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FOREWORD

The research described in this Final Report was conducted

- in Rocketdyne's Research organization, during the period

26 May 1969 through 25 July 1970. The work was done under
NASA Contract NAS3-12969, with Mr. Robert B. King, Space
Power Systems Division, NASArLew1s Research Center, as NASA
Project Manager.

The authors acknowledge the support of Dr. James N. Foster

who performed the major part of the analytical effort on the °

program, of Mr. Douglas C. Hanson who was responsible for
the purification of solvents and for many property measure-
ments, and of Dr. James S. Muirhead who contrlbuted to the
NMR effort.

Informal Monthly Progress Reports were submitted to NASA,
but no interim reports for wide distribution were prepared.

The Rocketdyne report number for this document is R-8368.

ABSTRACT

Aprotic electrolytes based upon methyl formate, propylene
carbonate, and dimethyl formamide as solvents and lithium
chloride plus aluminum chloride, lithium hexafluoroarsenate,
and lithium perchlorate as solutes were studied. Well '
characterized components were used to prepare solutions.
The affect of additives, other aprotic solvents, other
salts and, in some cases, small amounts of water, on species
- in solution and physical properties was investigated.
Physical properties investigated included conductance,
~8olubilities, and stability in the presence of lithium.
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SUMMARY

Structural studies and physical property measurements were conducted

in aprotic electrolyte systems containing methyl formate (MF), propylene
carbonate (PC) or dimethylformamide (DMF) as the primary solvent
component, and LiC1+A1013, LiAsF6 or LiClO4 as the pyimary solute. The
effect of additives on species and species distribution and physical
properties was studied; the additives were solvents such as nitro-
methane (NM),vtetrahydrofuran (THF), acetonitrile (AN),dimethyl
sulfoxide (DMSO), as well as the solvents named above (MF, PC, and DMF),
or solutes such as LiCl0, and LiBr. In some cases, the effect of the
addition of small amounts of water was also investigated.

Well characterized components were used to prepare solutions. Vapor

phase chromatography (VPC) was the principal analytical method employed

to analyze distilled solvent batches. The water content of the solvents
was normally below 50 ppm, and ordinarily a selvent was not utilized if
organic impurities were detected at greater levels. FEmission spectrography
and spark source mass spectrography were the methods used to analyze
solutes.

Nuclear magnetic resonance (NMR) techniques were the principal
experimental tool used to determine species in the nonaqueous solutions.
Often results of these measurements could be compared directly with
results obhtained from conductance and other physical property measure-
ments. In such instances agreement was found.

In additional studies, solution stabilities were evaluated in simple
tests and the solubility of CuF2 and CuClo, representing electroactive
battery cathode materials, was 1nvestigated.

For the complexing of the aluminum ion, the following order of
decreasing solvating or complexing strength was found for various
solvents and anions:

DMS0, H,0, DMF, ¢17, Br , PC, 0104“, AN, MF, THF, NM

In some instances the positions in this sequence may be interchanged.

The predominant species found in LiCl0, and LiAsF_ solutions were, as
expected, Li%t ions and €104 or AsF, 1lons, respectively. In the case
of LiAsF,, the existence of an addifional species asymmetric with
respect %0 the As site, was indicated in several electrolytes.

et




LiAsF, was found bto have a stabilizing effect on methyl formate

solutions in contact with metallic lithium, although the mechanism
of this stabilizing effect was not determined. It was observed that
the hydrolysis reaction invelving methyl formate and traces of water
was greatly accelerated in the presence of LlAsF but not in the
presence of LlClO4

In many cases, the conductance of solutions seem to be affected by
solvent additives through a viscosity effect only. In other cases, an
interaction with aluminum complexes in solution was indicated, however.
For L1C104/MF golutions, the solution conductance was greatly enhanced
in certain cases by addition of solvents such as DMF, presumably because
of the break-up of ion pairs.

Solubility values for Cuf, and CuCl, often were significantly increased
by additives, but it was not always certain to what extent true
solubility values were affected and to what extent only dissolution
rates, which in some systems appear to be extremely slow, were affected.

The solution stability was frequently affected by additives. A
sufficiently pronounced effect was observed for LiAsF, only, however.



INTRODUCTION

Lithium batteries have the potential to deliver the high energy density
beneficial in space and other applications. The NASA-Lewis Research
Center therefore supported various efforts in this area, among them
work by groups at American University, Globe-Union, Inc., Honeywell's
Livingston Electronic Laboratory, P. R. Mallory and Company, Inc.,
Monsanto Research Corporation, and the Whittalcer Corporation.

During the course of such investigations, a lack of knowledge of the
properties of nonaqueous electrolytes to be used in lithium batteries
became evident. Composition of these electrolytes, relationships of

the components of the electrolyte to each other, and interaction of the
electrolyte with other battery components should be known to guide the
optimization of the battery systems in an efficient manner. A program,
NAS3-8521, was therefore performed at Rocketdyne to study aprotic elec-
trolytes with and without dissolved cupric halides; the results were
described and discussed in a Final Report, NASA CR-1425 (Ref. 1). Under
the investigation described in this report, this effort was extended to
electrolytes containing a solvent or solute additive, to study the prop-
erties of such mixed electrolytes,and to find electrolytes with improved
properties mainly in regard to stability, conductance, and interaction
with electroactive materials,

The present investigation, performed with well characterized materials,
consisted of nuclear magnetic resonance studies, stability and solu-
bility tests, and physical property determinations. ZElectrolytes con-
taining LiCl10,, LiAsF,, or LiCl + AlCl, as solutes were studied. Be-
cause of the girect practical interest] solutions of LiAsF, in methyl
formate were emphasized during the latter part of the program (after
pure LiAsF6 synthesized on another NASA contract had become available).

(M



PREPARATION OF ELECTROLYTES
SELECTION OF ELECTROLYTES AND ADDITIVES

Propylene carbonate (PC), dimethylformamide (DMF), and methyl formate
(MF) were selected as the main solvents. Among the main solutes em-

ployed were LiCl0y, LiAsFg, and LiCl+Al1Clz mixtures. The electrolyte
LiAsFg/MF received major attention in the latter part of the program.

The solid and liquid additives were selected for various reasons. The
solvents dimethylformamide, dimethyl sulfoxide (DMS0), tetrahydrofuran
(THF), nitromethane (NM), acetonitrile (AN), propylene carbonate,
methyl formate, and the solids LiBr, LiCl0y;, and A1C13 were selected to
study the complexing properties of solvents and the possibilities to
stabilize aluminum chloride solutions. Phenanthroline and salicylal-
doxime were chosen to investigate the effect of these additives on the
solubility of copper halides. Some of the additives previously men-
tioned were also studied to determine their effects on copper halide
solubility, and to ideuntify viscosity and other effects on the electro-
lyte conductance.

PURIFICATION OF SOLVENTS

Starting Materials

The sources of the starting materials are given in Table 1. The coding
of solvents is consistent with that in Ref. 1; the first number desig-
nates a certain lot of received material, the second number is added
for the different purified and analyzed batches,

Distillation Procedures

Solvents were purified by distillation, Methods previously established
for the purification of PC and DMF (Ref. 1) consistently furnished sol-
vents with acceptable impurity levels; the procedures are reviewed in
Table 2. Procedures developed for the purification of MF, AN, DMS0O, NM,
and THF are discussed in detail below and ave also summarized in Table
2]

L o
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Methyl Formate. Material of acceptable purity was obtained by treat-
ment with PQG and distillation with a 1 1/9 ft., Vigreux columm (packe&
with Heli-pak” ) at atmospheric pressure and 31 €. The MF was stirred
with P 0., allowed to settle overnight, and decanted before distillation.
To pre@eﬁt "gelling'", the P,0. treatment should not exceed 25 grams per
liter of solvent and stirrifig”should be limited to 1/2 hour. Before

the above procedure was established, methyl formate had been unsuccess-
fully treated with molecular sieves, Multrathane M and a lithium dis-
persion; such batches (MF #2-7, #2-8, #2-9, and #2-10) were discarded.

Acetonitrile., One-liter batches of AN were distilled with a 1 1/2 ft.
Vigreux column (packed with Heli-pak) at atmospheric pressure and 80 C.
Prior to distillation, the AN was stirred with about 15 grams of P205
for one hour, allowed to settle overnight, and decanted.

Dimethyl Sulfoxide. Reagent grade DMSO was treated with molecular
sieves in a procedure similar to the standard treatment of DMF (Ref. 1).
The material was then allowed to stand over CaH, for several days,
followed by distillation from CaH, with a 1 ft, Vigreux column (packed
with Heli-pak) at about 10 mm Hg and 75 G. Dry nitrogen was used to
bring the system to atmospheric pressure when cutting fractions.

Nitromethane., Due to the potential hazard and low organic impurity
content (13 ppm, determined by VPC), spectro grade NM was not distilled.
A large molecular sieve column (packed with Linde %A, 1/16 inch acti-
vated pellets) was assembled for water removal. Batches of NM were
treated with the column for 24 hours. The column was designed with a
nitrogen pressurization system, that enables fractions to be cut with-
out being exposed to the atmosphere.

Tetrahydrofuran. Reagent grade THF, from J. T. Baker Chemical Company,
contained 41 ppm H_ O and 23 ppm of an organic impurity (retention time
4.3 minutes) accoraing to a gas chromatographic analysis with a Porapak
§ column. An analysis with a SE-30 column indicated 210 ppm of buty-
lated hydroxy-toluene (BHT), which is a stabilizing agent for THF. The
material was considered satisfactory for use as received.

Purification Results

Analyses on each batch were perforumed, as described in the next section;
the analysis results are given in Table 3 for each batch,

-3




TABLE 3

CHARACTERIZATION OF SOLVENT BATCHES

Solvent Code

H20 Content,
ppin per weight

Organics,

ppm

per weight

23
1 1 I%%

383833333838
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<5 (None observed )
<5
<5
<5
<5
<5
<5
<5
<5
<5
<5
<5
<5
<5
<5

52
L7

106
Th
86
94
65
30
45
35
32
38
28
34
20
20

<20
<20
<20

- <20

<20
<20
<20

None
<10 g
16
16 (
None
None
None
10 §
17
15
<10
<10
<10
None
None

None
None

710
690
590
970
960
<20 g
<20
MeOH + 69
MeOH + 63
MeOH + 28
MeOH + 50
MeOH + 29
MeOH + 35
Me(OH + 30

observed*

6 min. R.T.%*)

4.5 min. R.T.;

4,5 min., R.T.
observed
observed
observed

6 min. R.T.

6 min. R,.T.

6 min. R.T.

6 min. R.T,

6 min. R,T.

6 min. R.T.
observed
observed

observed
observed

gMeﬂH;
MeOH
Me OH
Me OH
MeOH
MeGHg
MeOH

27 min.
27 min.
27 min.
%6 min.
36 min.
%6 min.
%6 min.

® ®
® ® @

e R
M E S

*The detection limit for most organic species eluted prior to the
solvent (but within 20 minutes after sample injection) is about 5 ppm.

**R,T, = Hetention Time




TABLE 3 (CONCLUDED)

Solvent Code

HoO Content,-
ppm per weight

Organics
ppm per weight

L1
28
36 (29 after
25

3k
30

730
13

270
26
23

k1

3 months)

<20 MeOH

<20 MeOH + 38 (33 min. R.T.)
<20 MeOH

<20 MeOH + 15 (6.5 min. R.T.)

None observed
None ohserved

None observed
None observed

Not analyzed
5 impurities (see text)
Not analyzed

23 (4.3 min. R.T.); 210 (BHT)




ANALYSIS OF SOLVENTS

A special effort was made to use only well characterized solvenis for
experimentation. Each bateh of solvent was therefore analyzed for
trace impurities, with vapor phase chromatography (VPC) being the main
analytical techuigue employed. Occasionally, other technigues such as
Karl Fischer titration and nuclear magnetic resonance (NMB) were also
applied.

The general approach to the VPC analysis is described in the Final
Report of the previous NASA contract (Ref. 1). The analysis effort
was extended for methyl formate, and the experimental conditions for
the analysis of new solvents were established; thieg is described for
each golvent in the following.

Propylene Carbonate, Dimethylformamide, Acetonitrile,

A routine analysis employing a Porapak Q column was performed, as
described in Ref. 1. The experimental parameters and responses are
presented in Table 4,

Methyl Formate,

The operating conditions for the routine analysig for water in MF are
listed in Table 4,

To analyze for methanol in methyl formate, a Beckman GC2A gas chromato-
graph equipped with a thermo-conductivity detector was first used.

This detector has only a sufficient sensgitivity to determine relatively
high methanol contents; hence, a flame ionization detector in con-
junction with a Bendix gas chromatograph Series 2100 was employed to
enable analysis of samples with low methanol contents. The operating
conditions for this analysis are given in Table 5; the conditions were
changed for the sampling of MF #2-11 and later batches, because of the
much lower methanol content of these batches which were treated with
PQOEQ A chromatogram for MF #2-11 is shown in Figure 1.

Under the conditions given in Table 5, the wethanol is eluted as a
fairly sharp, symmetrical peak and is eluted prior to methyl formate.

A baseline shift appears to occur after the methanol peak which may be
due to decompogition of methyl formate on the column. The baseline ghift
was small compared to the methanol peak height in the case of MF #2-8,
MF #2-9, and MF #2-10; therefore, any error due to this shift for
samples with a relatively high methanol content would be insignificant.
The response of the detector was determined by adding 0.L percent (by
weight) methanol to MF #2-8 and measuring the increase in the area of
the methanol peak. The methanol content, on a weight basis, was found
to be 0.9 times the ratio of the methanol and methyl formate peak areas.
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When the sensitivity of the detector was increased for the analysis of
hatches with lower methanol conifent, the baseline shift became signif-
icant. Such a baseline shift can be due either to decomposition of methyl
formate on the column to produce methanol or to an irreversible methanol
adsorption on the column, The latter hypothesis was shown to be invalid:
A sample of 10 ppm methanol in isopropanol gave a fairly sharp, symmetri-
cal methanol peak under these conditions. Furthermore, a decrease of

the column temperature reduced the amount of baseline shift.

An undisputable interpretation of the type of chromatogram shown in
Figure 1 would only be possible if a chromatogram of a solution known

to contain no methanol would be available. However, it can be assumed,
as a first approximation, that the baseline rises rapidly to its new
position and is flat before and after the rise; any methanol originally
present in the sample would then appear as the usual peak on a shifted
baseline., The area of the peak can easily be measured after extrapolat-
ing the baseline under the peak. Figure 1 shows chromatograms of MF #2-
11 containing 0, 16, and 81 ppm added methanol, The broken line is an
extrapolation of the baseline after the methanol peak, and the ratios

of the areas under the methanol peaks and the methyl formate peaks are
8.0 x 10-6, 14 x 10‘6, and 74 x 10—6, respectively, Based upon the
relative response of methanol and methyl formate found previously, the
ratiog of the areas would be expected to be 8,0 x 10‘6, 26 x 10“6, and
98 x 10“6, respectively. Because the actual area ratios are less than
those predicted, the method of measuring the area of the methanol peak
is probably not entirely correct. Referring to Figure 1, it can be seen
that the baseline shift oceurs sooner at greater methanol concentration.
This part of the baseline shift is probably due to methanol originally
present in the sample which was not accounted for in the simple hypo-
thesis. From the area increase for addition of 16 ppm methanol, the
detector response is about 2.5 (weight) ppm per area ppm and the amount
of methanol in MF #2-11 would be 20 ppm. The detector response value

of 2.5 is an upper bound, the actual value probably being somewhat less,
so that the methanol concentration is reported as £ 20 ppm.

The gas chromatography of formic acid was studied briefly. The reten-
tion time of formic acid under the conditions given in Table 4 for MF
#2-11 appeared to vary from 34 to 56 minutes, depending upon the sample
size, The peak had a very poor shape with extreme tailing. The use of
a thermoconductivity detector for the determination of formic acid was
considered but was never put into practice.

In actual analysis, other impurities were often found, with retention
times on the order of 50 minutes. These impurity peaks, detected with
a flame ionization detector, were symmetrical and did not exhibit tail-
ing. This appears to preclude the impurity peaks being due to fowrmie
acid, but theéy were not identified further, and only the ratio of the
responsges of the impurity and methyl formate on the flawe ionization
detector are reporited in addition to the retention time. The actual
impurity concentration, incidentally, was most likely less than the
response ratios might have indicated, because the response of methyl
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formate is less than the response of most organic compounds in the flame
ionization detector., Batch MF #2-12 and batches of ecarlier data had not
shown any of these impurities, hut their presence in these cases cannot
be precluded, because replicate injections had been made before the im-
purity was eluted and the impurity peak wmay have been obscured by the
methyl formate peak.

When a methyl formate sample, MF #2-7, was analyzed by Karl Fischer
titration, an apparent end point was reached upon the first addition of
titrant, which would correspond to a water content of less than 20 ppm.
The same occurred, however, when a sample containing 100 ppm of added
water was titrated. Methyl formate, therefore, appears to present sim-
ilar problems as had been encountered with DMF (Ref. 1), and a direct
titration does not seem reliable.

A back titration method was investigated, but neat methyl formate again
reacted anomalously. BReproducible values were obtained with LiAsFé/MF

solutions, but they were not reliable because they depended on experi-

mental parameters such as amount of titrant matrix, and because incon-

sistent values were obtained upon addition of known amounts of water.

The use of NMR techniques had been explored on a previous contract (Ref,
1). A hydrolysis of MF had been observed to occuy catalyzed by the
presence of LiAsF;. These results were confirmed, as reported inlater
sections of this report.

Tetrahydrofuran

A chromatogram of reagent grade tetrahydrofuran, THF #l, as supplied, is
shown in Figure 2., It was obtained on a Porapak § column using the

same conditions employed for the PC and DMF analysis (Table 1). The
detector response for water in THF was determined by adding a measured
volume of water to a known volume of the solvent. The addition of 1/2
pul  of water to 10 ml of THF increased the water peak area by 1.6k cm2,
This value corresponds to a response of 6.1 yg HQO/ch or 69 ppm/cm2,

In addition, THF #l was also analyzed by VPC under the conditions given
in Table 6, and three impurities were found. The largest impurity was
identified as 210 ppm of 2,6-di-t-butyl-p-cresol (butylated hydroxy-
toluene, BHT) by observing the peak enhancement as a lmown amount of
BHT was added to THF. BHT is employed as an anti-oxidant to stabilize
the THF and according to the manufacturer the concentration should be
250 ppm. Two other peaks were found on the chromatogram of THF #1; the
ratiog of their areas Lo that of the parent peak ave 14 x 10-6 and

6 x 10”6, and the concentrations are certainly less than 50 ppum.,
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TABLE 6

CONDITIONS OF ANALYSIS OF NM #1 AND THF #1 FOR ORGANIC IMPURITIES

Sample size: 1yl

Column dimension: 5 ft x 1/4 inch

Column packing: SE-30

Column temperature: 165 C

Injector temperature 165 C

Carrier gas: N2

Flowrate: 25 cc/min

Detector: Flame ionization; 30 cc/min HQ,
2 ¢th air

Detector temperature: 165 C

Nitromethane

Spectro grade nitromethane from Fastman Organic Chemicals, NM #1, was
analyzed as supplied on the Porapak Q using the standard conditions as
employed for the PC and DMF analyses (Table 1), i.e., the column was at
165 C, and the injector at 175 C. The chromatogram was similar to that
ghown for THF in Figuvre 2; however, the water peak did not return to
the baseline but remained 10 percent above it until the elution of the
NM. This behavior would be expected if the hydrogen carrier gas slowly
reduced the NM as it was eluted through the column. If the water peak
were extrapolated to the baseline in the usual fashion, it would corres-
pond to a water content of 200 to 300 ppm., Because an accurate extra-
polation of the water peak was not possible, NM #1 was also analyzed by
the Karl Fischer procedure, and the water content was found to be 270

P,
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Two additional peaks were also found on the Porapak § columm which were
eluted after NM. These peaks were about 1 percent the size of the NM
peak, However, NM #1 was analyzed on a second solumn (SE-30) using the
conditions given in Table 6, and the only impurity peak found corres-
ponded to a concentration of 13 ppm or less. The water content could
not be determined in this analysis because a flame ionization detector
was employed.

The fact that no large impurity peaks were found on the second column
would be consistent with the hypothesis advanced above. According to
this hypothesis, NM would be reduced by the hydrogen carrier gas during
the analysis on the Porapak § column to yield water as well as two
additional products. Because hydrogen continuously reduced NM, forming
water, the water peak would not return to the baseline and water would
be continually eluted until NM was eluted from the column.

When NM #1-1 (containing less Hy0 than NM #1) was analyzed by gas
chromatography euploying the conditions given in Table 7, i.e., using
nitrogen as the carrier gas, the chromatogram contained six symmetrical
well separated peaks. The retention time and area percentage of each
peak is given in Table 8. Two main impurities appear to he present at
the level of 1 percent or higher (the most probable impurities, higher
nitroparaffins, would give a greater response than nitromethane on a
weight basis and their concentrations would be less than the area per-
centage given in Table 8. High resolution NMR spectra taken on NM #1-1
confirmed the presence of two impurities at concentrations consistent
with the gas chromatography results. Based on the NMR chemical shifts,
the gas chromatographic retention times, and the information supplied
by the manufacturer of nitromethane, Commercial Solvents Corporation,
it must be assumed that the principal impurities are nitroparaffins
such as nitroethane, l-nitropropane and 2-nitropropane.

Dimethyl Sulfoxide

Two samples of dimethyl sulfoxide were analyzed for water content on

a Porapak Q column under the conditions normally used for PC and DMF
(Table 2). A water response of 6.254g/cm2 was used to calculate the
water content; this value is an average of the values found previously
for PC, DMF, and THF under the game conditions of analysis.

18



TABLE 7

CONDITIONS USED FOR ANALYSIS OF NITROMETHANE, NM #1-1

Column:

Column Temperature:

Carrier Gas:

Detector:

2.5-ft x 3/16-in Porapak Q

(120-150 mesh)
125 C

100 c¢ /min N,

Flame ionization; 40 cc/min H2,

2 ¢fh air

TABLE 8

PFAKS FOUND ON CHROMATOGRAM OF NM #1-1

Species Retention time, min. Area Percentage
Impurity I 3.2 0.01
Nitromethane 4,7 91.7
Impurity II 8.2 0.81
Impurity IIT 13.6 4.3
Impurity IV 26,4 3.1
Impurity V 40.8 0.1

-
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PURIFICATION AND ANALYSIS OF SOLUTES

Sources and Purification of Solutes

Sources and purities of procured materials to be used as solutes or
solid additives are given in Table 9.

Most solutes were used as received,except for LiCl0y, LiCl and LiBr
which were dried at elevated temperature (about 120 C) under vacuum,

LiAsF, #1 and LiAsFg #6 were made by metathesis of KAsFg and LiBF)

at the Livingston Electronic Laboratory and were supplied in LiAsFg/MF
solutions. These solutions were diluted with MF; the solvent code for
such LiAsF6/MF solutions designates the MF used for the dilutionm.

Analysis of Solutes

The analysis of some solutes had been performed and reported on a
previous contract (Ref. 1).

Samples of solid (powder) AlCl, #3 and #4& were run on the broadline
NMR spectrometer at both the proton and 2771 frequencies. AlCl, #3
showed qualitative evidence of protons while Al1Cl; #% did not. “The
protons in A1Cls #3 could be due to solvent pickeg up while the
material was stored and used in the dry box. AlCl3 #3 also showed
evidence of a paramagnetic impurity by virtue of a shorter relaxation
time of the 27A1 resonance (evidenced by a lesser tendency to saturate)
than for the A1Cl, #4%. This is consistent with the analyses of these
materials (Ref. l% which indicated a higher Fe content for AlCls #3.
AlCls #4 was therefore used preferentially.

The results of the analysis of A1013 #5 by emission spectrography and
spark source mass spectrography are given in Table 10. The emission
spectrographic analysis, performed by Pacific Spectrochemical Labora-
tory, Inc., Los Angeles, showed high contents of heavy metals in a first
run, but these impurities were absent according to a second analysis,

as well as according to the results of the spark source mass spectro-
graphic analysis, which was done by the Bell & Howell Research Labora-
tories, Pasadena, For ALCl, #5, an oxygen content of 410 ppm was found
by SSMS, which is lower than the figures obtained for ALCL, #3 (1300
ppm} and AlCI? #4 (100-7700 ppm) as reported in Ref. 1. The new product
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TABLE 10
IMPURITY CONCENTRATIONS IN AlClS 5,

EMISSION SPECTROGRAPHIC AND SPARK SOURCE MASS SPECTROGRAPHIC ANALYSES

Content, ppm per weight
Impurity Im. Spec. Em. Spec. SSMS
1st analysis 2nd analysis

H 13

Li 0.1%

C 28
1.3

o - 410
5.1

Na 21

Mg 16 1k 51

Si trace (& 20) 51
60

S 35

K 13

Ca 7.7 11 13

v 20

Cr 10

Fe 6.9

Co 11

Cu 1.k 0.51 100

Zn 4,10'(n0t detected)

Ge 210 (not detected)

Br 65

Sn 300 '

Ph 2600

Bi 81
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was not exposed to the laboratory air during sample preparation, a
significant improvement over the procedure used previously. The oxygen
content of AlClB #5 appears to be acceptable. No other impurity at
gsignificant levels was found; the relatively high copper content in-
dicated by mass spectrometry was not confirmed by emission spectrography.

The LiAsFg products supplied by Midwest Research Institute, LiAsFg #2
through LiAsFg #5 and LiAsF6 #7, were synthesized and extensively char-
acterized under contract NAS3-12979 (Ref. 2). They were high purity
products with no impurities present in significant amounts. LiAsFg #1
and LiAsF, #6 were products supplied by Livingston Electronic Laboratory
in methyl formate solutions. The 2.2 M LiAsFg #1/MF stock solution had
been analyzed by atomic absorption; a potassium content of 0.035 molar
and a boron content of 0,010 molar had been found (Ref. 1).

LiBr #2 was analyzed by emission spectrography. The only impurities
indicated were 0.8 ppm Mg, 5.4 ppm Ca and a trace (less than 0.5 ppm)
Cu.

The salicylaldoximes and phenanthrolines were analyzed by emission
spectrography, and by microanalytical techniques for C, H, and N. The
results are given in Table 11 and Table 12, respectively. The phen-
anthrolines were obviously hydrates; the theoretical values of the
elemental C, H, 0 and N contents for the monohydrate are given in
parenthesis., Salicylaldoxime #l and phenanthroline #2 appeared to be
somewhat superior products and were used for studies.,

CuFg #4 was gynthesized under contract NAS3-10942 by Battelle-Northwest.
It is a high purity product with a low oxygen content (10 ppm); analysis
results obtained with this product are given in Ref. 3.

PREPARATION AND HANDLING OF SOLUTIONS

Solution Code

The solutions generally contained a main electrolyte solute, a main
golvent, and an additive componeunt which could be either a solid or a
liquid. In the solution code, the components are named in the above
order, as illustrated by the following example:

0.5 M LiCl #3 + 1 M alcL, #4/PC #3-1 & 0,75 M DMF #7-2
T 1 T Additive

LumaMain Solvent

ain Solute, second component

Main Selute, first component
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TABLE 11

IMPURITY CONCENTRATIONS IN SALICYLALDOXIMES
AND PHENANTHROLINES ACCORDING TO EMISSION
SPECTROGRAPHIC ANALYSIS

Content, ppm per weight
Salicylaldoxime | Salicylaldoxime | Phenanthroline | Phenanthroline

Tmpurity #1 #2 #1 #2

B 7.4 L4 2.0

Na 110 trace (£ 200) 650 340

Mg 1.7 7.0 8.5 5.1

Al 7.0 L3 76 80

Si 15 270 65 79

Ca 4.0 25 12

Ti trace (£ 1.0)

Fe k.1 87 20 15

Ni , trace (4 1.0)

Cu 0.52 2.9 5.3 2.4

Ag 0.92

Sn 120 14
Loss on ignition 99.9518% 99.3750% 99.72% 99.82%
(sulfate ash)
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All concentrations indicated are given for the final solution, i.e.,
the additive was not simply added to awn orviginal solution of the com-
position as noted in the code.

Preparation of Solutions

Solutions were prepared in an inert atmosphere chamber (dry box) under
a nitrogen atmosphere, as described in Ref. 1.

Dissolution of aluminum chloride in various solvents was performed at
low temperatures, employing liquid nitrogen as the coolant, as des-
cribed in Ref, 1. A similar technique was adopted in other cases of
exothermic dissolution, e.g., when LiCl0, or LiAsFg were dissolved in
MF and boiling of the solvent would have presented problems in the
absence of precautionary cooling. Boiling off of MF had also to be
prevented when adding DMSO to LiCl+A1013/MF gsolutions,

In some cases, a precipitate resulted when the electrolyte-additive
system was prepared. The clear supernatant liquid was then normally
used for experimentation. This approach was taken, e.g., with the
system 1 M AICl3 #4 + 1 M LiCl #3/MF #2-12 & 1 M DMSO #1-1; the
supernatant liquid was found to contain 1.00 M of aluminum, but only
0.43 M of lithium. In an attempt to prepare a 1 M AlCl3 # + 1 M LiCl
#3/MF #3-3% & 1 M LiAsFg #3, a supernatant liquid containing 1.873 M

of lithium and 0.86 M of aluminum was obtained; additional precipitation
appeared to occur later.

A precipitate formed also when water was added by means of a syringe
to 1 M AlClz + 0.5 M LiC1/PC. The white precipitate with an amorphous
appearance %ormed immediately, and the solution remaining after a day
of stirring was used to prepare NMR samples and for other studies.
Some of the precipitate subsequently seemed to redissolve very slowly.

When the preparation of a 0.5 M LiAsF6/MF and 0.5 M AlCl, solution was

attempted, a light yellow gel which was stable for severgl weeks re-
sulted. No measurements were performed in this system,

Handling of Solutions

The solutions were always handled in a wmanuner so that contamination by
exposure to the air was eliminated, or at least minimized. Conductivity
cells, for instance, were filled in the inert almosphere chamber and
sealed by a stopper. Because these tegts were subject to much longer
exposure to the laboratory atmosphere, solubility flasks for solubility
tegts were, in addition fto glass stopper seals, capped with polyethylene
bags containing inert gas.

A special procedure was developed to prepare sealed NMH tubes. The

tubes were filled in the dry box and capped with a long piece of rubber
tubing which was closed at the end. The sample content was then frozen
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in liguid nitrogenﬁ the end of the rubber tubing opened to the atwos-
phere, and the sample gquickly sealed. For broad-line NMR samples,
screw-cap culture tubes with Teflon liners were often used without
torch sealing.

Handling of Glassware

The glassware used for purifying solvents and preparing and storing
was treated according to the procedure described in Ref. 1. This
procedure involved cleaning in hot nitric acid-water (1:1) and final
heating to 250 C.

* Late in the program, some samples were not frozen but merely cooled
in granulated dry ice.
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SPECIES (NMR) STUDIES

INTRODUCTION

A very large number of electrolytes were investigated using NMR
techniques to determine species in solution and the mamner in which
species and species distributions changed when other solutes and/or
solvents were added to the electrolyte.

Most of the NMR techniques employed in this investigation are standard
techniques which have been described in numerous text books on the
subject (see Ref. 4, 5 and 6), Both high resolution and broadline
spectra were recorded. Some techniques were used which have received
legs attention in text books but have been described in the literature;
the latter are referenced as discussed.

Two ingtruments were employed. High resolution spectra were obtained
with a Varian DP-60 which was modified to operate with internal lock.
As far as high resolution work is concerned, the instrument, as modi-
fied, is the equivalent of the Varian HA-60-IL. High resolution pro-
ton (1H), fluorine (19F) and aluminum (27A1) spectra were obtained
with this instrument, a different r.f. unit being used for the 2741
spectra. The instrument is equipped with variable temperature appara-
tus which permits measurements over a range of temperatures. It should
be noted that this instrument is not well suited for the 197 resonance
in the AsFg~ ion even when T{ is long (see later discussion) because
of interference caused by internal modulation frequencies. Broadline
spectra were obtained from a wide variety of nuclei (7Li, 19F, AL,
3§Cl and 79As) with an instrument comprised primarily of a Varian
variable frequency r.f. unit with matched probes, a Princeton Applied
Research coherent amplifier, Model HR-8, a 12-inch Magnion magnet and
supplementary electronics.

Almost all of the electrolytes studied can be described as having
some simple characteristic accompanied by some or several unexpected
complexities, The general subject of species in electrolyte solutions
is becoming more and more prevalent in the literature and most of the
systems studied here would require a rather major effort (for each)

to determine the complete picture of all species in solution, all
equilibria which occur and are affected by additions, exchange rate

of ions and solvent molecules between the several sites that they can
occupy, the distribution of mixed species such as Al{(Sl)gmx (82)X3+3
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where 81 and S, are competing solvent molecules, occupancy of solvent
molecules and Tons in sites outside the first coordination sphere of
Al+3, the still remaining question of the extent of solvation of Lit,
the singular characteristics of LiAsFy in solution, changes in short
term and long term solubilities, catalytic effects of LiAsFg and many
other questions.

The effort described here resulted in a great deal of information re-
garding species in solution for a large number of electrolytes; but
it also uncovered as many, if not more, questions and complexities as
it found answers to questions.

In general the organization of this section is determined by primary
solvent, PC, MF and DMF, then by electrolyte (e.g., LiAsF6/MF), then
by additive. LiAsFg electrolytes are an exception to the general
organization because of the different technique, unique to the AsFg~
ion, which was used to monitor changes in these electrolytes.

In all spectra, high resolution and broadline, shown in this report
the magnetic field increases from left to right,

PROPYLENE CARBONATE ELECTROLYTES

Three electrolytes employing propylene carbonate (PC) as the primaxry
solvent were studied. These were LiCl+Ale/PC, LiC104/PC and LiAsFg/
PC. A variety of salts and solvents were added to these electrolytes
and the resultant changes in species studied.

LiCl+A1C15/PC

This system was studied previously (Ref. 1). The results indicate
that addition of AlCl, to PC produced primarily the species AlEPC]6+3
and AlCl,~. Furthermore, the addition of LiCl results in a decrease
in the population of AlEPC]6+3 and an increase in the population of
AlCl,~. This was determined by observing both the high resolution
proton spectra of the solvent PC and the broadline aluminum containing
species, Dxamples of these spectra are shown in Figs., 3 through 5
(taken from Ref. 1). The reduction of the concentration of A1fPc]gt3
with the addition of LiCl is displayed both by the decrease in the
intensity of the proton peak due to coordimated PC and by the decrease
in_intengity of the peak 2741 due to AJEPCB6+3. The reduction of
A1£P036+3 upon the addition of LiCl proceeds almost guantitatively so
that in 1 M AlClz/PC which produces 1/4 M A1[PC]g*5 and 3/% M ALCL,~
the addition of approximately 1 M LiCl depletes the system of
AlEPC]6+3a This is shown in Fig. 6 (taken from Ref. 1) where the
relative intensity of the 27A1 line from the coordinated species is
plotted as a function of the concentration of LiCl in 1 M AlClj/PCg
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The region scanned is restricted to
the viecinity of the high field doublet
‘ . (see Fig. 3) and recorded at higher

: gain., Down field shifted peaks due to
} coordinated PC are denoted by vertical
' ArTovWs,

Figure 4 , HighmResolutionEHﬁ Spectrum in 1,00 M AICEE/PC
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- THE RELATIVE POPULATIONS WERE
DETERMINED FROM THE PEAKS OF
THE DERIVATIVE CURVES OF THE
SPECTRA SHOWN IN FIG. 5.
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Figure 6 . Approximate Relative Populations of Coordinating Al Spec1es
inl1M AlClS/PC as a Function of Added LiCl
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DMSO As Additive. The species formed and the redistribution of the
species caused by addition of DMSO to LlCl+A1013/PC electroly gs were
studied, utilizing both high resolution proton and broadline “‘Al NMR
spectra. The information obtained on species using these two resonating
nuclei comglement one another in a fruitful manner. The results

from the 27A1 NMR will be discussed first, then the high resolution
proton results.

Broadline 217 Al NMR spectra for a series of 1 M AlCl3/PC electrolytes
containing various concentrations of LiCl and DMSO are shown in
Figure 7. Figure 7a, which is for no TiCl and a low concentration of
DMSO, shows the usual 27A1 spectrum. The narrow line on the left is
ascribed to AlCl,” and the broader, less intense line on the right is
due to the complex Al[PC] . As the concentration of DMSO is increased,
the relative intensity of the Al[PC]6 *3 line decreases as can be seen from
Figureg b, 7c, and 7d and from the plot in Figure 8. The line due to
Al[PC is not observable at DMSQ concentrations above 0.5 M. At high
DMSQ concentration (>1 M) in electrolytes containing no LiCl another
broadline having a smaller chemical shift relative to the 2741 line in
A1C1,” appears. This line is more intense in the 1 M DMSO specimen
containing 0.4 M LiCl than in the 1 M DMSQ specimen containing no LiCl.
Also, this line is observed in the 0.5 M DMSQO specimen containing 0.8 M
LiCl, whereas in the 0.5 M _IMSQ specimen containing no LiCl, the line
due to the complex Al PC] is observed. The line appearing at kﬁgh
concentrations of DMSQ is attributed to the new complex Al[DMSO]
and the results are interpreted as, ollows. The DMSO preferentlally
displaces PC molecules from the Al =~ coordination spherg, It is
assumed that mixed species of the type Al[PC]GEQIDMSOJ have suffiently
enhanced quadrupolar relaxation to broaden the resonance beyond
detection under the operating conditions used to record, the AlCl 1n§
Thus, only AlC1 and the symmetrically solvated AI[P or Al[ﬁMSO
species are observed. Addition of DMSO converts the P complex through
the series of mixed complexes to the pure DMSO complex. As DMSQ is
added, a decrease in the intensity of the Al[PC] line is observed at
low concentrations, while at h §h DMSO concentraglons an increase in
the intensity of the A1[ pMso] line is observed. The addition 25 L101
converts some of the PC complex to AlCl ~. The amount of Al[PC]
the system is thereby reduced, and a smaller amount of DMSO is requlred
to produce the same fraction of Al[DMSO] 3, Figure 7 shows the data
obtained in the screening runs for this System. It is interesting to
note that at 1.5 M DMSQ the concentration of the DMSO complex is only
about 80% of that predicted by the above arguments since 1.5 M DMSQ
could quantitatively transform all of the PC complex to the DMSQ complex.
This indicates that there is DMSQG that is net tied up in the Al[DMSO]6
species.

High resolution proton NMR spectra of 1 M AlCl,/PC solutions containing
various concentrations of LiCl and DMSQ are shown in Figures 9 through

44. These figures have been organized in the order of increasing DMSO

concentration and increasing LiCl concentration to facilitate inter-
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comparison. Data taken as a function of temperature are also shown.
Figures are included in this rather extensive collection of spectra,
which are not discussed individually, so that the reader may have
availabl e to him additional data for future reference.

Figure 9 shows the proton spectrum obtained from a specimen containing
20% DMSO volume percent in PC to provide a comparative basis for the
addition of DMSO to electrolytes. The DMSO peak is the largest peak
near the center of the figure. Figuves 10, 11, 12, 13, 19, and 24 show
the spectra for increasing concentrations of DMSO in 1 M AICI /PC. of
note is the decrease in intensity of the peaks due to coordinated PC
(these are the two small peaks just downfield to the left from the PC
methyl proton peaks which constitute the prominent doublet at the far
right of the spectra) and the character of the DMSO peak which is the
peak in the center of the spectra. This peak is displaced downfield
from its position in pure PC as shown in Figure 9. At all concen-
trations other than the lowest (0.05 M DMSO) the DMSO proton spectra
are complex, consisting of more than one line (in some cases, the lines
are not resolved), showing the presence of more than one DMSO species.
(uncoordinated DMSO is considered in this discussion to be a separate
possible species.) At 0.5 M DMSO, Figure 7, the coordinated PC ?eaks
are no longer observed. This is consistent with the broadline 2751
results described above.

Figure 1% shows the spectrum obtained in the 0.5 M DMSO specimen three
months after that shown in Figure 13. The DMSO portion of the spectrum
is broadened suggesting that some changes have occurred. Changes with
time have been clearly observed when DMF is added, as will be discussed
later.

For 0.7 M and 0.9 M DMSO added to 1 M AlCl,/PC, Figures 16 and 18 show
the DMS0 portion at lower temperatures, of the spectra shown in Figures
15 and 17. The two lines broaden due to increase in viscosity with
lower temperatures. Figure 21 shows the DMB3Q spectra with the scale
expanded over that in Figure 20 for 1.1 M DMSO at +30, +10 and =10 C.
The sharpening of the lines observed at +10 C compared to the +30 C
spectra indicates exchange is occurring. Further reduction of
temperature broadens the lines due 1o viscosity effects. TFigure 23
which shows the DMSO spectra with the scale expanded relative to that
in Figure 22 shows large variations in the DMS0 spectra as the
temperature is decreased. There appear to be four different DMSO lines,
depending upon the temperature. This could result from exchange
effects and/or changes in equilibrium as the temperature is varied.
Figures 24, 25, and 26 show the In spectra for 1.5 M DMSO in 1 M

Al€1 /PC at ambient temperature, at -10 C, and at +30, +10 and -10 C
for %he DMSC part of the spectra, in an expanded scale, respectively.
This shows that there are at least three DMSO species depending upon
temperature due either to changes in exchange rates or changes in
eguilibria.



Figure 27 shows the 1H.spectra for 1 M AlClm/?C and 2 M DM80. In this
specimen a white precipitate formed so that“the actual concentration
of DMB0 may be less than 2 molar.

E
Figures 28 through 4% show the "H spectra for 1 M AlCl /PC with LiCl
in several concentrations, with DMSO added. Qualitatively, these
spectra show the same characteristics as those with no LiCl except
that as the concentration of LiCl increages, with the resultant
decrease in the concentration of Al1[PC] ; the concentration of DMSO
which causes similar change in the spec%ra decreases accordingly.

The acquisition of another r.f. unit permitted obtaining some high
resolution 27A1 spectra. In general, the information obtained was the
same as that obtained using the broadline spectrometer. The one
exception was that of 1 M AlC1l,/PC with DMSO added. In 1 M AlCl,/PC
with 1.3 M DMS0 added, a third 27A1 line was observed. This 1ing€ is
low in intengity and has about the same chemical shift as the solvent
coordinated 27A1 line. It is also found in 1 M A1Cl,/PC and 1.5 M DMSO
but is reduced in intensity. Thus in these solutions at least three
different aluminum containing species are present. The concentration
of the third aluminum containing species was only a few percent of
that of the solvent coordinated 27Al species; the species was not
identified.

The addition of DMSO to LiC1+A1C1,/PC results in the formation of
several DMSO containing complexes at intermediate concentration. At
high concentrations (>1 M) complexes depleted of PC began to
predominate.

DMF As Additive. DMF added to LiCl+Al1Cl,/PC behaves in a similar
fashion as DMSO, at least at times short?y after solution preparation.
After long times, other effects were noted which will be discussed later.

The broadline 274l spectra for a series of solutions containing LiCl
and DMF in various concentrations are essentially the same as those
shown for DMSO in Figure 7. With increasing DMF concentrations, the
line due to Al[PC] *+ disappears at low DMF concentrations, and at
high DMF coneentra%ions a line ascribed to A1[DME *3 appears. The
chemical shift difference in this case is just observable, being less
than that observed in the case of Al[DMSO] +3. The rate at which the
afpc] *3 line decreases with increasing DMF concentration is less
than in the case of DMS0 addition, indicating that while DMF readily
displaces PC in the A1*3 coordination sphere it does not displace PC
as readily as does DMSO. Also at high DMF concentrations the rate of
appearance of A1lpME] *3 with increasing DMF is somewhat slower than
that of A1lpMSol §3, which further indicates that DMF does not
displace PC as veadily as DMSO.
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Several high resoclution “H spectira are shown in Figures 45 through
54, Figures 45 shows a portion of the spectra obtained from PC
containing 0.5 M DMF (the upper tgace) and 2.0 M DMF (the lower trace).
The pair of peaks near the center  1is due to the methyl proton in
DMEF. The methyl proton line in PC, which is not sheown, would be at
the extreme right. The DMF formyl proton line is to the left (off
the figure) of the large number of PC peaks which are at the left of

the figuve.

The DMF formyl proton peak is displayed above the group of PC peaks
separately by shifting the scan region. Figure 46 shows the complete
spectra for 0.5 M DMF in 1 M AlC1 /PC. The two DMF methyl proton peaks
are shifted downfield, relative to the PC spectra, from their position
in Figure 45 , indicating that the DMF is being coordinated by A13,
Figure 47 shows the two DMF methyl proton peaks on an expanded scale
for several DMF concentrations in 1 M AlCl /PC. At low concentrations
the lines appear to have some structure, suggesting that there is more
than one DMF containing species. Figures 48 through 51 show the PC
methyl proton peaks in 1 M AlCl /PC for DMF concentrations of 0.05 M,
0.15 M, 0.30 M and 0.50 M. 1In the 0.05 M DMF scan, the two peaks to
the left of the large peaks are the peaks due to PC coordinated by JARSHR
These peaks decrease in intensity as the DMF concentration inecreases.
At 0.50 M DMF these geaks have almost disappeared showing that DMF
displaces PC from Al 3. The monotonically increasing (from left to
right) curve in these figures is the integral of the spectrum.

Figure 52 shows the spectrum obtained from 1 M AlCl /PC with 2 M DMF
added. There are two notewor