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• . .j~es .arch carried out under th~s grant had , as its primary goal , the investigation
oNj olten haloa lumi nates ’as solvent systems for the study of electrochemical re-~actions. The particular interest has been in the fact that systems , such as the
filO l terl tetrachioroa luminates , show significant acid-base dependent behavior w hich
is reflected in solute electrochemistry .

In the NaC1:A1Ch system (sodium tetrachioraluminate) , the acid-base chemistry of ~~
c~xid~ and chalcogenides was investigated. The electrochemistry of Mo , Se and Te
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- ~was investi gated; 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-

F dent electrochemical reactions were uncovered. The electrochemistry of Ni(II)
was also investigated , and it was found that NiGh was insoluble in the neutral
and basic melt. At l75~’t the melt becomes satur~t~ f with NaC1 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” mol ten sal t, N-Butylpyridinium chloride
(BuPyCl)-aluminum chloride , was discovered. The 1:1 mole ratio mi xture of ‘

BuPyC 1 :AlCl 3 is liquid at 27°C, and the mole ratio may be varied from 1:0.6
to 1:2 at essentially r~orn temperature , thus pt~rmitting significant variationin acidity . Raman spectroscopic studies were carried out and the dominant
solvent equilibrium , 2 A1C 1L + = A 12C17 + Cl , was determi ned potentiornetrically
as < 3.8 x lO-~ on the mole fraction scale , the limi tation being imposed
because the BuPy+ species is reduced by an Al indicator electrode in the basic
n~elt , thus rendering precise determination of this constant difficult. This
melt is miscibl e with benzene and other organic sol vents 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 mi xture of melt plus benzene gave
a value for the equilibri um 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 , potentiometr~ and other physical studies i ndicated that the
1:1 melt is essenti~lly BuPy + AlCl~ , while the 2:1 A1C13:BuPyC1 system can:~e regarded as BuPy + A l2Cl7 . The equilibri um , AlCl 3 + A1CL+ A 12C1 7 lies
iiuch further to the right than in the corresponding alkali halide -aluminum
~~lide systems , even when the temperature difference of the systems is takenir~to account .

7The electrochemistry of a number of aromatic polynuclear hydrocarbons was
studied across the acidity range . All 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-
tru e. ~ t~high acidity , certain of the hydrocarbons appeared to participate
in acid-bas~~€~emistry with the melt , and it was postulated that an alum inum
chloride analog ~of~a carbonium ion was formed . Some of the more easily
oxidized hydrocarboñ ’s were spontaneously oxidized by the most acid melt mixture

In related work/fle electrochemistry of a number of metal carbonyls was 
I
)

investigated in anothe~”room temperature melt , a 2:1 mixture of aluminu m
chloride and ethyl pyridini urn bromi de. ~Attempts to study the electrochemistryDf iron diimine complexes failed , sinc~ it was found that the Fe(II) complexesunderwent photocherni cal conversion to ~he Fe (III) comples.
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AFOSR TR 79 1 24 2

This is the Fi nal Report on AFOSR- ......iR’, “Electrochemistry of Solutes
in Chloroalumi nate Melts and the Development of Related Electrochemi cal
Methodology .

The research carried out under this grant was intended to investi-
gate molten haloaluminate mel ts 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 Apri l , 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 Elliott 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 rio 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 termi nation 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 Tetrachloroalumi nate

In the interests of brevity , material which has been published will

be covered by inclusion of abstract, with appropriate references.

Appendix I incl udes a cumulative list 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 tetrachioroaluminate melt. The three- and

five-oxidation states were stable in the melt, but the six-oxidation

state, added as MoO3, MoO2Cl 2, and MoOCl4, 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 pentach loride.

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 voltametry and rotating

ri ng-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 tetrachloroalumi nate melt.

This work has been ~u~lished in Inorganic Chemistry (19). An abstract
i:- ~ -
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of that material fol lows:

“The acid-base chemistry of oxide , sulfide , selenide, and telluride

ions in sodium tetrachloroalumi nate melts at 175°C has been investigated.

These ions were found to be trichloro bases in acidic mel ts, the equili-

brium wi th the solvent being 3Al2Cl~ + Al XCl~ + 3AlCl~ . Within

the precision of the present results the relative strengths of the

tribases appear to be in the order Te2 , Se2 < S2~ <

A desire to attempt to determine oxide ions in the melt lead to our

attempting to repeat work published by Tremillion and coworkers (B. Ire-

million , A. Bermond and R. Mol i na , J. El ectroanal . 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 tetrachioraluminate 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

chloroalumi nate melts between 175 and 210°C. Ni(II) is completely

soluble in acidic mi xtures where the pCl is higher than 5.5 (mol kg~

scale). A well-defined and behaved reduction wave is observed at l.2V

vs. an Al reference in a NaCl-saturated reference compartment. When the

pCi is decreased, precipitation of NiCl 2 occurs , the result which has

been confi rmed from electrochemical and x-ray di ffraction experiments.

A solubility product of lO~~
2.9 (mol kg~~)

3 was found. This result is

also is disagreement with the precipitation of NW which has been recently

proposed in the literature . As a direct consequence, the acid-base

behavior of oxide ions in chioroaluminate has been reinvestigated.

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

formed in narrow pCl ranges . An equilibrium constant of 1.6 x io 2 
~
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kg~ was found for the general reaction Al OCl 2 ~ AlOCl + C1 , two

orders of magnitude higher than the previously reported value .”

It is at least of passing interest to note that a pri vate conver-

sation wi th 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 telluri um in the sodium

tetrachloroa lumi nate melts were carried out and published in the Journal

of the Electrochernical Society (23,27). Abstracts of those papers

follows :

“The electrochemistry of selenium and various selenium compounds in

AlC l 3:NaCl melts has been investigated by a variety of techniques in-

cluding pulse and cyclic ~ l tametry, 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 A1SeC1 or AlSeCl~ (or their analogous solvated species

Al 2SeCl~ and Al 2SeC l~~) 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 ) . In 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

study ing SeCl 4 s o l u t i o n s , it was found that there were two Se(IV) species

hilliL - - - ~- —~~~~~— - - -. --~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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è in the melt , SeCl~~ and SeCl~ , linked by the acidity-dependent equilib-

ri urn

SeCl~ + ci : SeC1~~
for which the equilibrium constant was calculated to be 6.0 + 1.0 x lO~
on the mole fraction scale.”

“The electrochemistry of Te(IV ) in NaCl:A1C1 3 melts has been inves-

tigated by a variety of techniques including cyclic and pulse voltaniiietry ,

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

elementa l tellurium. At lower temperatures and in more acidic mel ts,

Te(IV) ,  which is present in the melt as the chlorocornplex ion IeCl~ , is

reduced directly to Te which undergoes a complexation reaction wi th
2+ . . . .Te( IV) to form Te4 . Th is complexation reaction and the oxidation of

Te~~ 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

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 Chemi cal Society symposium (25).

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~
-. ~~~~~~~~~~~~~~~~~~~
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II. Wor k in “Room Temperature” Mol ten Salts

Many years ago, under AFOSR 71-1995, we initiated some electro-

chemical studies of the behavior of organic solutes in the sodium tetra-

chloroalumi nate melts (4,6,9). This work was then split off, and , in

collaboration wi th Professor Larry Miller , then of Colorado State Univer-

sity , a research proposal was submi tted to, and supported by, the Army

Research Office. Partial support from the American Chemical Society-
I

Petroleum Research Fund was also obtained. Several publications are

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 precl uded 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 ethyl pyridinium bromide -aluminum

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

(F.H. Hurley and I.P. Wier, J. Electrochem. Soc., 98, 203 (1951)) and we

utilized this sytem as a “room temperature ” mol ten salt, since it was

liquid at essentially room temperature (11 ,15).

Under the present support, the behavior of a number of metal car-

bonyls in a mi xture of this room temperature melt wi th 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 mi xture of the high Lewis acid , room temperature mol ten salt ,

composed of aluminum chloride and ethy ipyridinium bromide (2:1 molar

ratio) and benzene (50% v/v). Chromi um 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

~~~~~~~~~~~~~~~~~ ~ ~~~~~~~~~ -



corresponding 17 electron cation of iron pentacarbonyl . The other

carbony l compounds studied Mo(CO)6, W(CO)6, Re2(C0)10, and Mn2(C0)10
exhibit electrochemi cal 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 ~
donor ability of the ligand , but increasing its 71 acceptor capabilitie s. ”

One of our colleagues at that time had an interest in iron diimi ne

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)~~, has been investigated using cyclic voltaninetry and

rotating-disk studies in 0.5 M H2S04. The main reaction product is an

i ron(III) complex in which one of the GMI ligands is oxidized to H3CN==C (OH)—

CH==NCH 3, thus consumi ng 3F/niol 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 chemi cal reaction , the Fe(III) complex is intramolecu-

larly reduced to the Fe(II) state, with concomitant oxidation of the

ligand; the radical- ligand complex is then further electrochemically

oxidized very rapidly. This proposed ECE mechanism is compatible with

the experimental results . The rate for the intramo l ecular reduction of

the ferric complex is 22 + 2 s~~. This value is applied to estimate a

second-order rate constant of 109_ lO ’IO M 1 s~ for the chemical oxi-

dation of Fe(GMI)~~ in this acid concentration.”
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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 diimi nes studied were converted into their Fe(III) complexes

on i rradiation with low intensity visible light. It was concluded that

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

the ethylpyr idinium cation as an electron acceptor, which could then

dimeri ze. 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 bromi de-aluminum chlori de (1:2 mole ratio

system) possesed significant limi tations , 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—buty l pyridini um chloride to aluminum chloride

could be varied from 1:0.6 to 1:2 , i.e., it could be made very basic

with excess buty lpyridinium 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 :
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“The Rainan spectra of A1C1 3-l-buty l pyridinium 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

A1Cl~ and for A1 2C1~ ionic species were assigned on the basis of higher

temperature vibrational spectral results of A 1C1 3-alkali metal chloride

systems. The association equilibrium constant for A1 2C1 7 ion forma-

tion , 2AlCi~ + A12C1 6 ~ 2A 1 2Cl~ is significantly larger than that for the

A1C1 3-MC1 melts , where M represents an al kali metal cation .”

Following that , it became necessary to determi ne the equilibrium

constant for the dominant mel t equilibria ,

2 AlCl~ = Al 2Cl~ + C1

and this was done. The results have been published , also in Inorganic

Chemistry (29). The abstract follows :

“The solvent acid-base properties of A1C1 3:l-buty l pyridiniu m 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-

action 2AlCl~ ~ Al 2Cl~ + Cl was determined to be < 3.8 x l0 13 at 30°C.

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 buty l pyridini um chloride-

aluminum chloride system, and also included some nuclear magnetic re-

sonance studies . While brin ging this work to fruition proved diffi cult ,

it was finally done. Of prima ry importance is the fact that these room

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

although there is no evidence of complex formation between the aluminum

~
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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 AlC l 3-n-buty l pyridinium chloride has been

developed which is mol ten at 40°C over a wide composition range (0.75:1

to 2:1 mole ratio AlCl 3-n-buty lpyridinium chloride ) and the electro-

chemical and spectroscopic behavior of a number of aromatic hydrocarbons

has been investigated in this medium . All the hydrocarbons studied

were shown to undergo a one-electron oxidation to the cation radical at

a potential that is i ndependent 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 mol ten 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 , Al 2Cl~ , to yield complexes whose spectra were

generally very similar to those of the carbonium ions of the parent

hydrocarbons . 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 mel t acidity was

l owered.”

Since it was felt that the mi xtures of the mel t with benzene were

important , the behavior of aluminum in the melt and the mel t—benzene

mi xture was investigated . This work is in press in the Journal of

Electrochemi cal Society (31). Of prima ry importance is the fact that

the domi nant equilibri um in the melt - benzene mi xture 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 stripp ing processes at tungsten ,

platinum and glassy carbon electrodes in the low temperature molten salt

system , n-buty l pyridinium chloride : aluminum chloride and the 50 vol%

mi xture of this mol ten salt with benzene has been investigated. At all

three electrodes , and in both solvent systems, the deposition reaction

V in slightly acidic melts , the reduction of A12Cl~ 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-buty lpyridinium cation was found to occur at — l .lV vs. Al (2:l melt)

which is positive of the reduction potential of AlC1~ ions and therefore

aluminum deposition in basic mel ts was not observable. Studies of the

stripping of aluminum from inert substrates showed that aluminum is very

slowly corroded in acidic mel ts, 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 defi ned ,

as in the pure melt , by the equilibrium

2 AlCl~ Al 2Cl~ + Cl

with an equilibrium constant of 2.2 x ~~~~ at 30°C.

Finally, two review articles dealing predomi nently 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 transmi tted 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,
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R.E. Lindstrom , J.C. Nardi and C.L. 1-lussey , J. Electrochem. Soc., in

r 

press) and have studied the behavior of the Cu (II)-Cu(I) system in a

very acid (2:1) melt of aluminum chlori de - methylpyridinium chloride

(C.L. Hussey, L.A. King and R.A. Carpi o, 3. Electrochem. Soc., 126, 1029

(1979) and the Fe(III)-Fe(II) system in the 2:1 aluminum chloride-N-

buty lpyridin ium chloride melt (C.L. Hussey and L.A. King, 3. 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

t may be useful solvents for carrying out photochemi cal 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 Ti02-Room Temperature Molten Salt Interface” ,

Rocky Mountain Regional Electrochemical Society Meeting, Ft. Collins ,

Colorado , June , 1979). While the results were of a prelimi nary nature ,

they did indicate that the electrodes were stable in the mel ts and that

a variation in flat-band potential with melt acidity could be noted.

Further work in this area , in collaboration with Dr. Nozik , w i l l  be

carried out. A number of other workers now appear to have become in-

trigued wi th 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, Illinois ,

at the Solar Energy Research Institute , and at the Massachusetts Insti-

tute of Technology , where Professor Mark Wrighton is preparing to
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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 technologica l

importance .

III. Interaction with Air Force and other DOD Laboratories

During the course of this work continual contact has been main-

tam ed 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 Univers ity. 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 butyl pyridinium 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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credit, when applicable , to both ONft and AFOSR. Presentations on por-

tions of this work have been made at several ONR contractors’ meetings.

IV. Grant Personnel
- i Individuals associated wi th this grant activity for any prolonged
- I period of time are listed below. All were at the post-doctoral level .

Dr. Graham Cheek
V

Dr. Thomas Santa Cruz

F’ Dr. Robert Gale

Dr. Bernard Gilb ert

Dr. David Koran

Dr. Hogne Linga

Dr. Jeffrey Phillips

Dr. James Robi nson 
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APPENDIX I

Publications ——Gr ant Related Activity — since AFOSR support initiated.

AFOSR—7l-l995; 1 Jan. 1971 - 28 Feb. 1975; Final Report 30 June 1975.

1. Janet Osteryoung and R.A. Osteryoung, “The Advantage of Charge
Measurements for Determining Ki netic Parameters,” Electrochimica
Acta , 16, 525 (1971).

2. R.A. Osteryoung, “Introduction to the On-Line Use of Computers in
Electrochemistry ,” Vol . II , “Application of Computers to Chemical
Instrumentation ,” Ed. by Mattson , Mark and MacDonald , Marcel Dekker
(1973).

3. L.G. Boxall , H.L. Jones and R.A. Osteryoung, “Solvent Equilibria in
A lCl 3-.NaCl Mel ts,” 3. Electrochem. Soc., 120 (2), 223 (1973).

4. H. Lloyd Jones , L.G. Boxall and R.A. Osteryoung, “Organic Electrode
Reactions in Fused AlCl 3 Containing Solvents ,” J. Electroanal . Chem. ,
38, 476 (1972).

5. L.G. Boxall , H.L. Jones and R.A . Osteryoung, “Electrochemi cal Studies
on Ag , Fe and Cu Species in A 1C1 3—NaC l Melts ,” 3. Electroanal . Chem.,
121 , 212 (1974).

6. H. Lloyd Jones and R.A. Osteryoung, “Electrode Reactions of Aromatic
Ami nes in Solvents Containing Fused A1C1 3, II. ” , 3. Electroanal . Chem. ,
49, 281 (1974).

7. R.J. Gale and R.A. Osteryoung, “Investigation of Subvalent Ion Effects
During Al uminum Anodization in Molten NaC1-AlC l 3 Solvents ,” 3. Electro-chem. Soc., 121 , 983 (1974).

8. V . R. Koc h , L.L. Miller and R.A. Osteryoung, “Reductive Defunctionali-
zation of 1-substituted Adamantanes in Mol ten Sodium Tetrachloroalumi n-
ate,” 3. Org. Chem. , 39, 2416 (1974).

9. H. Lloyd Jones and R.A. Osteryoung, “Organic Reactions in Molten Tetra-
chloroalumi nate Solvents ,” Advances in Molten Salt Chemistry , Vol . 3,
Edited by 3. Braunstein , G.P. Smith and G. Mamantov , Plenum Publishing
(1975).

10. R.J. Gale and R.A. Osteryoung, “Dissociative Chlorination of Nitrogen
Oxides and Oxyanions in Molten Sodi um Chloride-Al uminum Chloride Solvent ,”
Inorg . Chem., 14, 1232 (1975).

11. H.L. Chum , V.R. Koch , L.L. Miller and R.A. Osteryoung, “An Electro-
chemical Scrutiny of Organometa llic Iron Complexes and Hexamethyl-
benzene in a Room Temperature Mol ten Salt ,” 3. Am. Chem. Soc., 97,
3264 (1975). 

—

12. D.E. Bartak and R.A. Osteryoung, “The Electrochemi cal Oxi dation of
N ,N ,N’ ,N’ -Tetramethyl benzidine in Molten Sodium Tetrachloroaluminate ,”
3. Electrochem. Soc., 122, 600 (1975).
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13. 3. Philli p s , R.J. Gale , R.G. Wier and R.A. Osteryoung , “Glassy Carbon
Rotating Ring-Disc Electrodes for Molten Salt Studies ,” Ana l. Chem.,
48, 1266 (1976).

14. D.E. Bartak and R.A. Osteryoung, “The Redox Behavior ef Tetrachloro-
p-Benzoquinone - Tetrachlorohydroquinone Systems in Molten Aluminum
Chloride-Sodium Chloride Solvents, ” 3. Electroanal . Chem. , 74 , 69 (1976).

AFOSR 75—2776; 1 March 1975 — 31 May 1976

15. V.R. Koch , L.L. Miller and R.A. Osteryoung, “Electroinitiated Friedel-
Crafts Transalkylations in a Room Temperature Molten Salt Media ,” 3.

4 Am. Chem. Soc., 98, 5277 (1976).

16. K.A. Paulsen and R.A. Osteryoung, “El ectrochemical Studies on Sul fur
and Sulfides in AIC1 3-NaC1 Melts ,” 3. Am. Chem. Soc., 98, 6866 (1976).

17. R.A. Osteryoung, “Chemistry and Electrochemistry in Aluminum Chloride
Molten Salt Systems,” Proceedings of the Symposium on Molten Salts ,
edited by J.P. Pemsler , J. Braunstein , K. Nobe, D.R. Morri s , The Electro-
chemical Society, pp. 240-253 (1976).

AFOSR 76-2978; 1 Apri l 1976 — 30 June, 1979

18. 3. Philli ps and R.A. Osteryoung , “Molybdenum Chemistry in NaC l-AlCl~— Melts at 175°C, J. Electrochem. Soc., 124, 1405 (1977).

19. 0. Robinson , B. Gilbert and R.A. Osteryoung , “The Acid-Base Chemistry
of Oxide and Chalcogenides in Sodium Tetrachioroaluminate Melts at 175°C,”
Inorg. Chem ., 16, 3040 (1977).

20. Helena Li Chum , T. Rabockai , 3. Phillips and R.A. Osteryoung, “Ligand-
Oxidation in Iron Diimine Complexes. III. Electrochemical Oxidation of
tris—(glyoxalbis(methy limi ne)) Iron(II),” Inorg. Chem ., 16 , 1812 (1977).

21. Helena Li Chum , D. Koran and R.A. Osteryoung, “The Electrochemical
Behavior of Metal Carbonyls in a Mixture of a Room Temperature Molten
Salt and Benzene,” J. Organometal lic Chem., 140, 349 (1977).

22. Helena Li Chum , D. Koran and R.A. Osteryoung, “Photochemistry of Iron(II)
Diimi ne Complexes in a Room Temperature Molten Salt ,” J. Am. Chem. Soc.,
100, 310 (1978).

23. J. Robinson and R.A. Osteryoung, “Electrochemical Studies of Selenium
and Selenium Compounds in Mol ten Sodium Tetrachloroalumi nat Mel ts,”
0. Electrochem . Soc.~, 125, 1454 (1978).

24. B. Gilbert and R.A. Osteryoung , “El ectrochernical Studies on Nickel
Electrodes in Molten Sodium Tetrachloroaluminates ,” J. Amer . Chem. - -

Soc., 100 , 2725 (1978).

25. Gleb Mamantov and R.A. Osteryoung, “Acid-Base Dependent Redox Chemistry
in Molten Chloroaluminates ,” in “Characterization of solutes in Non-
Aqueous So l uti ons ,” pg. 225-250, G. Maman tov, Ed., Plenum Publishing
Co. (1977). 



- 4 26. R.J. Gale , B. Gilbert and R.A. Osteryoung, “Raman Spectra of Molten
Aluminum Chloride : 1 Butylpyridinium Chloride Systems at Ambient
Temperature,” Inorg. Chem., 17, 2728 (1978).

27. 3. Robinson and R.A. Osteryoung, “The Electrochemical Behavior of
Te(IV) in Sodium Tetrachloroalumi nates,” 3. Electrochem. Soc., 125,
1784 (1978). —

28. R.J. Gale and R.A. Osteryoung, “Potentiometric Investigation of Dialumi-
num Heptachloride Formation in Al uminum Chlori de-1-Buty l pyridinium
Chloride Mi xtures” , Inorg. Chem. , 18, 1603 (1979).

a

29. 0. Robinson , R.C. Bugle , H.L. Chum , D. Koran and R.A. Osteryoung,
“ ‘H and ‘3 C Nuclear Magnetic Resonance Spectroscopy Studies of Aluminum
Hal i de — Al kyl pyridinium Halide Molten Salts and their Benzene Solutions ,”
0. Am. Chem. Soc., 101 , 3776 (1979).

• 30. J. Robinson and R.A. Osteryoung, “The Electrochemical and Spectroscopic
Behavior of Some Aromatic Hydrocarbons in the Room Temperature Mol ten
Salt System AlCl 3;n-butyl pyridin ium Chloride ,” 0. Amer. Chem. Soc., 101 ,
323 (1979).

31. J. Robinson and R.A. Osteryoung, “The Electrochemi-cal Behavior of Aluminum
in the Low Temperature Mol ten Salt System n-Butylpyridinium Chloride :
Aluminum Chloride and Mixtures of this Molten Salt with Benzene” , 3.
Electrochem. Soc. , in press.

32. R.A. Osteryoung , R.J. Gale , 3. Robinson , R. Bugle and B. Gilbert ,
“Electrochemical Studies in a Room Temperature Molten Salt” , in Proceedings
of the Second International Conference on Molten Salts , 0. Braunstein ,
ed., The Electrochemical Society, in press.

33. Helena Li Chum and R.A. Osteryoung, “Chemi cal and Electrochemical Studies
in a Room Temperature Al uminum Halide Containing Melt ,” in “Ionic Liquids ,”
D. Inman and D. Lovering, editors , Pl enum Press , in press.
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• Meeting Presentation and Seminars--Related to Grant Activity
(*Invited Presentations)

*R.A. Osteryoung, “Computerized Electrochemical Experimentation ,” Dept. of
Chemistry Colloquia , Pennsylvania State University , University Park , PA ,
May 27, 1971 .

*L.G. Boxall , H.L. Jones and R.A . Osteryoung, “Electrochemical Studies in
Al uminum Chlori de Melts ” , N.W. Regional ACS mEeting, Bozeman, Montana , - -

June , 1971 .

*R.A. Osteryoung, “Application of a Computer-Based Pulse Polarographic System
in Mol ten Salt Studies ” , Gordon Research Conference on Molten Salts , Kimbal l
Union Academy, Mer iden, N.H., August , 1971 .

*R.A. Osteryoung, “Use of a Mini-Computer in Electrochemical Studies ” ,
Symposium on Mini-Computers in the Research & Teaching Laboratory, American
Chemical Society Meeting, Washington , D.C., September , 1971 .

*R.A. Osteryoung, ~‘Chemistry and Electrochemistry in Fused Salts ,” Baylor
Univers i ty, M~ 8, 1972.

*R.A. Osteryoung, “Computer Controlled Electrochemi cal Experimentation ” ,
Texas A & M (College Station , Texas ACS Section), May 11 , 1972.

H.L. Jones , L.G. Boxall and R.A. Osteryoung, “Organic Electrochemistry in
Aluminum Halide Melts ”, Rocky Mountain Regional ACS Meeting, Ft. Collins ,
CO , June 1972.

*R.A. Osteryoung, H.L. Jones and L.C. Boxall , “Electrochemical Studies in
Molten Chloroaluminates ” , Symposium on Fused Salt Technology , Electrochemical
Society Meeting, Chicago , May 8-13, 1973. 

-

*R.A. Osteryoung, R.H. Abel , L.G. Boxall and B.H. Vassos , “An Introduction
to the On-Line Use of Digital Computers in Electrochemistry ” , Plenary Lecture
at Symposium on Electrochemical Measurements by Digital Computer , Electro-
chemical Society Meeting, Chicago , May 8—13, 1973.

D.E. Bartak and R.A. Osteryoung, “Oxidation of Tetramethylbenzidine in
Chloroalumi nate Melts ” , Electrochemical Society , San Francisco , CA , May, 1974.

*R.A. Osteryoung, “Chemistry in Al uminum Chlori de Melts ” , Fifth International
Conference in Non-Aqueous Solutions , International Union of Pure and Applied
Chemistry , Vienna , July 10—12 , 1974.

*R.A. Osteryoung, “Electrochemical Studies in Fused Salts ” , First Latin Amer-
ican Electrochemistry and Corrosion Meeting (ABRACO), Rio de Janeiro , Brazil ,
Oct. 21-25 , 1974 .

*R.A. Osteryoung, “Some Applications of Pulse Techniques to Analytical Chem-
istry and Electrochemistry ,” Univers i ty of Brussels , Brusse l s , Belgium ,
March 17 , 1975.
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—



— •-—---- --

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

, - --

V .R. Koch , L.L. Miller and R.A. Osteryoung, “Electroinitiated Friedel-Crafts
Transalkylation in a Room Temperature Molten Salt Medium ,” Mile High Electro-
chemistry Symposium , Colorado Electrochemical Society Section , Fort Col li ns ,
CO, May 3, 1975.

K.A. Paulsen and R.A . Osteryoung, “Electrochemical Studies of Sul fur in
Molten Sodium Tetrachioroaluminate ,” Fall Meeting, American Chemi cal
Society, Chicago , Illinois , Augus t 1975.

*R.A. Osteryoung , “Chemistry and Electrochemistry in Aluminum Chloride
Molten Salt Systems,” International Symposium on Molten Salts , Spring

4 Meeting, The Electrochemical Society , Washington , D.C., May 2-7, 1976.

*R.A. Osteryoung, “Electrochemi cal Studies in Molten Sodium Chloride-
Al uminum Chloride ,” Colorado College , Colorado Springs, Colorado , Decem-
ber 4, 1975.

*R.A. Osteryoung, “Electrochemi cal Studies in Molten Chloroaluminates ,”
Gould , Inc., Rolling Meadows , Illinois. March 4 , 1976 .

*R.A. Osteryoung, “Chemical and Electrochernical Studies in Molten Chloro-
aluminate Solvents ,” Dept. of Chemistry Colloquium , Purdue Univers ity,
W. Lafayette, Indiana , March 23, 1976.

*V R. Koch , L.L. Miller and R.A . Osteryoung, “Electroinitiated Friedel-
Crafts Transalkylations in a Room Temperature Molten Salt Medium,” Symposium
on Electroorganic Oxidations , Electrochemi cal Society Meeting , Washington ,
D.C., May 2—7, 1976.

H. Chum, D. Koran and R.A. Osteryoung, “Studies in Room Temperature Molten
Salt Systems,” Mile High Electrochemistry Second Annual Symposium , Rocky
Mountain Section, Electrochemical Society Meeting, Fort Collins , CO, May
15, 1976.

0. Robinson and R.A. Osteryoung, “The Electrochemical Behavior of Selenium
in NaCl-A1C1 4 Melts ,” American Chemical Society Meeting, New Orl eans , LA ,
March 20-25 , 1977.

*K. Paulsen and R.A. Osteryoung, “Electrochemi cal Studies in Molten Chloro-
alumi nates : Sulfur and Sulfides ,” Rocky Mountain Regional Meeting, American
Chemi cal Society , Laramie , Wyomi ng, June 17-19 , 1976.

*H.L. Jones , K. Paul sen , D. Bartak , J. Robinson and R.A. Osteryoung, “Acid-
Base Dependent Electrochemistry in Molten Sodium Tetrachloroalurninate
Solven ts,” Symposium on Spectroscopic and Electrochemical Characterization
of Solute Species in Non-Aqueous Solvents , American Chemical Society Meeting,
San Francisco , CA , August 29-September 3, 1976.

Helena Li Chum, 0. Koran and R.A. Osteryoung, “Room Temperature Molten Sal ts
and Its Mixtures with Benzene - New Solvents for Spectroscopic and Electro-
chemical Studies ,” Physical Chemistry Division , American Chemical Society
Meeting , San Francisco, CA , August 29-September 3, 1976.
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4 *R.A. Osteryoung, “Chemistry & Electrochemistry in Molten Chloroaluminates
(Incl uding Some Possible Appl ications to Sulfide Ores),” Environmental Im-
pact Center, Newton , MA , October 27, 1976.

*R.A. Osteryoung, “Chemi cal and El ectrochemical Studies in Molten Chloro-
al umi nates ,” Department of Chemistry , University of Chicago , Chicago , IL,
February 7, 1977.

*R.A. Osteryoung, “Electrochemical Studies in Molten Chloroalumi nates,”
4th Biennial Air Force Electrochemistry Conference, F.J. Seiler Research
Laboratory, U.S. Air Force Academy , CO , Apri l 28-29, 1977.

4 *R.A. Osteryoung, “Recent Trends in Electrochemical Research,” Energy Re-
search and Development Administration , Materials Science Workshop

• in “Electrochemistry and Thermodynamics,” Argonne National Laboratory,
-

‘ Lamont, IL , May 19-20, 1977.

*R.A. Osteryoung, “Acid-Base Dependent Electrochemistry in Al uminum Halide
Mol ten Salts ,” Gordon Research Conference on Molten Salts and Metals ,
Tilton , N.H., July 24—29, 1977.

*R.A. Osteryoung, “Chemistry and Electrochemistry in Mol ten Chloroalumi nates ,”
Georgia Institute of Technology , Atlanta , GA, October 12 , 1977.

*R.A. Osteryoung, “Chemistry and Electrochemistry in Molten Chloroal uminates ,”
Georgetown University , Washington , D.C., February 9, 1978.

3. Robinson and R.A . Osteryoung, “The Electrochemistry of Selenium in Molten
Sodium Tetrachloroalumi nates,” 3rd Annual Mile High Symposium on Electro-
chemistry , Rocky Mountain Section of the Electrochemical Society, Fort
Col l ins , CO , May 7, 1977.

R.A. Osteryoung and B. Gilbert , “Electrochemistry of Nickel in Molten Sodium
Tetrachloroalumi nates,” National American Chemical Society Meeting, Anaheim ,
CA , March 12-17 , 1978.

*R.A. Osteryoung, “Chemistry and Electrochemistry in Molten Chioroaluminates ,”
Wichita State University , Wichita , KA (April , 1978).

*R.A. Osteryoung, “Electrochemistry in Mol ten Chloroalurninates ,” Naval
Surface Weapons Center, White Oak , Maryland (May, 1978).

*R.A. Osteryoung, “Acid Base Dependent Electrochemistry in Chioroaluminate
Melts ,” Conference on Highly Concentrated Aqueous Solutions and Mol ten
Salts , Oxford Univers i ty, Oxford, England (July 5-7, 1978).

*R.A. Osteryoung, “Acid Base Dependent Chemistry and Electrochemistry in
Chioroalumi nate Melts ,” The University of Southampton , Southampton , England
(July 10, 1978).

*R.A. Osteryoung, R.J. Gale , J. Robi nson , R. Bugle and B. Gilbert ,
“Electrochemi cal Studies in a Room Temperature Molten Salt ,” Second
International Symposium on Mol ten Salts , The Electrochemical Society,
Pittsburgh , Pennsylvania (October 15—20 , 1978).
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*R.A. Osteryoung , “Acid-Base Dependent Chemistry and Electrochemistry in
Molten Chloroaluminates ,” Gould , Inc., Rol ling Meadows , IL , November 16, 1978. —

*R.A. Osteryoung, “Acid-Base Dependent Chemistry and Electrochemistry in
Molten Chioroaluminates ,” Col orado Section, American Chemical Society,
University of Colorado , December 12, 1978 (Colorado Section Award Talk).

*R.A. Osteryoung, “Studies in Mol ten Chloroalumi nates,” Oak Ridge -

National Laboratory, Oak Ri dge, TN, Feb. 2, 1979.

*R.A. Osteryoung, 0. Robinson and R.J. Gale , “Oxi dation of Aromatic
Hydrocarbons in a Room Temperature Molten Salt,” Symposium on Electro-
chemistry and Spectroscopy in Melts , American Chemical Society/Chemical -

Society of Japan Congress , Honolu l u, Hawaii , April 1-6, 1979. -

~~~ Gale , A.J. Nozik and R.A. Osteryoung, “Electrochemical Characteri- -

zation of the Semiconductor Ti09-Room Temperature Molten Salt Interface ”, -

Rocky Mt. Regional El ectrochemi~al Society Meeting, Ft. Collins , CO -

(June , 1979).
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