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ABSTRACT

Aprotic electrolytes with and without dissolved cupric fluoride and cupric chloride
were studied. The electrolytes were based on four solvents: propylene carbonate,
dimethyl formamide, acetonitrile, and methyl formate. Characterized components
were used to prepare the solutions. Structural studies were performed utilizing nuclear
magnetic resonance and electron paramagnetic resonance techniques. Various physical
properties were determined including solubility, heat of solution, vapor pressure,

viscosity, density, sonic velocity, conductance, diffusion coefficient, and dielectric
constant.
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FOREWORD

The research described in this report was conducted in the Chemical and
Material Sciences Department of the Research Division of Rocketdyne. The
work was done under NASA Contract NAS 3-8521, with Mr. Robert B, King,
Direct Energy Conversion Division, Lewis Research Center, as the NASA
Project Manager. This report was originally issued as Rocketdyne report
R-T7703.
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SUMMARY

Physical property measurements and structural studies were conducted

in the aprotic solvents propylene carbonate (PC), dimethyl formamide
(DMF), acetonitrile (AN), and methyl formate (MF). Among the solutes
studied were lithium perchlorate, lithium chloride with and without AlCl3
added, tetramethylammonium hexafluorophosphate, and lithium hexaflucro-
arsenate. Copper fluoride and copper chloride in solution were investi-

gated, representing electroactive battery materials.

Characterized components were used to prepare solutions, Karl Fischer
titration, nuclear magnetic resonance, and vapor phase chromatography
(VPC) were used to characterize the solvents; VPC was employed for routine
analysis of distilled solvent batches. The water content of the sclvents
used was normally 40 %20 ppm. Emission spectrography and spark source

mpassispectrography were the main methods used to analyze solutes.

Nuclear magnetic resonance (NMR) and electron paramagnetic resonance (EPR)
techniques were used to determine species in nonaqueous solutions. LiClOQ,
LiCl, and tetramethylammonium hexafluorophosphate (TMA-PF6) formed uni-
univalent electrolyte solutions analogous to aqueous systems. Solutions

containing Al1Cl,, with or without LiCl added, were studied in detail; a

3’

tendency to form aluminum complexes was revealed, and an order of complexing

strength was established: DMF>C1 > (AN, Pc,.0104‘).

Solutions of copper halides were examined using high resolution NMR,
broadline NMR, and EPR techniques. Syz}ems containing CuCl2 and LiCl

in DMF were studied in detail. Observations over a period of months re=
vealed a redistribution of cupric species with time. Addition of LiCl
resulted in the formation of CuClz;2 but a complete disproportionation
into Cu+2 and CuC14—2 was not observed. Measurements on other cupric
systems were limited because of the low solubilities of the cupric

compounds.



These structural studies were complemented by Hittorf experiments and

conductometric titrations. Confirmation of the NMB and EPR results was

obtained.

Solute solubilities were measured in pure solvents and in selected electro-
lytes, A very low solubility was exhibited by LiF. The solubility of
copper halides depended to a large extent on the anions present in

solution.

Conductance measurements were made and the values extrapolated to infinite
dilution to yield individual ion mobilities., A low mobility was found

for the Li+ ion, which was confirmed by transference measurements in con-
centrated solutions. Ion mobilities appeared to depend only on ion size
and solvent viscosity. In concentrated solutions, activity effects seem
to be more pronounced than in aqueous solutions because of relatively high

solute to solvent mole ratios.

Other physical properties were determined. They included heat of solu-
tion whichwas measured using an IKB calorimeter, vapor pressure which was
determined by a saturation method, viscosity, and density. Compressibil-
ities were calculated from sonic velocity data, but an atfempt to calcu-
late solvation numbers from such data was not successful. Diffusion co-
efficients were determined with a porous disk method. A microwave method

wag used to determine dielectric constants of solutions.



INTRODUCTION

Lithium batteries have the potential to deliver the high-energy density
beneficial in space and other applications., Use of nonaqueous, aprotic

electrolytes should provide the necessary stability for such systems,

Investigations in the field of highFenergy lithium batteries have been
published by groups working at the American University, Battelle Memorial
Institute, Electric Storage Battery Company, Electrochimica Corporation,
Globe-Union, Inc.,, Honeywellls Livingston Electronic Laboratory, Lockheed
Misgiles and Space Company, P, R, Mallory and Company, Inc., Monsanto
Research Corporation, Tyco Laboratories, Inc., NARMCO Research and Develop-

ment Division of Whittaker Corporation, and elsewhere,.

During the course of such investigations, excessive performance limita-
tions for lithium cells were encountered. The factors contributing to
such limitations are only sparingly known. A comprehensive understanding
was hampered by the lack of knowledge of the properties or characteristics
. of nonaqueous electrolytes., Solubility, solvation effects, and transport
properties were not well understood. Composition of the electrolyte, and
relationships of the components of the electrolyte to each other should
be known for an effective approach to further develop lithium batteries.
The present effort to study the properties of nonaqueous, aprotic elec—

trolytes was thus undertaken,

The first task was to extensively characterize the systems used in these
studies, developing and applying new analytical techniques when necessary.
Then, structural information on selected electrolytes was to be gained

by NMR and EPR techniques as well as by electrochemical and other physical
property measurements. The species formed by the electroactive materials,
copper fluoride and copper chloride, in nonaquedus electrolytes were of
particular concern. Physical property determinations were made to pro-
vide further background for the interpretation of data obtained with

lithium cells,



Five quarterly reports and one summary report describing the progress

of the work were previously issued (Ref. 1 through 6).

In addition to the authors of this report, Dr. Otto Kalman, Dr. James D.
Ray, and Mr. Jack M. Sullivan contributed major portions of the experi-

mental data described herein.



PREPARATION OF ELECTROLYTES

SELECTION OF SOLVENTS

Propylene carbonate (PC), dimethyl formamide (DMF), and acetonitrile (AN)
are the three solvents which were selected at the beginning of the program.
Methyl formate (MF) was added to the list at a later date. Table 1 gives

the structure of these solvents and summarizes their physical properties.

- ANALYSIS OF SOLVENTS

Several methods were used to analyze the solvents for trace impurities.
Vapor phase chromatographic (VPC) methods were developed to analyze puri-
fied solvent batches. Very small solvent samples are required for this
technique, and it was used for routine testing of the purified solvent
batches. Karl Fischer titration was employed for verifying the VPC re-
sults, and for some determinations of the water content of solytions.
Nuclear magnetic resonance (NMR) techniques were also used for cross-

checking.

Vapor Phase Chromatography

Each batch of solvent was characterized by vapor phase chromatography (VPC)
to ensure that it was of sufficient purity to be used on this program. A
routine analysis procedure was developed to determine water, the most im-
portant impurity, as well as likely organic impurities on a Porapak Q
column. The experimental parameters and responses for this routine de-
termination are presented in Table 2 . Porapak Q is an ethylvinylbenzene-
divinylbenzene polymer and is similar to the material described by Hollis
(Ref. 7 ) and Hollis and Hays (Ref. 8 ). Porapak Q separates water from
most organic compounds. Hydrocarbons lighter than ethane and some inor-
ganics are eluted prior to water; however, moest ofher organic compounds

are eluted after water. The water peak is usa11y>sharp and well-defined.
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Because of its peak shape and rapid elution, water can be easily determined

in organic solvents on Porapak Q.

Two Porapak Q columns were prepared on this program for the determination
of water. There were two minor differences between the columns. Firstly,
peaks eluted from the second column were sharper but their retention times
were the same. Because of the better separations, the response for water
in acetonitrile appeared different on the second column. No other changes
in responses were found. Secondly, a single peak was found for water in
propylene carbonate on the second column, whereas two peaks had been ob-
tained on the first column which propably contained a catalyst that hydro-
lyzed part of the propylene carbonate. These differences will be discussed

further in later sections.

Vapor phase chromatographic analysis utilizing a single column analysis
is not definitive because an impurity could be eluted at the same time as
the major component or an impurity could have a very long retention time.
Relatively long retention times appear to be characteristic of Porapak
columns; diméthyl formamide, for example, has a retention time of 8 minutes
at 200 C on Porapak Q, but is not retained on Carbowax 20M or Apiezon L
at this temperature. Changing the nature of a column, particularly the
polarity of the liquid phase, results in a change of the retention times
for each component. Thus, two components that have the same retention
time on a nonpolar column (e.g., because of the similarity in their boil-
ing points) may have different retention times on a polar column (e.g.,

because of the difference in their polarities).

One batch each of purified dimethyl formamide and one batch of acetonitrile
were analyzed on polar and nonpolar columns, and no impurities having a
concentration greater than 100 ppm were found. The polar column was 5-
percent Carbowax 20M on Chromosorb W (DMCS-AW, 60/80 mesh) packed in
1/8-inch by 20-foot stainless-steel tubing. The nonpolar column was

packed with 5-percent Apiezon L on Chromosorb W (DMCS -AW, 60/80 mesh) in



1/8-inch by 10-foot stainless-steel tubing. A flame-ionization detector
was employed with these two columns. Several chromatograms were made at
different temperatures to obtain sharp, easily delineated peaks. Peaks
preceding the solvent generally show better resolution at lower tempera-
tures; peaks which follow the solvent peak are generally sharper at higher
temperatures. In detefmining impurities having concentrations of 100 ppm,
several isothermal chromatograms obtained at different column temperatures
appeared preferable to one gas chromatogram with programmed temperature
control. Programmed-temperature gas chromatography usually results in
good resolution and peak shape because the temperature increases during
elution of the sample. However, better baseline stability and reproduc-

ibility are inherent in the isothermal technique.

Propylene Carbonate. The water content of each batch was determined using

the conditions given in Table 2 . Propylene carbonate had a retention
time of greater than 2 hours under these conditions. Replicate water
determinations could be made by successively injecting aliquots of pro-
pylene carbonate before the elution of the first propylene carbonate peak.
The initial portion of a chromatogram with two injectionsof propylene
carbonate is shown in Fig. 1 ; this chromatogram was made on the first
Porapak Q column. One characteristic of this column was that a third

peak appeared between the air and water peaks, which had the same retention
time as carbon dioxide. The area of this peak increased with subsequent
injections and the area of the water peak decreased a corresponding amount.
The sum of the area of the two peaks remained constant even though the in-
dividual areas varied. This unusual behavior is probably due to the
presence of a catalyst that promoted hydrolysis of the propylene carbonate
to produce carbon dioxide. The second Porapak Q column did not exhibit this

behavior but gave successive water peaks identical with the first.

The detector response for water was determined by adding measured volumes
of water to weighed amounts of propylene carbonate. The data are given in

Table 3. The water peak area was graphed as a function of the amount of
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TABLE 3

. RESPONSE OF CROSS-SECTION DETECTOR TO VARIOUS AMOUNTS OF
WATER IN PROPYLENE CARBONATE*

' 2
Sample Amount of H20 Added, ppm H20 Peak Area, cm
#1 0 2.4
2 54 3.3
#3 1000 22.3

*The sample to which the water was added contained some water.
Based upon a response to 50 cm /ppm, 120 ppm water was present
in the original sample.

water added; from the slope of the resulting line, the detector response
was found to be 0.167 cm2 per wmicrogram of water, which is equivalent to
50 ppm/cm2 (by weight) of water in propylene carbonate. The response was
redetermined on the second Porapak Q column and was found to be the same.
The lower limit for the detection of water in propylene carbonate was

about 5 ppm,

The vapor phase chromatographic method was cross-checked with the Karl
Fischer method using a second propylene carbonate sample. The water con-
tent determined by these two methods was 180 and 158 ppm, respectively.
These values are in agreement within the experimental accuracy of the two

methods.

Three additional peaks sometimes appeared on the chromatograms. One peak
‘was propylene glycol, which has a retention time of about 50 minutes. The
other two peaks were not identified; they had retention times of 3 and 6
minutes and were merely designated A and B, respectively. The correspond-
ing compounds appear to be decomposition products of propylene carbonate.
Usually the concentration of these materials was less than 20 ppm. The

detection 1imit for compounds A and B was about 10 ppm, assuming that



these compounds had the same detector response as water. The propylene
glycol peak was broader due to its long retention time and, consequently,

its detection limit was greater, probably 50 ppm.
Propylene carbonate was not completely characterized by VPC but was charac-
terized by NMR. No impurities were found with a concentration greater than

100 ppm.

Dimethyl Formamide. The water content of each batch of dimethyl formamide

was determined using the parameters given in Table 2. The initial por-
tion of a chromatogram of dimethyl formamide on the first Porapak Q
column is shown in Fig. 2. The second Porapak Q column gave identical

chromatograms for dimethyl formamide.

The detector response for water in dimethyl formamide was determined by
adding measured volumes of water to weighed amounts of dimethyl formamide,
according to the procedure as described previously for propylene carbonate.
The detector response was found to be 0.156 cm2 per microgram of water
which is equivalent to 67 ppm/cm2 (by weight) of water in dimethyl forma-
mide. The detection limit for water in dimethyl formamide is about 5 ppm.
The VPC method was cross-checked with the Karl Fischer method. The water
content was found to be 9% and 83 ppm, respectively. These values agree

within the expected accuracy of the two methods.

Formic acid, formaldehyde, dimethyl amine, and methanol are eluted from

the Porapak Q column after water but before dimethyl formamide. If pres-
ent, peaks for these compounds could be observed; but generally no peaks
were found and, hence, their concentrations were less than 10 ppm, their

approximate detection limits.

In addition to the routine analysis on the Porapak Q column using the
cross-section detector, one batch of dimethyl formamide, DMF #4-1, was

also analyzed with the Carbowax 20M column and the Apiezon L column.using
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a flame-ionization detector. Isothermal chromatograms were obtained at
temperatures of 66, 96, and 165 C on the Carbowax 20M column. The three
chromatograms were very similar: +two peaks appeared at the beginning of
the chromatogram followed by the solvent peak. No peaks were found after
the dimethyl formamide peak, even though the chromatograms were continued
for 40 minutes after the solvent peak. The dimethyl formamide retention
time at 96 C is 5 minutes. Isothermal chromatograms were obtained on the
Apiezon L column at 40, 102, and 165 C. The dimethyl formamide retention
time at 102 C is 4 minutes. The chromatograms are similar to those ob-

tained on the Carbowax 20M column.

The flame ionization detector response is approximately proportional to
the weight concentration of the components found. The solvent peak area
corresponded to 6000 cm2. If an organic impurity were present at a con-
centration of 100 ppm, a peak area of 0.6 cm? would be expected. This
area would correspond to a triangular peak having a l-cm base and a 12-cm
height at the most sensitive range employed. No such peaks were found;
the two peaks at the beginning of the chromatograms have areasvof less

than 0,05 cm>.

Based upon the chromatograms of dimethyl formamide on the Porapak Q,
Carbowax 20M, and Apiezon L columns, DMF #4-1 contained no impurities

having concentrations greater than 100 ppm.

Acetonitrile. Each batch of acetonitrile was analyzed using the para—-

meters given in Table 2., The initial portion of a chromatogram of aceto-
trile on Porapak Q (second column) is shown in Fig. 3 . A good separa-
tion between water and acetonitrile was obtained. The detector response
for water was determined by adding 470 ppm of water to an acetonitrile
sample; the increase in the water peak area was 5.1 cm2.- The detector
response therefore was 0,141 cm2 per microgram of water which is equiva-
lent to 92 ppm/cm2 (by weight) of water in acetonitrile. The lower limit

for the detection of water in acetonitrile appeared to be about 10 ppm.
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The separation of acetonitrile and water was not as good on the first
Porapak Q column prepared. It was necessary to extrapolate the water
peak under the acetonitrile peak in this case. The detector response was
found to be 0.115 cm? per ﬁicrogram of water, which is equivalent to 112
ppm/cm2 (by weight) of water in acetonitrile. This response was lower
due probably to inaccurate extrapolation of the water peak under the

acetonitrile peak.

In addition to the routine analysis on the Porapak Q column using a cross-
section detector, AN #1-2 was also analyzed on the Carbowax 20M, Apiezon L,
and the first Porapak Q column using the flame ionization detector, and no
impurities having concentrations greater than 100 ppm were found. Chroma-
togrtams were obtained on the Apiezon L column at 40 and 100 C. Only the
solvent peak, with a retention time of 2 minutes at 40 C, appeared on the
chromatograms even though they were recorded for 60 minutes. Acetonitrile
was analyzed on the Carbowax 20M column at 35 and 100 C and only one peak
for the solvent appeared on the 60-minute chromatogram. The acetonitrile
retention time was 3 minutes on this column ( at 35 C).

The analyses on the Apiezon L and Carbewax 20M columns show that no higher
boiling materials were present im the acetonitrile. Because the solvent is
eluted so rapidly, it is possible that more volatile material could have
been eluted simultaneously with the solvent. It was not practical to cool
these columns to give longer retention times, therefore another column
material was used. The Porapak Q column was selected to analyze for any
volatile impurities because long retention times were characteristic of
this column. AN #1-2 was analyzed on the first Porapak Q column at 140 C.
Again, only the solvent peak was found which had a retention time of

6.5 minutes.,

Acrylonitrile is an impurity which may be present in acetonitrile and
which may net be removed by distillation. A l-percent solution of acrylo-

nitrile in acetonitrile was analyzed on the Porapak Q column. The



acrylonitrile retention time was 10.5 minutes and the peak was sharp and
well-separated from the acetonitrile. No acrylonitrile peak was found in
AN #1-2.

Methyl Formate. Each batch of methyl formate was analyzed for water, methanol,
and formic acid. The water analysis was performed on the second Porapak Q
column using the conditions shown in Table 2. The separation of methyl
formate and water was poor unless the sample size was reduced to 25 M1.

A chromatogram of MF #2-6 is shown in Fig. 4 . The baseline disturbance
before the air peak was due to a pressure surge caused by injecting the
sample. The water peak must be extrapolated under the methyl forméte peak
as shown by the dotted line. The detector response for water was assumed
to be an average of the two values found for propylene carbonate and di-
methyl formamide. This value is 0.161 cm2 per microgram of water which is
equivalenf t0256ppm/cm2 (by weight) for water in methyl formate. The

lower detection limit for water was about 40 ppm.

The methanol content was determined on a third Porapak Q column using the
conditions given in Table 4. The retention times of water, methanol,
methyl formate, and formic acid were 0.7, 1.8, 3.4, and 5.6 minutes, re-
spectively. Each peak was very sharp and well separated from the others.
The detector response ratio for methanol and methyl formate was deterwined
by adding measured volumes of methanol to a known volume of methyl formate.
These data are given in Table 5. The ratio of the methanol and methyl
formate peak areas was graphed as a function of the methanol added. The
proportionality constant for the methanol content and the ratio of the
methanol and solvent peak areas was found from the slope of the line.

The methanol content (ppm, by‘weight) was calculated by multiplying the

ratio of the peak areas by 6.65 x 10°.

Some further work was done to determine if water or formic acid caused any

interference in the methanol determination. Addition of 0.5-percent water

to MF #2-5 did not change the methanol concentration found in this sample..

17
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SAMPLE SIZE: 25 MICROLITERS
COLUMN: PORAPAK Q NO, 2
TEMPERATURE: 150 C

CARRIER GAS: HYDROGEN
DETECTOR: CROSS SECTION

METHYL FORMATE
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30 4o
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Figure 4, Initial Portion of Chromatogram of
Methyl Formate (MF #2-6)



TABLE 4

EXPERTMENTAL PARAMETERS USED FOR THE DETERMINATION OF
METHANOL IN METHYL FORMATE

Sample Size, M1 1

Column 3/16-inch x 3-feet packed with
Porapak Q

Column Temperature, C 130

Carrier Gas Helium

Flowrate, cmj/min 50

Detector Thermoconductivity

Detector Current, milliampere 250

Gas Chromatograph Beckman GC2A

Recorder L & N Speedomax G, 1 millivolt full

scale, 1/2 inch per minute chart speed

TABLE 5

RATIOS OF METHANOL AND METHYL FORMATE RESPONSES FOR
THERMOCONDUCTIVITY DETECTOR

, ’ —
Methanol Added, Ratio of Methanol to Methyl
Sample No. Volume Percent Formate Peak Areas
LK
1 0 6.6 x 107,
6.6 x 107
2 0.1 16.8 x 10:z
16.5 x 10~
3 0.2 2.86 x 10:3
2.88 x 10
4 0.3 57.3 x 107,
37.6 x 10
5 0.5 57.9 x 107,
59.9 x 10
6 0.7 75.6 x 107,
80.2 x 10

*MF #2~3 contained an unknown amount of methanol. Based upon
this data, 440-ppm methanol was present in the original MF #2-3,
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Addition of 0,5—percent formic acid to the MF #2—5/water mixture also

did not change the methanol concentration, These two experiments give
considerable support to the accuracy for the determination of methanol.
Apparently, little or no decomposition, hydrolysis, or esterificationv

occurred during this analysis of the pure solvent,

There was no complete characterization of methyl formate by VPC. Iowever,
no impurities other than methanol and water were observed on the Porapak Q
column. Assuming that the thermal conductivities of any other impurities
were the same as methanol and that no impurities were eluted simultaneously
with the solvent, no impurities were found to be present having concentra-
tions greater than 300 ppm. Methanol, of course, is an exception to this

statement.

Karl Fischer Titration

As an independent check of the results obtained by VPC, Karl Fischer
reagent (Ref. 15) was employed to determine water contents. Karl Fischer
reagent is a well specified mixture of pyridine, iodine, methanol, and
sulfur dioxide. The titration of H20 in this CH_OH solution involves a

3

sequence of reactions that can be represented by the foliowing equations:

C.JHN- . H,0 2 C.HN-HI C -
5 5N 12 + C5H5N 802 + C5H5N + Hy0 — 5 5N + 5H5N6§02

and

C - H_OH C_H_N,HSO, CH

5157 0 + OO = O5il5N- 150, Bl
The standard reagent titrates 5 milligrams of water per milliliter of
titrant. To determine trace quantities of water in solvents, the titrant

was diluted with methanol to an activity of ~1 mg HQO/ml titrant. If 100

grams (~100 milliliters) of solvent are titrated, each milliliter of



titrant corresponds to 10 ppm of water, giving a 1 milliliter titration
with a 5-milliliter micro-burette (0.01 ml/div). The lower limit for the
determination of water is less than 10 ppm. The direct titration endpoint
was determined potentiometrically and the titrations were performed in a
closed system. The titrant was standardized against the water of hydration

of weighed quantities of sodium tartrate.

Several substances interfere with Karl Fischer analyses including: alkaline
materials, compounds containing active hydrogen, and strong oxidizing or
reducing agents. One problem associated with large sample sizes is the
disruption of the electrolytic nature of the titration system such that

the standard endpoint camnot be employed. This problem was not found in

the titration of propylene carbonate or acetonitrile.

The titration of dimethyl formamide containing small amounts of water was
unusual because the endpoint was apparently passed when the first drop of
Karl Fischer reagent was added. This was because the reagent slowly re-
acted with the sample; subsequent additions of reagent reacted rapidly so
that the sample could be titrated in the usual fashion. This reaction
appears to be autocatalytic, but the mechanism was not investigated. Karl
Fischer titration yielded results in accordance with the VPC method for
solutions with intermediate water content, but could not be applied in
cases of very pure dimethyl formamide. Difficulties in titrating for
water in dimethyl formamide have been indicated also by other investi-

gators (Ref. 10).

Nuclear Magnetic Resonance (NMR) Techniques

Farly in the program, NMR techniques were explored as a method for the
independent analysis of water in solvents. This work included a pré—
liminary investigation of a method, described in an earlier report (Ref. 2),
which employed broadline techniques in recording high resolution spectra
and held promise of achieving the same sensitivity as either VPC or Karl
Fischer titration. Results consistent with the other analytical methods

were obtained,
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More recently, standard high resolution NMR was used to determine water

and methanol contents in methyl formate, and in its solutions where ambigu-
ous results had been obtained by VPC and Karl Fischer titration. The H;
resonance due to H2O and CHBOH was compared to the resonance obtained in
samples containing known additional amounts of these impurities. The
sensitivity of this method may not be as great as the sensitivity of the NMR
method mentioned above, but it allows the detection of impurities at a

level of 200 to 500 ppm, the sensitivity depending to a certain extent on
the solvent system., As an example, the spectrum of MF#2-5 is given in

Fig. 5 with l-percent water added.

Methyl formate was used for experimentation in LiCth and LiAsF6 solutions.
The task to analyze methyl formate was twofold because not only pure, dis-
tilled methyl formate had to be analyzed, but also the methyl formate which
was contained in the LiAsF6/MF stock solution supplied by Honeywell's
Livingston Electronic Laboratories. A preliminary VPC analysis of this
stock solution had indicated a water content of 0.25 percent but the solu-
tion was found stable in contact with a lithium dispersion, and the high
water content could not be confirmed by Karl Fischer {itration. NMR re-
sults then indicated decisively that the VPC results were erroneous prob-

ably because of decomposition of the solvent.

A sample of LiAsF6#1/MF (designation for the undiluted stock solution
obtained from Livingston) gave the spectrum represented in Fig. 6. On
addition of water, no water peak could be found,as shown in Fig, 7. In-
stead, the methanol peak had increased as compared to the spectrum obtained
before the water addition. This can be verified by comparing with a spectrum
obtained after addition of l-percent methanol, Fig. 8. A formic acid peak,
not shown, had also increased accordingly. This indicates that a fast
hydrolysis occurred. Such a reaction was not observed in pure methyl
formate, and it appears that the hydrolysis process was accelerated in

A

the presence of LiAsF6 or of certain impurities introduced with it,

22



I ] 1 . i ] : I —t T I T I . 1
= = T . : . ]
{ boucd
0 400 300 4 200 100 o s
w0 ' EC
e i
, i
i
|
| | L
i
l u?D
{
1
i
L ! ] i § A i H !
1. ' I T 1 2 1 1 ! L T i 1 n
. 1 .
Figure 5. H Spectrum of Methyl Formate with 1-Percent H2O Added
20 39 A0 Sfﬁ PPM T} 60 70 80 ! 20 1’0
T T . I I i ] T i IR I T I
1000
500 400 300 rq} 200 00 B):.‘:(?
50
100
o '
i
i
HE
-
i i { - { i ’l H L
1 n 1. 1 f i 1 1 1 1 S | L 1
8.0 70 6.0 5.0 PPM (3) 40 3.0 2.0 10 [

Figure 6, H]L Spectrum of LiAsF6 #1/MF

23



24

1i° 3‘.0 liD 5.;0 r‘!_u'l T AJ.O - 7'47 l‘.a 910 \In
T w o
H i
9| |
H i
! j
1
i
o E;:
!
! !
\
1 1 1 | J L i
N 1 1 1 " | ] 1 ) Rl
8.0 7.0 6.0 5.0 PPM (3) 4.0 3.0 20 1.0 ]
Figure 7. gl Spectrum of LiAsF, #1/MF with 1-Percent H 0 Added
- 2i° 31.0 ‘io Siﬂ ”II:IT‘ ﬂiﬂ 71.0 aie . vio 10
1000 ) h>
500 I ‘ 400 300 200 W0 e
¢
i | ) i i 1 |
1 1 i ] | 1 1 1 1
8.0 7.0 6.0 5.0 PPM.{5) 4.0 C{.O 2.0 1.0 [
Figure 8. H1 Spectrum of LiAsF6 #1/MF with 1-Percent Methanol Added




PURIFICATION OF SOLVENTS

Starting Materials

Table 6 lists the solvents purchased. Solvents of different origin and
frequently also with different lot numbers were given different code num-
bers (an additional number was added for the different purified and ana-
lyzed batches).

Distillation

Solvents were purified by distillation. Methods were established which
furnished solvents with acceptable impurity levels fairly reliably; the
procedures are summarized in Table 7. Two distillation procedures are
given for PC, DMF, and AN. Each of the first procedures was used in
early stages of the program and produced acceptable materials, as sum-
marized in Ref. 3 . Because of the breakdown of the spinning band column
and also to improve the reliability, the distillation processes were modi-
fied, and the second set of distillation conditions represents the methods
which eventually appeared optimal in regard to reliability and simplicity.

These later procedures are discussed in more detail below.

Propylene Carbonate. Liter batches of PC were distilled from CaH2 with a
1-foot Vigreux column (packed with Heli-pak) at 8 to 14 mm Hg and 100 to

115 C. The column was wrapped with heating tape and insulated with asbes-
tos to prevent flooding. Dry nitrogen was used to bring the system to
atmospheric pressure when cutting fractions. No predrying of the solvent
was necessary, possibly because the starting material, at least in batches
purchased toward the end of the program, had a low water content. However
several samples distilled from the very latest batches were found to con-
tain approximately 100 ppm of an unidentified organic impurity with a VPC
retention time of 6 minutes. The impurity level was reduced by simply
distilling off 150 to 200 mi from the distilled batch; in the absence of

CaHQ, and retaining the rest of the batch as the purified solvent.

)
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In cases where water contents below 20 ppm were obtained in distilled PC
batches, some HQO (approximately 20 ppm) was added with a micro syringe
to meet the contract specification requiring solvents to contain 40 %20
ppm HQO. '

Dimethyl Formamide. The purification of the spectrograde DMF involved the

following steps:

1. DMF was shaken vigorously with activated, chromatographic grade

-]
molecular sieves (3A, 12-30 mesh) for 6 hours.
2. The molecular sieves were allowed to settle for 15 to 20 hours.
3. DMF was decanted off and centrifuged for 2 to 3 hours.

4., The predried DMF was distilled with a 1-foot Vigreux column,
packed with Heli-pak, at atmospheric pressure and 151 C (no
drying agent was needed during distillation).

Care was taken to remove mclecular siewes used for predrying as completely
as possible because they appeared to give off water during the distilla-
tion step. Total removal was difficult if the shaking period was too

long because fine particles of molecular sieves which were hard to sepa-

rate formed through a grinding action.

Acetonitrile. One-liter batches of AN were distilled from P205 with a

3-1/2-foot Oldershaw bubble-plate column at atmospheric pressure and 81 C.

The reflux ratio was varied from an initial value of 5:1 to a final value

of 2:1. Batches were predried by allowing them to contact PQO for 20 to 50

5

hours.

Methyl Formate. Liter batches of MF were distilled from a 50-percent

lithium/50-percent heptane dispersion (1 percent added to the MF) with a
1-foot Vigreux column (packed with Heli—pak) at atmospheric pressure and

31 €. The MF was refluxed for about 1 hour before distillation. Some
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batches were passed through a chromatographic column packed with molecular
sieves before distillation. However, this procedure appeared to be unneces-
sary. The spectroquality MF used at first presented some difficulties be-
cause it had an excessive methanol content. A vigorous reaction occurred
upon éddition of the lithium dispersion. Thes; difficulties were not en-
countered on newly sﬁpplied material which was low in methanol (<500 ppm),

as had been requested from the supplier.

Characterization of Solvent Batches

The solvents were usually purified in batches of 500 to 1000 milliliters.
A gas chromatographic test for water and major organic impurities with a
Porapak Q column was employed for routine characterization of the solvents.
Analysis results for solvent batches used for experimental work are pre-
sented in Table 8. Impurities listed as absent were not detected, the
detection limits being 2 to 5 ppm for water and about 10 ppm for those

organics which could be separated on the Porapak Q column.

Ordinarily, only batches showing water contents of 40 *20 ppm were used
for experimentation. In some case¢s, some water was added to bring the
water content within these limits. No single organic contaminant at a
"level above 60 ppm was tolerated. Unacceptable solvent batches were

redistilled or discarded.

The above tolerances were relaxed in the case of MF to the impurity levels
of solutions used in cell studies at the Livingston Electronic

Laboratories.
SELECTION OF SOLUTES
Lithium perchlorate (Lic104),‘1ithium chloride (LiCl1), lithium fluoride

(LiF), tetramethylammonium fluoride (TMA’F), tetramethylammonium hexa-
fluorophosphate (TMA-PF6), tetraethylammonium fluoride (TEA-F), and lithium
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TABLE 8

CHARACTERIZATION OF DISTILLED SOLVENT BATCHES

Solvent Code

H,0 Content,
ppm per weight

Organics
ppm per weight
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180
25
55
25
20
20
35
20
L0

20
20
32
33
None
None
None
None
None

160

20
None

15

35
None

35
65 + 55

(two impurities)

None
None
None
None
12
14
12
17

None
None
None
None -
None
None
None
None

20
20
230

+ 35
+ 35
+ 280

22 + 40
20 + 28
100
185
None

140
None
35
None
None
None
None
26
9
None
None
None
None
‘None
None
None
None




TABLE 8

(Concluded)
‘ Hy0 Content, © . Organics
Solvent Code ppm per weight ppm per weight
DMF #6-5 75 None
DMF #6-6 150 None
DMF #6-7 155 None
DMF #6-8 110 None
DMF #6-9 77 None
DMF #6-10 48 None
DMF #6-11 110 None
DMF #6-12 54 None
DMF #6-13 32 None
DMF #6-14 113 None
DMF #6-15 36 None
DMF #6-16 55 None
DMF #6-17 59 None
DMF #6-18 LY None
DMF #7-1 28 None
DMF #7-2 46 None
AN #1-1 23 None
AN #1-2 L0 None
AN #3-1 50 None
AN #3-2 ;i 55 None
AN #4-1 48 None
AN #4-2 60 None
AN #4-3 49 None
AN #h-4 41 None
AN #4-5 49 None
AN #4-6 46 None
AN #5-1 %0 None
AN #5-2 48 None
AN #5-3 63 None
AN #5-4 52 None
AN #5-5 54 None
AN #5-6 61 None
AN #5-7 60 None
MF #1-3 118 600 MeOH;
MF #2-1 54 520 (MeOH
MF #2-2 83 ‘430 (MeOH)
MF #2-3 90 390 (MeOH)
MF #2-4 90 450 (MeOH)
MF #2-5 67 460 (MeOH)
- MF #2-6 120 410 (MeOH)




hexafluoroarsenate (LiASF6) were selected as electrolyte solutes. Alumi-
num chloride (AlClB), boron trifluoride (BF3)’ phosphorous pentafluoride
(PF5), and water were considered as complexing agents. Lithium tetra-
fluoroborate and lithium hexafluorophosphate solutions result from the
addition of BF3 or*PF5, respectively, to a slurry of LiF. Anhydrous cupric
fluoride (CuFQ) and cupric chloride (CuClQ) were studied as electroactive
materials. For the determination of individual ion mobilities, lithium
bromide (LiBr) tetramethylammonium bromide (TMA-Br); and tetrabutylammonium
bromide (TBA-Br)were used, also tetrabutylammonium tetraphenylboride
(TBA-TPB) which was synthesized from sodium tetraphenylboride (Na-TPB) and

tetrabutylammonium bromide.

Sources and purities of the materials procured to be used as solutes are
given in Table 9 . Detailed analysis results are presented and discussed

below.
ANALYSES OF SOLUTES

A comprehensive analysis of a solute is very difficult because a very
large number of impurities may be present. The major portion of analyses
of solids were performed by spark source mass spectrography (ssMs). The
analysis of the metal ions was duplicated by emission spectroscopy, and
some supplemental analyses were made to answer special questions. Mass
spectrographic and gas chromatographic techniques were applied to analyze

the gaseous solutes.

Analysis by Spark Source Mass Spectrographv (SSMS)

Spark source mass spectrography is an instrumental method of analysis in
which trace elements of a solid material may be determined by separating
constituents according to their masses. The'sample is broken up and
ionized by a high-frequency BRF high voltage source. Thé resulting ions

are accelerated through a mwass spectrometer and recorded on a photographic
plate. This plate can be interpreted for both qualitative and quantitative

analysis.

32



TABLE 9

SOURCE AND PURITIES OF PROCURED SOLUTES

Chemi cal Source Quality
LiC10, #1 | Foote Mineral Co. 99.75%
LiClOIi #2 Atomergic Chemetals Co. 99.9%
(Lot B5057)
LiC10, #3 | Atomergic Chemetals Co. 99.9%
(Lot B7523)
LiCl #1 Foote Mineral Co. 99.75%
LiC1 #2 Atomergic Chemetals Co. 99.9% (optical)
(Lot B5095)
LiCl #3 Atomergic Chemetals Co. 99.9 + % (optical)
(Lot B7948)
LiF #1 Foote Mineral Co. 99.8%
LiF #2 Electronic Space Products, Inc. 99.9%
LiF #3 Research Inorganic Chemical Corp. 99.99%
™A-F # 0zark-Mahoning Co. Special
(Lot VM-4-125
TMA-F #2 Aldrich Chemical Company, Inc. (20% Na)
T™A-F #3 Southwestern Analytical Chemicals
TMA-F #4 Southwestern Analytical Chemicals
TMA~PF6 #1 | Ozark-Mahoning Co. 99.85%
(Lot KW-2-1-C)
TEA-F #1 Southwestern Analytical Chemicals Purified (25% HQO)
LiAsF . #1 Livingston Electronic Labs. 2.2M LiAsF6/MF
Solution
AlCl3 #1 Mallinkrodt Chemical Works Apalytical Reagent
A1C1Z #2 J. T. Baker Chemical Co. Analyzed Reagent
AlCl3 #3% Rocky Mountain Research, Inc. 99.999%
AlCll} #4 Rocky Mountain Research, Inc. 99.999%
(Lot LP03088)
BF, #1 Matheson Co., Inc. 99. 5%
PF3 # Research Inorganic Chemical Co. Chemically Pure
H2g In-House Deionized
CuF2 #1 Research Inorganic Chemical Co. Chemically Pure
CuF2 #2 0zark-Mahoning Co. Special
CuF, #3 Ledoux & Co. Special
CuC%2 #1 Matheson, Coleman and Bell Reagent
CuCl, #2 Fisher Scientific Co. Certified Reagent

(Lot 752944)
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TABLE 9

Corp. (Lot B5111)

(Concluded)
Chemical Source Quality
TBA-TPB #1 | Synthesized from TBA-Br #1 and
Na-TPB #1
Na-TPB #1 Baker and Adamson Reagent, General Reagent
Chemical Division, Allied Chemical
: Corporation
TBA-Br #1 Columbia Organic Chemicals Co., Inc. Polarographic
TMA-Br #1 Southwestern Analytical Chemicals Polarographic
LiBr #1 Matheson, Coleman and Bell Reagent
LiBr #2 Gallard-Schlesinger Chemical Mfg. 99.99% (optical)
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The analyses were performed at the Bell and Howell Research Laboratories,
Pasadena, on a semiautomatic Consolidated Electrodynamics Corporation
X21-110 mass spectrometer. A SpectraDataMeter was utilized to measure
line positions and identify spectral mass lines. Quantitative information

was obtained from a plate reader-computer system.

The samples were prepared by pressing the solids into pellets at about
60,000 psi, and were enclosed in a rubber bag at this stage to avoid con-
tamination by the atmosphere. Each pellet was then trimmed in a dry box
on all sides to form electrodes and mounted on gold-capped sample holders
just prior to sparking. The samples were exposed to the laboratory atmos-
phere briefly when they were transferred to the spark chamber of the mass

spectrometer.

Because the samples were sparked against ultra-high-purity gold probes
and tantalum slits were used in the instruments, no results for these two
metals were obtained. All other elements at concentrations of 10 ppm or
more were detected, unless there was some interference by background lines

from major components in the solid.

Before the exposures were made, the samples were given a prespark; that
is, the surface of the samples was sparked to reduce the possibility of
surface contamination. For each sample, a set of exposures with variable
exposure times was taken to allow quantitative determination of consti-

tuents present at various concentrations.

This analysis method provided elemental analyses covering all elements

from hydrogen up to uranium, although an analysis for hydrogen was not

always performed. Some erratic results were obtained occasionally such
as varying contents indicated for a certain element on varying exposures
of one set. Also, the spark source mass spectrographic results did not
always agree perfectly with the results obtained by other methods. One
has to consider that only a very small part repreéenting the bulk seolid
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is actually sampled (this applies also to the emission spectrography) .

Heterogeneity of a sample is more likely to lead to erratic results than
in a wet analytical technique., Nevertheless, SSMS has been a most useful
analytical tool for examining impurity contents of the solids used on the

program.

Analysis by Emission Spectrography

Emission spectrography is a common technique employed to determine metal
contents at levels less than 100 ppm. Table 10 gives some lower limits
as obtained by Pacific Spectrochemical Laboratory, Inc., Los Angeles,

where the emission spectrographic analyses were made.

The results obtained by emission spectrography are considered semiquanti-
tative, with an accuracy of ¥50 percent and reproducibility of *15 per-
cent. Fmpirical corrections were made based on the major anion present,

because individual calibrations for most of the watrices were not available.

Analysis Results and Purification of Solutes

Lithium Perchlorate. Two batches of 99.9-percent LiCth supplied by the

Atomergic Chemetals Company, LiClOQ #2 and L10164 #3, were analyzed, the
results being given in Tables 11 and 12. The sawmples had been dried at
elevated temperature (i.e., at 90 to 120 C) under vacuum; this purifi-

cation procedure was applied to all LiC10, used on the program.

Because of interferences, Mg, P, 8, V, Cr, and Nb could not be determined
by SSMS3. Only one impurity above 100 ppm was found in LiCth #2, and it
is not conceivable that 260 ppm Na affected any measurements significantly.
The ‘sodium content was also high in LiOlql>#3. A high fluoride content
was indicated by SSMS, but this result was not confirmed in a test des-
cribed below where an Orion fluoride electrode was used. The hydrogen
content probably was caused by contamination of the sample with water;
because oxygen was a major constituent, ‘a balance between H and 0 con-

tent cannot be made.
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TABLE 10

LOWER LIMIT FOR DETECTION OF VARIOUS METALS
IN LTTHIUM CARBONATE MATRIX
BY EMISSION SPECTROGRAPHY

Lower Limit,

Element ppm
Aluminium 2
Antimony 40
Arsenic 300
Barium 100*
Beryllium 0.3
Bismuth 1
Boron 30
Cadmium 30
Calcium 0.05
Chromium 1
Cobalt 3
Columbium LO
Copper 0.3
Gallium 2
Germanium 5
Gold 10
Indium 3
Iron 3
Lead 20%
Magnesium 0.1
Manganese 1
Mercury 200
Molybdenum 5
Nickel 3
Palladium 2
Phosphorus 1000
Platinum 5
Potassium 300
Rubidium 20
Silicon 5
Silver 0.3
Sodium 100
Strontium 3
Tantalum 200

Thallium 100

*¥Special spectrographic techniques are available which may determine
smaller quantities of the metal.



TABLE 10
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(Concluded)
Lower Limit,

Element ppm
Thorium 100
Tin 5
Titanium A
Tungsten 1060
Vanad ium 5
Zinc 100
Zirconium 5



TABLE 11

IMPURITY CONCENTRATIONS IN LiClO4 #2 DETERMINED BY SPARK
SOURCE MASS SPECTROMETRY AND EMISSION SPECTROSCOPY

Emission
Spark Source Mass Spectrometry Spectroscopy
Detection Limit, Content, Content, Content,
Impurity ppm atomic ppm atomic | ppm per weight | ppm per weight

H 3.0 500.0 28

B 1.0 20.0 12

c 1.0 20.0 14

N 1.0 6.5 5.1

F 2.0 23.0% 25%

Na 0.3 200.0. 260

Al 0.5 1.0 1.5

Si 1.0 23.0 36 10

K 0.3 16.0 35

Ca 0.7 5.9 13 17

Cu 2.0 12.0% 43x% 4

Zn 2.0 3.0 11

As 1.0 21.0 89

I 2.0 3.0 21

Mg 3

Fe 2

Sn 4

Pb 16

*May be due to residuals in the mass spectrometer
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TABLE 12

IMPURI_TY CONCENTRATIONS IN LiClOl* #3 DETERMINED BY SPARK
SOURCE MASS SPECTROMETRY AND EMISSION SPECTROSCOPY

Emission
Spark Source Mass Spectrometry Spectroscopy
Detection Limit, Content, Content, Content,
Tmpurity ppm atomie ppm atomic | ppm per weight | ppm per weight
H 3.0 5000 280
B 1.0 2.7 1.6
c 1.0 51-590 28-400
N 1.0 28 22
F 2.0 2800* 3000%
Na 0.3 800 1000
Mg 1.0 12 16 1.5
Al 0.5 32 49
Si 10 <10 <16
K 3 110 240
Ca 0.7 320 720 180
Fe 0 14 L4
Cu <0.3
H2** - 39 4 4
OH** - 240 320
HC1%%* - 1000 2100

*Highk F content not confirmed by test with fluoride ion activity electrode.

**Reported for comparison purposes only



For the test of L10104 #3 for fluoride, a fluoride ion activity electrode
(Orion Research Incorporated) was used. The electrode indicated a slightly
irreproducible potential of -140 mv with an aqueous solution of 0.25 M
LiClO4 #3. An idgntical solution which contained additonal 0.00042 M

LiF gave a potential of +24 mv versus the same reference electrode. From
these values, a fluoride concentration of 5 ppm or less can be éalculated
for LiC10, #3.

Lithium Chloride. Two batches of optical grade lithium cloride (99.9

percent) supplied by Atomergic Chemicals Company, LiCl #2 and LiCl #3,
were analyzed, and the results are presented in Tables 13 and 14. The
sodium and the potassium contents were slightly above 100 ppm in both

products, but they are not considered representing significant impurities.

Both (samples submitted for analysis and materials used for experimenta-
tion on the program)were dried under vacuum at elevated temperatures of
about 120 C. The high oxygen content in LiCl #3 appears to originate from
some oxide rather than from water contamination, because the hydrogen found

did not balance with the oxygen observed.

Lithium Fluoride. Two products were analyzed by emission spectrography:
LiF #2, 99.9 percent, supplied by Electronic Space Products, Inc., and

LiF #3, 99.9 percent, optical grade, supplied by Research Inorganic
Chemical Corporation. Because the impurity conteut of the less expensive
product, LiF #2, was not significantly greater according to this anal ysis,
this product was further analyzed by SSMS. The results are given in
Table 15. Several impurities were revealed at levels greater than 100 ppm.
They are carbon, probably from carbonate, oxygen which may have been
present in part in complex anions and also as oxide (the low hydrogen con-
tent indicates little H20 was present), and sulfur, probably from sulfafe.
The metals sodium, potassium, and antimony which complete the list were
also present; the figures for chlorine and copper are upper values only
because of possible cross-sparking of a CuCl2 sample also in the mass

spectrometer.
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TABLE 13

‘IMPURITY CONCENTRATIONS IN LiCl #2 DETERMINED BY SPARK
SOURCE MASS SPECTROMETRY AND EMISSION SPECTROSCOPY

Emission
Spark Source Mass Spectrometry Spectroscopy
Detection Limit, Content, Content, Content,
Impurity | ppm atomic ppm atomic ppm per weight | ppm per weight
Be 0.2 0.42 0.2 <0.3
C 1 120 68
N 1 6.5 k.3
0 1 3900 2900
F 1 17 15
S 5 8 12
Na 0.3 180 195 <100
Mg 1 5.4 6.2 2.5
Al 0.5 0.8 1.0 <5
Si 1 2.8 3.8 <10
K 0.5 100 185 <300
Ca 1 6.0 11.5 36
Ti 10 Not detected (<23) <h
Cr 1 3.2 7.9 <1
Fe 1 3.3 8.7 <2
Ni 1 13 36 <5
Cu 1 k.4 13 0.6
Zn 1 5.0 12 <100
Ge 10 Not detected (<34) <5
Se 1 2.1 7.8
Br 1 2.0 7.5
cd 1 5.3 28 <30
Hg 2 2.1 20 <200




TABLE 14

IMPURITY CONCENTRATIONS IN LiCl #3 DETERMINED BY SPARK
SOURCE MASS SPECTROMETRY AND EMISSION SPECTROSCOPY

Emission
Spark Source Mass Spectrometry Spectroscopy
Detecfion Limit, Content, Content, Content,
Impurity ppm atomic ppmn atomic | ppm per weight | ppm per weight

H 2 760 36
C 1 33 19
N 1 k.1 2.7
0 1 6400 4800
F 1 29 26
Na 0.3 120 130
Mg 1 7.3 0.8
Al 0.5 .6
Si 1
S 1 65 98

0.5 56 103
Ca 1 50 9% 96
Ti 10 <10 <22
Cu 1 1.9 5.7
Ge 10 <10 <34
Br 1 36 134
HQ* - 25 2.4
OH* - 260 210
HC1* - 40 760

*Reported for comparison purposes only

43



44

TABLE 15

IMPURITY CONCENTRATIONS IN LiF #2

DETERMINED BY SPARK

SOURCE MASS SPECTROMETRY AND EMISSION SPECTROSCOPY

Emission

Spark Source Mass Spectrometry Spectroscopy
Detection Limit, Content, Content, Content,
Impurity ppr atomic ppm atomic ppm per weight | ppm per weight
H 3 290 22
B 1 2.7 2.3
c 1 750 690
N 1 40 43
0 1 7000 8600
Na 0.3 4800 8500 <100
Al 0.5 5.8 12.1 .8
Si 1 28 60 96
5 10 24

S 3 220 540
Cl 1 1600% LL00*
K 0.3 270 810 <300
Ca 0.7 14 43 Ly
v 1 2.0 7.9 <5
Cr 1 2.0 8.0 <1
Cu 1 38% 187* 10
Nb 3 7.0 50
Sb 5 17 160 <40
Mg 2.2
Pb 16
Fe 5.0
Sn Trace (<3)
Ni 4.?

*May be caused by cross sparking of a copper chloride sample also in the
the mass spectrometer.




Before using lithium fluoride for experimentation, the material was
dried at about 120 C under vacuum. The samples submitted for analysis

were treated in the same manner.

Tetramethylammonium Fluéride. A special grade tetramethylammonium fluoride,

TMA-F #1, was obtained from the Ozark-Mahoning Company, but a product
supplied by the Aldrich Chemical Company, Inc., TMA'F #2, appeared to

be a much drier product. Emission spectrography revealed a sodium con-
tent on the order of 20 percent for TMA'F #2, however. Two products sup-
plied by Southwestern Analytical Chemicals, Inc., TMA-F #3 and TMA‘F #4,
had a somewhat cakey appearance and a relatively high water content of
these products was suspected; but no significant impurities were found

in TMA'F #3 by emission spectrography.

No results could be obtained by spark source mass spectrography because
the sample lost its consistency upon exposure to vacuum and could not be
sparked; TMA-F undergoes thermal decomposition to (CH3)3N’ CHQ, and CH3F

in a vacuum of 0.5 to 1 mm Hg according to Ref. 16, and decomposition

could be expected to eccur at room temperature at a vacuum of 10"7 to

10—8 mm Hg, which are the conditions in the mass spectrometer.

A completely satisfactory tetramethylammonium fluoride product was there-
fore not available for testing, and only limited, preliminary studies

were performed with this compound.

Tetramethylammonium Hexafluorophosphate. A product supplied by the

Ozark-Mahoning Company, TMA:PF6 #1, was used for experimental work without

further purification. Analysis results are given in Table 16.

A complete determination of organic impurities would have been very dif-
ficult and was not attempted. During the course of the NMR investigations,
no other organic constituents than tetramethylammonium were detected. It
was expected, however, that only organic impurities'present at concentra-

tions of 1 percent or higher would have been noticed.
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TABLE 16

IMPURITY CONCENTRATIONS IN TMA.PF6 #1
DETERMINED BY SPARK SOURCE MASS SPECTROMETRY
AND EMISSION SPECTROSCOPY

Emission
Spark Source Mass Spectrometry Spectroscopy
Detection Limit,| Content, Content, Content,
Impurity ppm atomic ppm atomic | ppm per weight | ppm per weight
Li 1 27 20
3 5.7 6.8 <30
0 3 290 510
Na 1 8.3 20,9 <100
S 20 Not <70
detected
Cc1 3 960% 3720%
K 1 2.3 9.9 <300
Cu 3 2400% 16700% 5.2
Zn 5 27 194 <100
Mg 8
Si 50
Fe Trace(<30)
Ca 25

*May be caused by residuals in the mass spectrometer
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Tetraethylammonium Fluoride. The tetraethylammonium fluoride, TEA-F #1,

was supplied by Southwestern Analytical Chemicals, Inc., Some TEA:F was
dissolved in PC which contained less than 5-ppm water. Gassing of this
solution was observed which was accelerated upon exposure to 60 C; the
nature of the decomposition reaction was not determined. The water con-
tent of this solution was 3.1 percent according to Karl Fischer titration,

which corresponds to approximately 25-percent H20 content of TEA-F #1.

Direct drying of TEA-F was not possible because of decomposition, A puri-
fication procedure used at the Livingston Electronic Laboratory (Ref. 17)
was therefore employed. The TEA-F wés first recrystallized from aceto-
nitrile, and needles with a neat appearance were obtained. A solution was
made up in propylene carbonate, and the analysis by Karl Fischer indicated
a water content of 13 percent of the recrystallized product. This seclu-
tion was also tested in a vapor phase chromatographic procedure invelving
a Porapak Q column and a precolumn to retain the solid part of the sample;

this test indicated a water content of 8 percent based on the TEA-F.

A further step of the purification procedure involved the removal of water
by distilling off a benzene-water azeotrope, The water content, based

on TEA-F, was found to be 6 percent according to a Karl Fischer titration
and 2 percent as indicated by the VPC technigque. A benzene content of

300 ppm (based on the total approximately 1 molar solution) remained even
after prolonged exposure to vacuum. NMR investigations indicated that

the lower value (i.e., the one obtained by VPC) is more realistic. There
may be decomposition products of TEA'F interfering in the Karl Fischer

titration, causing that value to appear too high.

The final TEA-F/PC solution was discolored yellowish., The presence of
tetraethylammonium in this solution was verified by NMR, but an equiva-
lent fluoride content could not be found. The Flg resonance could not
be observed in NMR investigations, and a direct analysis indicated a
fluoride content of only about 0.005 molar. No extensive studies were

made in this system.
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Lithium Hexafluoroarsenate. A solution of lithium hexafluoroarsenate

in methyl formate was obtained from Livingston Electronic Laboratory
vwhere it was made by metathesis from LiBFll and KASFG. The code LiAsF6 #1

in this report will designate the use of this solution.

The solution was analyzed by atomic absorption for lithium (2.27 moles/
liter), potassium (0.035 M), and boron (0.010 M). The potassium and the
boron contents are due to the solubility of KBFh. The potassium to boron
ratio is not stoichiometric for KBFA because the metathesis was not per-

formed entirely stoichiometrically.
Analysis of the solution for water and methanol will be discussed later.

Aluminum Chloride. Two batches of aluminum chloride suppliéd by Rocky

Mountain Research, Inc., AlCl3 #3 and AlCl3 #4, were used without puri-

fication. Analysis results are presented in Table 17 and 18.

The purity of 99.999 percent claimed by the supplier refers to the metal
aluminum only. The metallic impurities were low indeed, although there
was a considerably higher content than 10 ppm. The high value of titanium
in AlCl3 #7 is probably due to an inhomogeneity in the sample because it
was found only in some of the exposures. The fluorine content in AlClB #h

is probably also not a bulk figure.

A high oxygen content was obtained for both products. This was most likely
caused by contamination from the laboratory atmosphere to which the samples
were very briefly exposed, whereby the visible appearance of the sample
surface slightly changed. The fact that higher val ues were found at the

surface of the AlCl3 #4 sample supports the above assumption.



TABLE 17

IMPURITY CONCENTRATIONS IN AlCl3 #3 DETERMINED BY SPARK
SOURCE MASS SPECTROMETRY AND EMISSION SPECTROSCOPY

Fmission
Spectroscopy
Spark Source Mass Spectrometry (g:;:,i:tl), ((S:Z;;;thz),
Detection Content, Content, ppm per ppm per
Impurity Limit ppm atomic ppm per weight weight weight
Li Not determined <50 <50
Be 0.2 1.4 0.4 <0.3 <0.
0.3 0.64 0.21 <30 <30
C 1 91 33
N 1 58 24
0 1 2700 1300
Si 28 5k
F 1 24 14
Na 0.3 57 40 <100 <100
Mg 1 130 95 9.2 12
P 1 51 47
K 0.5 7.6 8.9 <300 <300
Ca 1 4.9 5.9 9.8 22
Ti 1 (540) (780) <k <k
Cr 1 2.2 3.4 <1 <1
Fe 1 56 94 12 <10
Co 1 20 35 <3 <3
Ni 1 L4 7.8 <3 <3
Cu 1 8.3 16 21 59
Zn 5 5.8 11.3 <100 <100
Nb 1 6.3 18 -
Sh 2 52 190 <40 <40
Hg 2 15 90 <200 <200
Pb 30 <20
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TABLE 18

IMPURITY CONCENTRATIONS IN AlCl3 #4 DETERMINED BY SPARK
SOURCE MASS SPECTROMETRY AND EMISSION SPECTROSCOPY

Emission
Spark Source Mass Spectrometry Spectroscopy
Detection Limit, Content, Content, Content,
Impurity ppmn atomic ppm atomic |ppm per weight | ppm per weight

H 1 150 4.5
B 0.3 5.3 1.7
c 1 42 15
N 1 67 28
0* 1 200-16,000 100-7700
F¥* 1 3-1800 2-1000
Na 0.3 130 90
Mg 1 34 25 3.8
Si 3 35 30

1 1600 1500
S 2 140 130
K 0.5 7.9 9.3
Ca 1 60 72 7.2
Cr 1 12 19
Fe 1 5.0 8.4 <5
Cu 0.%
Co 1 1 2
n 5 <5 <10
Ga 2 36 75
As 2 14 31
Br 2 7.6 18
In 2 20 69
Sb 2 93 340
HQ** - 38 2.3
OH** - 12 6
HC1#* - 4500 5000
A10%% - 50 65

*Higher values on surface expsoures only

*¥Reported for comparison
purposes only




Boron Trifluoride. A ecylinder of chemically pure grade boron trifluoride,

BF3 #1, was procured from the Matheson Company, Inc., for use on the pro-
gram (without purification). It was analyzed using a CEC 21-103C mass
spectrometer. - Trifluoroboroxime was the only impurity found. Its con-
centration was determined to be greater than 1 mole percent. Although
the mass spectrometer?was extensively passivated, the (B()F)3 found may
not be present in the sample, but may instead be generated inside the
mass spectrometer. Fisher, Lehmann, and Shapiro (Ref. 18) report that
(BOF)3 is not stable at temperatures below 250 C, and that a sample of
(BOF)3 is essentially decomposed (99 percent) after 1 hour at 25 C.
Thus, the (BOF)3 found in this analysis must have been generated in the
mass spectrometer and is not actually present in the BF3 sample. Per-
manent gases, such as SiF4, CFQ, N2, 02, and SF6, were not detected and,
consequently, were present at concentrations less than 0.1 mole percent,
which is the detection limit for these species (fluorine cannot be de-
tected mass spectrometrically in the presence of large amounts of boron
trifluoride).

The BF3 was also analyzed by gas chromatography using a Halocarbon 0il
13-21 on a Chromasorb W column but the results were inconclusive; peaks
were found but they were not reproducible, indicating that the sample
was incompatible with the packing or the column had not been completely

passivated.

The infrared spectrum of BF3 in a 5-centimeter cell with silver chloride
windows containing 80 millimeters of BF3 was recorded from 670 to 3500
cm_lon a Perkin Elmer Infracord, Model 137. No peaks were found other
than these expected for BF3 (Ref.19). ?ydrogen fluoride was determined
by measuring the absorbance at 3878 cm = on a Cary 1k recording spectro-
meter (a calibration curve was prepared by measuring the absorbance of

hydrogen fluoride at various pressures).
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In a first determination, using a 10-centimeter cell with calcium fluoride
windows at a sample pressure of 653 millimeters, a peak was found for

hydrogen fluoride, but the peak height was approximately the same as the
béseline noise and was at the limit of detection. The determination was
repeated using a 10-centimeter cell with sapphire windows and a sample

pressure of 1495 millimeters. The peak height again was on the order of
the baseline noise. The actual HF content was therefore at the limit of

detection, 200 ppm, or less.

Phosphorous Pentafluoride. Chemically pure grade phosphorous penta-

fluoride, PF

#1 was obtained from the Research Organic Chemical Company

5

and used without purification.

The only impurity found in PF5 #1 by mass spectrometry was POFB’ its con-

centration being greater than 1 percent, As in the case of BF_, the

3,

oxygen-containing impurity found may not be present in the PF_ sample but

5

way be generated inside the mass spectrometer. Permanent gases, such as
SiF4, CF&’ N2, 02, and SF6 were not detected, and hence were not present

at concentrations greater than 0.1 mole percent. PF_, cannot be determined

3

mass spectrometrically in the presence of a large excess of PF_ because

5

the major species generated by ionization of PF3’ i.e@,-PF2+, is also

generated by the ionization of PF In addition, fluorine cannot be de-

5°
tected because fluoride ions are also produced by the ionization of PF

5°

The analyses of PF_ by gas chromatography using a column of Halocarbon

5
0il 13-21 on Kel F was inconclusive. Peaks were obtained but they were
not reproducible, indicating incompatibility with column packing or that

the column had not been completely passivated.

The phosphorous pentafluoride was analyzed by infrared spectrometry to
supplement the mass spectrometric results. The spectrum of phosphorous
pentafluoride at 720 miilimeters is shown in Fig. 9 ; it was recorded on

a Perkin Elmer Infracord, Model 137, using a 10-centimeter cell with
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silver chloride windows. The absorption peak at 1420 cm“1 is due to

POF, and the peaks at 860 and 890 om L are‘due to PF,. The remaining

peaks are those expected for phosphorous pentafluoride (Ref. 20 and 21).

A mixture of 20-millimeter phosphorous trifluoride, (Ozark—Mahoning Com~
pany, no puritytgiven) and 240-millimeter helium was prepared for calibra-
tion purposes. The absorbance at 860 and 890 cm—1 was measured as a

function of the partial pressure of PF3, as shown in Fig. 10a, The PF3

absorbance in the PF5 #1 sample corresponds to 2.35 and 1.90 willimeters
at 860 and 890 cm-l, respectively, or a concentration of approximately

0.2 percent (by weight).

The spectrum of POF_, has been reported (Ref. 20 and 22) but no extinction

3

coefficients are available. The preparation of POF_, with a known purity

3
is very difficult and an indirect method has been employed to determine

the extinction coefficient. The intense absorption peak for POF3 at 1420

cm—1 is due to the stretching of the P-0 bond. Assuming that POCl3 and

POF_ have similar characteristics, the extinction coefficient of the P-0

3

bond should be the same for these two species even though the absorption
frequency is different due to the differences in the masses of the two

species. A mixture of 13 millimeters of phosphorous oxychloride, P()Cl.5

(Baker analyzed reagent grade), and 700 millimeters of helium was pre-
pared and the absorbance was measured at 1320 cm-1 at different pressures.
The absorbance of phosphorous oxychloride as a function of its partial
pressure is shown in Fig. 10b. The minimum absorbance peak for POF3 in
P.F5 #1 had an absorbance of 0.08 (Fig. 9), which corresponds to 0.3

millimeter of POCl3 or approximately 300 ppm (by weight) of POF3 in PFS'

This absorbance was repeatedly obtained but some spectra showing larger

amounts of POF_ were also found. The larger concentrations in these

3

cases are probably due to the phosphorous pentafluoride reacting with

traces of water. The actual POF_ concentration may actually be less

3

than 300 ppm. The much greater value found for POF, by mass spectrometry

3

is due to incomplete passivation of the inlet system.
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The HF concentration in the PF5, determined by measuring the absorbance
of a 500-millimeter sample in a 10-centimeter cell with calcium fluoride
windows at 3878 cm"l, was 800 ppm.

7

Water. Deionized distilled water with a typical conductivity of 5 x 10~
ohm'—1 cm_1 was used throughout the program. A further characterization
was not deemed necessary because water was added to the electrolyées only

in small amounts, normally at the 1000 ppm level.

Cupric Fluoride. A special grade cupric fluoride product of the Ozark-
Mahoning Company, CuF2 #2, was analyzed by épark source mass spectro-
graphy and emission spectrography. The results of Table 19 indicate
several impurities at levels above 100 ppm, Fe and Ni being considered

the most critical ones. Another special product, CuF2 #3, was obtained
from Ledoux and Company, the analysis results being listed in Table 20,
Low impurity levels for metallic impurities were recorded. A large oxygen
content of 1.5 percent by weight was revealed by SSMS together with signi-~
ficant amounts of carbon and some sulfur. In the second analysis, which
was provided by the supplier of the chemical and was performed by the
Associated Electrical Industries, Ltd., England, no figures for 0, N, and
C are given; nitrogen and oxygen could not be determined because of in-
strument background, and in the case of carbon, a determination was im-
possible because the sample was wmixed with graphite. The high oxygen
content appears to be due to the presence of a copper oxide rather than

to an excessive water content because only small amounts of hydrogen

were found. CuF2 #3 was used for measurements despite the relatively
high impurity levels; a more satisfactory product did not seem to be

available.

In an effort to prepare pure cupric fluoride, the fluorination of copper

arsenide was investigated but without success (Ret. 5).



TABLE 19

IMPURITY CONCENTRATIONS IN CuF2 #2 DETERMINED BY SPARK
SOURCE MASS SPECTROMETRY AND EMISSION SPECTROSCOPY

Emission
Spark Source Mass Spectrometry Spectroscopy
Detection Limit, Content Content, Content,
Impurity ppm atomic ppm atomic | ppm per weight | ppm per weight
H 3.0 910.0 27
Li 0.3 0.5 0.1
B 1.0 32.0 10.2
C 1.0 320.0 114
N 1.0 7.0 31
0 1.0 2600.0 1230
Na 0.3 300.0 204
Mg 0.7 58.0 4o 35
Al 0.5 130.0 104 170
P 1.0 12.0 11
S 5.0 360.0 340
C1 2.0 250.0 260
K 0.3 22.0 25
Ca 0.7 18.0 21 86
Ti 7.0 N.D. <10
v 1.0 30.0 45
Cr 1.0 8.5 13 5
Mn 1.0 7.2 12 23
Fe 2,0 740.0 1200 1100
Ni 5.0 430.0 730 970
Zn 5.0 130.0% 250%
Ga 0.7 1.3 2.7
As 5.0 N.D. <11
Ag 0.7 8.2 26 6
Ccd 3.0 21.0 70
Sn 3.0 1300.0 4600 400
Te 10.0 N.D. < 38 ;
Pb 3.0 4k .0 270 120
Bi 3.0 48.0 300

*May be due to residuals in mass spectrometer
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Cupric Chloride. Reagent grade cupric chloride from Fisher Scientific

Company, CuCl, #2, was analyzed and used for experimental work without
purification. Analysis results presented in Table 21 indicate a satis-
factory product; the lithium analysis was uncertain because of possible

memory effects in the mass spectrometer or because of cross-sparking.

Tetrabutylammonium Tetraphenylboride. Tetrabutylammonium tetraphenylboride

was prepared by metathesis of tetrabutylammonium bromide (TBA-Br #1,
Columbia Organic Chemicals Company, Inc., polargraphic grade) and sodium
tetraphenylboride (Na-TPB #1, Baker Adamson Laboratory Chemical, reagent
grade) according to a procedure given in Ref. 23. Solutions of TBA:Br and
Na.TPB in conductivity water were prepared (0.1 mole in 500 cc). The solu-
tion of Na.-TPB was allowed to drop through a fine filter into the TBA-Br solu-
tion, and the bulky white precipitate was filtered and dried. The mate-
rial was recrystallized three times from acetone and dried under vacuum

at room temperature for 6 days. This material was subsequently recrystal-
lized and dried under vacuum at 50 C for 2 days. It was given the designa-
tion of TBA-TPB #1 and was used without analysis for determination of

equivalent ion conductances at infinite dilution.

Sodium Tetraphenylboride. Reagent grade sodium tetraphenylboride (Baker

and Adamson Laboratory Chemical, reagent grade), NA-TPB #1, was used
without analysis and purification to synthesize TBA'TPB #1.

Tetrabutylammonium Bromide. Polarographic grade tetrabutylammonium bro-

mide (Columbia Organic Chemicals Company, Inc.), TBA-Br #1, was used for
determination of equivalent ion conductances at infinite dilution and for
synthesizing TBA-TPB. This chemical was used without purification and

analysis.

Tetramethylammonium Bromide. Polarographic grade tetramethylammonium
bromide, TMA-Br #1, was obtained from Southwestern Analytical Chemicals

and was used for conductance studies without analysis and purificatien.
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IMPURITY CONCENTRATIONS IN Cu012 #2

TABLIE 21

DETERMINED BY SPARK SOURCE MASS SPECTROMETRY
AND EMISSION SPECTROSCOPY

Emission
Spark Source Mass Spectrometry Spectroscopy
Deteetion Limit,| Content, Content, Content,
Impurity ppm atomic ppm atomiec | ppm per weight | ppm per weight
H 3 36 0.8
Li 0.3 1200* 190% < 200
c 20 5
] 15 5
0 1 480 170
F 1 16 7
Na 0.7 79 /31
Mg 0.7 1.1 0.6 5.1
Al 0.5 2.9 1.7
Si 5 Not <3 k1
detected
Ca ] 8.0
1 1.7 1.2
S 5 27 19
0.3 31 27
Ca 0.7 2.9 2.6
Ti 1 3.8 4.1
v 1 13 15
Cr 1 7.5 8.7 6.9
Mn 1 3.7 k.5
Fe 1 100 125 34
Ni 1 46 60 Trace <10
*May be due to residuals in the mass spectrometer.




TABLE 21

(Concluded)
Emission
Spark Source Mass Spectrometry Spectroscopy
Detection Limit,| Content, Content, Content,
Impurity ppn atomic ppm atomic | ppm per weight | ppm per weight
Zn 3 6.1 8.9
Ga 0.7 6.7 10.4
As 1 9.7 16.2
Se 2 5.4 9.5
Br 1 11 20
Ag <5 11
Y 0.7 1.4 2.8
Ru 2 9.7 22
Cd 3 50 125 <100
Sn 4 5.2 15.8
Sb 3 4.4 12,0
Pb 3 5.2 24,1 26




Lithium Bromide. The optical grade, anhydrous lithium bromide supplied

by Gallard-Schlesinger Chemical Mfg. Corp., LiBr #2, was used for conduct-
ance studies without analysis and after drying under vacuum at elevated

temperatures.
PREPARATION OF SOLUTIONS

Electrolyte solutions were prepared in the dry box as follows. First,

the solids were placed in stoppered volumetric flasks and weighed roughly
in the inert-atmosphere box. Then, the flasks were removed and accurately
weighed on an analytical balance. Finally, the flasks were returned to
the dry box where the solvents were added. Some solutions were stirred
with a magnetic stirrer in the dry box to achieve complete dissolution.
Some flasks were capped with plastic bags or rubber balloons and removed
to a constant temperature bath at elevated temperature for faster disso-
lution of the solids. Special procedures were followed when gaseous
solutes were added, or when decomposition required special precautions

as in the case of AlClz/PC; these special procedures are discussed below.

The concentrations of solutions given in this report are normally accurate
to 1 percent or better (1 M Li0104/PC, e.g., actually stands for 1.00
£0.01 M LiClO4/PC). They are normally given in molarities (moles per

liter solution) and are based on 25 C.

Solutions Containing Aluminum Chloride

Solutions resulting from dissolution of AICl, in PC have a tendency to

discolor when being prepared, and also on sthding. The dissolution re-
action of AlCl3 in PC is exothermic, and a strong discoloration is ob~-
tained if the solution is allowed to heat up overall or locally when the
solution is prepared. It was found that only slightly tinted solution
could be made by adding the solute very slowly, grain by grain, under
vigorous stirring, and this method had been used to prepare some AlClS/PC

solutions.



Very light solutions were obtained by preparing a slurry of aluminum
chloride, liquid nitrogen, and propylene carbonate and letting this
slurry warm very slowly. This procedure was modified because the amount
of condensed water introduced with the liquid nitrogen was unknown. 1In
a modification of this procedure, the aluminum chloride was cooled in a
volumetric flask to liquid nitrogen temperature, the solvent was added,
and the mixture was allowed to thaw with repeated partial refreezing.
Solutions which were only slightly discolored were obtained in this way.
vhich was somewhat more convenient than the grain-by-grain addition

method,

Some aspects of the preparation of LiCl + AlClS/PC solutions with or
without copper halide, and of LiCl + AICIB/DMF solutions, will be dis-
cussed later in the Solubility Determinations section. Because of LiCl
solubilities below 1 molar in PC and AN, 0.7 M LiCl1 + 1 M AlCl3 solutions
of these solvents were normally studied; the composition of such mixed
solute electrolytes in DMF was usually 1 M LiCl1 + 0.075 M AlCl3 because
of the low solubility of AlCl3 in this case.

TEA*F Solutions

The preparation of TEA'F/PC was discussed earlier. Drying the solid
TEA‘F is impossible because of decomposition, but removal of water from
a solution appeared promising. The process which involves distilling off
a benzene-water azeotrope was not extended to DMF solutions because it
was suspected that adduct formation between H20 and DMF would prevent

success of this approach.
LiAsF 6/MF

Solutions were made by diluting the stock solution supplied by Honeywell's
Livingston Electronic Laboratories with methyl formate. The dilution was
usually 1:1, and a 1.13 M LiAsF6/MF was normally'used.for experimentation.
The solvent code designates the methyl formate batch from which MF was
added.
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Solutions Prepared With BF3 or PFi

Lithium tetrafluoroborate solutions were prepared by adding known amounts
of gaseous BF3, under moderate cooling to slurries of LiF in the solvents.
A calibrated stainless-steel vacuum line with Teflon traps was used after
prepassivation. The BF3 dissolved readily, and also the LiF "dissolved"

in the presence of BEiaccording to the reaction

o .+ -
LiF + BF3 =Li + BF4

This reaction requires ample time for completion, and vigorous stirring
is beneficial. The composition of the final solutions was checked by

analysis for lithium and boron.

PF5 was added to a slurry of LiF in PC at O C using a prepassivated
stainless-steel vacuum system. The resulting solution was colored fairly
dark with a reddish purple appearance., Such discoloration was also ob-

served by other investigators.
HANDLING OF CHEMICALS AND GLASSWARE

Pure chemicals were handled exclusively in an inert-atmosphere box under
a dry nitrogen atmosphere. A dry bag was set up to store bottled chemi-
cals under dry nitrogen to minimize water uptake; this could occur by

breathing as the bottles experience temperature fluctuations.

The glassware used for purifying solvents and preparing and storing solu-
tions was treated according to the following procedure. After cleaning
in hot nitric acid-water (1:1), the glassware was rinsed thoroughly with
deionized water, dried in a regular oven, and finally heated to 250 C

in a special oven for several hours under a current of dry nitrogen.
After the glassware was dried in such a manner, it was immediately trans-

ferred to the inert-atmosphere box.



Glass apparatus such as used for vapor pressure and transference measure-
ments, and NMR sample tubes were subjected to the same treatment. More
delicate apparatus such as the calorimeter, conduétivity, and dielectric
constant cells could not be exposed to higher temperatures and were there-
fore carefully dried after washing with organic solvents and/or were ade-

quately rinsed with the test solution.
SENSITIVITY TESTING OF PERCHLORATE SOLUTIONS

Lithium perchlorate solutions such as are being prepared on this program
are thermodynamically unstable. A potential explosive force can be calcu-~
lated from thermodynamic data according to Ref. 24(nRT-method). It was
calculated, for instance, that 2 M LiClO4/DMF has 52.6 percent of the

explosive force of TNT.

Sensitivity tests werée perforuwed with 2 M LiClOli #Q/PC #2-11, 3.5 M LiC10
#2/DMF #6-3, and saturated LiC10, #2/AN #4-2 (less than 2 molar). These

solutions were subjected to 250 in.-1b of impact on a modified Jet Pro-

k

pulsion Laboratory impact tester and to 72 inches by 2 pounds on an 0lin-

Matheson drop weight tester. All responses were negative.

Although these tests seem to indicate that the above solutions can be
handled safely, such sensitivity tests are never completely conclusive.
The same solutions could give positive results on different types of

tests; for example, they could constitute -an explosive hazard upon heating,

sparking, etc.
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STRUCTURAL STUDIES

The structural studies reported here are based upon measurements made
with high resolution and broadline nuclear magnetic resonance (NMR) spec-
trometers and an electron paramagnetic resonance (EPR) spectrometer.
These instruments will be briefly described. It is most convenient to

divided the discussion of structural findings into four classifications:

1. Electrolytes containing aluminum and lithium ions
2. Electrolytes containing cupric ions
3. Electrolytes containing quarternary ammonium ions, and

4, LiAsFﬁ/MF electrolytes

INSTRUMENTATION

Early in the program high resolution proton (Hl) and fluorine (Flg)
measurements were made utilizing a Varian Associated DP-60 NMR spectrom-
eter. About midway in the program, this.instrument was modified fo
include an internal lock feature so that its high resolution capabilities
are now equivalent to a model HR-60 IL. Broadline NMR measurements were
made with an in-house assembled spectrometer. This spectrometer consisted
of a Varian Associates Variable Frequency R.F. Unit, Varian Associates
Probes, a Princeton Applied Research Corp. coherent amplifier, Model HR-8,
and some auxiliary electronics. The magnet utilized for broadline meas-
urements was a Magnion 12-inch magnet powered with a Varian Associates
Field Dial power supply. This magnet was also used for the EPR measure-
ments which were made with a Strand Labs EPR spectrometer. This spec-
trometer was modified slightly to permit the use of the HR-8 for signal

processing.
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ELECTROLYTES CONTAINING ALUMINUM AND LITHIUM IONS

AlClB, Lic1l, LiCth in DMF

The AlClj/DMF system has been investigated by several workers at this
writing. Early work (Ref. 95) reported the observation of peaks, in
addition to those found in neat DMF, in the high resolution proton NMR
spectrum which have been attributed to DMF molecules, which are being
coordinated by A1+3 ions. This observation shows that the interaction
between DMF molecules and A1+3 is sufficiently strong so that the exchange
rate between the coordinated molecules and the bulk solvent molecules is
slow on an NMR time scale. The work reported in Ref. 25 was done with
solutions which had some water added to increase the solubility of A1C13
in DMF. Inasmuch as it was inherent in the objectives of the work
reported here that very pure; water-free electrolytes be characterized,
the type of work that had been reported was repeated using water-free

solvents.

Figure 11 shows the high resolution proton spectrum for pure DMF #4-2,
while Fig. 12 shows the same spectrum for 0.0528 M AlCl3 #3/DMF #4-2,

The distinguishing features of the latter spectrum as indicated by the
vertical arrows are the additional peaks due to coordinated DMF molecules,
The down=field shift is greater for the aldehyde proton than for the methyl
protons, These shifts are in agreement with previously reported (Ref. 25)
values. Thus, the water added in the measurements reported in Ref, 25
apparently had little effect on the measurements. If it is assumed that
all the AlCll3 that is dissolved provides Al+3 ions, integration of the
areas under the downsfield shifted peaks and the bulk DMF peaks gives a
coordination number of six. Thus, for AlCl3 in DMF, the cation species
formed is Al[DMF]6+3. This is substantiated by the observation that the
A127 broadline NMR spectrum is ome line that occurs at a field quite near

(therefore having a quite small chemical shift relative to) the 21%7 1ine
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The large peak on the left is due to the
{| aldehyde proton while the doublet on the
right iz due to the methyl protons. The
small peaks denoted by the arrows are
c!? eide bands.

e =

i

Figure 11, -H1 Spectrum for Pure DMF
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; by the arrows are due
DMF

(A1015 #3; DMF #:1-2)

The downfield shifted peaks denoted

to coordinated

Figure 12. H' Spectrum for 0.0528 M AlClz/DMF

69



70

in a reference solution, consisting of a slightly acidic aqueous AlCl3
solution. The 0135 line was observed to occur at essentially the same
field as the chloride ion (see later discussion) so that the anion

species is C1™ as expected.

The general character of the spectrum shown in Fig. 12 is not changed
with the addition of LiCl. Furthermore, the high resolution proton spec-
4 has the

same general characteristics as that shown for neat DMF in Fig, 11 ,

trum im pure DMF (no AlClB) containing both 0.1 and 1 M LiCl0

Thus, the species obtained on dissolving LiCl and LiCth in pure DMF do
not have as large an effect on the solvent proton spectrum as does AlClB.
If solvation effects are occurring, the exchange rate at room tempera-
ture is high on the NMR time scale.

The Li7

spectrum in all of the above systems consisted of a single line
which saturated quite readily. This saturation behavior which is due
to a long spin lattice relaxation time, Tl’ is quite characteristic of
Li’ lines in ionic solids (Ref. 26). It has been shown (Ref. 26) that
the generation of paramagnetic impurities in ionic solids appreciably
decreases Tl’ thus reducing greatly the saturation effects. Some satu-
ration studies were made on LiCl/DMF solutions with CuC_l2 vhich contain

paramagnetic species (these species are discussed later).

Broadline H1 and Li7 spectra were recorded in several of these specimens
as a function of radio-frequency power (this was done 2 weeks after
sample preparation), to demonstrate the effect of the paramagnetic
species on the relaxation time of these resonances, As expected, the
saturation behavior of the Hl resonances in DMF containing LiCl and CuCl2
differs from that in neat DMF. The lihe saturates less readily in the
DMF containing CuCl2 as a result of increased relaxation via interaction
of protons with the spin of the paramagnetic species. However, the

saturation behavior of the Li7 line in 1 M LiC1 + 2 M CuClQ/DMF is the



same as it is in l-molar lithium chloride solution (LiCl #Q/DMF #5-2).

This indicates that the relaxation of the Li resonance is not affected
by the paramagnetic species. This may be due to '"shielding" of the Li*
ions from the paramagnetic species by coordinated molecules surrounding
the paramagnétic species, and/or molecules coordinated by the Lit ions,
or because the paramagnetic copper species have structures similar to

CuCll;2 with the paramagnetic electron in the center of the structure.

The high resolution H1 spectra of 1 M LiCl1/DMF do not show coordinated
peaks; however, Li* ions are expected to coordinate less strongly than
Al+3 ions resulting in much higher exchange rates, which would preclude

the observation of coordinated peaks at room temperature.

As discussed later, the EPR measurements in 1 M LiCl + 2 M CuClQ/DMF
show no solvent complexed copper ion. This indicates that the decrease
in saturation effects of the protons may be caused by interaction with
the paramagnetic chloride complex. Because this complex is negatively
charged, the Li* ions should interact at least as readily as the protons.
If this is the situation, then the fact that they don't interact would
have to be explained on the basis of shielding by DMF molecules, giving
indirect evidence of Li" solvation in DMF.

The Cl35 resonance was also investigated in LiCl/DMF and LiClﬂq/DMF solu-
tions. In 0,1 M and 1 M LiCl/DMF, the Cl35 resonance occurs at the same
field as the Cl35 line from the C1™ ion in 3 M LiCl/HQO, and in 0.1 M and

1M LiClOQ/DMF the 0135 line occurs about 975 ppm down-field from this line.

The Cl35

line in LiClOk/HMF is quite narrow, indicating very little quad-
rupole interaction. This is as expected for the tetrahedral 010; ion.
Furthermore, the chemical shift of 975 ppm compares quite well with the

970-ppm shift reported (Ref. 27 ) for the €10, ion.
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As a check on the results for the chemical shift of the Cl35

1 M LiC1/DMF, the Cl35 spectrum which consists of two C135 lines as shown

in Fig. 13, was observed in a 0.5 M LiCl + 0.5 M LiCth/DMF. The narrower
line on the left is from the 010; ion., The broader line. is about 955 %15 ppm
upfield from the‘Cloa line, This shift is quite close to the shift between
ClO; and the Cl35 from the C1™ ion in 3 M LiCl and so corroborates that

line in

the anion in LiCl/hMF is the C1” ion., This spectrum was taken using the
dispersion mode because the saturation behavior of the 010; line prohibited

showing both lines in the same run using the absorption mode,

A recent paper (Ref. 28) has reported some interesting results in the
A1(0104)3 and AIXB/DMF systems, where X = Cl, Br and I. Addition of X
by adding LiX to the systems resulted in increases of the down-field shift
of the proton lines of the coordinated DMF. This has been interpreted in
terms of a second coordination sphere interaction involving X  ions and/or

pairing of Al [1)MF]6+3 with X~ ions.

The gross picture, thus, for AILCl, dissclved in DMF is the formation of
well-defined Al[DMF36+3 species, the only aluminum-containing species as
the cation and C1™ as the anion, with possible interaction and/or ion
pairing of these species., Adding LiCl to this system provides Li* ions
and additional Cl1™ ions to possibly increase any interaction between
Al[DMF]6+3 and C1~ ions, LiCl and LiClOli in DMF produce Li* ions plus
Cl and C104 ions, respectively. The question of ion p;iring of these

ions is unanswered. There is indirect evidence, the Li’ line saturation
behavior, for example, and the results of mobility measurements as
described elsewhere, that suggests that Li* is solvated by DMF; however,
no direct evidence has been found to date.

AlClB, LiCl, LiCl0

i in AN

For completeness, large portions of thls sectlon are taken directly from
Ref 29 which is a published account of some of the findings in the LiCl+
AlClB/AN system,
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High resolution proton resonance spectra taken at ambient temperature

(~35 C) for pure acetonitrile (AN), 1 M A1C13/AN and 1 M,A1013/AN satu~
rated with LiCl are shown in Fig. 14, 15, and 16, respectively. Figure 15
shows the down-field shift of coordinated AN which has been previously
reportéd (Ref.30) and a noticeable broadening of both of the resonant
lines, Figure 16 shows the result of adding LiCl to 1 M AlClB/AN, approx-
imately 0-92 M LiCl is dissolved in 1 M AlClS/AN at saturation at room
temperature. The addition of chloride ions to 1 M AlClB/AN results in a
decrease in the population of coordinated AN, while the line width returns
to essentially that of pure AN. Broad-line aluminum (A127) resonances

are shown in Fig. 17 for 1 M AlCl3/AN containing several concentrations

of LiCl. The important features of these spectra are that, firstly, there
27

are two A1™" lines in all cases except for the specimen that is saturated
with LiCl, secondly, both of these lines are quite narrow, and, thirdly,
the down-field line is approximately three times as intense as the up-
field line in the specimen with no LiCl. Thus, there are apparently two

aluminum environments in the 1 M AlClj/AN solution.

The simplest explanation is that tnere are two aluminum—-containing
species. The relaxation times of the two lines are quite differemnt, with
the low-field line relaxing much more slowly than the up-field line.

This necessitated recording the spectra at very low R.F. levels, At
higher R.F, levels the low-field line saturated and the apparent intentity
(peak—to-peak recorder deflections) would appear to he much less than the
up-field line. The actual field scan, not shown in Fig. 17, was over

100 gauss in initial observations but no other lines were found.

Chemical shift measurements in these specimens showed that the smaller

27

up—field‘line and the reference Al”' line were nearly superimposed. Thus,
the chemical shift of the up-field line relative to the reference was
less than 14 ppm. The shift of the down-field line relative to the ref-

erence was about 110 ppm.
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The most important features of these results are, first, that two aluminum
species exist in 1 M AlClj/AN,only one of which coordinates solvent (AN)
molecules, and, secondly, that addition of LiCl changes the relative popula-
tion of the two species., Both Al27 lines are quite narrow;, so that both
of these species’must be such that the symmetry of the aluminum site in
the species is high, at ‘least tetrahedral. Because A127 has a quadrupole
moment, any lesser symmetry would give rise to a guadrupolar broadened
line, It should be noted that these results are concerned with major
aluminum-containing species only. Other aluminium species may be pres-

ent in small, unobservable concentrations.
The following reaction is proposed to occur when A1013 is dissolved in AN:

AICLy + n/h AN—>1/4 ar(aN] 2+ 3/n a101,” (1)

where n denotes the number of coordinated AN, This reaction is selected
because it gives rise to a tetrahedral species AlCl; and a solvated
species which is highly symmetrical for reasonable values of n. Farther-
more, the ratio of coordinating Al species to noncoordinating Al species
is 1/3, which is consistent with the experimental results. Also, this
reaction provides results consistent with the qualitative relaxation

time observations. It is expected that spin-spin relaxation in the A1C1;
would be much slower than in the Al(ANﬂn+3 because of the much lower mag-
35 and 0137

netic moments of Cl compared to that of the protons in AN,

The above reaction can also be used to explain the results obtained vhen

LiCl is added to 1 M AlClB/AN. It is assumed that addition of LiCl pro-

vides Li* and C1” ions. Reaction 1 can be considered to be displaying

the results of a competition between C1 and AN in complexing Al+3 in

which C1” is a stronger complexing agent, when forming AlCl;. (Note that

the C1” concentration is considerably smaller than that of AN in 1 M AlClB/AN.)

1+3

Because Cl~ is the stronger, AN complexes only those A which remain after
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all the Cl° is utilized. Providing additionavaI; ions permits the
reaction to continue. 1 M LiCl (1 M C17) would allow completion of the
reaction, Apparently, the reaction will not go to completion because

the saturation concentration of LiCl in 1 M AlClB/AN was found to be less
than 1 M (0.92 M).

Using the peak-to-peak deflection on the derivative curves shown in Fig.
17 as a rough measure of the relative intensity, the change in concentra-
tions with added LiCl can be approximated. This is shown in Fig. 18

compared with the solid line which is based on the reaction:

L afan] P+ 2 aren,” x 01'—»-&;—’-{1 a1[aN) * + -(l;'l(-)- 4101~ + 3 AN (2)
where X is the concentration of LiCl added. The error bars in this figure
reflect only the error in the ratio of the peak-to;peak defiections of

the recorded spectra. These results cannot be considered quantitative
because the two lines do not have the same width. Furthermore, as indi-
cated in the results section, the relaxation time of the two lines was
quite different, necessitating the recording of the lines at very low

R.F. levels. However, the results do agree with the solid curve rather
well, thus substantiating reaction 2 . Note that the next likely C1~

3

complexed species having sufficient symmetry is AlClé- In this case

the reaction equivalent to reaction 1 would be:

+3 -3
2 AICL; + n AN— A1[AN] "7 + 101, (3)
where the relative population of AlEAN]n+3 would be 1/2, rather than 1/4,
and it would take 3 M, rather than 1 M, of LiCl @Hf) to complete a reac-
tion of the type shown in reaction 2 , Because this is contrary to

observation, A1016q3 has been discounted as a major species,

One further feature of the spectrum shown in Fig. 15, namely the broad-
ening of the peak due to coordinated AN, is readily explained on the

basis of exchange effects if, at ambient temperature, the exchange rate
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in the 1 M AlClj/AN is of the order of the chemical shift, Figure 19
shows a comparison between the spectra at 30 C and at -23 C. At the lower
temperature, the exchange hhs slowed to the extent that the lines have

narrowed as expected,

The results as discussed above can be utilized to obtain a true value for
the coordination number,n, by using the area ratio method,taking into
account the concentration of coordinating species im contrast to the
solute concentration. Because the specimens were essentially free of
water, no correction need be considered for the competition between AN
and water coordination, Using the ratio of the areas under the bulk AN
and coordinated AN proton peaks, and using_l/& as the ratio of coordinat-
ing species concentration to solute concentration, the coordination num-
ber of A1+3 in 1 M AlClB/AN is found to be 6:2, The limits of error in
the area ratio are estimated to be about 5 percent. The error in the
ratio of 1/4 cannot be determined from the considerations above. It will
depend primarily on the extent that reaction 1 is complete. As indi-
cated previously, 1 M LiCl would make reaction 2 complete but 0:92 M LiCl
saturates the solution. This suggests that reaction 1 may not be com-
plete. An incomplete reaction would result in a higher concentration of
Al+3 and would reduce the experimentally determined coordination number,
A coordination number of 6 is in good agreement with the findings for

A1™? in other solvents (Ref.31 , 32, and 733).

As will be discussed later, when LiClOli is dissolved in acetonitrile,
ClO; is produced. Two specimens of 1 M AlClB/AN were prepared with
LiC104 added rather than LiCl. It was thought that because no Cl ions
were formed and because 0104 is a relatively inert ion, that the popula-
tion of the coordinating species would not be reduced showing the impor-
tance of the C1~ in the depletion of the coordinating species, The A127
line for 0.5 M LiClO4 #2 +1M AlClB #3/AN’#4—1.and 1M LiC104 #2 + 1M
A1013 #3/AN #4~1 is shown in Fig. 20. As can,bzﬁ?een, contrary to expec—

tation, these spectra are different from the A1™" spectra of 1 M AlCl3

#3/AN #4-1 shown in Fig. 20a. Also, the H1 resonance indicates that the
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population of the solvent coordinating species is decreased on additiom
of LiClOk. Thus, addition of LiCIOl1 to 1 M AICIB/AN appears to have a
similar effect as LiCl, but LiClO4 is not as effective. Whereas 0-92

M LiCl reduces the population of the coordinating species to the point
where it cannot be observed, L M LiCth reduces the population approx-

imately to the same extent as 0.5 M LiCl.

These results might be explained on the basis of the formation of Al(Cth);
or Al(C104)6_3 species, though the C104° ion is not generally considered

to be a complexing species. If these species were formed in the 1 M LiClO&‘+
1 M AIC1,/AN system; there would be three aluminum-containing species:
m[aN] *3, A101,” and A1(10,), (or A1(C10,),™>) and three Al lines

would result but this was not observed. This could be explained if the
difference of the chemical shifts of the A127

were so small that separate lines could not be resolved; however, this

line in the anionic species
seems unlikely.

Alternatively, the results can tentatively be interpreted in terms of a

competition between Cth_ and AN in the A1"0

coordination sphere. The
mixed complexes resulting from such a competition would likely be inter-
converted at the solvation exchange rate. The resulting species would,
therefore, be asymmetric and the resonance would be broader but still
centered at approximately the same chemical shift value as the pure sol-
vent complex. However, unless more information is obtained, this expla-

nation maust remain speculative.

In the LiCth/AN system, no down-field shifted peaks in the proton spec-
trum were observed. Thus, if LiClOk in AN has an effect on the solvent,
it is smaller than that caused by AlCl3.
The Li7 spectrum in all the LiC1+A1013/AN electrolytes and in both 0.1 M

and 1 M LiC104/AN consisted of a single, easily saturated line.
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A series of measurements was made in 0,1 M AlCl3/AN, gsimilar to the
series made in 1 M AICL/AN. The %
of LiCl concentration up to 0.1 M, and the results showed qualitatively

the same effect as in the 1 M AlClB/AN case, In the dilute series, the

signal-to-noise ratio was an order of magnitude less so that the results
were not as quantitative. The peak due to AIEAN]6+3 did reduce with the
addition of LiCl and was no longer observed with 0.1 M LiCl added.

lines were recorded as a function

The 0135 line in 0,1 M and 1 M LiCth/AN was narrow and shifted about
975 ppm dovn-field from the C1>° line for €1~ in 3 M LiC1/H)0 and is,
therefore, attributed to the 0104— ion, 0135 spectra for all of the
LiCl+A1€13/AN solutions consisted qf a single broadline. When compared
to a reference solution containing Cl1™, no chemical shift could be
detected. Because of this result, it was earlier reported (Ref. 6 ) as
being due to C1™ ions in these solutions. However, the intensity of
these lines seemed too high to be consistent with this interpretation,
so the 0135 spectrum obtained from 1 M LiClOQ+1 M AlClj/AN was investi-
gated further. Figure 21 shows this 0135 spectrum taken in the disper-
sion mode. Because of the quite different relaxation rates of the two
lines they could not be recorded on the same scan in the absorption mode,
The narrow line on the left is due to the 0104— ion, Note that the
remaining line, up-field from the ClOli ion line,is considerably broader
than the up-field line for C1” in 0.5 M LiCl + 0.5 M LiClOA/DMF shown in
Fig. 13, Furthermore, careful measurements of the chemical shift of the
righthand line relative to the 0104— line in LiCth + A1C13/AN showed it
to be 876 *15 ppm up-field. This is appreciably less than the Cl chem-
ical shift relative to 0104—. Because the line is so intense, because

it is considerably broader than the C1~ line in 1 M LiCl/bMF, and because
it has a smaller chemical shift relative to C104_ than the Cl~ line, it
is attributed to the chlorines in the A1014 complex, Chemical shifts
and line widths have been reported for several tetrachloride structures

(Ref. 34%). These structures give relatively broad lines and are shifted
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down-field from the C1” line. Because the shift of the A1014~ relative
to C1” is small compared to the line width, the resonance due to Cl1~

in these solutions would be obscured. This interpretation explains why
no chemical shift could be found in the earlier measurements and is

qualitatively consistent with the intensity of the observed line.

As was discussed earlier, the broadening displayed in the spectrum shown
in Fig. 15 (1 M AlClS/AN) is a result of exchange between coordinated
and bulk AN molecules. When there are two chemically inequivalent sites
for the resenating nucleus, in this case Hl, the spectrum can be very
sensitive to the exchange rates between the two sites, An analysis of
this situation is described in Ref. 35 under conditions of very slow,
very fast, and intermediate rates of exchange. In the case of slow
exchange, separate resonances are observed, which is the case in this
spectrum. Under these circumstances the transverse relaxation time, To»
of one of the lines (designated by A) is given by

-1 -1 -1
Ton ~Top  * Ty
where
T2A = relaxation time in site A without exchange
Ty, = first-order lifetime in site A

A similar expression holds for the second site, B:

From the recorded spectra, the resonant frequency shift between the two

sites, w, - Wy, is 30.0 Hz, T, T is 3.4 sec_l, and 1éA_1 is approxi-
mately 3.8 sec ; TbB—l is taken from the line width at half maximum,

1-2A-1 is estimated from the broadening of the line such that the Cl3



sétellites, clearly shown in the spectrum of neat AN (Fig. 14), are

just smeared out as displayed in the spectrum of Fig. 15, From the

neat AN spectrum, ‘1‘2"1 - 1.8 sec !, Only approximate values are used

here for qualitative discussion. The assignments A and B correspond to
the bulk and the coordinated AN molecules, respectively. From these

data, T,=0.54 second., To obtain T -1 T, for this site is required,

Ta B ’ 2B

but it can only be obtained when no exchange is present, T2B can be

obtained from the low-temperature spectrum (Fig. 19) which shows essen-

tially the same line width as the line in the pure solvent. Therefore,
-1, -1 ~ :

T2B is taken to be the same as T2A . Thas, Tﬁ"0'05 second. This

dong lifetime of a coordinated AN molecule corresponds to a very slow

exchange rate of coordinated AN molecules with bulk AN molecules,

From the above discussion, the species formed when A1Cl, is dissolved in

3
AN are primarily Al [AN]6+3 and AIC1,”. Addition of LiCl produces Lit
and more AlClA— is formed, depleting the concentration of Al[ANj6+5.

Some free Cl™ may be produced, but it is unobservable because the line
width of the Cl35 line in AlClk- is large compared to the chemical shift
relative to C1 . LiClOIi in AN produces Li* and 0104-. Whether or not
solvation of LiT by AN occurs has not been determined, nor has informa-

tion on ion pairing been obtained. Answers to these questions require

additional work, particularly low-temperature and mixed-solvent experiments.

AlCl,, LiCl, Licl0,/PC

3’

The results obtained for these solutes in PC parallel those obtained in
AN in almost all respects, Figure 22 shows the proton spectrum in pure
PC., Figure 23 shows the proton spectrum for 1 M A1C13/PC in the vicinity
of the methyl proton doublet (right side of Fig. 22), and Fig. 24 shows
the proton spectrum near the complex pattern (left side of Fig. 22).
Additional peaks, in both spectra, due to the addition of A1C13 are shown
by the vertical arrows., Thus, as in the A1C13/AN’e1ectrolyte, dissolving

AlCl, in PC produces coordinated PC as shown by the appearance of the new

3
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