A]C]3-1-buty1pyridinium chloride liquids at
ambient temperatures have been recorded for the 0.75:1.0 to 2.0:1.0
molar composition range, respectively. Four absorption bands each for
A]C]; and for A12C1; ionic species were assigned on the basis of higher
temperature vibrational spectrai results of A1013—a1kali metal chloride
systems. The association equilibrium constant for A12C17' ion forma-
tion, 2A1C1; & A12C16 z 2A12c1; is significantly larger than that for the
A1C13~M01 melts, where M represents an alkali metal cation."

Following that, it became necessary to determine the equilibrium
constant for the dominant melt equilibria,

2 A]C]i = A]zcl; + €1
and this was done. The results have been published, also in Inorganic

Chemistry (29). The abstract follows:

"The solvent acid-base properties of A1C13:1-buty1pyridinium chloride
melts from 2.2:1.0 to 0.6:1.0 molar ratios have been investigated by
potentiometry. An equilibrium constant, K3, for the dissociation re-

-13 4t 30ec.

action 2A1C1, & A12C1; + C1~ was determined to be < 3.8 x 10
The 1-butylpyridinium cation is spontaneously reduced by elemental
aluminum in the basic composition range." ?
Several years ago we had initiated certain physical property studies
on the ethylpyridinium halide~aluminum halide "room temperature" melt.
This was later expanded to include work on the butylpyridinium chloride- i
aluminum chloride system, and also included some nuclear magnetic re- i
sonance studies. While bringing this work to fruition proved difficult,
it was finally done. Of primary importance is the fact that these room ﬁ

temperature melts are miscible with benzene, and other organic solvents,

although there is no evidence of complex formation between the aluminum




chloride and the benzene. This work has been published in the Journal
of the American Chemical Society (30). An abstract follows:

"A molten salt system A1C13-n-buty1pyrid1nium chloride has been
developed which is molten at 40°C over a wide composition range (0.75:1
to 2:1 mole ratio A1C13—n-buty]pyridinium chloride) and the electro-
chemical and spectroscopic behavior of a number of aromatic hydrocarbons
has been investigated in this medium. A11 the hydrocarbons studied
were shown to undergo a one-electron oxidation to the cation radical at
a potential that is independent of the melt composition and similar to
the value in acetonitrile. The oxidation potential in the melt was
found to vary fairly linearly with the value of the first ionization
potential of the hydrocarbon and the cation radicals formed were ob-
served to have a significantly greater stability in this molten salt
medium than in acetonitrile. Spectroscopic studies showed that the

hydrocarbons participate in an acid~base type equilibrium with the acid

species in the melt, A12C1;, to yield complexes whose spectra were

generally very similar to those of the carbonium ions of the parent
nydrocarbons. The 1:1 melt was shown to be capable of oxidizing those
hydrocarbons more readily oxidized than hexamethylbenzene to their
radical cations. This oxidation ceased when the melt acidity was
lowered."

Since it was felt that the mixtures of the melt with benzene were
important, the behavior of aluminum in the melt and the melt-benzene
mixture was investigated. This work is in press in the Journal of
Electrochemical Society (31). Of primary importance is the fact that
the dominant equilibrium in the melt - benzene mixture is essentially

the same as that in the pure melt, again substantiating the fact that
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the benzene serves as a simple diluent. An abstract of that paper
follows:

"The aluminum deposition and stripping processes at tungsten,
platinum and glassy carbon electrodes in the low temperature molten salt
system, n-butylpyridinium chloride: aluminum chloride and the 50 vol%
mixture of this molten salt with benzene has been investigated. At all
three electrodes, and in both solvent systems, the deposition reaction
in slightly acidic melts, the reduction of A12C1; ions, was found to
involve a nucleation process while at the tungsten and platinum elec-
trodes under-potential deposition was also observed. Reduction of the
n-butylpyridinium cation was found to occur at -1.1V vs. A1(2:1 melt)
which is positive of the reduction potential of A]C]i ions and therefore
aluminum deposition in basic melts was not observable. Studies of the
stripping of aluminum from inert substrates showed that aluminum is very
slowly corroded in acidic melts, and melt-benzene mixtures, by traces of
oxidizing impurities while in basic systems aluminum reduces the butyl-
pyridinium cation. Potentiometric titration of the 50 vol% melt-benzene
mixture showed that the acid-base properties of this system are defined,
as in the pure melt, by the equilibrium

2 A]C]i i A]2C1; + C1~

13 4t 30°C.

with an equilibrium constant of 2.2 x 10~
Finally, two review articles dealing predominentiy with the room

temperature molten salt work have been prepared for publication (32,33).
It should be mentioned that the discovery of these 1:1 melts was

quickly transmitted to personnel at the Frank J. Seiler Research Labor-

atory at the Air Force Academy in Colorado Springs. They have investi-

gated the properties of several related systems (R.A. Carpio, L.A. King,




R.E, Lindstrom, J.C. Nardi and C.L. Hussey, J. Electrochem. Soc., in

press) and have studied the behavior of the Cu(II)-Cu(I) system in a
. very acid (2:1) melt of aluminum chloride - methylpyridinium chloride
(C.L. Hussey, L.A. King and R.A. Carpio, J. Electrochem. Soc., 126, 1029
(1979) and the Fe(III)-Fe(II) system in the 2:1 aluminum chloride-N-

butyipyridinium chloride melt (C.L. Hussey and L.A. King, J. Electro-

chem. Soc., in press).
Although not related directly to this grant work, a recent develop-

ment is worth noting. It has been found that the room temperature melts i

may be useful solvents for carrying out photochemical conversion, via a
photoelectrochemical device. During the Spring of 1979 some preliminary
experiments, in collaboration with Dr. Arthur Nozik of the Solar Energy
Research Institute Golden, Colorado were carried out and were reported.
(R.J. Gale, A.J. Nozik, and R.A. Osteryoung, "Electrochemical Character-
ization of the Semiconductor TiOZ-Room Temperature Molten Salt Interface",
: Rocky Mountain Regional Electrochemical Society Meeting, Ft. Collins, ;
Colorado, June, 1979). While the results were of a preliminary nature, i
they did indicate that the electrodes were stable in the melts and that
a variation in flat-band potential with melt acidity could be noted.

Further work in this area, in collaboration with Dr. Nozik, will be

carried out. A number of other workers now appear to have become in-
trigued with this possibility, and as a result of our work on these
melts, activity is going on at Colorado State University (in Electrical
Engineering and Chemistry,) at Gould, Inc., Rolling Meadows, I1linois,
at the Solar Energy Research Institute, and at the Massachusetts Insti-

tute of Technology, where Professor Mark Wrighton is preparing to




initiate some work in photoelectrochemistry in these solvents. It is
therefore possible that our work in, and discovery of, these unique low
temperature molten salt systems could be of considerable technological

importance.

ITI. Interaction with Air Force and other DOD Laboratories

During the course of this work continual contact has been main-
tained with personnel at the Seiler Laboratory, particularly Lt. Col.
Lowell King and co-workers. Several meetings were held, both at Color-
ado Springs and in Fort Collins. As mentioned above, communication
regarding the discovery of the low temperature melts was quickly made to
Seiler Laboratory; some effort was made in Fort Collins - with no success,
sad to say - to run Raman on some of the other alkylpyridinium halide
melts they prepared. The most recent meeting was held at Seiler on May
2, 1979, prior to leaving Colorado State University. It is hoped that
continued contact with Seiler will prove possible even though we are now
physically further away.

Presentation on work under this grant was made at the Analytical
Contractors Meeting in Dayton in June, 1979. As a result of that pre-
sentation, samples of the butylpyridinium chloride material were sent to
Dr. David Margerum at Hughes Research Research Laboratory in California;
he was interested in assessing it as an additive in some of his liquid
crystal work.

It should be added that work to perform spectroscopic studies in
non-aqueous systems, including these molten salts, is funded by the

Office of Naval Research. Some of the publications listed render
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by
¥ credit, when applicable, to both ONR and AFOSR. Presentations on por-
tions of this work have been made at several ONR contractors' meetings.
IV. Grant Personnel
Individuals associated with this grant activity for any prolonged
period of time are listed below. A1l were at the post-doctoral level.
Dr. Graham Cheek
Dr. Thomas Santa Cruz
3 Dr. Robert Gale

Bernard Gilbert
David Koran
Hogne Linga
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