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ABSTRACT 

Aprotic electrolytes based upon methyl formate, propylene 
carbonate, and dimethyl formamide as solvents and lithium 
chloride plus aluminum chlorgde, lithium hexaf luoroarsenate, 
and lithium perchlorate as solutes were studied. Well 
characterized components were used to prepare ~olutions~ 
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 propertiee investigaLed included conductance, 
solubilities, and stability in the preaence of lithim. 
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St ruc tu ra l  s tud ies  and physical property iueasurements were conducted 
i n  ap ro t i c  e l e c t r o l y t e  systems containing methyl forinate (MI?), propylene 
carbonate (PC) o r  d i m e t h y l f ~ ~ m m i d e  (DMF) as  the  primary solvent  
component, and LiCli-AlC13, viAsP6 o r  LiClQ4 as the  priinary so lu te .  The 
e f f e c t  of addi t ives  on specles  and species d i s t r i b u t i o n  and physical 
proper t ies  was s tudied;  the addi t ives  were solvents  such as n i t ro -  
methane (M), tetrahydrofuran (TWF), a c e t o n i t r i l e  (AN), diniethyl 
sulfoxide (DMSO), as  well a s  the  solvents  named above (MI?, PC, and Dm), 
or so lu tes  such as L i C l O 4  and LiBr, I n  some cases ,  the e f f e c t  of the 
addi t ion  of small mounts of water was a lso  inves t iga ted .  

Well charac ter ized  components were used t o  prepare so lu t ions .  Vapor 
phase chromatography (WC) was the p r inc ipa l  a n a l y t i c a l  method employed 
t o  analyze d i s t i l l e d  solvent  batches. The water content  of the solvents  
was normally below 50 ppm, and o rd ina r i ly  a  so lvent  was not  u t i l i z e d  i f  
organic impur i t ies  were detec ted  a t  g rea te r  l eve l s .  Emission spectrography 
and spark source mass spectrography were the  methods used t o  analyze 
so lu tes .  

Nuclear magnetic resonance (NMR) techniques were the  pr inc ipal  
experimental t o o l  used t o  determine species i n  the  nonaqueous solu t ions .  
Often r e s u l t s  of these measurements could be compared d i r e c t l y  with 
r e s u l t s  obtained from conductance and other physical  property measure- 
ments. I n  such instances agreement was found. 

I n  addi t ional  s t u d i e s ,  so lu t ion  s t a b i l i t i e s  were evaluated i n  simple 
t e s t s  and the  s o l u b i l i t y  of CuF2 and CuC12, represent ing  e lec t roact ive  
ba t t e ry  cathode mate r i a l s ,  was inves t iga ted .  

For the  complexing of the  aluminum ion,  the  following order of 
decreasing solvat ing  o r  complexing s t r eng th  was found f o r  various 
solvents  and anions: 

- 
DMSO, H20, Dm, el-, ~ r - ,  PC, C104 AN, MF, TBF, NM 

In  some instances the  pos i t ions  i n  t h i s  sequence may be interchanged, 

The p redoa iamt  species found i n  L i C l O  - alid LiAsF6 solu t ions  were, a s  
expected, ~i' ions and 6 1 0 ~ -  or AsF ? o m 7  respect ive ly .  In  the case 
of LiAsF the  existence of an addi t ional  species  asymmetric with 
respect  $A  the  As s l t e ,  was  indicated i n  severa l  e l e c t r o l y t e s .  



ei&jF6 was fomci. have a s t;ibiJizielg ef f ec & o n  r;ie&k/i;il f ormale 
soLutlons i n  contact  with meta l l ic  l i t h i m ,  although the meehaaism 
of t h i s  s t a b i l i z i n g  e f f e c t  was not  determined. It was observed t h a t  
the hydrolysis react ion involving methyl formate and Lraces of  waker 
was g r e a t l y  accelerated i n  the  presence of LiAsP6 but not i n  the  
presence of LiC104. 

I n  many cases ,  the  conductance of so lu t ions  seem t o  be a f fec ted  by 
solvent  addi t ives  through a  v i s c o s i t y  e f f e c t  only, I n  other eases,  an 
i n t e r a c t i o n  with aluminum complexes i n  so lu t ion  was indicated ,  however, 
For L ~ C L O ~ W  solut ions ,  the so lu t ion  conductance was g r e a t l y  enhanced 
i n  c e r t a i n  cases by addit ion of solvents  such as DMZ', presmably  beeause 
of the  break-up of ion pa i r s .  

S o l u b i l i t y  values f o r  CuF2 and CuG12 of ten  were s i g n i f i c a n t l y  increased 
by add i t ives ,  but  it was not  always c e r t a i n  t o  what extent  t rue  
s o l u b i l i t y  values were af fec ted  and t o  what extent  only d i s so lu t ion  
r a t e s ,  which i n  some systems appear t o  be extremely s lo~v,  were a f fec ted ,  

The solut ion s t a b i l i t y  was f requent ly  af fec ted  by addi t ives ,  A 
s u f f i c i e n t l y  pronounced e f f e c t  was observed f o r  LiAsFG 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 theta 
work by groups at American University, Globe-Union, Inc., ISoneywell s 
Livingston Electronic Laboratory, P. R. Pfallory and Company, Inc., 
Monsanto Research Corporation, and the Wllittalier 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, 
NASg-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 ( ~ e f  . 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, Electrolytes con- 
taining LiClO , LiAsFG, or LiCl + AlCl as solutes were studied. Be- 
cause of the iirect practical interest? solutions of LiAsF in methyl 6 
formate were emphasized during the latter part of the program (after 
pure LiAsF6 synthesized on another NASA contract had become available). 



SaEGTION OF EECTROLYTES AND ADDITIVES 

Propylene carbonate  (PC),  dimethylf ormamide (Dm), and methyl f  ormate 
(MF) were s e l e c t e d  a s  t h e  main so lven t s .  Among the  main s o l u t e s  em- 
ployed were LiC104, LiAsFg, and LiCl+AlCl? mix tures ,  The e l e c t r o l y t e  
L ~ A ~ F ~ / M F  rece ived  major a t t e n t i o n  i n  t h e  l a t t e r  p a r t  of t h e  program, 

The s o l i d  and l i q u i d  a d d i t i v e s  were s e l e c t e d  f o r  var ious  reasons .  The 
so lven t s  dimethylf ormamide, dimethyl s u l f  oxide (DMSO) , t e t rahydrof  uran 
(TNF), nit romethane (NEI), a c e t o n i t r i l e  (AN), propylene carbonate ,  
methyl formate,  and t h e  s o l i d s  LiBr,  LiCl04, and A l C 1 3  were s e l e c t e d  t o  
s t udy  t h e  complexing p rope r t i e s  of s o l v e n t s  and the  p o s s i b i l i t i e s  t o  
s t a b i l i z e  aluminum ch lo r ide  s o l u t i o n s .  Phenanthrol ine and s a l i c y l a l -  
doxime were chosen t o  i n v e s t i g a t e  t h e  e f f e c t  of t he se  a d d i t i v e s  on t h e  
s o l u b i l i t y  of copper ha l ides .  Some of t h e  a d d i t i v e s  prev ious ly  men- 
t ioned were a l s o  s tud i ed  t o  determine t h e i r  e f f e c t s  on copper h a l i d e  
s o l u b i l i t y ,  and t o  i d e n t i f y  v i s c o s i t y  and o t h e r  e f f e c t s  on t h e  e l e c t r o -  
l y t e  conductance, 

PURIFICATION OF S O L m S  

The sources  of t h e  s t a r t i n g  ma te r i a l s  a r e  given i n  Table I ,  The coding 
of so lven t s  i s  c o n s i s t e n t  with t h a t  i n  Ref ,  I ;  t h e  f i ~ s t  number des ig-  
n a t e s  a  cerka in  l o t  of rece ived  m a t e r i a l ,  t h e  second number i s  added 
f o r  t h e  d i f f e r e n t  p u r i f i e d  and analyzed b a t c h e s ,  

D i s t i l l a t i o n  B a c e d u r e s  

Solvents  vere  p u r i f i e d  by d i s t i l l a t i o n ,  Methods prev ious ly  e s t a b l i s h e d  
f o r  t h e  p u r i f i c a t i o n  of PC and D W  ( ~ e f .  I )  c o n s i s t e n t l y  fu rn i shed  s o l -  
ven ts  wi th  acceptab le  impuri ty  l e v e l s ;  t h e  procedures a r e  reviewed i n  
Table 2 ,  Procedures developed f o r  t h e  p u r i f i c a t i o n  of b P 7  AN, DMSO, NZ.f, 
and TEE! a r e  d i s c u s s e d  i n  d e t a i l  below and a r e  a l s o  summarized i n  Table 
2, 







+ Formake. " .a te r ia l  o f  a r e e p t a h l c  p u r i  l g r  was obtained by t r e a t - -  --- 
m e r i t  with P 0 and c2isCillatict.r-i w i t h  a I. 1/2 f l ,  Vigreux column (paeiied 

2 7 wilh i-ieii-palc ) a t  aeruospl-ierie pressure and 31 6 ,  The W was s t i r r e d  
w i t h  P,O,, allowed to settle o v e r n i g h t ,  and decanted be fo re  d i s t i l l a t i o n ,  
To preeedt  "ge l l i ng" ,  t h e  P 0 t reatment  should no t  exceed 25 grams per  

. 2  5 
l i t e r  of so lvent  and s t i r r ~ n g  should be l i m i t e d  t o  1/2 hour ,  Before 
t h e  above procedure was e s t a b l i s h e d ,  methyl formate had been unsuccess- 
f u l l y  t r e a t e d  wi th  molecular  s i e v e s ,  Multrathane M and a  l i t h ium d i s -  
pe r s ion ;  such ba tches  (MF #2-7, #2-8, #2-9, and #- lo)  were d i scarded .  

A c e t o n i t r i l e .  One- l i t e r  ba tches  of AN were d i s t i l l e d  with a  1 l / 2  f t .  
Vigreux column wi th  Heli-pak) a t  atmospheric p re s su re  and 80 C .  
P r i o r  t o  d i s t i l l a t i o n ,  t h e  AN was s t i r r e d  with about 15 grams of P 0 
f o r  one hour,  allowed t o  s e t t l e  overn ight ,  and decanted. 2  5 

e ,  Reagent grade DMSO was t r e a t e d  wi th  molecular 
s i e v e s  i n  a  procedure s i m i l a r  t o  t h e  s tandard  t rea tment  of DM?? (Ref. 1). 
The m a t e r i a l  was then  allowed t o  s tand  over CaH2 f o r  s eve ra l  clays, 
followed by d i s t i l l a t i o n  from C a 2  wi th  a  1 f t .  Vigreux column (packed 
with ~ e l i - p a k )  a t  about 10  mm Hg and 75 C, Dry n i t r o g e n  was used t o  
b r i n g  t h e  system t o  atmospheric pressure  when c u t t i n g  Fract ions.  

Nitromethane, Due t o  t h e  p o t e n t i a l  hazard and low organic  impuri ty  
ppm, determined by  WC), spec t ro  grade NI$ was not  d i s t i l l e d .  

A l a r g e  molecular  s i e v e  column with Linde 4A, 1/16 inch a c t i -  
vated p e l l e t s )  was assembled f o r  water removal, Batches of NM were 
t r e a t e d  wi th  t h e  column f o r  24 hours ,  The column was designed wi th  a  
n i t rogen  p r e s s u r i z a t i o n  system, t h a t  enables f r a c t i o n s  t o  be cu t  with-  
out  be ing  exposed t o  t h e  atmosphere, 

. Reagent grade TKE, from J. T, Baker Chemical Company, 
contained 41 ppm IT 0 and 23 ppm of an organic  impur i ty  ( r e t e n t i o n  time 
4.3 minutes)  accor8ing t o  a  gas chromatographic a n a l y s i s  wi th  a  Porapak 
Q column. An a n a l y s i s  wi th  a  SE-30 column i n d i c a t e d  210 ppm of buty- 
l a t e d  hydroxy-toluene (BIPT), which i s  a  s t a b i l i z i n g  agent  f o r  TKF. The 
ma te r i a l  was considered s a t i s f a c t o r y  f o r  use a s  rece ived .  

P u r i f i c a t i o n  Resu l t s  

Analyses on each ba t ch  were performed, a s  desc r ibed  i n  t he  next s e c t i o n ;  
t he  a n a l y s i s  r e s u l t s  a r e  given i n  Table 3 f o r  each ba t ch .  



None observed 
None observed 
None observed 

None observed 
None observed 

None observed 
None observed 

*The d e t e c t i o n  l i m i t  f o r  most organic  s p e c i e s  e l u t e d  p r i o r  t o  t h e  
s o l v e n t  ( b u t  w i t h i n  20 minutes  af-iier sample i n j e e l i o n )  i s  about 5 ppm. 

**Re$, = R e t e n t i o n  Time 



Solven t  Code 

36 (29 a f t e r  3 months) 

None observed 
None observed 

None observed 
None observed 

Not analyzed 
5 i m p u r i t i e s  ( s e e  t e x t )  

Not analyzed 



A spec i a l  e f f o r t  xias made t o  u s e  only well. el.._arzrederlzed so lven t s  f o r  
experimentation, k k e h  b a i c h  o f  s o l v e n t  t h e r ~ f  G I  E analyzed ? o r  
t r a c e  impur i t i e s ,  with vapor phase chromatography (WC) being  the  main 
a n a l y t i c a l  technique employed, Occasionally, o t h e r  techniques such a s  
Karl F ischer  t i t r a t i o n  and nuclear  magnetic resonance (m) were a l s o  
appl ied .  

The general approach t o  the  VPC a n a l y s i s  i s  descr ibed  i n  t h e  F ina l  
Report of t h e  previous NASA cont rac t  ( ~ e f  , I ) ,  The a n a l y s i s  ef f or% 
was extended f o r  methyl formate,  and t h e  experiment,al condi t ions  f o r  
t he  a n a l y s i s  of new so lven t s  were e s t ab l i shed ;  t h i s  i s  descr ibed  f o r  
each so lvent  i n  t h e  fo l lowing ,  

A rou i ine  a n a l y s i s  employing a  Porapak & column was performed, a s  
descr ibed  i n  Ref ,  1, The e q e r i m e n t a l  p a r m e t e r s  and responses a r e  
presented i n  Table 4,  

The opera t ing  condi t ions  f o r  t he  rou t ine  a n a l y s i s  f o r  water  i n  MF a r e  
l i s t e d  i n  Table 4 ,  

To analyze f o r  methanol i n  methyl f o m a t e ,  a  B e c k a n  GC2A gas chromato- 
graph equipped wi th  a  themo-conduct iv i ty  d e t e c t o r  was f i r s t  used, 
This  d e t e c t o r  has only  a  s u f f i c i e n t  s e n s i t i v i t y  t o  d e l e m i n e  r e l a t i v e l y  
high methanol con ten t s ;  hence, a  flame i o n i z a t i o n  d e l e c t o r  i n  con- 
junct ion wi th  a Bendix gas chromatograph Se r i e s  2100 was employed t o  
enable ana lys i s  of samples with low methanol conten ts ,  The opera t ing  
condi t ions  f o r  t h i s  a n a l y s i s  a r e  given i n  Table 5 ;  t h e  condi t ions  were 
changed f o r  the  sampling of NF#ik?-ll and l a t e r  ba t ches ,  because of t he  
much lower methanol content  of these  ba tches  which were t r e a t e d  with 

P2OY 
A chroma togrsm f o r  MF #2-11 i s  shown i n  Figure 1. 

Under t h e  eondikions given i n  Table 5, t h e  methanol i s  e l u t e d  a s  a  
f a i r l y  sharp,  s p m e t r i c a l  peak and i s  e l u t e d  p r i o r  t o  methyl f o m a t e ,  
A b a s e l i n e  shii'k appears  t o  occur a f t e r  t h e  mekhanol peak 14hich may be 
due to decomposi-tion of methyl f o m a t e  on the  e o l m n ,  The b a s e l i n e  s h i f t  
was small compared t o  t he  me-thanol peak lleight i n  t he  case o f  ivfk" #2-8,  
PIF' @ - g t  and FfF #62-LO; t h e r e f o r e ,  any e r r o r  due t o  t h i s  s h i f t  f o r  
samples wi th  ;a r e l a t i v e l y  high methanol content  would be i n s i g n i f i c a n t ,  
The response of t he  deteekor  IC;ras d e t e m i s e d  by adding 0 - 4  pereenk (by 
weigh%) methanol do #2-8 and measuring t h e  inc rease  i n  " c e  area of 
%he methanol pealr. The methanol cnn-hent, on  a weight b a s i s ,  wag f o ~ i n d  
Go be 0-9 t imes Gizc raLFo of  the me-khannl and methyl f o m a t e  peak areas, 









\&en t h e  s e n s i t i v i t y  o f  t h e  rbe4,ector was increased f o r  t h e  a n a l y s i s  of 
batches wiLh Lower methanol ccn ten t ,  %he b a s e l i n e  s h i f t  became signif- 
iearl-b, Sueln a  b a s e l i n e  a l ~ i f t  can be due e i t h e r  t o  decomposilion of methyl 
formate on the  column t o  produce methanol o r  Lo an i r r e v e r s i b l e  me"chanol 
adsorpkion on t h e  column, The l a t t e r  hypothes i s  was ~ h o ~ n ?  t o  he i n v a l i d :  
A sample of 10  ppm methanol i n  isopropanol gave a  f a i r l y  sharp ,  symmetri- 
c a l  methanol peak under t h e s e  condi t ions .  Furthermore, a  decrease of 
t he  column temperature reduced t h e  amount of base l ine  s h i f t .  

An undisputable  i n t e r p r e t a t i o n  of t h e  type  of chromatogram shown i n  
Figure 1 would only  be poss ib l e  i f  a  chromatogram of a  s o l u t i o n  known 
t o  contain no methanol would be ava i l ab l e .  However, i t  can be assumed, 
a s  a  f i r s t  approximation, t h a t  t h e  base l ine  r i s e s  r a p i d l y  t o  i t s  new 
p o s i t i o n  and i s  f l a t  before  and a f t e r  t he  r i s e ;  any rnethanol o r i g i n a l l y  
present  i n  t h e  sample would then  appear a s  t he  usual  peak on a  s h i f t e d  
base l ine .  The a r e a  of t h e  peak can e a s i l y  be measured a f t e r  ex t r apo la t -  
i ng  the  base l ine  under t h e  peak. Figure 1 sho~vs chromatograms of ME' #2- 
11 containing 0 ,  16 ,  and 81 ppm added methanol. The broken l i n e  i s  an 
ex t r apo la t ion  of t h e  b a s e l i n e  a f t e r  t he  methanol peak, and the  r a t i o s  
of t he  a r eas  under t h e  methanol peaks and t h e  methyl formate peaks a r e  
8.0 x  10-6, 14  x  10-6, and 74 x  10-6, r e spec t ive ly .  Based upon the  
r e l a t i v e  response of methanol and methyl formate found previous ly ,  t h e  
r a t i o s  of t he  a r e a s  would be expected t o  be 8.0 x  10-6, 26 x  10-6, and 
98 x  r e spec t ive ly .  Because t h e  a c t u a l  a r e a  r a t i o s  a r e  l e s s  than  
those predic ted ,  t h e  method of measuring t h e  a r e a  of t he  methanol peak 
i s  probably no t  e n t i r e l y  c o r r e c t .  Refer r ing  t o  Figure 1, it can be seen 
t h a t  t h e  base l ine  s h i f t  occurs  sooner a t  g r e a t e r  methanol concentrat ion.  
This  p a r t  of t he  b a s e l i n e  s h i f t  i s  probably due t o  methanol o r i g i n a l l y  
present  i n  t h e  sample which was not  accounted f o r  i n  t h e  simple hypo- 
t h e s i s .  From t h e  a r e a  inc rease  f o r  add i t i on  of 16  ppm methanol, t h e  
d e t e c t o r  response i s  about 2.5 (weight) ppm per  a r ea  ppm and t h e  amount 
of methanol i n  MI? #2-11 would be 20 ppm. The d e t e c t o r  response value 
of 2 ,5 i s  an  upper bound, t h e  a c t u a l  value probably be ing  somewhat l e s s ,  
so t h a t  t he  methanol concent ra t ion  i s  r epo r t ed  a s  ~ 2 0  ppm. 

The gas chromatography of formic a c i d  was s tud ied  b r i e f l y ,  The re ten-  
t i o n  time of f o m i c  a c i d  under t h e  condi t ions  given i n  Table 4 f o r  !@ 
#2-11 appeared t o  v a r y  from 34 t o  56 minutes,  depending upon t h e  sample 
s i z e .  The peak had a  very  poor shape wi th  extreme t a i l i n g .  The use of 
a  thermoconductivity d e t e c t o r  f o r  t he  determinat ion of f o m i c  a c i d  isas 
considered buL was never  put  i n t o  p r a c t i c e ,  

I n  a c t u a l  a n a l y s i s ,  o t h e r  impur i t i e s  were o f t e n  found, with r e t e n t i o n  
times on t h e  order  of 50 minutes,  These impur i ty  peaks, de t ec t ed  with 
a  flame ionizaLion d e t e c t o r ,  were s p m e t r i c a l  and d i d  not  e x h i b i t  t a i l -  
ing ,  This appears t o  preclude the  impuri ty  peaks being due t o  f o m i c  
a c i d ,  bu t  %hey were not  i d e n t i f i e d  f u r t h e r ,  and only t h e  r a t i o  of t h e  
responses o f  %he i m p ~ ~ r j t y  and methyl f o m a t e  on the  flame i o n i z a t i o n  
d e t e c t o r  a r e  r epo r t ed  i n  a d d i t i o n  Lo t he  retenkion dime, The aeGual 
impurity conccntraLion, i n c i d e n t a l l y ,  was rnosG l i k e l y  less than  t h e  
response r a t i o s  mighq. have ind ica t ed ,  because t h e  response of medhyl 



formake is less than the response of most organic compounds in dhe flame 
io-rr lzadiorl  d e t eedo r ,  Batch b F  #2-12 and batches of earlier data had not, 
s h o ~ n ~  ally o f  these i m p u r i t i e s ,  hut their presence in dhese cases cannot, 
be precluded, because replicate injections had heen made before the ira- 
p u r i t y  was eluted and t h e  impuri- ty peak may have been obscur-ed by %be 
methyl f o m a l e  peak, 

When a methyl formate sample, MF #2-7, was analyzed by I h r l  F i sche r  
t i t r a t i o n ,  an apparent  end po in t  was reached upon t h e  f i r s t  a d d i t i o n  of 
t i t r a n t ,  which would correspond t o  a  water content  of l e s s  than  20 ppm, 
The same occurred,  however, when a  sample conta in ing  100 ppm of added 
water  was t i t r a t e d .  Methyl formate,  t h e r e f o r e ,  appears t o  p re sen t  sim- 
i l a r  problems a s  had been encountered wi th  DMF ( ~ e f  . I ) ,  and a  d i r e c t  
t i t r a t i o n  does not  seem r e l i a b l e .  

A back t i t r a t i o n  method was i n v e s t i g a t e d ,  bu t  nea t  methyl formate aga in  
r eac t ed  anomalously. Reproducible va lues  were obtained with L ~ A ~ F ~ / W  
s o l u t i o n s ,  bu t  t hey  were not  r e l i a b l e  because they  depended on exper i -  
mental parameters such a s  amount of t i t r a n t  ma t r ix ,  and because incon- 
s i s t e n t  values were obta ined  upon a d d i t i o n  of lmown amounts of water ,  

The use of NMR techniques had been explored on a  previous c o n t r a c t  (Ref, 
I ) ,  A hydro lys i s  of MF had been observed t o  occur, ca ta lyzed  by t h e  
presence of LiAsF6. These r e s u l t s  were confirmed, a s  r epo r t ed  i n l a t e r  
s e c t i o n s  of t h i s  r e p o r t ,  

A chromatogram of reagent  grade t e t r ahydro fu ran ,  TKF #I, a s  supp l i ed ,  i s  
shown i n  F igure  2 ,  It was obta ined  on a  Porapak Q column us ing  t h e  
same condi t ions  employed f o r  t he  PC and DMF a n a l y s i s   able 1).  The 
d e t e c t o r  response f o r  water  i n  TIIF was d e t e m i n e d  by adding a  measured 
volume of water do a  known volume of the  s o l v e n t ,  The a d d i t i o n  o f  1/2 
u;l of water t o  L O  n r l  of TEE' increased  the  water  peak a r e a  by 1.64 cm2, 
This  value corresponds t o  a  response of 6.1 pg ~ ~ 0 / c m 2  o r  69 ppm/cm2, 

In  a d d i t i o n ,  THY #I was a l s o  analyzed by WG under t h e  condi t ions  given 
i n  Table 6 ,  and t h r e e  impur i t i e s  were found, The l a r g e s t  impuriLy was 
i d e n t i f i e d  a s  210 ppm of 2,6-di-t-butyl-p-eresol (buty la ted  hydroxy- 
to luene ,  BITT) by observing the  peak enhancement a s  a  known amounL of 
BBT was added do TI-IF, BET i s  employed a s  an an t i -oxidant  t o  s t a b i l i z e  
t h e  TFiF and according t o  -the manufacturer t he  concent ra t ion  should be 
250 ppm, Two o t h e r  peaks were found on t h e  chromatogram of TEE' #I; Lhe 
r a t i o s  of t h e i r  a r eas  t o  t h a t  of  t h e  parent  peak a r e  14 x 10-6 and 
6 x and t h e  concent ra t ions  a r e  ce r t a i r r l y  l e s s  than  50 ppm, 



& ' - i f f .  2 I n i t i a l  P o r t i o n  of Chromatogram o f  7'etralr.sdrsfurnxl, 

TNF #I , on Porapak Q Col umn 



TABLE 6 

CONDITIONS OF ANALYSIS OF NM #1 AND TKF #1 FOR ORGANIC IMmTRfTIES 

Sample size: 

Column dimension: 5 ft x 1/4 inch 

Column packing: SE-30 

Column temperature: 

Injector temperature 

Carrier gas: 

Fl owrate : 

Flame ionization; 70 cc/min H 
2 cfh air 

Detector temperature: 165 C 

Nitromethane 

Spectro grade nitromethane from Eastman Organic Chemicals, NM #1, was 
analyzed as supplied on the Porapak Q using the standard conditions as 
employed for the PC and DMF analyses  a able 1) , i.e., the column was at 
165 C, and the injector at 175 C. The chromatogram was similar to that 
shorm for TEIF in Figure 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, NPrf #-I was also analyzed by 
the Karl Fischer procedure, and the water content was found to be 270 
PPm * 



7"wo additional peaks were  a l s o  found  on  %he Posapak Q columu which were 
e l u t e d  af-ter M;"1, These pealis were abo~lt L percene the size of -,he ~ $ 1  
peak, However, &TI was analyzed on a second ssl-i~mo (SE-30) using the 
conditions given in Table 6, and the o n l y  impurity peak found corres- 
ponded to a concentration of 15 ppm or less, The water eon-cent eoiild 
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 Q 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 H20 than MI #I) was analyzed by gas 
chromatography employing 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 be 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 MfR spectra taken on N1"1 #I-l 
confirmed the presence of two impurities at concentrations consistent 
with the gas chromatography results, Based on the Nl\leR 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, I-nitropropane and 2-nitropropane. 

Two samples of dimethyl sulfoxide were analyzed for water content on 
a Porapak Q column under the conditions normally used for PC and Dm 
 able 2). A water response of 6.2 pg/cm2 was used to calculate the 
water content; this value is an average of the values found previously 
for PC, DMF, and TfiF under the same conditions of analysis, 



TABLE 7 

CONDITIONS USED FOR M Y S I S  OF NITWMmII;QNE, NM #I-I 

(120-150 mesh) 

Column Temperature : 125 c 

C a r r i e r  Gas: 

Flame i o n i z a t i o n ;  40 cc/min H2, 

2 c fh  a i r  

TABLE 8 

P M S  FOUND ON CKROMA.TOGRAE.I OF NfvI #1-1 

Nitromethane 



PURLFICATION AND M G Y S I S  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 LiC104, LiCl and LiBr 
which were dried at elevated temperature (about 120 C) under vacuum, 

LiAsF6 #l and LiAsF6 #6 were made by metathesis of KAsF6 and LiBF4 
at, the Livingston Electronic Laboratory and were supplied in L ~ A ~ F ~ / M F  
solutions. These solutions were diluted with MF; the solvent code for 
such L ~ A ~ F ~ / I @  solutions designates the MF used for the dilution. 

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 
3 NMIl spectrometer at both the proton and 27~1 frequencies. AlCl #7 

showed qualitative evidence of protons while AlCl #4 did not.  he 
protons in AlC13 #3 could be due to solvent picke3 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 27~1 resonance (evidenced by a lesser tendency to saturate) 
than for the AlCl #4. This is consistent with the analyses of these 
materials (Ref . 13 which indicated a higher Fe content for AlCl? #3. 
AlC17 #4 was therefore used preferentially. 

The results of the analysis of AlC13 ifij by emission spectrography and 
spark source mass spectrography are given in Table 10. The emission 
spectrographic analysis, perfomed 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 M 6 l  $j, an oxygen content of 410 ppa was found 7 by SSMS, which is lower than Lhe figures obtained for AlCl #3 (1300 
ppm) and M C l j  114 (100-7700 ppm) as reported in Ref. 1. T 2 e new produci  





TABLE 1 0  

IMPURITY CONCmRATIONS IN A l C l ?  #5, 

B I I  SSION SPECTRO I C  AND SPARK SOURCE MASS SPECTRO I C  ANALYSES 



was not exposed to t h e  LaboraLory air during sample preparation, a 
significant improvemend over %he procedure used previously, The oxygen 
content of AlCl? ~ appears to be acceptable. No other impurity at 
simifieant levels was found; the relatively high copper content in- 
dicated by mass spectrometry was not con2imed by emission apectrography. 

The LiAsF6 products supplied by Midwest Research Institute, LiAsF6 #2 
through LiAsF6 fi and LiAsF6 #7, were synthesized and extensively char- 
acterized under contract NAS3-12979 (~ef . 2). They were high purity 
products with no impurities present in significant amounts. LiAsF6 #1 
and LiAsF6 #6 were products supplied by Livingston Electronic Laboratory 
in methyl formate solutions. The 2.2 M LiAsF6 #~/MF stocli 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 (~ef. 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 #1 and phenanthroline #2 appeared to be 
somewhat superior products and were used for studies. 

CuF2 #4 was synthesized under contract NASIfi-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 
solvent, and an additive component 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 #~/Pc #3-I & 0.75 M 3 

T 
I ain Solvent 

L, ain Solute, second componenk 
Main Solute, f i r s t  component 



TABLE I1 

I W U R I T Y  CONCENTRA.TIONS I N  SACICYLALWaMES 

AND m H A N T m O L I N E S  ACCORDING TO ENISSION 

SPECTROGRAWIIC ANALYSIS 
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All1 concentrations indicated are given for the f i n a l  s o l u t i o n ,  i , e , ,  
the additive was not simply added to aa original s o l u t i o n  of Lhc coat- 
position as noted in t h e  code, 

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 LiC104 or LiAsF6 were dissolved in 
MF and boiling of the solvent would have presented problems in the 
absence of precautionary cooling, Boiling off of HI? had also to be 
prevented when adding DMSO to L ~ c ~ + A I c ~ ~ / ~  solutions. 

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 $f AlClq #4 + 1 M LiCl # 3 / ~  #2-12 8: 1 M M S O  #l-1; the 
supernatqnt 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 AlC13 #4 + 1 M LiCl 
#~/MF #3--7 & 1 M LiAsF6 #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 AlCl + 0 ,5  M L~C~/PC, The white precipitate with an amorphous ? appearance ormed immediately, and the solution remaining after a day 
of stirring was used to prepare NbB samples and for other studies, 
Some of the precipitate subsequently seemed to redissolve very slowly, 

When the preparation of a 0.5 M L~ASF~/W and 0.5 Iil AlCl solution was 
attempted, a light yellow gel which was stable for sever21 weeks re- 
sulted, No measurements were performed in this system, 

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

A special procedure was devef oped to prepare sealed F,%% i",ubes, T h e  
Lt~bcs were f i t l e d  in ?be dry box and capped wiGh a long piece of  rubber 
tubing Which was c losed  a t  %he end, The sample eontent mas then frozen 



>A- 
i n  liquid nitrogen, the end o f  the rubber Gubing opened Lo the atmos- 
phere, and the sample quickly sealed, For broad-line ?Mi samples, 
screw-eap culture tubes with Teflon liners were o f k e n  used without 
torch sealing, 

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:l) and final 
heating to 250 C. 

* Late in the program, some samples were not frozen but merely cooled 
in granulated dry ice. 



SPECIES (hi~\m) STUDIES 

A very large number of electrolytes were investigated using NMR 
techniques to detemine species in solution and the manner 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 
less attention in text books but have been described in the literature; 
the latter are referenced as discussed. 

Two instruments were employed. High resolution spectra were obtained 
with a Varian W-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 (IN), fluorine (191") and aluminum (27~1) spectra were obtained 
with this instrument, a different ref. unit being used for the 2 7 ~ 1  
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 191" resonance 
in the AsF6- ion even when TI is long (see later discussion) because 
of interference caused by internal modulation frequencies. Broadline 
s ectra were obkained from a wide variety of nuclei (7~i, I ~ F ,  27Al, 
38C1 and 75~s) with an instrument comprised primarily of a Varian 
variable frequency ref. unit with matched probes, a Princeton Applied 
Research coherent amplifier, Node1 WIt-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 bere would require a rather major effort (for each) 
to determine the complete picture of all species in solution, all 
equilibria ~ . i h i c h  occur and are affected by additions, exchange rate 
of ions and solvent molecules between the several sites that they can 
occupy, Lbe distribution of mixed species such as P;I&(s~)~-, ( ~ ~ ) ~ ] ~ 3  



sshere SI and S, are coropeiing solvent WOZCCUIPF;,  occupancy o f  solveni 
"r ~ w C I L ~ G U ~ P Q  i"tbd LQIIQ' Fq zii-ear o z ? s j d e  S i l t .  f ~ p r s t  :.t.crdkna"ui=n spb,ort o f  

~1'3, the skill reruaining qlreaLiot l  o f  khc extcpr-i; t:C s e l v a k i o : ~  o f  L i 4 ,  
the  s i n g u l a r  c h a r a e t e r i s l i c s  o f  LiAsPb i n  s o l u t i o n ,  changes i n  s h o r t  
term and long  t e r m  s o l u b i l i t i e s ,  c a t a l y t i c  e f f e c t s  o f  LiAsE6 ~ n d  many 
o t h e r  ques t i ons ,  

The e f f o r t  descr ibed  he re  r e s u l t e d  i n  a  g r e a t  dea l  of i n f o m a t i o n  r e -  
garding s p e c i e s  i n  s o l u t i o n  forn a  l a r g e  number of e l e c t r o l y t e s ;  b u t  
it a l s o  uncovered a s  many, i f  no t  more, ques t i ons  and complexi t ies  a s  
i t  found answers t o  ques t i ons ,  

I n  genera l  t h e  o rgan iza t ion  of t h i s  s e c t i o n  i s  determined by primary 
s o l v e n t ,  PC, b5F and Dm, then  by  e l e c t r o l y t e  ( e , g , ,  ~ i ~ s F ~ / b f F ) ,  then  
by a d d i t i v e ,  LiAsF6 e l e c t r o l y t e s  a r e  an except ion t o  t h e  genera l  
o rgan iza t ion  because of t h e  d i f f e r e n t  t echnique ,  unique t o  t he  AsFG- 
ion ,  which was used t o  monitor changes i n  t h e s e  e l e c t r o l y t e s ,  

I n  a l l  s p e c t r a ,  h igh  r e s o l u t i o n  and b road l ine ,  shown i n  t h i s  r e p o r t  
t h e  magnetic f i e l d  i nc reases  from l e f t  t o  r i g h t .  

Three e l e c t r o l y t e s  employing propylene carbonate  (PC) a s  t h e  prirlzary 
so lven t  were s t u d i e d ,  These were L ~ C ~ + A ~ C ~ / P C ,  L ~ C ~ O ~ / P C  and L ~ A ~ F G /  
PC. A v a r i e t y  of s a l t s  and so lven t s  were added t o  t h e s e  e l e c t r o l y t e s  
and t h e  r e s u l t a n t  changes i n  spec i e s  s t u d i e d .  

This  system was s t u d i e d  p rev ious ly  ( ~ e f  . 1). The r e s u l t s  i n d i c a t e  
t h a t  a d d i t i o n  of A l C l  t o  PC produced p r i m a r i l y  t h e  s p e c i e s  A ~ [ P C ] ~ + ?  

3 and A l C 1 4 - ,  F u r t h e m o r e ,  t h e  a d d i t i o n  of LiCl r e s u l t s  i n  a  decrease  
i n  t h e  popula t ion  of A I [ P C ] ~ + ~  and an i nc rease  i n  t h e  popula t ion  of 
A1C14-. Th i s  was determined by observing both t h e  high r e s o l u t i o n  
proton s p e c t r a  of t h e  so lven t  PC and t h e  b road l ine  aluminum con ta in ing  
s p e c i e s ,  b a m p l e s  of t he se  s p e c t r a  a r e  shorn i n  F i g s ,  7 through 5 
( taken  from Ref I ) ,  Tlie reduc t ion  of t h e  concent ra t ion  of A ~ [ P C ] ~ + ~  
wi th  t h e  a d d i t i o n  of LiCI. i s  d i sp l ayed  both  by t h e  decrease  i n  the  
i n t e n s i t y  o f  t h e  proton peak due t o  coord ina ted  PC and by t h e  decrease  
i n  i n t e n s i t y  of t h e  peak 27~1 due t o  AI[PC]~+?. The r educ t ion  of 
A ~ C P C ~ ~ ~ ~  upon t h e  a d d i t i o n  of LiCl proceeds almost q u a n t i t a t i v e l y  so 
t h a t  i n  1 K A ~ C ~ ? / P C  which produces 1/4 M ; u [ P c ] ~ + ~  and 4/4 M AlC14-  
t h e  addik ion  O F  approximately 1 PI Lick d e p l e t e s  t h e  system of 
A ~ C P C ~ ~ + ? .  Th is  i s  shown i n  F ig .  6 ( taken  from Ref.  1) where t h e  
r e l a t i v e  i n t e n s i t y  o f  the  27~i l i n e  f r o m  th coordinated s p e c i e s  i s  
pl o t t e d  a s  a [unction of t i l c  concen t r a t i on  of LiCI i n  I H AICI?/PC. 



1 Figu re  3 High-Resolution Spectrum i n  Pure PC 



P Figure  4 . High-Resolution W Spectrum i n  1.00 M A1C13/PC 

3 1 



F s g u r ~  5 2 i 41 N u ( - l e a r  f i i iagnet~c Pesor~ani-P rn I M O l r i  /PC j ' i ~ ~ ~ a 7 f l ~ n g  
various Concentraatio~zs of L i G l  "5 



Figure 6 . Approximate Relative Populations of Coordinating A1 Species 
in 1 M A1C13/PC as a Function of Added LiCl 



DMSO As Additive. The species formed and the redistribution of the 
species caused by addition of DMSO to L ~ c ~ + A ~ c ~ ~ / P c  electroly es were 
studied, utilizing both high resolution proton and broadline 'TA~ NMR 
spectra. The information obtained on species using these two resonating 
nuclei com lement one another in a fruitful manner. The results 
from the 2PA1 NMR will be discussed first, then the high resolution 
proton results. 

Broadline 27~1 NMB spectra for a series of 1 M A ~ C ~ ~ / P C  electrolytes 
containing various concentrations of LiCl and W S O  are shown in 
Figure 7. F i p e  7a, which is for no LiCl and a low ooncen&ra.f;ion of 
DMSO, shows the usual 27~1 spectrum. The narrow line on the left is 
ascribed to A1C14' and the broader, less intense line on the right is 
due to the complex A~[Pc]~+~. As the concentration of DMSO is increased, 
the relative intensity of the A~IPc]~'~ line decreases as can be seen from 
Figureg37b, 7c, and 7d m a  from the clot in Figure 8. The line due to 
A~[PC& is not observable at DMSQ concentrations above 0.5 M. At high 
DMSO concentration (>1 M) in electrolytes containing no LiCl another 
broadline having a smaller chemical shift relative to the 27~1 line in - 
A1Cl4 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 LiC1. 
Also, this line is observed in the 0.5 M DMSO specimen containing 0.8 M 
LiC1, whereas in the 0.5 M MSQ specimen containing no LiC1, the line +9 
due to the complex A~IPCI~ is observed. The line appearing at &gh 
concentrations of DMSO is attributed to the new complex A~CDMSO]~ 
and the results are interpreted as+~ollows. The DMSO preferentially 
displaces PC molecules from the A1 coordination spherg3 It is 
assumed that mixed species of the type AIIPCI 6d~~~]m have suf f iently 
enhanced quadrupolar relaxation to broaden the A1 resonance beyond - 
detection under the operating conditions used to record the AlCl linq - 
Thus, only AlC14 and the symmetrically aolvated AL[P$+~ or AI[~O] ' 
species are observed. Addition of DMSO converts the P complex through 
the series of mixed complexes to the pure DMSO coy lex. As DMSO is 
added, a decrease in the intensity of the A~[PC] ' line is observed at 
low concentrations, while at hf h DMSO concentrations an increase in 
the intensity of the A~[DMO]~ ' line is - observed. The addition $3 LiCl 
converts some of the PC complex to AlCl 

4 * The amount of A~[Pc]~ in 
the system is thereby reduced, and a smal er amount of DMSO is required 
to produce the same fraction of A~[DMSD~ '3. Figure 7 shows the data 

6 obtained in the screening runs for this system. It is interesting to 
note that at 1.5 M DMSO the concentration of the jDMSO 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 DMSO complex. 
This indicates that there is DMSQ that is not tied up in the A~[DMs~]~+~ 
species. 

High resolution proton NNR spectra of 1 M A ~ c ~ ~ / P C  solutians containing 
various concentrations of LiCl and DNSQ are shown in Figures 9 through 
44. These figures have been organized in the order of increasing W O  
concentration and increasing LiCl concentration to facilitate inter- 
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eorr~parison. Data Ldcen as a fwzetion of kemperature are also shown. 
Flgures are Included i n  -this I-aLI~er ex tensitre eollec-tion of spectra, 
which are a o t  d~scussed ~rndividual ly ,  so %hat the reader may have 
avai lable  t o  him addit ional  data  f o r  fu ture  reference.  

Figure 9 shows the proton spectrum obtained from a specimen containing 
20% DMSO volume percent i n  PC t o  provide a comparative bas is  f o r  the 
addit ion of DMSO t o  e l ec t ro ly tes .  The DMSO peak i s  the  l a rge s t  peak 
near the  center  of the f igure .  Figures 10 ,  11, 12,  13,  1 9 ,  and 24 show 
the spect ra  for increasing concentrations of DMSO i n  1 M A I C ~ ~ / P C .  Of 
note i s  the decrease i n  i n t ens i t y  of the peaks due t o  coordinated PC 
(these are  the two small peaks j u s t  downfield t o  the l e f t  from the  PC 
methyl proton peaks which cons t i tu te  the prominent doublet a t  the  f a r  
r igl i t  of the spect ra)  and the character  of the DMSO peak which is the  
peak i n  the center  of the spect ra .  This peak i s  displaced downfield 
from i t s  posi t ion i n  pure PC as shown i n  Figure 9 .  A t  a l l  concen- 
t r a t i ons  other than the lowest (0.05 M DMSO) the DMSO proton spec t ra  
are  complex, consist ing of more than one l i n e  ( i n  some cases,  the  l i ne s  
are not  resolved),  showing the presence of more than one DMSO species.  
(uncoordinated DMSO i s  considered i n  t h i s  discussion t o  be a separate 
possible species.  ) A t  0.5 M DMSO, Figure 7 ,  the coordinated PC eaks 
are no longer observed. This i s  consis tent  with the  broadline 2'A1 
r e su l t s  described above. 

Figure 14shows the spectrum obtained i n  the 0.5 M DMSO specimen three  
months a f t e r  t h a t  shown i n  Figure 13.  The DMSO port ion of the spectrum 
is  broadened suggesting t h a t  some changes have occurred. Changes with 
time have been c l ea r l y  observed when DMF i s  added, as w i l l  be discussed 
l a t e r .  

For 0.7 M and 0.9 M DMSO added t o  1 M A ~ c ~ ~ / P G ,  Figures 16 and 18 show 
the DMSO port ion a t  lower temperatures, of the spect ra  shown i n  Figures 
15 and 17. The two l i ne s  broaden due t o  increase i n  v i s cos i t y  with 
lower temperatures. Figure 21 shows the DMSO s p e c k a  with the  sca le  
expanded over t ha t  i n  Figure 20 fo r  1.1 M DMSO a t  430, 4-10 and -10 C .  
The sharpening of the l i ne s  observed a t  +10 C compared t o  the  +30 C 
spect ra  indicates  exchange i s  occurring. Further reduction of 
temperature broadens the l i ne s  due t o  v i scos i ty  e f f ec t s ,  Figure 23 
which shows the  DMSO spect ra  with the scale  expanded r e l a t i v e  t o  t h a t  
i n  Figure 22 shows large var ia t ions  i n  the  DMSO spect ra  as the  
temperature i s  decreased, There appear t o  be four d i f f e r en t  DMSO l i n e s ,  
depending upon the temperature, This could r e s u l t  from exchange 
e f f ec t s  and/or changes i n  equilibrium as the temperature is varied.  
P igwes  24,  25, and 26 show the  '33 speedrc-i. f o r  1 , 5  M W 0  i n  1 M 
A l C l  /PC a t  mibient temperature, a t  -10 C ,  m d  a t  +30, 4-10 and -10 G 
f o r  the  DMSO p a r t  of the spect ra ,  i n  an expanded scale,  respectively.  
This shows Ghat there are ad Least three  Dm0 species depending upon 
temperatwe clue either to changes i n  exchange r a t e s  or changes i n  
equilibria. 



i 
I"-grrrei 27 s l ~ o w s  Lhe N spectra f o r  I M ALCI,/PG and 2 PI DbiSB, 1 x 1  Llais 

ii 
speclmen s white  p rec ip i t a te  f o r ~ n e d  s o  tha t  the ac tual  eoneentraLlon 
o f  DBISO may be Less khan 2 molar ,  

I 
Figures 28 through 44 show the H spec bra f o r  1 M A I C ~ ~ / P C  e t h  L l C l  
i n  several  concentrations, with DMSO added. Qual i ta t ively ,  these 
spect ra  show the same charac te r i s t i c s  as those with no LiCl except 
t h a t  as the concentration of L i C l  increa  e s ,  with the  r e su l t an t  
decrease i n  the concentration of A~[PC]  '; the concentration of DMSO 
which causes s imi lar  change i n  the spec&ra decreases accordingly. 

The acquis i t ion of another r e f .  un i t  permitted obtaining some high 
resolut ion 2 7 ~ 1  spectra .  I n  general ,  the information obtained was the 
same as t h a t  obtained using the broadline spectrometer= The one 
exception was t h a t  of 1 M A l C l  /PC with D$fSO added. I n  1 M A ~ C ~ ~ / P C  
with 1.3 M DMSO added, a t h i rd327~1  l i n e  was observed. This l i n e  i s  
l o w  i n  i n t ens i t y  and has about the same chemical s h i f t  as the  solvent  
coordinated 2 7 ~ 1  l i n e .  It i s  a l so  found i n  1 M A ~ C I ~ / P C  and 1 .5  M DMSO 
but i s  reduced i n  in tens i ty .  Thus i n  these  solutions a t  l e a s t  three  
d i f f e r en t  aluminum containing species a r e  present .  The concentration 
of the  t h i r d  aluminum containing species was only a few percent of 
t ha t  of the solvent  coordinated 2 7 ~ 1  species ;  the  species was no t  
i den t i f i ed ,  

The addit ion of DMSO t o  LiCl+AlCl /PC r e su l t s  i n  the formation of 
3 several  DMSO containing complexes a t  intermediate concentration, A t  

high concentrations (>1 M )  complexes depleted of PC began t o  
predominate. 

DMZ' As Additive. DMF added t o  LiCl-kAlCl /PC behaves i n  a s imi la r  
fashion as DMSO, a t  l e a s t  a t  times shortay a f t e r  solut ion preparation.  
After long times, other e f f ec t s  were noted which w i l l  be discussed l a t e r .  

The broadline 2 7 ~ 1  spectra  f o r  a s e r i e s  of solutions containing LiCl 
and Dm i n  various concentrations are  e s s en t i a l l y  the same as those 

+ r e  7 . With increasing DMF concentrat ions,  the shown f o r  llMSO i n  P i  
l i n e  due t o  A ~ [ B C ]  disappears a t  l o w  Dm concentrations, and a t  
high DMF concentraaions a l i n e  ascribed t o  A l C D d  +3 appears. The 

6 chetnical s h i f t  difference i n  t h i s  case i s  jus t  observable, being l e s s  
than t h a t  observed i n  the case of AI&DHSO] '3. The r a t e  a t  which the  
A ~ [ P C ] ~ + ~  l i n e  decreases with increasing D b  concentration i s  l e s s  
than i n  the  case of Dm0 addit ion,  indicat ing t h a t  while DMF r ead i l y  
displaces PC i n  the AlC3 coordination sphere it does not  d isplace  PC 
as read i ly  as does DmO. Also a t  high I)m concentrations the r a t e  of  
appearance of A ~ C D W ] ~ ' ~  with increasing DMF i s  somewhat slower than 
t h a t  of A~CDMSO]~'~, which fu r the r  indicates  t h a t  DMF does n o t  
displace PC as read i ly  as IIMSO, 



I 
Several lalg17 rclso2ui;lcrn S?; s p e c t r a  are slrawr Ftgxres 45 tin-auglr 
54, Faguei ;  45 silcrws a pol  l l o r :  oa" Lhe spectra  o b t a i i ~ e d  I r o m  PC 
e o n t a ~ n i n g  O -5 M %Dl+@ ( the  upper t r a c e )  and 2,0 M D m  ( the lower t r a c e ) ,  * 
The par r  of pealcs near the center  i s  due t o  the  methyl proton rn  
DEF.  The methyl proton l i n e  i n  PC, vizich i s  not  sho rn ,  would be ad 
the extreme r i g h t ,  The Dm f o m y l  proton l i n e  i s  t o  the  l e f t  (off  
the f i g u r e )  of the large  number of PC peaks which a re  a t  the  l e f t  of 
the f igure .  

The DMI? formyl proton peak i s  displayed above the group of PC peaks 
separa te ly  by s h i f t i n g  the scan region. Figure 46 shows the complete 
spec t ra  f o r  0.5 M DMF i n  1 M A1Cl3/P~. The two DMF methyl proton peaks 
are s h i f t e d  downfield, r e l a t i v e  t o  the  PC s p e c t r a ,  from t h e i r  p o s i t i o n  
i n  Figure 45 , indica t ing t h a t  the  DMF i s  being coordinated by ~ 1 ' ~ -  
Figure 47 shows the  two DMF methyl proton peaks on an expanded sca le  
f o r  severa l  DMF concentrations i n  1 M A l C l  /PC. A t  low concentrat ions 

3 the  l i n e s  appear t o  have some s t r u c t u r e ,  suggesting t h a t  there i s  more 
than one DMF containing species .  Figures 48 through 51 show the  PC 
methyl proton peaks i n  1 M A l C l  /PC f o r  BMF concentrat ions of 0.05 M ,  
0.15 M ,  0.30 M and 0.50 M. I n  %he 0.05 M DMF scan, the  two peaks t o  
the  l e f t  of the  large  peaks a re  the  peaks due t o  PC coordinated by ~ 1 + ~ ,  
These peaks decrease i n  i n t e n s i t y  as the  D m  concentrat ion increases .  
A t  0.50 M DMF these  eaks have almost disappeared showing t h a t  DMF 

$3 displaces  PC from A1 The monotonically increas ing (from l e f t  t o  
r i g h t )  curve i n  these f igures  i s  the  i n t e g r a l  of the  spectrum. 

Figure 52 shows the  spectrum obtained from 1 M A l C l  /PC with 2 M DMF 
added. There a re  two noteworthy fea tu res .  F i r s t ,  %he large  group of 
PC l i n e s  a re  sharper which ind ica tes  a l ack  of i n t e r a c t i o n  of PC with 
~ 1 ' ~  and the re  i s  s t r u c t u r e  on the  DMF methyl proton doublet l i n e s ,  
The DMF methyl proton doublet l i n e s  are  shown i n  Figure 53 with an 
expanded s c a l e ,  This shows t h a t  a t  t h i s  Dl@ concentrat ion there  is 
more than one D m  species.  

Spectra were run on a s e r i e s  of 1 M A l C l  /PC e l e c t r o l y t e s  containing 
3 

various concentrat ions of LiCl and Dm. These spec t ra  were cons i s t en t  
with the  p ic tu re  t h a t  as  L i C l  i s  added the concentrat ion of A I [ P G ] ~ ~ ~  
i s  dilninished and as a r e s u l t  l e s s  Dm was required t o  d isplace  PC 
from A ~ L P c ~ ~ ' ~ .  
The above discuss ion r e l a t e s  t o  the  LiCl+AlCl /PC e lec t ro lyzes  

3 
containing Dm, s h o r t l y  a f t e r  the  specimens were prepared, Several 
spec t ra  were re-run about 4 months l a t e r ,  A t  t h a t  time the  d i s t r i -  
bution of species  containing Dl@ had appreciably changed. It was - 
observed t h a t  the  2 7 ~ 1  s p e c t r m  no longer consis ted  of a  narrow A l C l  
l i n e  and a slnaller somex~hat broader ALCPC] l i n e  as s h o w  i n  4 

6 Figure ' 7  but ins tead Lhere was just one r a t h e r  broad Pine, This - 
indlea tes  a laeli of  A l C l  

4 "  
Ptze high reso lu t ion  proton spec t ra  had 

ehmged as wel l ,  Fagure 54 shows the speckra f o r  I. M ACCl /PC and 
3 

I 

These pealas a re  ~ n d l e a t e d  w ~ i l l  a d o t  above them* 























0 PI BriE? 113 p a i * k i e u l s r - ,  fiode t h e  ~ p e c i ? " u ~ i ?  o! -L~x i::ff-;yl ~ x - e t o n  
a1 Li.ac3 l e f t  of %lie s c a n *  There are c lea l  lj tlari'e peaks,  a mlarx-ow 
peak at Lire right, a large broader peak L ~ I  t h e  cesl-r;ec and ii si~laLier 
hn~oader peak t o  the  l e f t , ,  Thrs shows tlrtaf t,lael-e a r e  a t  lea.;* three 
different Dm contaaning species .  F~g-ure 55 shows the  spec t ra  from 
tlie same specimen w i  Lh a t t e n t i o n  t o  the  reglon of the  B W  metlzyl 
proton peaks, Spect ra  a r e  shown f o r  severa l  specimen temperatures 
of +30, +20, +lG, 0 and -10 6 .  A t  the lowest temperatwe ( the  top 
spectrum) the  two sharp D m  tuethyl proton peaks have the  same chemical 
s h i f t  r e l a t i v e  t o  PC as they exh ib i t  with no A l C l ? ,  p resen t  as  i n  
Figure 45. To the  l e f t  of the  sharp doublet  i s  a  broad doublet  which 
has a  downfield chemical s h i f t  sornexdaat l a r g e r  than t h a t  of DMF 
coordinated by ~ 1 ' ~  + Fur ther  d o ~ m f i e l d  ( t o  the  l e f t )  i s  a  broad l i n e  
t h a t  appears t o  be a  broad doublet  a t  +30 C ,  and t h a t  broadens f u r t h e r  
a t  low temperatures, This broadening i s  probably a  v i s c o s i t y  e f f e c t .  
These d a t a  have been given the  following i n t e r p r e t a t i o n ,  Faen such 
specimens a re  f i r s t  prepared the  D d isplaces  the  PC from the  

]6'ycomplexes a t  high DMF concen- ~ l [ p c J  93 complex forming A l  DMF 
t r a t i o g s .  There a re  other  complexes namely the  mixed complexes, 

3 ,  as well .  However, the re  i s  a  slow e q ~ i l i b ~ i n m  of - 
AIClg towards the  formation of  bridged complexes 

such as 

having the  general  composition rn 

This reduces the  s to ichiometr ic  concentrat ion of DLW required t o  
complex A l  and tlius produces bulk non--coordinated llMF which gives r i s e  
t o  the  sharp double t ,  Dm a t  an end pos i t ion  can excliange with bulIi 
Dm so  t h a t  the  sharp doublet  and the  broad doublet  broaden and begin 
t o  merge as the  temperature inc reases ,  The bridged DMF i s  no t  f r e e  
t o  exchange and the re fo re  gives r i s e  t o  the  broad peak t h a t  ge t s  broader 
as  the  temperature i s  lowered. h r t h e r m o r e ,  the  doublet  charac ter  of 
the  D W  methyl protons i s  due t o  hindered r o t a t i o n  about the  6-N bond 
with the  two poss ib le  pos i t ions  having d i f f e r e n t  chemical s h i f t s .  I t  
i s  iimotlzesized t h a t  i n  the bridge pos i t ion  tile methyl proton groups 
have been "frozenii In  pos i t ions  t h a t  hax~e e s s e n t i a l l y  the same 
ehelrlical s h i f t ,  thus g ~ v i n g  r i s e  Lo e s s e n t i a l l y  a  s rng le  bl-oad l i n e ,  

I n  s m t a r a y ,  i l ~ e  addit3 an of Dl@' Lo AIG: /PC el~anges the specles 111 6 
3 

ralt.her corurplex fashion m t l a  LIle species clis tr ihuteon h e m g  tmre 
tiependen*, A t  early trrrrcs shere is siruple dLspLaceruent oi c o o r d i ~ a a s , ~ ~ ~  
PC \-ry DbF. Thes d $ s d r i i 3 ~ t 1 0 ~ ~  L S  t h en  fur4,her clamgeti lay 3 sirrs-i, 
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AN As AddiLive, Tfie b r o a d l ~ n e  A l  spec t ra  of L~GL+AICI,/PC e lec  lro- ----- 
i y t e  eolltdiiliirg 0.5 M, 1.5 M and 3 M .AT; were essen"c;sLlyUthe s m ~ e  as 
those without AN ind ica t ing  t h a t  does no t  r e a d i l y  d isplace  PC from 
~l b ? ~ ] ~ ~ ~  . Figure 56 shows the  H NMtl reference spectrum i n  PC and 
20 v/o AN. The two l a rge  peaks on the  r i g h t  a re  the  PC methyl proton 
doublet .  The AN peak is t o  the  l e f t  of these  peaks. Figure 57 shows the 
ll3 NMR spectrunl for  1 M A ~ C ~ ~ / P C  and 0 .5  M AN. Tile coordinated PC 
peaks a r e  the  two slnall peaks t o  the  l e f t  of the  la rge  PC methyl proton 
doublet .  The next  peak t o  the  l e f t  i s  the  AN peak which i s  a t  the  same 
pos i t ion  as i n  Figure 56 showing no i n t e r a c t i o n  with ~ l * ~ .  Figure 58 
sllolrs the  'H NMR spectrum f o r  1 M A ~ C ~ ~ / P C  and 1.5 M AN. The coordinated 
PC peaks a re  e s s e n t i a l l y  the  sane,  There i s  a  l a rge  AN peak as before.  
Do~mfie ld  from the  bulk AN peak i s  a  weak group of seve ra l  peaks, 
Figure 59 sholvs the  'H NMR spectrum f o r  1 M A ~ C ~ ~ / P C  and 3  M AN. This 
spectrum i s  much l i k e  t h a t  i n  Figure 58 ; the  most important f ea tu re  
is  t h a t  coordinated PC peaks a re  s t i l l  observed, though perhaps some- 
what l e s s  in tense ,  and the  group of small l i n e s  d o ~ m f i e l d  from the  
bulk AN peak i s  observed again ,  The group of weak l i n e s  observed i n  
tlre 1 - 5  M and 3 , 0  M AN specimens u s t  dosmfield from the  large  AN Line 
is ascr ibed t o  mixed complexes A1 (PC) (AN) p3, There appear t o  be 
a t  l e a s t  th ree  such species .  The i n t e g ~ z t y  of these  l i n e s  i s  1 w. It 
thus appears t i la t  AN does no t  r e a d i l y  d isplace  PC from A ~ [ P C ~  '' but  

6  can compete so t h a t  as  the  concentrat ion of AN i s  increased some mixed 
species  a re  produced, The e f f e c t  of the  addit iol i  of LiCl i s  not  
changed by the  presence of AN. 

I@ As Additive. The 2 7 ~ 1  s p e c t r a  f o r  1 M K I C ~ ~ / P C  with up to  2 IvJ b!P 
added were liot cliarlged from t h a t  obtained froin I M A l C l  /PC as slao~vm 
l n  Figure 7a. This ind ica tes  t h a t  MF does not  r e a d i l y  $ isplace  PC 
from AlCPC] '3. The high resolu t ion  reference III s p e c t r a  f  sr PC ~ i t h  
l O  v//o NF agded i s  shown i n  Figure 60, There a re  t ~ o  peaks due t o  HE', 
the  peak f u r t h e r  t o  the  l e f t  1v11ich i s  a  quart% t  and the  peak which i s  
a  doublet  J u s t  t o  the  r i g h t  of tile PC group. A s  M? 1s added t o  I  M 
A I C ~ ~ / P C ,  no change i s  noted i n  the  PC por t lon  of the spec t ra .  As 2 M 
PV is  added, the  coordinated PC peaks remain essrn  krai Ly the  same, A t  
2 M t he re  i s  an additions-l siuall peak, a s  shown rn Figure 61, ~ f h i c h  
is d o ~ m f i e l d  ( L O  t he  l e f t )  o f  the  ?@' qua<rtet whicir aypcsrs a s  a s lng le  
l i n e  i n  t h i s  f i g u r e ,  'These two peaks a re  slzomr? G agi expanded s c a l e  
in Figure 62. Tlze ga in  f o r  the  r i g h t  hand peak i s ,  ;.3 iaoted, 1/10 of 
tha t  f o r  the  peak on -the f f t ,  The peak on the  l e f t  is ascribed t o  8F 
in mixed ~ 1 [ ( p ~ ) ~ , ( ~ ) ~ ] ' ~  species.  This peal< i s  siiolm again i n  
Frg-ure 63 on a  f u r t h e r  expanded s c a l e  and shows s t r u c t u r e ,  This could 
he due t o  the  occurrerleo 01 sevc la l  ru~xed  species ax' Lo Che fact;  Lhat 
rn a mrxed species the quartet n a t u r e  o f  thzs 1 1  n e ,  whreh had been 
o b s ~ ~ ~ e d  I J ~  3.111~ ~ ~ r o b d e l ~ j  ilg, IS again abserved, ?.IF I-;cl:dves, then,  in 
a SIYISI lax* l i~r%nl~(~i" i,o JUL 1 k d o e s  ~ J O L  dlbplace PC readily buL IL  does 
pmoritre t rrirxed B W O X M ~ , L C Y ~ S  ad I j ~ g i l e r  e o c ~ c e n i r n t , l o o ~ i  The cf r c s c  L 01 t l ~ e  
i't3:;- i'9)i-i 9 f  1 3 t 7 1  P L  VIOL d f 4 b i a ~ t k d  15)' ~ h f  1 I Y C R P S I G C  0 f  k @ "  
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NPl As Additive. Tlae 132 spec bra for I M A l C i  /PC w i C h  up to 3 M S1f 3 
added a re  ess&ndial ly  the sane as Chat for I W A l C l  /PC . T h i s  
indicates that NN does  n o t  d isplace  PC ii! the complex, The 
Lines were somewhat narrower which e m  be akt r ibuted  to the decrease 
i n  v i s c o s i t y  produced by the  addi t ion  of NEf. Figv~re 64 shows the  
reference l11 W spectruru f o r  20 v/o NM i n  PC. The large  peak i n  the  
i n  the  midst of the  PC group marked wi th  a do t  above i s  due t o  W. 
Figure 65 and 66 show the  'H s p e c t r a  f o r  1 M A l C l  /PC wi th  1.6 M and 

3 3 - 0  M NEI added, respect ive ly .  I n  each case the  peaks due t o  coordinated 
PC a re  ugchanged, showing t h a t  NM does n o t  d isplace  PC from the 
A ~ C P C ~ ~ +  complex. Again, the  peak marked with a do t  above it i n  the  
PC group i s  due t o  the  added NM. Inspect ion  of the  3 M NM spectrum 
ind ica tes  t h a t  the re  a r e  no small peaks showing coordinated NM; because 
of the  proximity of the  PC group, however, t h i s  cannot be c e r t a i n .  

The NM peak i n  these two spec t ra  i s  s h i f t e d  s l i g h t l y  upf ie ld  r e l a t i v e  
t o  the  PC s p e c t r a  from i t s  pos i t ion  i n  the  reference spec t ra .  This 
may be due t o  some small i n t e r a c t i o n  wi th  the  PC. 

The e f f e c t s  of the  addi t ion  of LiCl i s  no t  changed by t h e  presence of 
NM. Thus, a1 1 the  d a t a  ind ica te  t h a t  NF1 a c t s  only as a  d i  luen t  and 
does n o t  af f e e t  species .  

mAs The 2 7 ~ 1  s p e c t r a  of 1 M A ~ C ~ ~ / P C  with THF show the  
same l i n e s  a s  1 M A l C l  /PC. They a re  somewhat broader,  ind ica t ing  some - 
i n t e r a c t i o n  with TNF. 3 ~ h e  s a t u r a t i o n  c h a r a c t e r i s t i c  of the  A l C l  l i n e  

4 was observed q u a l i t a t i v e l y  t o  be d i f f e r e n t .  ( s a t u r a t i o n  e f f e c t s  wi th  
addi t ion  of TNF w i l l  be discussed i n  g r e a t e r  d e t a i l  l a t e r .  ) Similar  
bheavior was observed i n  1 M A ~ c ~ ~ / & w  e l e c t r o l y t e s  containing T H F  A s  
w i l l  be discussed l a t e r ,  t h i s  i s  evidence of a  species  d i f f e r e n t  from 
those discussed previously.  This new species  i s  thought t o  be a 
A1C13*TNF e t h e r a t e .  

Figure 67 shows the  'H reference s p e c t r a  from 20 v/o THF i n  PC. The 
p a r t  of the  s p e c t r m  due t o  TI@ is  the  p a i r  of qu i t e  s i m i l a r  complex 
peaks denoted by t h e  arrows, (The response on the  f a r  r i g h t  of the  
spectrum i s  due t o  one of the  PC methyl proton peaks which i s  
d i s t o r t e d  because it i s  being u t i l i z e d  f o r  a  lock s i g n a l , )  The TW 
peaks a r e  no% as  well resolved as they a r e  i n  nea t  TW, ind ica t ing  WI 

in terackion between TW and PC or e f f e c t s  of v i s c o s i t y ,  Figure 68 shows 
the  'H spectrum f o r  l M A I C ~ ~ / P C  and 1 M TNF. The peaks due t o  
coordinated PC a re  s t i l l  observed, The TW peaks have been broadened, 
FJhieh suggests  some i n t e r a c t i o n  of TEICE' wi th  A l C l  Figures 69 through 

3 "  72 show t h e  'W speckran f o r  1 M BlCl /PC and I M THF f o r  increas ing 
3 concentrat ion of LiCZ,  As the  L i C l  concent ra t ion  increases ,  the  peaks 

d u e  to coordinated PC disappear,  as  was the  ease wkth no TEE' p resen l ,  
Also not iceable  i s  the f a c t  Ghat the  peaks due t o  TNF' sharpen up and 
become li'ite those i n  PC containing rzo A l C l  (see Figure 67 ). This 

3 





















lalelicaiss tha t  t h e  znkerec t  r on i l r ;~  t broacfens ilre TIIF 1s w r t l i  ~ 1 " ~  or 
AILPGI "3 o r  h d h .  h o i l r e r  posslhllliy t s  that tirere 1s sollie neutral 
A l C l  as suggested earlier-, and vlixcli 1 be discussed agalrl i n  a 3 later d ~ s e u s s l o n ~  

& i . The r e s u l t s  of broadline A1 spec t ra  run f o r  
several  concentrations of LiClO, are  swmiarized i n  

Figure 8. In  t h i s  f igure ,  the r a t i o  of tlie appr~ximate  - r e l a t i v e  
i n t e n s i t  of the  A ~ [ P C ] ~ + ~  l i n e  t o  the surn of the A l C l  l i n e  and the  

4 A~CPCI~"  l i n e  i s  p lo t t ed  as a function of the concentration of LiClO 
The sane r a t i o  i s  shown fo r  the  addit ion of L i C l  (from Ref. 

4 ' 

This d a t a  indicates  t h a t  the addit ion of L i C l O  a f f e c t s  the A1  
species.  Because 1 M L i C l O  does not remove a41 A ~ C P C ] ~ ' ~  as does 4 - 
L i C 1 ,  the formation of the species AI(CIO ) i s  apparently not highly 
favored over A1[pC&jf3. It i s  more l ike14 t h a t  the  competition 
between PC and C10 - f o r  s i t e s  i n  the Al f s  coordination sphere i s  
r e l a t i v e l y  even. $igure 74 slio-cus the IH spec t ra  of 1 M A S C L ~ / P C  on an 
expanded sca le  i n  the  region of the PC methyl proton doublet.  The two 
small peaks t o  the l e f t  a re  due t o  coordinated PC. Figures 75 through 
77show the same l i n e s  fo r  d i f f e r e n t  concentrations of LiClO*., The 

coordinated PC peaks appear t o  decrease i n  i n t e n s i t y  which is i n  
agreement with the  2 7 ~ 1  ??ME data .  A t  high LiC104 concentrat ion,  both 
the coordinated and the  bulk PC l i n e  are considerably broadened. Tliis 
may be due t o  increased v i scos i ty ,  However, a t  1 .5  M LiC104 the  
ccordinated PC peaks are s t i l l  observable, The e f f e c t s  of the  addi t ion  
of LiCl are  not  changed by the presence of LiC104. 

The d a t a  above indicate  t h a t  addit ion of LiClO t o  L ~ C I + A ~ C ~ ~ / P C  e lec t ro-  
l y t e s  produces mixed species of AIL ( P C ) x ( C 1 0 4 - 7 y ~ 3  a t  the  expense of 
A I [ P C ~ ~ ' ~  r a the r  than AI ( C ~ O ~ ) * - .  

3 5 ~ 1  NMR spect ra  were a l so  run on 1 M A ~ C ~ ~ / P C  conta in in  severa l  
concentrations of L i C I O q .  The l i n e  widths, h ~ ,  of the  3 R C l  l i n e  i n  
C104- are  shown i n  Figure 78 as a function of LiC104 concentrat ion.  
The purpose of these measurements was t o  determine i f  some information 
could be obtained regarding the  solvat ion of ~ i + .  Direct  c o l l i s i o n s  
of ~ i "  with C104- would decrease the  re laxat ion time which could be 
observed as an increase i n  l i n e  width. Thus, the l i n e  width would be 
expected t o  increase with the increase i n  Li '  concentration. Data i n  
Figure 78 show an increase i n  l i n e  width with increase i n  LiCIOq 
concentration. However, it i s  knorm t h a t  the  v i scos i ty ,  77, of these  
solut ions  increases with LiC1Q4 concentration as wel l ,  This increase 
i n  v i s c o s i t y  could a l s o  produce an increased l i n e  width. Viscos i t i e s  
have been estirnated on the  bas is  of d a t a  from Ref, 1 . Lf the  l i n e  
width increase i s  caused by v i scos i ty  e f f e c t s ,  the  r a t i o  of & ~ h  
would remain constant .  A p l o t  of B V ~  as  a function of LiClOg 
eoncenlrat ion,  Figvre 79, indica tes  t h a t  t h i s  r a t i o  is  not  eonstand, 
suggesting t h a t  the l i n e  width change i s  dae -to some o-ther i n t e r a c t i o n ,  
I f  this interaeGioa i s  wi th_  B ~ ~ '  ions, i t  sugges-t;~ LhaG PC does not 
solsate ~i' s t rangly ,  
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L1Br A s  Addlk~,ve-  Mer tlwr AI Ni.& s p e c t r a  nor. speeil-a short~ed ---- 
aray e v r d e G  of  A~[PC]~+~ 1l-r 1 i"l A ~ G I : ~ / P C :  -to v~h leh  0,s M and 5.0  P.2 L I B ~  
had been added; Lhe sage applied to 0 : s  M L j C l  t 1.0  N A ~ C ~ ~ / P C  and 
0-5 M L i B r .  This  w o a ~ l d  be eonsisler i t  ~tiit l l  the displacement o f  PC 
by Bra- in t he  coordination sphere,  Elo~cever, these specimens 
contained s o l i d  p r e c i p i t a t e s  and showed rapid  deeoxllplosition so  t h a t  
these  r e s u l t s  cannot be taken -with c e r t a i n t y ,  

N 0 A s  Addit ive,  High reso lu t ion  proton s p e c t r a  were run f o r  1 M A l C l  
-2 3 
0 ,5  M L ~ C ~ / P C  t o  which 2000, 500 and 100 ppm H20 had been added, For 
comparison, high reso lu t ion  spect ra  were a l s o  run f o r  pure PC eontain- 
ing  2000, 500 and 100 ppm H20. Por t ions  of the  spec t ra  f o r  the  l a t t e r  
so lu t ions  a r e  shown i n  Figures 80 through 82, A l l  th ree  s p e c t r a  were 
run under the  same instrumental  condi t ions .  The water proton l i n e  was 
e a s i l y  observed i n  the specimen containing 2000 ppm H20. In  the  500 
ppm specimen the  l i n e  i s  s t i l l  r e a d i l y  observed bu t  the l i n e  width 
has increased,  from 7.2 Hz i n  the  2000 ppm %0 specimen t o  about 13 Hz 
i n  the  500 ppln H20 specimen. The water peak i n  the  100 ppm speeilnen 
i s  no t  observable under these  condi t ions ,  probably due t o  f u r t h e r  l i n e  
broadening. Spectra run under these  condit ions f o r  the 1 M A l C 1 3  -+ 0.5 1 
L ~ C ~ / P C  nominally containing 2000 ppm, 500 ppm, and 100 ppm %O,  
r e spec t ive ly ,  showed no water peaks. This i s  cons i s t en t  with the  
observation t h a t  when the  samples were prepared, a  p r e c i p i t a t e  formed 
upon water addi t ion .  It i s  thought t h a t  the  p r e c i p i t a t e  i s  aluminum 
hydroxide. Inspection of the  peaks of the  PC spec t ra  due t o  ~ 1 ' ~  
coordinated PC shows t h a t  the  i n t e n s i t y  of these  peaks has been 
reduced. Assming t h a t  the  p r e c i p i t a t e  i s  A ~ ( O H )  , the  i n t e n s i t y  
reduction i s  nea r ly  quan t i t a t ive .  The coordinate3 PC peak i n t e n s i t y  
i n  the  2000 pp~ii H20 specimen i s  reduced by about 24%- Quant i ta t ive  
p r e c i p i t a t i o n  of 2000 ppm H20 as  A1 ( 0 ~ ) ~  would reduce the  peak by 32%. 

~ i ~ 1 0 ~ m  
A l l  broadline 7 ~ i  and 3 5 ~ 1  s p e c t r a  t h a t  

have been obtained i n  these e l e c t r o l y t e s  a r e  cons i s t en t  with the  ion ic  
species  and CIOqm.  Chemical s h i f t s  of the  IH spec t ra  were 
determined f o r  severa l  e l e c t r o l y t e s .  The r e s u l t s  of these measure~nents 
a r e  shown i n  Table 33. OPC i s  the  chemical s h i f t  of the  PC methyl 
proton r e l a t i v e  t o  the  group of PC l i n e s  (see  Figure 3 ), while 
aadditive is the  chemical s h i f t  of the  methyl doublet r e l a t i v e  t o  the  
aldehyde proton i n  DMF or the  chemical s h i f t  between the  methyl and 
formyl proton peaks i n  I-@', For coinparison,aDW i n  neat  Dm is  305 Ilz, 
am i n  3 M ~ i C l 0 d m  i s  263 Nz, a d  when D P F  1s coordinated by A l  4-3 

f o r  the  coordinaked Dl?@ i s  319 H z ,  E'111-tl1ermore9 i n  a s o l u t i o n  of a ~ m  - 
2.1) M ~ r n  i n  rc ,  oDy9 is 3030" HZ, 
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According t o  the r e s u l t s  i n  Table 13, the PC chemical s h i f t  i s  not  
a f fec ted  by the presence of LiClO The chemical s h i f t  of DMF as an 

4" addi t ive  shows some in te rac t ion  depending upon i t s  concentrat ion and 
some change i n  1 M L ~ C ~ O ~ P C  compared t o  i t s  addi t ion  t o  PC. But the  
change i s  not  consis tent  with a model based upon solvat ion of Li'. 
I f  DMF were t o  solvate  LiC i n  1 M L ~ C ~ O ~ / P C ,  it would be expected t h a t  
gDMF i n  t h i s  e l ec t ro ly te  would be l a rge r  t h a n Q  i n  PC or  i n  neat  
DMF because solvat ion of ~ 1 ' ~  increases a !E reverse i s  observed, 
namely, t h a t  a i n  1 M LiClO /PC i s  les!?han f o r  both nea t  DMF and 

Dm? 4 DMF i n  PC. From the measurements i n  Table 19; it i s  indicated t h a t  
ne i the r  PC, NF or  DMF solvate Li' s t rongly  but  there  may be some 
i n t e r a c t i o n  of DMF with Li' of a  d i f f e r e n t  nature than with  AX+^. 
Data taken with NM as an addi t ive  a l so  indicate  no in te rac t ion  of NM 
with Li'. Thus, the  ionic species present  i n  the  1 M L i C l O  PC 
e l e c t r o l y t e  with the  addit ives studied are  primari ly ~ i +  andCIOq as  
with no addi t ives .  

A l C 1 3  As Additive. L ~ C ~ O J P C  with A1C13 added i s  a system t h a t  was 
picked f o r  i n i t i a l  study, This has been covered previously i n  the  
L ~ C I + A ~ C ~ ~ / P C  sec t ion  with LiClOq as an addi t ive .  

Because of  Ghe w e  of a 
d i f f e rend  l%fR declmlque f o r  LiAsF,, d41e discussion o f  kinis ~ l e r  t r o l y i , ~  

V w i 6 t z  these addit i -ws Is knciudeal L f r  the 1@ see"L-ian, 



I t  was  believed t h a t  a high d i e l e c t r i c  constant  was a necessary clzarac- 
t e r i s t i c  of a good solvenL f o r  nonaqueous e l e c t r o l y t e s ,  A high d i e f e c t r l c  
constant  depresses the formation of ion p a i r s  and thus promotes conduct- 
i v i t y  f o r  a  given solute  concentration. A low d i e l e c t r i c  constant  medium 
i s  favorable to  ion p a i r  formation because a t t r a c t i o n  of an anion f o r  a  
cat ion i s  no t  at tenuated.  Since methyl formate has a low d i e l e c t r i c  con- 
s t a n t ,  i t  was therefore unexpected t h a t  it would be a good solvent  f o r  
nonaqueous e l e c t r o l y t e s .  

D i e l e c t r i c  constant  measurements, made on pure MF and a 1.1 M LiAsF6/MF 
e l e c t r o l y t e ,  reported i n  R e f . 1 ,  provide the bas i s  f o r  an answer to  
the exceptional behavior of MF. Usually the addit ion of a  s a l t  t o  a 
solvent  r e s u l t s  i n  a decrease i n  d i e l e c t r i c  constant  as a  r e s u l t  of 
the  d i e l e c t r i c  sa tu ra t ion  of the  solvent  i n  the immediate v i c i n i t y  of 
the ions i n  so lu t ion .  Measurements reported i n  Ref. 1 showed t h a t  the 
d i e l e c t r i c  constant  of 1.1 M L~AsF~/MF was 27.4 as  compared t o  a value 
of 8.4 f o r  nea t  ME. For some reason no t  known, the  addit ion of 1.1 M 
LiAsF to  MF resu l t ed  i n  an increase i n  d i e l e c t r i c  constant .  With t h i s  

6 
da ta ,  i t  i s  l e s s  surpr is ing t h a t  LiAsP /ME i s  a  good (high conductivi ty)  

6 
e l e c t r o l y t e ,  though the increase i n  d i e l e c t r i c  constant  i s  a su rpr i se .  

The m o s t  probable reason f o r  the  increase i n  d i e l e c t r i c  constant  i s  t h a t  
there are  species formed when LiAsF6 i s  dissolved i n  MF t h a t  have effec-  
t i v e  dipole moments. A s t rongly  bound ion p a i r  f o r  example would exh ib i t  
a  la rge  dipole moment. A weakly bound ion p a i r  may exh ib i t  a  dipole-like 
nature.  A higher order c l u s t e r ,  such as  a t r i p l e t ,  may a l so  exh ib i t  a  
dipole-like nature i f  s u f f i c i e n t l y  wel l  defined. Die lec t r i c  e f f e c t s  due 
t o  ion p a i r s  has been discussed f o r  aqueous solut ions  i n  Ref. 7 ,  

This sec t ion ,  l i k e  the  previous one, i s  subdivided according t o  the  
s o l u t e ( s )  added t o  MF t o  produce the  e l e c t r o l y t e ,  and then by solvents  
and/or so lu tes  added t o  the  e l e c t r o l y t e .  

LiC1 + A ~ c ~ ~ B  
Aluminum chloride dissolved i n  MF produces the  same type of 2 7 ~  
broadline spee t ra  as does A l C l  i n  PC, a narrow peak ascribable t o  - 3 
A I C l q  , and a broader, l e s s  in tense  peak upf ie ld  which i s  ascr ibable  
t o  solvated a ~ ' 3 e  Addition of L i G l  a l so  has the same e f f e c t ,  reduc- 
ing the  i n t e n s i t y  of the  solvated ~ 1 ' 3  peak, 

I 
The I3 s p e e t r m  of I li;i MCI~/W shows a d o m f i e l d  peak due t o  coordinated 
MF as  i n  the  ease of 1 M A ~ c ~ ~ / P c .  In MI?', havever, the  domf i e l d  peak i s  
noliceably broadened, T h i s  indica tes  t h a t  the residence t i m e  of  MF i n  



" 3 
xke f l y 8 4  eoo rdh12 i? t~~? i l  ~ p I $ e r e  o f  1s l ea .  Gt~ar r  tl?:*f of PC whlcla 
suggests a wenlrer ~n?Cerac"clon, TIre bull< i-e?" pealis a r e  a190 somewhat 
broadened f o r  e s s e n t i a l l y  Llze same reason,  Addition of 1 M LiC1 re- 
srrlts 111 a s p e e k ~ ~ m  essetltlal l y  ilk@ t h a t  of  nea-t KF showil~g %hat 61- 
d isplaces  MF from the  f i r s t  coordinated sphere of A I J 3  a s  was the case 
f o r  PC, 

Because of the  extensive broadening of the coordinated MF peak, an 
accurate measure of the  coordination izumber of MF by ~l~~ could n o t  
be made. A n  est imate of the coordination numher based upon the integra-  
t i o n  of the  bulk and coordinated MF peaks by "counting squares" y ie lded 
a value of 6.4. I n  view of the  r e s u l t s  wi th  Al+3 i n  other  so lvents ,  
which give a value of 6 ,  and t h i s  es t imate ,  i t  i s  reasonable t o  assume 
t h a t  the  coordinated species i n  1 M A l C l  /M? i s  A ~ [ M F ] ~ + ~  a t  the  

3 
temperature a t  ~qhich  the  spectrum u t i l i z e d  f o r  t h i s  est imate was taken, 
which was 30 C .  Thus, f o r  LiCl and A l C l  i n  the  dominant species 

+ - 3 
a re  Li , A I C l q  and A ~ [ M F ] ~ + ~ ,  the  r e l a t i v e  population depending upon 

the concentrat ion of LiCl, This p a r a l l e l s  the  r e s u l t s  obtained f o r  
a c e t o n i t r i l e  ( ~ e f  , 1 ; and propylene carbonate. 

Although t h i s  was n o t  pursued f u r t h e r ,  it should be noted here t h a t  i n  
the  spec t ra  taken of 1 M Alc13/MF a t  low temperatures the  peak due 

t o  coordinated MF showed s t ruc tu re .  This s t r u c t u r e  suggests t h a t  the re  
i s  more than one type of MF complex o r  t h a t  there  are  poss ib ly  c l u s t e r s  
such as ion p a i r s  or  higher mul i tp le t s  which have a " l i f e "  time com- 
parable t o  the  NMR time sca le .  

DMSO As Additive. The 27Al spectrum from 1 M A l ~ l ~ / l @ '  wi th  1 M DMSO 
added was s i m i l a r  t o  t h a t  obtained from 1 M A l C l  /I@ except t h a t  the  

3 
i n t e n s i t y  of the  ~ l b ~ ~ ~ ~  peak was decreased, which i s  a t t r i b u t e d  

t o  displacement of MF by DMSO i n  the  f i r s t  coordination sphere of 

A l t 3 *  1 M DMSO added t o  1 M LiCl + l M Alcl-/MF r e s u l t e d  i n  an 27Al 
- j. 

which had two peaks, the  MC14 peak and a solvated Al + 3  

peak. Because the  27Al spectrum obtained from 1 M LiCl + l N AlCl /hl~ 
- 3 

displays only the  AlCl peak, t h i s  is  d i r e c t  evidence t h a t  DMSO dis-  
4 +3 places C1- from A I C l q -  t o  produce DMSO solvated Al . 

1 
The H s p e c t r a  obtained from these specimens y i e l d  r e s u l t s  i n  complete 
agreement wi th  the  broadline 2 3 ~  r e s u l t s ,  The addi t ion  of 1 M DMSO t o  
k PI A f C l  /MI? gave a bulk solvent  speedrum i d e n t i c a l  t o  the  neak solvenG 

3 
and a eomplexed DMSO resonaslee s h i f t e d  ~&pproximadely 30 Hz d o m f i e l d  



from t h a t  observed i n  a mixed solvent  system (MSO and KF). No res idua l  
bulk Dm0 resonanee was observed but  the eomplexed species s p e c t m  
appeared t o  cons i s t  of a t  l e a s t  two components. I n  an e l e c t r o l y t e  con- 
t a in ing  LiCl, 1 M LiCl + 1 M .AlC13/MY & 1 M DMSO, the  MF proton spectrum 

was s t i l l  t h a t  of the  nea t  so lvent ,  but the  DMSO resonance consisted of 
two separa te  sharp peaks separated by about 8 Hz wi th  the  small downfield 
member a t  the pos i t ion  of the  resonance observed without LiCl ( a s  reported 
on page206, formation of a p r e c i p i t a t e  was observed i n  t h i s  system, and 
the composition was d i f f e r e n t  from t h a t  nominally given).  The above 
r e s u l t s  again show t h a t  DMSO displaces C l -  i n  t h i s  system, although the  
exact  species formed cannot be determined on the  bas i s  of the two samples 
studied.  

PC A s  Additive. Addition of 2 M PC t o  1 M ~ l C l ~ / m  produced no gross 
change i n  the  27Ai spectrum, except t h a t  the solvated peak appeared t o  
broaden somewhat; and addit ion of 2 M PC t o  1 M LiCl + 1 M A ~ c ~ ~ / w  

9 7 
Y I 

produced no - gross change i n  the  Al spectrum, except t h a t  the s a t a r a b i l i t y  
of the  MC14 peak was decreased somewhat. This l a t t e r  r e s u l t  w i l l  be 
discussed f u r t h e r  under the  next  heading (TIFF A s  ~ d d i t i v e )  . 

1 The K spec t ra  obtained from these specimens provide some addi t ional  
inf omat ion .  I n  the  presence of 2 M PC, 1 M fiCl3/w showed both bulk 
and coordinated species resonances f o r  t h i s  add i t ive ,  Only a s l i g h t  
decrease i n  the  coordinated MJ? resonance upon addit ion of PC was ob- 
served. A i l  of the  proton resonances i n  t h i s  system, however, appeared 
t o  be qu i t e  broad and any attempt a t  a quan t i t a t ive  determination of 
species present  would require  va r iab le  temperature s tud ies ,  This da ta  
indicates  t h a t  PC displaces MY from the f i r s t  coordination sphere of 
~ 1 ' ~ .  Again the presence of 1 M L i C l  caused the  proton spec t ra  t o  
approximate t h a t  observed i n  the nea t  mixed solvent  system, A s l i g h t  
broadening of a l l  of the  l i n e s  was observed (probably due t o  v i s c o s i t y  
e f f e c t s )  and the  i n t r m o l e c u l a r  chemical s h i f t  b e ~ e e n  the r ing  protons 
and the methyl protons of PC was s1ightLy l a r g e r  i n  the  presence of the  
added s o l u t e s ,  

TBF A s  Additive. Addition of 2 M Tm t o  I M A1Cl3/w resu l t ed  i n  a 
s imi la r  t o  t h a t  obtained from l M M C ~ ~ / E ~ F ,  - 

However, the chemical shifG bekween the  two peaks was reduced, the 
r e l a t i v e  knLensity sf the  h o  l ines  was changed (Lkre solvated peak 
sktowirsg lese ~ n i e a s i t ~ ) ,  and Lhe saturation behavior 06 the A l C l  

4 



peak was considerably changed- Addikior?. o f  2 M TEE t o  I Fyi 5 , i G l  + 1 a4 
A l G l  /I@ prodx~ced no change i n  the 2 5 ~  speck except for some decrease 3 - 
i n  the  s a t u r a t a b i l i t y  o f  the AIC% peal{, 

4 

Because the addi t ion  of THF t o  1 M A l ~ l 3 / ~  so not iceably  a f f e c t s  the - 
sa tu ra t ion  behavior of the  A l C l  l i n e ,  t h i s  c h a r a c t e r i s t i c  was inves t i -  
gated somewhat f u r t h e r .  Fig.  8Pshows the  s a t u r a t i o n  behavior of the  - 
2 7 ~ 1  l i n e  from A l C l  i n  1 M AlC13/MF and i n  1 M LiCl + 1 M Alc13/MF 

4 
with severa l  addi t ions .  The r a t i o  of the  peak t o  peak i n t e n s i t y  of 

- 
the  der ivat ive  of the  27Al~14 l i n e  a t  some higher r e f .  power l e v e l  

t o  the  i n t e n s i t y  of the  der ivat ive  a t  a  q u i t e  low r . f .  i s  p lot ted .  
I f  no s a t u r a t i o n  i s  occurring, t h i s  i n t e n s i t y  should increase wi th  
r ,f , power, When sa tu ra t ion  occurs, the  i n t e n s i t y  decreases with r .f . 
power, Before discussing these da ta ,  it should be noted t h a t  the  most 
e f f i c i e n t  r e laxa t ion  mechanism i s  quadrupolar in te rac t ions .  The species - 
A1C14 which is t e t rahedra l  would be expected t o  r e l a x  poorly because 

the in t raspec ies  quadrupole in te rac t ion  i s  zero.  A species such as  

~ l b ] ~ ' ~  would a l so  be expected t o  r e l a x  poorly except t h a t  the  

rapid  exchange of bulk solvent  wi th  coordinated solvent  provides a  
f luc tua t ing  environment f o r  the  27Al nucleus which tends t o  promote 
re laxat ion.  It i s  i n t e r e s t i n g  t o  f i r s t  note  t h a t  the  g r e a t e s t  satura-  
t i o n  occurs f o r  l M LiCl + 1 M A~CI,/MF, which i s  expected i f  the - 3 

predominant species  i s  AlCl , as has been deduced previously. That 
- 4 

the  AlC14 l i n e  i n  1 M AlC13/MF s a t u r a t e s  l e s s  r e a d i l y  indicates  the  

dynamic nature  of the  system, namely, t h a t  there  i s  some (eventual)  - +3 exchange between A l  i n  A l C l  and Al i n  A ~ L M F ] ~  . That the  addi- 
4  

Lion of DMSO t o  1 M LiCl + 1 M A l C l  /MF produces a  sa tu ra t ion  curve 
3  

much l i k e  t h a t  of 1 M AlC1 /MF i s  f u r t h e r  evidence of the  displacement 
3  

of ~ 1 -  by DMSO. That the addit ion of TIIF t o  1 M LiCl + 1 M AlC13/MF 

produces l i t t l e  change i n  the sa tu ra t ion  curve i s  cons i s t en t  with the  
i n a b i l i t y  of THE' t o  displace C1-. Addition of DMSO and PC t o  1 M 
A l C l  /M3? produces no l a rge  change r e l a t i v e  t o  the  sa tu ra t ion  curve 

3  
of l M A I C I , / ~ ,  which again indicates  the  dynamic nature  of the  

J' - 
system. I n  t h i s  case there  i s  some exchanging of A l  i n  AlCl wi th  

4  
A l  i n  A ~ c s ] ~ ' ~  where S designates solvent  and need no t  be MF. 

I t  i s  c l e a r  t h a t  t h e  addit ion of THF to  1 M ~ 1 ~ l ? / m  produces a  l a rge  

change i n  the  s a h r a t i o n  curve, This can be expiained by the presence 
o f  some aaylometric Al species ,  which, as  a  r e s u l t  of the  asymntetry, - 
displays rap id  p a d r u p o l a r  r e laxa t ion ,  hchaulge o f  %he Al i n  191614 

wiLh t h i s  species then provides the enhaeed relaxation (reduced 



re- 
'- 
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eii~erates have heen repor ted ,  ~ t ,  1s reasonable to assmne LhaL t h e  
species obtained when THF i s  added t o  1 M A ~ C I ~ / ~ *  1s t h e  e t t h r a t e  
A1Cl3'T=. This species provides air a s m e t r i c a l  env i roment  f o r  the  

A l ,  thus promoting quadrupolar re laxat ion  and g r e a t l y  reduced sa tu ra t ion .  

'H spect ra  obtained f o r  1 M A l C l  /MF & 2 M THF ind ica te  a  complete 
3 

displacement of complexed ME', However, the  THF spectrum consis ts  of 
only a  s ing le  sharp resonance pa t t e rn  wi th  a  s h i f t  i nd ica t ive  of a  
complexed molecule, r a t h e r  than of two pa t t e rns ,  as  would be expected 
f o r  bulk and complexed species .  In  1 M LiCl + 1 M A l ~ l ~ / M l ?  & 2 M T I P  
a  spectrum c h a r a c t e r i s t i c  of THE' i n  the mixed solvent  was n o t  observed, 
bu t  r a the r  a  TKF pa t t e rn  which i s  intermediate between the  bulk and 
complexed spec ies ,  This intermediate pa t t e rn  s t i l l  r e t a i n s  the sharp 
l i n e  character  of a  non-exchanging species.  These r e s u l t s  can a lso  be 
explained on the  same bas i s  as  the  broadline "Al data .  

D$@ A s  Additive. Because D I G  has been shown t o  be a  much s t ronger  
agent than MF i n  so lva t ing  ~ 1 ~ ~ ,  it seems reasonable t o  assume t l iat  
DMF would a l s o  solvate  LiC more strongly than ME'. Several  specimens 
of Licloq/MF containing DMF were inves t iga ted  t o  determine i f  LiC 
solvat ion  by DMF could be observed. The r e s u l t s  obtained from IH 
spec t ra  a re  shown i n  Table 14. The chemical s h i f t s  a i n  t h i s  t a b l e  
have the same designation as i n  T a b l e l 7 .  aDMF does not  change, 
though Dm does. The d a t a  do not  show a  trend ~shicl i  can be a t t r i b u t e d  
t o  so lvat ion  e f f e c t s  only. Solvat ion of LiC by Dl@ T I T O U ~ ~  be expected 
t o  produce a  change grnmDNF a s  observed but  the  change i n  a coupled 
with no change i n  oDm can account f o r  t h i s .  The l ack  of oEervab le  
~ i '  solvat ion  e f f e c t s  indica tes  t h a t  so lvat ion  i s  weak, giving r i s e  
t o  a  very s ~ n a l l  cl~emical s h i f t ,  t h a t  an i n t e r a c t i o n  of DKF with ClO4- 
i s  a lso  occurring, t h a t  the  r e l a t i v e  solvat ing  p roper t i e s  of solvents  
may be d i f f e r e n t  f o r  d i f f e r e n t  ions ,  or t h a t  some other  u n b o r n  
in te rac t ion  i s  cancel l ing  out  so lvat ion  e f f e c t s .  

Broadline 3 5 ~ 1  spec t ra  were run on 1 M L ~ C ~ O ~ W  containing 1 M, 2 M 
and 4 bj Dm. The l i n e  observed i s  r e l a t i v e l y  narrow and a t t r i b u t a b l e  
t o  the  6104" ion.  As the  concentra,tion of DW added i s  increased,  the  
l i n e  width decreased ind ica t ing  an increase i n  the  r e l axa t ion  time, 
This i s  i n  q u a l i t a t i v e  accord with the  r e s u l t s  discussed i n  the  next  
sec t ion  f o r  1 M L i ~ s ~ d m  with Dm added. However, i n  the  1 M LiClo4/b@ 
andl L)m system the  chaulges noted a re  apparently mnwh smal ler ,  Wlile 
the  l i n e  ~ d t h  decreased, the  maxi1nu111 change was l e s s  than a  f a c t o r  o f  
two which would correspond t o  l e s s  t haa  a  faekor o f  two change i n  
relaxation time. This could be d u e  Lo a,n increase i n  v i s c o s i t y  w i t h  
tire addiCion sf Q$@ or could be dhe resu lk  of t h e  breaking up o f  1011 

pairs 



PC and THE' As Additives. Neither the addition of 2 M PC or 2 M THF to 
e 1~ spectrum from that obtained from 1 M 

High resolution 'H spectra obtained at ambient temperature from a 
variety of L~A~F~/MF electrolytes with various concentrations of 
additives did not yield information regarding the solvation of Li'. 
Small changes in chemical shifts were observed in some systems but no 
data were sufficiently consistent to permit any conclusions in this 
regard. Because of this, more effort was put into broadline NHR 
experiments which were rendered more informative because of unique 
cliaracteristics of the NMR of the AsFCjW ion. hrthermore, - because the 
measurements and their interpretation are unique to Asp , this 
discussion includes all electrolytes containing LiAsF6 $d represents 
a deviation (the only major one) from the general organization of this 
section of the report, 

It is anticipated that LiAsF6 dissolved in M[F would yield Li-" and Asp6- 
ions. Theoretically, the l S ~  spectrum for the Asp6- ion should be an 
equal intensity quartet b virtue of the spin-spin splitting produced 
h interaction w i t h  the T'AS nucleus which has a spin, I, o f  3/22. The '$ NMR of AsE6", in a different electrolyte has been discussed in the 

* 
LiAsP /PC elee6rody-i;er are discussed in t h i s  see Lion a l s o ,  

6 



75 
l iter-ai l it-e  el, 81, Tlze As 5pc.e tl-.;u!l s l l o ~ t i d  be  a ?even i x n e  paCtc3rri 
wl th  Lbe lines havr 1 3 8  l n t e n s r t y  ra t  r o s  of 1:6:15:20: 15:G: 1 by v l r i u e  
o f  t h e  ~ n t e r a c i l o n  w i t h  t he  s l x  eqiuxraleni, 1%' n u e l e l  havrng spin L -;- 1/2,  
TI-rese Li~eor e Cleal p a t  terns can be altered, of c o u r s e ,  by o the r  e f f e c t s  

A parameter t h a t  has a  g r e a t  e f f e c t  on the  ?dM3, l i n e  shape i n  the  case of 
the  p a t t e r n s  mentioned above i s  t h e  s p l n  l a t t i c e  r e l a x a t i o n  time, TI. In  
f a c t ,  t h i s  parameter f o r  t he  7 6 ~ s  ilucleus can be obtained from the  
19F l i n e  shape ( ~ e f .  8, 9 ,  and l o ) ,  - and t h i s  paranleter i s  determined by 
the  l o c a l  environment of the AsF ion .  

6  

It has gene ra l ly  been r epor t ed  i n  t he  l i t e r a t u r e  &here a r e  sane except ions)  
t h a t  a  l i n e a r  c o r r e l a t i o n  e x i s t s  between T ~ - '  and t h e  s o l u t i o n  v i s c o s i t y ,  
even though t h e r e  i s  cons iderable  debate  a s  t o  t he  a c t u a l  r e l a x a t i o n  
mechanism. It has been suggested t h a t  t he  primary modes of r e l a x a t i o n  
a r e  a  r e s u l t  of r o t a t i o n a l  motion of t he  neighboring s o l v e n t  molecules,  
which have e l e c t r i c  d ipo le  moments, l ~ c o l l i s i o n s ~  wi th  d i f f u s i n g  ions ,  and 
exchange, which i s  f a s t  compared t o  T  wi th  a  h ighly  asymmetric spec i e s .  

1 ' 
-1 . 

I n  t h e  case of the  AsF Ion changes i n  T due t o  tile ca t ions  o r  t h e  - 
so lven t  luolecules i n  t ke  immediate v i c i n i t y  of t he  AsF ions  have been 
d iscussed  i n  s eve ra l  papers by Arnold and Packer ( ~ e f  .689 11, and 12 )  
and o ther  workers r e f e r r e d  t o  i n  t hese  papers .  I t  i s  the  content ion  of 
Arnold and Parker  t h a t  the  major con t r ibu t ion  t o  T  i s  t h e  e f f e c t  of 
c a t i o n s ,  and they  sugges t  t l ia t  only some of the  Ash - ions need t o  be i n  
an environment w i th  s h o r t  T  t o  o b t a i n  a  n e t  s h o r t  !? f o r  t he  system. 

1 1 

Because v a r i a t i o n s  i n  t h e  r e l a x a t i o n  t imes,  wi th  d i f f e r e n t  s o l v e n t s  and 
d i f f e r e n t  a d d i t i v e s  i n  a  given so lven t ,  a r e  determined by, (1) s o l v a t i o n  
of t he  anion ( A ~ F  -) and li u id  p r o p e r t i e s ,  such a s  v i s c o s i t y ,  and (2 )  

6 .  % 
s o l v a t i o n  of the  c a t ~ o n  ( ~ i  ) and l i q u i d  p r o p e r t i e s  such a s  v i s c o s i t y ,  
and ( 3 )  changes i n  chemical e q u i l i b r i a  wi th  o the r  s p e c i e s ,  p a r t i c u l a r l y  
asymmetric s p e c i e s ,  T1 i s  gene ra l ly  a  usefu l  parameter f o r  monitor ing 
clianges i n  t he  e l e c t r o l y t e  s t r u c t u r e  produced by a d d i t i v e s ;  and because 
of t h e  ease i n  determining TI  f o r  t h e  AsF6- ion ,  t h i s  method i s  a l s o  
q u i t e  convenient f o r  e l e c t r o l y t e s  conta in ing  t h i s  ion .  

''2' b roadl ine  NMEt s p e c t r a  were obtained f o r  s eve ra l  e l e c t r o l y t e s  contain-  
i ng  LiAsF a s  l i s t e d  i n  Table 15. These s p e c t r a  a r e  shown i n  F igures  84 
through 98. 

For t h e  specimens l i s t e d  i n  Table 15,  T l g s  were e s t i i ~ a t e d  by comparing 
t h e  l i n e  shape wi th  curves s b o ~ m  i n  Ref. 9 ,  and i n t e r p o l a t i o n  ~qhen the  
l i n e  shapes were bet~ceen those displayed i n  Ref,  9 us ing  Figure 99, 
F igure  99 i s  a  p l o t  of Tl vs  t h e  l i n e  shape d e f i n i n  parameter ,  X = am1, 
where J i s  the  spin-spin coupling cons tan t  between q5As and l9Z'@ J was 
taken a s  933 Ez ( R ~ s ,  8) ( m e n  conparing t h e  s p e c t r a  shown. i n  F igures  $4 
through 98 kilt11 t l ~ e  curves; on. Figure 99, one should r e c a l l  tl-rat, t h e  
s p e c t r a  a r e  f i rs t  de r sva t ives  of t he  absorptron curves, s&xle  ahsorptron 
curves are  s h o w  on F i g u r e  9 0 ) ,  





- ' 
k g  84. R r o d l l  n r  191" Hesenancr i n  ! M LiAaP #I/>@ $2-11 a 

G One D i v ~ s r o n ,  Left t o  Righd ,  i s  L Gauss. 



Fig ,  Bes onanc e 
0 .  One Division, L e f t  t o  R igh t ,  i s  I Gauss. 





Fi& 87. Broadline "F Resonance in I M LiAsP6 #I/M #2-ll & 
2 M Dm #1-3, One Division, Lefz i;o R igh t ,  i s  I Gauss, 



Fi g . 88. Broad1 inr "'F Resonance in 1 # LiAsFO #l/m #2-11 & 
4 Pa Dm #7-3, One Division, Lef-kkto Righ-i;, i s  1 Gauss, 



Fig .  89. Broadline "F Resonance in  I M LiAsFB #2/W 113-3 & 
6 Pa DM? #1-3, One Division, L e f k  t a  Righ-t, is 1 G a w s .  



3 9" 
Pig.  90. Broadline 3 Beaonarice i n  1 # LUaP #l/$@ #2--11 & 

2 M PC #7-1. One D~uxslon, i re i t  i.o Wighl i s  1 Gauss. 



15 
Pig, 91, B-kcadl zac P Resonwee in 1 I4 LkIhsP j f 2 ; ~ ( ;  #7-5. 

G Ode ~ i ~ J ~ ~ ~ ~ ~ 1 9  Left t o  R igh t  18 i Gauss. 



F i g  92. Broadline "F Resonance in I M LiAsV6 #~/Pc $7-8. 
One D i x r i s i o n ,  L e f t  t o  R i g h t  i s  3 Gaws. 



Fig.  93. B r o a d l i n e  "F Resonance i n  I El LiAsFg #~/Pc  #7-8 & 
4 M DMSO #I-I, One Division, L e f t  t o  R i g h t ,  i s  I Gaws, 



Fig.  94, Braadline I9l? Resonance in i M LiAsF #~ /Pc  1/74 8 
6 

2 M MF #2-14. One Division, L e f t  t o  R igh t ,  is I Gauss, 



Fig. 95. Broadline "F Besonmce i n  I I TiiA~i!?~ #~/Pc  #7-8 & 
4 M Dk4F #9-3,  One Division, L e f t  t o  RQgfat is  1 Gams. 



Fig. 96* Broadline ''3' Resonaaee in I M l,iAsPs 87--8 & 
4 M THF #I.  One Div i s ios l ,  Le fd  t o  RbgLa~, is k G a w s .  



Fig. 97. Broadlmr "F Resonance i n  1 M LiAsF #~ /Pc  #7-8 & 
4 M NM #I-2. One Bivisian, Left  t o  h g h t ,  i s  1 Gauss. 







A s  a  prel iminary t e s t  of the  poss ib le  re1axa"ton melhod, i t  i s  des i rab le  
t o  p l o t  T ~ - ~  as  a  funct ion of so lu t ion  v i s c o s i t y .  Because the  so lu t ion  
v i s c o s i t i e s  have not  been measured, they were estimated assunling i d e a l  
so lut ions .  For a solvent  mixture containing solvent  A and solvent  B 
with v i s c o s i t i e s  TA and T)B9 respect ively ,  the  mixed solvent  v i s c o s i t y  
% i s  given by 

m~ 

where mA i s  the  molar f r a c t i o n  of solvent  A. Mien Icnown, the v i s c o s i t y  
with the  s a l t  added was used; when not  known, the  v i s c o s i t y  increase  
upon s a l t  addi t ion  was estimated by comparison with measured so lu t ions .  
A l l  s a re  based upon e i t h e r  lmown or estimated T A ' s  and qB 's  iqitli 
s a l t  added, The estimated v i s c o s i t y  is  a l s o  shown i n  Table 15 and a 
p l o t  of TI-1 vs 'QM i s  shown i n  Figure 100. Clear ly ,  even taking i n t o  
account e r r o r s  i n  est imation of v i s c o s i t i e s  and approximations i n  T l f s ,  
t he re  i s  not  a  l i n e a r  cor re la t ion  between ~ ~ - l  and the  v i scos i ty .  

Because one of the pos tula ted  mechanisms of r e laxa t ion  i s  through 
i n t e r a c t i o n  with the  loca l  so lvent  d ipole  moments, an average (ar i th tnet ic)  
d ipole  moment i s  a l s o  indicated i n  Table 15. Relaxation v i a  solvent  
dipole moments should r e s u l t  i n  a decrease i n  Tl as the  average dipole  
moment increases .  However, as can be seen from the  r e s u l t s  f o r  14F 
based e l e c t r o l y t e s ,  the  opposite t rend i s  observed. 

Based upon these  r e s u l t s ,  it i s  apparent t h a t  the  re laxat ion times are  
dependent upon some phenomena other than the  ion-solvent i n t e r a c t i o n ,  * 
Furthermore, because the re laxa t ion  times do not  co r re la te  with v i s c o s i t y ,  
and because they a l l  have the  same s a l t  concentrat ion (1 M ) ,  r e l axa t ion  
v i a  ion-ion in te rac t ions  a l so  appears no t  t o  be the  dominant mechanism. 
However, another p o s s i b i l i t y  not  noted i n  the  l i t e r a t u r e  is  t h a t  some 
of the  solvent  addi t ives  may p r e f e r e n t i a l l y  solvate  ca t ions  making t h e  
d is tance  of c l o s e s t  approach i n  anion ( A ~ F ~ " )  ca t ion  coLlisions 
e f f e c t i v e l y  l a rge r  and thus increasing the  ion-ion induced re laxa t ion  
time. A t  t h i s  j u n c t w e ,  though, it seems t h a t  the most l i k e l y  of the  
three  mechanisms l i s t e d  above is t h a t  based upon rapid  exellage betiveen 
the  AsP6- ion  and another species having a s m e t r y  r e l a t i v e  t o  the  
arsenic  s i t e ,  the a s m e d r i c  species then providing Lhe re laxa t ion ,  
The a s m e t r i c  species could be a flchemicaiiispecies such as AsF5 or  a  
r e l a t i v e l y  Long l ived  charge m l l i p l e t ,  such as an ion p a i r  or t r i p l e t ,  - 
l ~ a v i ~ l g  Asp6 a s  one of Lhe p a r t i c i p a n t s ,  Changes i n  TI as a f-wedion 
of a,clclitiues stouPd  hen he incurred,  provrdect the additives can change - 
tire ecjui l i b r h ~ o  b c ~  tween AsY6 and one or more as*ymurrc.trie r p e e i e s  , 





7:) 
Prgd-ic; t!u*o~~g& !@ jiicw tlri. As i r rBi. for J , I  AsF J3@ d e b ;  f,rol:;';.i?b . 
The change i i a  l i n e  shape noted liere ss rn accord  v r t h  t h e  changes i n  
the 9~ i m e  shape ~n Gllc sane specxmerts , 

From these r e s u l t s  the major species i n  e l e c t r o l y t e s  with LiAsF6 a re  
~ i +  and Asp6- as expected. The unexpected r e s u l t s  i s  the  evidence 
of an asymmetric As  containing species.  This species was not observed 
d i r e c t l y ,  so l i t t l e  can be s a i d  regarding i t s  concentrat ion.  

L ~ A S F ~ / ~ @  with A I C I S  added was o r ig ina l ly  planned t o  be studied.  
However, an attempt t o  prepare a sample was unsuccessful when a gel  was 
formed r a t h e r  than a solut ion.  

N 0 As Additive. High resolut ion proton spec t ra  were run on a v a r i e t y  
o? specimens t o  inves t igate  the e f f e c t  of small mounts of water i n  
L i A s F  /I@' e l e c t r o l y t e s .  The amount of water involved has no a f f e c t  on 8 the 1 F or 7 3 ~ s  broadline spect ra .  For comparison, l H  spect ra  were 
recorded f o r  pure W with water added (no L ~ A S P ~ ) ,  Specimens consis t -  
ing of pure W with 2000, 500 and LOO p ~ m  H20 added show the  water 
proton peak as displayed i n  Figures106,  109, and 108, I n  the 100 ppm 
specimen the water peak i s  bare ly  percept ib le  a t  the  instrument 
conditions used t o  record the proton l i n e  i n  the  2000 and 500 ppm 
specimen. As the  water concentration i s  reduced, the l i n e  width 
increases rendering the  l i n e  i n  the 100 ppm water added specimen more 
d i f f i e r r l t  t o  observe. I n  the i n i t i a l  survey of 1 M L ~ A S P ~ / M F ,  with 
2000, 500 and 100 ppln water added, the  water proton l i n e  could no t  be 
observed i lmedia te ly  (about one hour) a f t e r  satvple preparat ion.  I n  
f a c t ,  no evidence could be found f o r  the water added. 
peak shown i n  F i g u r e l q ,  was observed i n  the  1 M LiAsF ML;' and 2000 ppm !, day later9 a B20 a t  the  pos i t ion  t h a t  corresponds t o  the  methyl pro ons i n  methanol; 
no other peaks were observed. After  another day, peaks appeared a t  
e s s e n t i a l l y  the  same posi t ion  i n  the 500 ppm H20 and 100 ppm B 0 specimens, 

?3 as shown i n  Figures 110 and 111. By comparison -ruith the nearby C sideband of 
the methyl protons i n  MF, it can be concluded t h a t  e s s e n t i a l l y  a l l  of 
the  water i n  the  2000 ppm specirnen has been converted t o  CN30EI. I t  is 
presmed t h a t  the  presence of LiAsF6 catalyzes the  d e e s t e r i f i c a t i o n  
react ion 

HCOOCH3 + NOH - CH30H i- HCOOB 

because i n  the  pare MF the water proton l i n e  was s t i l l  observed two 
days a f t e r  preparat ion.  An old (aboat 2 years)  specimen of MF with 
I$ w a t e r  added was  i r ~ v e s t i g a t e d  and both  t h e  C% and an 01-: l i n e  s e r e  
observed . 



76 
Fig ,  184, B r o d S t n e  As Resonance i a  1 $41 L i h F  #I/&@ $2-11 6 

One Division, Lefd t o  R igh t ,  is 3. Gams- 



7 5 Fig. 102, Broad- l ine  As R e ~ o n a ~ i e r  in 4. M LiAsF #~/!JE #2-ll & 
4 I. I D  - 3  One Division, L e f L  t o  ~ i g h t ,  is 1 Garma. 



i'5 
Pig ,  103, Broad1 ine As Resonmice i n  I I4 LiAsF, #l/MF #2-11 

w i G l z  2 M Dl@' #7-3. One Division, ~ e f e  to Righ-t, 
is l Gauss,  



Pig. 104. Hroad l i f i e  "AS  n e ~ ~ c m c i  11- 1 !! LiAsF ,  PI' # ?  I1 & 
4 H  BP@ #7-3. One Division, L e f i  to k i g h t ,  is i Gauss. 



Fig.  105. Broadline 7 ' ~  Resonance i n  1 M liAsP6 #1/m #2-11 & 2 M 
PC #1-1, One Division, LefL t o  RighL, is I Gams. 
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Several days  lakc.1-, a sruall peak was a l s o  ohaei-ved i n  Lhp 2000 pplri 
%O specmuen al %he posi? ; ion  o f  t he  CH prodon i n  HCOON, t h a  
sul3stanliatkng tire presrullgil;ion o f  tlne above reaet iol i .  

E s s e n t i a l l y  the  sane thing occurs wit11 water i n  3 I4 L~A~FG/FZF ( the  
stock so lu t ion  supplied by Livingston Elec t ronic  Laboratory), However, 
i n  a spectrum run on t h i s  specimen severa l  days a f t e r  the  water add i t ion ,  
the  MeOH methyl proton l i n e  was found t o  be considerably broader than 
when f i r s t  observed. 

Because the  d e e s t e r i f i c a t i o n  reac t ion  i n  the  3 M L ~ A S F ~ / W  appears t o  
be completed a f t e r  an over-night per iod ,  a second specimen was kept  
r e f r ige ra ted  over-night a t  -15 C t o  de lay  the  r eac t ion  so  t h a t  it could 
be followed. However, a f t e r  a subsequent period of exposure t o  room 
temperature which was considerably longer than the  time it took f o r  
the  r eac t ion  t o  go t o  completion i n  the  non-refr igerated specimen, only 
a very small peak had appeared. 

Because of the observation t h a t  the  peak ascribed t o  the  methyl proton 
i n  methanol r e s u l t i n g  from hydrolysis  of methyl formate was broader a 
couple of days a f t e r  it appeared, the  high resolu t ion  proton s p e c t r a  f o r  
3 M L ~ A ~ F ~ / M I ?  (s tock solu t ion  supplied by Livingston Elec t ronic  
Laboratory) witli 2000 ppm water added was rerun severa l  t imes. These 
runs showed the  continuation of the  broadening and a decrease i n  
i n t e n s i t y  u n t i l  the  l i n e  was no longer observable, about two weeks a f t e r  
preparat ion.  Spectra were run concurrently on the  1 M L ~ A ~ F ~ / M F  and 
2000 pptn H20 specimen. No change was observed i n  the  methanol methyl 
proton peak f o r  t h i s  specimen. A dark,  somewhat gelat inous substance 
has appeared on the  bottom of the  tube of 3 M LiAsF /MI? and 2000 ppm B %O ( t h i s  g las s  tube was sealed by fus ing the  top o the  tube a f t e r  
sample prepara t ion) .  No such substance i s  observed i n  the  1 M L ~ A ~ F ~ M T  
and 2000 ppm H20 specimen. 

The 3 M L ~ A ~ F ~ W  used i n  the  above specimen was the  so lu t ion  r e c e n t l y  
provided by Lrvingston Elec t ronic  Laboratory. Some time ago an NMR 
specimen had been prepared from the  so lu t ion  previously supplied by 
Livingston Elec t ronic  Laboratory, This specimen came from the  " t a i l  
end" of the  so lu t ion  and contained some greyish suspension. The high 
reso lu t ion  proton spectrum d id  not  show a methanol methyl proton peak, 
whereas a specimen prepared from the  same so lu t ion  s h o r t l y  a f t e r  it 
arr ived ( a  couple of years ago) d id  show a methanol methyl proton peak. 
Thus, it appears t h a t  a f t e r  methanol i s  formed by hydrolysis  of methyl 
f ormate i n  3 M L i ~ s F ~ / m  e l e c t r o l y t e s  obtained from the  Livingston 
Elec t ronic  Laboratory a f u r t h e r  r eac t ion  occurs rchich involves the  
methanol, f i r t h e r ,  the  evidence suggests t h a t  the  grey-black prec ip i -  
t a t e  forrned i n  these  solu t ions  may be a r e s u l t  of Lhis r eae l ion ,  



Recause of sorile sneons~stenel es  noted 1 x 1  Lhese prelim4 nary speelliwns, 
Lngb resc-i lutlon p r o l o n  spec bra Here run several Inore 1 Fl 1,lAs.F /PE 

6 
speermens (see Figsl 412, 113 a r ~ d  414 f o r  rden- l~f lca%ion o f  specimens)n 

(2)  1 M LiAsF6/m and 2,000 ppm H20 

(4) 1 M LiAsF6/MF and 2,000 ppm H20 

(5) 1 M L ~ A ~ F ~ / W  and 2,000 ppm H20 

(6)  1 M L ~ A ~ F ~ / M F  and 2,000 ppm H20 

(7 )  1 M Li*sF6/MF and 2,000 ppm H20 

Specimens nmbered (5) and (6)  above were repeats of specimens nmbered 
(2)  2nd (4) above which were scanned shor t ly  a f t e r  preparation.  Figures 
U2 andU3 show the  proton spect ra  i n  the v i c i n i t y  of the large  MI? doublet 
(from the GH3 group i n  CHOOCH~)  f o r  specimens (l]$ ( 2 ) ,  ( 3 ) ,  and (4). 
The l i ne s  a t  the extreme l e f t  and r i g h t  a re  the C s ide  bands of the MI? 
methyl proton doublet.  I n  both f iga res ,  the upper spectrum i s  the 
neat  solut ion,  and the spectrum a t  the  bottom is  t h a t  with 2,000 ppm 
H20 added. I n  both spect ra  of specimens containing water, an 
addit ional  peak i s  observed which i s  ascribed t o  the addit ion of water, 
This peak i s  appreciably downfield from the locat ion of the water proton 
peak i n  pure W ,  and could be due t o  ionic  solvation o r  exchange e f f ec t s .  

The preparation of these specimens was changed i n  one respect  r e l a t i v e  
t o  those used i n  the preliminary work, Previously, specimen tubes were 
sealed off with the specimen tube immersed i n  l iqu id  nitrogen,  a 
procedure which froze the solut ion,  Because previous work showed t h a t  
lowering the sample temperature apparently increased the induction 
period, the specimens were sealed off with immersion i n  granulated dry  
i c e  These specimens were the f i r s t  t o  show a water peak when run 
shor t ly  a f t e r  preparation. Figure114 shows the f i r s t  spect ra  taken 
f o r  specimens (5),  (6) ,  and (7 )  from the  l i s t  above plus a spect ra  of 
the 1 M LiAsF /HE' and 2,000 ppm H20, which had been investigated 

6 previously by running spect ra  durxng the day, and then l e t t i n g  the  
specimen s i t  i n  a f reezer  a t  -20 C when not  being run. A MeOIi peak i s  
observed now i n  the specimen which had been a t  l o w  temperature f o r  a 
couple of weeks. Note t h a t  the two repeat  specimens did not  show a 
water proton peak as was found i n  the f i r s t  specimens, whereas the  
MI? specimen d i d  show a water proton peak. This ineonsisteney i s  
compounded by the r e su l t s  of k ine t i c  s tudies  which follow, 









The eunsidellaijie interest in L ~ A S F ~ / P F  eleci,P.olyi,e!s d r r a s  C:io~ii &he 
apparent stability o f  lidl-ijurl i n  tlrese eleedrolytes. I n i t i a , l l y ,  
some dli 'ferences rn s t a b r i s t g  were thought t o  have been observed I n  
the  Livings ton ebee t r o l y t e  , prepared by meta thes is ,  conipared t o  LiAsF6/KI;' 
e l e c t r o l y t e s  prepared by d issolv ing pure LliAsFG i n  pure MI", Because 

I-- - - no d l f fe renee  could be observed by H pJpi5Ei, i , e , ,  no proton containing 
impur i t ies  were found, it was hmothesized t h a t  such inipuri t ies  t h a t  
rnight be responsible f o r  t h i s  s t a b i l i t y  might be present  i n  qu i t e  small 
q u a n t i t i e s .  They could never the less  success fu l ly  a c t  as  c a t a l y s t s  f o r  
the  hydrolysis .  Differences i n  impur i t ies  could then cause d i f fe rences  
i n  the  r a t e  of hydrolysis .  Therefore, measurements of the  r a t e  of 
formation of MeOH were made. 

Specimens (5) ,  ( 6 ) ,  and (5)  were run repeatedly over an extended period 
of time. Fig.  115 shows the  ac tua l  spec t ra  recorded f o r  specimen ( 7 ) ,  
This was chosen because it shows the  general  na ture  of the  observations.  
F i r s t  the  water proton l i n e ,  i f  it i s  observed i n i t i a l l y ,  "disappearsw 
i n  a  couple of hours; it can be seen t h a t  it broadens and then 
disappears.  No MeOH l i n e  i s  observed u n t i l  some time a f t e r  the  water 
proton l i n e  i s  no longer observed. The i n t e n s i t y  of the  MeON l i n e  then 
increases  with time a f t e r  t h i s  i n i t i a l  appearance, Figure120 shows 
p l o t s  of the  i n t e n s i t y  of the  MeOH peak as  a  funct ion  of time, The 
e r r o r  bars  on the  points  were estimated from the  noise  l e v e l  only. 
Other e r r o r s  a r i s e  because over a  long period of time the  b e s t  mamet ic  
f i e l d  homogeneity v a r i e s ,  which changes the  peak he igh t ,  This was a t  
l e a s t  p a r t i a l l y  compensated f o r  by using the  r a t i o  of the  MeOH peak t o  
the  nearer  1 3 ~  s i d e  band, as  an a r b i t r a r y  measure of r e l a t i v e  s igna l  
i n t e n s i t y .  

A l l  t h ree  p l o t s  i n d i c a t e  a  l i n e a r  increase  of i n t e n s i t y  with increas ing 
time u n t i l  the r eac t ion  nears  s to ichiometr ic  coi~ipletion. However, the  
r a t e s  a re  qu i t e  d i f f e r e n t ,  wi th  the  specimen showing the  water proton 
peak i n i t i a l l y  proceeding much slower than the  other  two, 

I n  a l l  the  specimens inves t iga ted ,  the  l i n e a r  r eac t ion  r a t e  wsth tirue 
i s  the  only cons i s t en t  f e a t u r e ,  Why sonie specimens show a  water 
proton peak i n i t i a l l y  bu t  o thers  do n o t ,  and why the  reac t ion  r a t e  i s  
d i f f e r e n t  i n  those so lu t ions  s tudied  as a  funct ion  of time is not  
known. Furthermore, no c o r r e l a t i o n  was found, i n  the  r e s u l t s  of a l l  of 
these  measurements, with ~ghether  the  speciruen was prepared f roni a 
Livingston e l e c t r o l y t e  or from mixing of pure LiAsF6 and mekhyl formate, 

To v e r i f y  t h a t  LiAsP6 i s  perhaps m i q u e  i n  i t s  a b i l i t y  t o  ca ta lyze  the  
lzydrolysis of MF t o  rnethanol and formic ac id ,  2000 pprn N20 were added 
Lo 1 M L ~ C ~ O ~ W  and the  'H spec t ra  recorded over severa l  days. The 
water proton l i n e ,  a  sharp peak, ms observed ilmnediately a f t e r  
specimen prepara t ion  s l i g h t l y  d o ~ m f i e l d  from t,tle wai;er proton lrsie as  i n  
Figure 121. After  severa l  days the  water proton peak l ~ a d  no t  eha'nged i n  
pos i t ion .  The water prokor~resonmee i s  considerably d o ~ m f i e l d  from i t s  
position in. neat  W,  which rnay be due to so hva t io l r  o f  L i  c, 

















Because %he coneen t r a t i oa  of ~ i "  i s  presrmably the same i n  th i s  speermen 
as LZ; L 3 L~il*nasF. i he water prc?%crr l i n e  i n  the I M LiAi.F /bm 1 3 ~ ~  v -. ---- abuuL the s m e  yownfield ahif  t ,  when observable, as t h a t  i n  I h LrCIOg 
the  following sequence of react ions  may be postula ted ,  W~en H20 i s  
f i r s t  introduced i n t o  L ~ A S F - / ~  r t  so lvates  L i +  farming weakly borand 

b 
L i b 2 0 ]  ' complexes. I n  a shor t  time, minutes t o  about an hour, 
in teracqion with some other species ,  most l i k e l y  AsF6- breaks up these 
complexes poss ib ly  forming W' which i n  t u r n  ca ta lyzes  the  conversion 
of MF t o  MeON and HCBOH by an acid c a t a l y s i s  mechanisnn. 

IDE ELECTROLYTES 

LiCl A1Cl3  

. High resolut ion I N  were run on a specimen of 
M L ~ C I / D M F  and 0.5 M LiC104. DMF coordinated by 

ec ies  A ~ [ D M F ] ~ ' ~ ,  i s  observed by v i r t u e  of small 
peaks s h i f t e d  downfield from the  bulk DMF peaks. The downfield s h i f t  
i s  l e s s  i n  t h i s  specimen than i n  the  0.05 M A ~ c ~ ~ / D M F  due t o  the  
presence of LiC104 and LiCl. It has been reported (Ref -13) t h a t  
negative ions i n  the  second ~ 1 ' ~  coordination sphere t h i s  could be 
designated the  f i r s t  coordination sphere of A1[DMF]6'(1) cause the  
downfield s h i f t  t o  increase .  The di f ference  i n  the  e f f e c t  of negative 
ions observed here may be due t o  ionic  s t r eng th  e f f e c t s  alluded t o  i n  
R e f . 1 7 .  The spec t ra  show t h a t  there  i s  no displacement of complexed 
DMF by cQhoride or  percl i lorate,  Tliuug, the  species i n  so lu t ion  are  
~1 [ ~ m j ~  with poss ib ly  some chloride and/or perchlora te  i n  the - - 
second ~l~~ ooordinationsphere,  ~ i ' ,  ~ 1 -  and C I O q  . I f  AIClq is  present  
a t  a l l  it i s  no t  a major species .  This i s  cons i s t en t  with the observation 
noted e a r l i e r  t h a t  Dm displaces  CL- i n  the  f i r s t  A I + ~  coordinated 
sphere. 

MF As Additive. High reso lu t ion  'H spec t ra  were taken on 1 M L ~ c ~ o J D M F  
containing 0,25 M ,  I N ,  2 M and 4 M MF, Table 16 shows the  chemical 
s h i f t  of the  DMF aldehyde proton r e l a t e d  do the  fifF formyl proton 

(am-DMF) the  s h i f t  of the MF f  ormyl proton r e l a t i v e  t o  the MF methyl 
protons (am), and the  s h i f t  of the D m  aldehyde proton r e l a t i v e  t o  the  
D m  lnethyl protons (0 a is  not  changed by the  addi t ion  of N?? 
although it i s  r e d u c e ~ ~ o n e w ~ ~  from 305 i n  neat  Dm, by the  addit ion 
of 1 M LiC104. does decrease as  the concentrat ion of HF i s  increased,  
The increase  i s  same a s  t h a t  of wliich checks with the 
i n t e r n a l  NF s h i f t ,  am* Thus, i n  these e l e c t r o l y t e s  Che major ionic  
species a re  ~ i "  and 6104-* There i s  some i n t e r a c t i o n  of D&W with these 
ions hu t  the  ac tua l  i n t e r a c t i o n  cannot be determined, PB' added t o  t h i s  
e i e c  CrolyLe a c t s  only as a d i l u e ~ ~ i u  becatrsc fIbGk7 bas a e-irelr s t ronge r  
s o l v a t i n g  a e i i o n ,  



LiAsF 

MF As Additive. This electrolyte was discussed in the previous section. 



PHYSICAL mOPEIRTY DET IONS 

mECTROLYTE STABILITY STUDIES 

Electrolyte samples of a few milliliters were placed in test tubes which 
had been treated according to the standard treatment for glassware. 
Strips of lithium metal were partially immersed in the liquid. The test 
tubes were then closed with screw caps which were lined with rubber- 
backed Teflon, and kept for a day at room temperature. At that time, 
the samples were removed to a 60 C bath for another 24 hours, except if 
an exposure of the system to elevated temperature did not seem advisable, 
Further observations were thereafter made at room temperature. 

Visual observations on solution and lithium metal were noted, and the 
build-up of gas pressure was checked by releasing the screw caps, 

Various Additives 

Solutions containing AlCl in PC generally have a tendency to discolor 3 
on standing. From a prevxous study (~ef. 1) it was concluded that the 

+3 species probably is responsible for the observed instability. 
additives were tested to investigate if the species detrimental 

to the stability of L ~ c ~ + A ~ c ~ ~ / P c  solutions could be eliminated by inter- 
action with an additive. The results obtained with L ~ C I + A ~ C ~ ~ / P C  solu- 
tions and various additives are given in Table 17. 

Addition of Dl@ or DMSO produced solutions of a light yellow color which 
did not change to a great extent during the stability tests. A pressure 
build-up was, however, observed, indicating some instability, It is 
not clear, if the gas evolved was from the reaction of the base electro- 
lyte or from a reaction of the additive with lithium. In the latter 
case, a more stable additive with shilar stabilizing characteristics 
may be found, I-t could also be that a reaction only occurs in the be- 
ginning and that the solution is stable after an initial period, 

Solutions with AX added darkened, buL no pressure build-up was noted, 
Darkening of Lbe solu-tiona was also observed with TI3F or MM as additive, 
A light c o l o r  resulked and remained ~ d h  E?IF as addidive, but pressure 
build-up was observede 
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The bromide i o n ,  s fmi la r  t o  Llle e l l lo r ide  i o n ,  was expected to displace 
PC in the AI[PC~~"~ complex, Because of the higher solubility of LiBr 
than of LiCl in PC, addition of LiBr appeared promising. Problems were 
encuuntered, however, in preparing the solutions because of precipitation 
reactions. Pressure build-ups were observed with the solutions tested. 

Because of a heavy emphasis on methyl fomate solutions in later parts 
of the program, the stabilization efforts were not extended beyond these 
somewhat preliminary studies, and no firm recommendation can be made, 

Stability of L ~ C ~ + A I C ~ ~ / P C  With Added 

The stability of 1 M AlClj + 0.5 M L~C~/PC to which small amounts of 
H20 had been added was investigated, and the results are given in 
Table 18. No significant differences in stability were observed. It 
should be remembered that some solid, probably aluminum hydroxide, 
precipitated during preparation of these solutions and was not present 
during the stability tests, 

TABLE 18 

STABILITY OBSlERVATIONS ON THE ELECTROLM'E SYSTEM 

LiCl+AlCl /PC & H20, 
3 

IN THE PRESENCE OF LITHIUM KEYAL 

Observation 

1 M AlC13 fi + 
0.5 M LiCl #~/Pc 
#7-8 & 0 ppm H20 

Solution 
turned 
el ear 
goldish- 
tan 

Solution 
turned 
el ear 
goldish- 
tan 

Solution 
Gzlrned 
e l  ear 
go l di sll- 
tan 

Observation Observation 
after 1 day after 1 week 
at 60 C at room 

temperature 

Solution Pressure 
turned build-up 
blaekish- 
brown 

Solution Pressure 
turned buil d-up 
blaelrish- I 
brow 

Solution Pressure 
"curned bui ld-up 
blackish- 



Ytabil i t y  o E L ~ A S F ~ / P C  Can t a i n i n g  Various Additi ves  
- .  -" -=- 

As the results of Table 13 indicate, Z , ~ A S F ~ / P C  eleci-rolytes w i i h o u t  and 
with various additives added were found to he  stable within the limits 
of the test applied. 

Stability of Several Other Electrolytes Containing LiCl and AlC17 

An electrolyte based on the solvent DEE' was found unstable, as shown in 
Table 20 . The lithium metal appeared to react with DKF. 
Methyl formate solutions containing LiCl+AlCl? appeared to be stable, 
although some interaction with the lithium was indicated, Such solu- 
tions to which some DMSO had been added were less stable. 

Stability of L ~ A ~ F ~ / K F  Electrolytes 

As indicated in Table 21, the stability of L~ASF~/MF solutions was not 
markedly affected by the addition of DElF or DMSO. Stability problems 
had been observed with both solvents (~ef. 14 ), and the reaction between 
lithium and D>lF or DMSO therefore, may be inhibited in the presence of 
LiAsF6, When DMF was added to a L ~ C ~ O ~ / M F  solution, a reaction with 
the lithium occurred, and a specific stabilizing effect of LiAsF6 in 
the above cases was again indicated. 

The difference in stability between L ~A~F~/MF and L ~ c ~ o ~ / M F  solutions 
which was observed in the presence of DMF, was also reflected for solu- 
tions containing no additive, as shown in Table 22 . Again, a stabiliz- 
ing effect of Li&F6 was demonstrated, 

To investigate how much of LiAsF6 was needed to produce this stabilizing 
effect , experiments were performed with L ~ c ~ o ~ / M F  solutions containing 
LiAsF6 an additive, A 0.01 M LiAsF6 content did not produce a stable 
solution, but a 0-1 M LiAsF6 addition stabilized a 1 M ~i~10~/EfF electro- 
lyte, This was the ease at least for the addition of LiAsF6 #1, origin- 
ating from the old L ~ A ~ F ~ / M F  stocli solution provided by the Livingston 
Electronic Laboratory. Pressure build-up and other indications of de- 
composition were obtained, however, when LiAsF6 #2 was used, i,e,, a 
pure LiAs3'6 synthesized by Midwest Research Institute, These observations 
were confirmed whet1 0.1 M LiAsP6 #2 was added to a l If ~ i ~ 1 0 ~ / ~  8: 4 M 
DMF solution, 

Because different LiAsFG materials displayed different effects, it 
seems that the EiAsFG per se was not responsible for the characteristic 
stabilization effeeL but rather an impurity, Such an impurity could 
have been present in greater. mounts in khe LiAsPb #I/W solrltion re- 
sulting from t h e  aetbadhesis process, and could have originated either 
from the salute or the solvent part of the soPuLion, 
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F u r t h e r  expcrimenls, r epo r t ed  on in T;ikile 23 , were performed -kuo e l a c i -  
da t e  i h i s  p o i n t ,  A new s o l u t i o n  obtained f rom Liv ings ton  E lec t ron ic  
Laboratory,  LiAsFG #6, was used, This  s o l u t i o n  d i d  not  seem t o  possess  
equal. s t a b i l i z i n g  p r o p e r t i e s  a s  t he  o r i g i n a l  one, L i 9 a F ~  #L, I n  a eon- 
cen t r a t ion  of 1 molar,  both LiAsFb f i  and LiAsFg #% appeared t o  render  
s t a b l e  s o l u t i o n s ,  

TABLE 23 

STABZITY OBSmVATIONS ON L ~ A S F ~ / & ~ F  SOLWIONS I N  mE PRESENCE OF LITHIUM iYFf& 

a f t e r  1 week 

Light  ye1 low; 

Light  yellow; 

d u l l ,  corroded 

S t a b i l i t y  S tudies  on L ~ A ~ F & / W  Solu t ions  With Water Added 

The s t a b i l i t y  of 1 M L ~ ~ F ~ / $ F  s o l u t i o n s  t o  which small  amounts of 
water  had been added was s tud ied ,  As ind ica t ed  i n  Table 24 , t he  
s t a b i l i t y  i n  contac t  with l i t h i u m  metal was no t  found t o  be a f f e c t e d  
by small  amounts of water ,  except t h a t  somewhat more of a  white pre- 
c i p i t a t e  was observed i n  t h e  ease where the  l a r g e s t  amount of water 
had been added, 

* 
Lithium wi th .  yeiIio~~-ish-green coating afker  3 montlas 

x"% 
LiiLlliwn anchanged af d.er 3 mon tlas , trace of preeipidake 

L i t h i u m  replaced by white  coherent p r e c i p i t a t e  a f t e r  3 ~vontlls 



o change; trace 
f white preci- 

SOLUBILITY STUDIES 

Measurement Procedure 

A weighed excess of solute was added in the dry box to the solvent or 
solution (usually 15 ml) of interest. The volumetric flask was then 
sealed with a glass stopper and Teflon tape, and the neck of the flask 
was enclosed in a polyethylene bag containing dry nitrogen. The flasli 
was removed from the dry box and normally stirred by means of a mag- 
netic stirrer for about 3 days at a temperature somewhat above room 
temperature. Then the sample was placed in a constant-temperature 
bath held at 25,00*0,02 C to equilibrate for about 3 days, For sam- 
pling purposes, the flask remained in the constant-temperature bath 
and was opened, A sample of the supernatant liquid was talien very 
quickly with a pipette, and an analysis performed by atomic absorption 
for one or several elements. 

The comments made in Ref, 1 in regard to uncertainties apply again, 
In cases where interaction between solutes could be suspected, analyses 
were made for several elements, Brors appeared to occur in the sam- 
pling of roekhyt fomate solutions because of the low vapor pressure of 
this solvent, and concentrations often seemed to be too high by as much 
as 10 percent. 



SclubiLlty o f  LiCP and 4LCZq as S a l u t e s  

The solubilities of L i C l  and MClq in propyfene eizrborlate and dirneLLtyL- 
formaaide were studied in the prev ious  e~ctraet (~ef, I). Some ques- 
tions had been left urlanswered because analyses had not been performed 
for both the lithium and the aluminum; it was not established, e,g., 
whether LiCl was soluble up to 0,78 M in a 1 M AlCl /PC solution (~ef. 

was actually determined, 
2 I), or whether it was the solubility of a precipita ing LiA1C14 that 

In the experiments represented in Table 25, an excess of LiCl (the 
corresponding coneentration is given in parenthesis) was added to 1 M 
and 0.5 M A ~ c ~ ~ / P c  solutions. The solutions were stirred for an hour, 
later for an additional 16 hours, and then equilibrated at 25 C for 
about 4 days, Samples of the supernatant liquid were taken and analy- 
zed by atomic absorption to give the results indicated in Table 25 . 
A sample of 1 M L ~ C I / D ~  with AlC13 added was treated in the same 
manner, 

Approximately stoichiometric amounts of lithium and aluminum were found 
in propylene carbonate and, unexpectedly,this was observed at the con- 
centration of 1 molar. Previously, a solubility of only 0.98 M LiCl 
had been reported for 1 M A~c~~/Pc, and 0.66 M LiCl for 1.2 N A~CI~/PC. 
It appears that LiCl is soluble in stoiehiometrie amounts to form 
LiAIC14 (~i+ and AlC14- ions) even at a concentration of 1 molar, but 
that this compound may precipitate very slowly. This would explain 
various somewhat erratic results on the solubility of LiCl, and the 
observation that occasionally L~G~+AIC~~/PC solutions could be made up 
with seemingly excessive LiCl content, It could account also for dif- 
ferent solubility values reported for LiAlC14/~C solutions in the 
literature, 

By dissolving 0.5 EI MClj in a 1 M L ~ C ~ / D ~ P  solution, an aluminum con- 
tent of 0,058 M was obtained, the lithium content had increased to 
1.30 M, however. A white fluffy precipitate formed, which was very 
likely an aluminum compound containing solvating solvent, If it is 
considered that 12.9 moles per liter is the concentration of DMF in a 
I M L~CI/DMF solution, and that 0-4 moles per liter of AlCl would 3 coprecipitate 2,4 moles per liter of DMF (asswing a solvatxon number 
of 6) ,  then the increase of 30 percent in the lithium coneentration 
appears somewhat high, No further conclusion can be dram, borrrever, 
based on this limited experimentation, except that Lhe solubility 
value of A1C13 in 1 H ~iCl/h\l~ of Ref. 1 which had been obtained by a 
chloride titration is most likely erroneous, 

For a 0.5 M LiCl + 1.0 M A~CI?/PC & 0.75 M Dm solution, it can be ex- 
pected, as a first approximallon, GhaG the alumiaum i n  the eleetrolfle 
se lecked  is completely eomplexed bp either dimethyl fomamide molecules 
or chloride ions, and chat t h e  e l e c t r o l y t e  composition is 



1% appears that E i C l  is some~i~hat soluble beyond t h i s  stoichiometric 
composition, to a eoneentrakion o f  0.55 M a  The amount exceeding 6,5 1.1 
corresponds approximately to the solubility of LiCl in pure PC ( 0 ~ 0 4  M 
at 25 C ,  according to Ref, I), It should be noted that the solubility 
of LiCl is smaller in the presence of the added DPF than i n  a I M 
A ~ C ~ ~ / P C  solution without additive (0.99 M according to results of 
Table 25, 0.8 1I according to Ref. I). 

TABLE 25 

SOLmILITIES OF LiCl AND AlCl AT 25 C 
3 

Solubility of CuF2 and CuC12 in L ~ c ~ + A ~ c ~ ~ / P c  

The solubilities of CuF2 and CuC12 in a 0.5 M LiCl + 1 M A ~ C ~ ~ / P C  & 
0.77 M DMF solution was investigated, The samples were analyzed not 
only for copper, but also for lithium and alminum; the results are 
presented in Table 26. 

When CuF2 is dissolved in the above electrolyte, a dissolution reaction 
involving the precipitation of LiF could be expected, according to 

2 LiCl + GnF2 = 2 L i F  + cuci 2 41 > 
I n  the actual experiment, the lithium concentration did not decrease, 
however, and a precipikation of L i F  evidentally did  not occur, The 
presence of f l u o r i n e  in dissolved f o r m  was verified by fiEt invealiga-tion 
UP. samples o f  I i.1 1PICB;il jf4 0-5 P.3 L i C I  #~ /Pc  #?-4 8 O,q? $1 D b P  # ~ - ' ? j  7 



0 -25  \I CuF2 #h = A1 ,lilrrougli no f l u o r i n e  l i n e  cou ld  he ohserveci i n  t h e  h i g h  
r e s o l u t i o n  spectrum because o f  excessive kine broadening, a s t r o n g  Line 
was ~bserved i n  t h e  b road l ine  speeirunr, The ia te t r s iky  sugges-ted a  f l u -  
o r i n e  concent ra t ion  i n  the o rde r  of magnitude corresponding t o  t h e  copper 
concent ra t ion  determined by atornic absorp t ion .  Two aluminum l i n e s  were 
found which seem t o  correspond t o  t h e  l i n e s  observed i n  r e s p e c t i v e  
samples conta in ing  no copper h a l i d e ,  

A lower aluminum content  was found by  a n a l y s i s ,  i n  agreement wi th  r e -  
s u l t s  ob ta ined  wi th  a  s i m i l a r  e l e c t r o l y t e  conta in ing  no a d d i t i v e .  A 
p r e c i p i t a t i o n  of some aluminum f l u o r i d e  can be  suspected:  

'3 CuF2 + 2 A l C l  = 2A3F  + 3 CuC12 
3  - 3 

Since t h e  presence of f l u o r i n e  i n  s o l u t i o n  was v e r i f i e d  and t h e  ob- 
served r a t i o  of copper conten t  t o  decrease i n  aluminum concent ra t ion  
was no t  s t o i c h i o m e t r i c a l l y  3 :2 ,  a  r e a c t i o n  according t o  equat ion (2)  
could no t  have occured q u a n t i t a t i v e l y .  It seemed t h a t  no t  a l l  copper 
a v a i l a b l e  d i sso lved ,  d e s p i t e  t h e  l a r g e  excess of A l C l  . It can be  

? specu la t ed  t h a t  a  p r e c i p i t a t e  conta in ing  copper and a  uminum f l u o r i d e  
may form and t h a t  t h e  s o l u b i l i t y  of such a  e n t i t y  was a c t u a l l y  d e t e r -  
mined. Such compounds, e .g . ,  of t h e  form C U ( M F & ) ~  o r  C U ~ ( A ~ F ~ ! ~ ,  may 
conta in  complexed DMF and thus  t h e  DMF' con ten t  could become an i m -  
p o r t a n t  f a c t o r  determining t h e  CuF s o l u b i l i t y .  It would t ake  f u r t h e r  

B i n v e s t i g a t i o n s ,  i . e , ,  a n a l y s i s  of he s o l u t i o n  f o r  f l u o r i d e  and D h F ,  
and a n a l y s i s  of t h e  s o l i d s ,  t o  reach more d e f i n i t i v e  conclusions.  

TABLE 26 

SOLUBILITY OF CuF2, CuC1 2 ,  and LiCl I N  0.5 M LiCl #3 -t 

1 AlCl #~ /Pc  #4-7 & 0.75 M DEE' #7-7, AT 25 C 
3 

Added Solu te  

None 

LiCl #3 ( 0 ~ 5  M) 



The presence of  a g rea te r  amount of  L i C l  appeared t o  decrease t h e  sofr l -  
b i?b i l ;y  o f  CuF2 s l i g h t l y ,  in Giie case ibf Ca2L2 a LlCL addition iiad the 
adverse e f f e c t ;  w i t h  a L i C l  conten% of 0.5 molar t he  molar r a L i o  of  
so lub le  copper ko dimethylfomamide was l : 4 ,  with a LiCl content  of 
1 molar it was 2:3? and any suggest ions a s  t o  what spec i e s  may form 
appear t o  be too specu la t ive  a t  t h e  present  t ime. 

I n  analogy t o  t h e  previous system, a  0.5 M LiCl + 1 M A I C ~ ~ / P C  & 0.75 H 
DMSO e l e c t r o l y t e  was a l s o  s e l e c t e d  t o  s tudy  t h e  s o l u b i l i t y  of t he  copper 
h a l i d e s ;  t he  r e s u l t s  a r e  given i n  Table 27. I n  gene ra l ,  they  a r e  simi- 
l a r  t o  t he  r e s u l t s  presented  i n  Table 26 f o r  t h e  LiCl+AlCl /PC & D F P  
system. A voluminous p r e c i p i t a t e  was observed t o  form w i t 2  CuC12, and 
t h e  copper content  was accordingly somewhat lower i n  t hese  cases ,  

S o l u b i l i t y  of CuF2 i n  L ~ c ~ + A ~ c ~ ~ / P c  & H20 

The r e s u l t s  of a  s tudy  of t h e  e f f e c t  of adding small amount of water t o  
a  1 M A l C 1 3  + 0.5 M L ~ C ~ / P C  s o l u t i o n  a r e  given i n  Table28  . The copper 
content  was found t o  be lower i n  so lu t ions  t o  which some water had been 
added, bu t  t h e  causes of t h i s  e f f e c t  a r e  unce r t a in .  As had been found 
previous ly  on a  1 M AlC13 + 0.7 M L ~ C ~ / P C  s o l u t i o n  ( ~ e f .  1) and i n  t he  
L ~ C I + A ~ C ~ ~ / P C  & DMF system, t h e  aluminum content  was s l i g h t l y  decreased, 
i n d i c a t i n g  t h e  formation of an aluminum conta in ing  p r e c i p i t a t e .  The 
aluminum content  was somewhat lower when 500 ppm H20 had been added, 
bu t  t h i s  may be due t o  t he  formation of an in so lub le  aluminum compound 
a s  was observed i n  prepar ing  t h e  so lu t ion .  

TABLE 27 

SOLWILITY OF CuF2, CuC12, AND LiCl I N  0.5 M LiCl #3 t 

1 M A1C13 # ~ / P c  #7-5 & 0.75 M DMSO #1-1, AT 25 C 

Copper 
Content 

*Voluminous preeipikade observed 





Solubility o f  CuF, and CuCI, In Presence 

The effect of the addition of salicylaldoxime and phenanthroline on 
the solubilities of copper halides in selected electrolytes was briefly 
studied. Both, the copper halide and the organic additive, were added 
as solids to the basic electrolyte and stirred, The results of the 
sampling of the supernatant liquid are given in Table 29,  

For the case of a 1 M Lic104/blY solution, the lithium apparently pre- 
cipitated quantitatively as LiF, and CuF2 was dissolved by this pro- 
cess. The copper was subsequently precipitated to a large extent by 
the phenanthroline. lJith CuCl?, avoluminous precipitate formed so that 
sampling of a supernatant liquld was not possible. 

Similar results were obtained with salicylaldoxime in 1 M LiAsF6. With 
phenanthroline, a high solubility for CuF2 was found in this electrolyte. 

In all these cases, a higher solubility of the copper halide was ob- 
served than in pure 1 M L ~ A ~ F ~ / M F  solution. The possibility of de- 
pessing the solubility of the cathode material by addition of thesc 
additives is not indicated by these cursory studies, 

Soldbilities of CuF2 and CuC12 in 

The solubilities of CuF2 and CuC12 in ~i~10~/bfF and L~AsF~/MF solutions 
was studied, as shown in Table 30. 

The solubility of CuF2 in LiC1o4/b@ was greatly enhauced by the addi- 
tion of DbfF. The reaction 

2 Li' + CuF2 = 2 LiF + C U + ~  

appeared to occur quantitatively, the copper species in solution likely 
forming a DbfF containing complex. The solubility of CuF2 in 1 M I , ~ A ~ F ~ /  
MF was studied with various amounts of D W  added. If the D b F  content 
was high, lithium precipitated quantitatively, apparently according to 
equation (3). At lower DMF concentrations, the solubi! ity of CuF2 was 
lower, but still increased in comparison to the DM?-free L~A~F~/I\IF 
solution, The value for the solubility of CuF2 cbtained with 1 M DMF 
added is somewhat lower than the respective value obtained with 0,l M 
DMF added; but neither the LiAsF6 product w e d  was the same, nor were 
the DM? batches identical; and this, in addition to some variation in 
the dissolution procedure, may for the inconsistency of the 
resul-ts, An irreproducibility was also found with solutions containing 
no Dl@; a s o l l ~ b i l i k y  of 0,0012 M and 0,0025 M was found wi t l i t  L~AP;FG ,#I; 

and LIAsFG & s  rcspeedively, xi;hexnas values of 0,00075 M had been found 
f o r  611F2 t;iltl? Li AsFG #1 , 
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Tlt t l  precipitation o f  LiF according t o  e q u a ~ i o n  (7) i s  t h e  driving f o r c e  
for the dissolution of ClrF2, This process seems to o c c u r  very slowly, 
i~o~;ever, as has been sho~ t l l  by other workers for some systems (~tef, 15) 
It may be presumed that none of tile values reported in Table 30 for 
additive-free solutions represents a true equilibrium. The amount of 
dissolved CuF2 depends on the D W  addition, but it is not certain whether 
DbP only affects the dissolution rate. In addition to the additive 
there appear to be other factors, possibly impurities in solutes or 
solvents, which affect the solubility values determined for CuF2. 

In the case of CuC12, the solubility in L ~ C ~ O ~ / M F  and L~A~F~/~.IF solu- 
tions was also increased by DbIF additions. In view of the high solu- 
bility of CuC12 in DbP this was not surprising, A stoicliiometric re- 
la tionship does not appear to exist liotcrever. 

A more systematic study of time effects, impurity effects and additive 
effects would be needed to establish the factors affecting the copper 
halide solubilities, In addition, it should not be overlooked that the 
conditions in a partially discharged electrode may be significantly 
different from shelf life conditions. 

Solubility of CuF2 in Various 
LiAsF6 Solutions 

A difference in the solubility of CuF2 was observed for two different 
LiAsF6 products, as indicated by the results given in Table 31. The 
values obtained using LiAsF6 #j%, a stock solution supplied by the 
Livingston Electronic Laboratory, were significantly higher than the 
value determined simultaneously with LiAsF6 #5, a high purity product 
from Midwest Research Institute. Impurities may affect solubilities-- 
or rather the dissolution rates--of CuF2 significantly. If this is the 
case, cathode discharge rates may be influenced by the LiAsF6 used in 
the electrolyte. 

Results were sometimes not very reproducible from measurement to measure- 
ment, as is evident from comparing the results of Table 31 obtained with 
1 M LiAsF6 K/MF #7-7 with the results previously obtained with 1 M 
LiAsF6 &/MF #7-4. It is suspected that the values determined are not 
equilibrium values and that uncontrolled experimental parameters in- 
fluenced the results, 

Effect of Water Additions to L~A~P&/MF Solutions -, 
Upon the SoliPSsility of CuFz 

Results on the solubility of GuF2 i n  L~ASF~/W solotior, t o  which small 
aozoun-ts of w-ter  lrad been added are given i n  Table 32 . 



The water addikions evidenLly had a significant e f f e c t  on t h e  ob~erved - 
eopper f l u o r i d e  solubililies, L t  can be posLulaGed t h a t  a s o l u b l e  corn- 
plex involving copper, water ( o r  r a t h e r  a hydrolysis p r o d u c t  s i n c e  w a t e r  
i s  known Lo reac t  kirith the  s o l u t i o n ) ,  and possibly hexafluoroghosphate 
ions i s  fomed ,  A 500 ppra H20 conlent corresponds t o  a water eoncen- 
t r a t i o n  of about 0e03 molar, which corresponds approximately t o  a 1 : 2  
molar r a t i o  of dissolved copper and water ,  Again, the  time dependence 
of the  r e s u l t s  i s  unknown, and conclusions i n  regard t o  s toichiometry 
a r e  specula t ive .  

TABLE 31 

SOLUBILITIES OF COPPER FLUORIDE I N  

L ~ A S F ~ / & @  EIJECTROLYTES AT 25 C 

SOLUBILITIES OF COPPER FLUORIDE I N  

L ~ A ~ F ~ / E I F  KECTROLmES AFPER ADDITION OF L A M O ~ S  OF WATER, AT 25 c 



Viscosities were determined by a conventional t~ehnique involving 
measurements of the efflux time of the solutions through a capillary. 
Commercial Ubbelohde viscometers were employed and calibrated with 
water and appropriate standard solutions from Cannon Instrument Company. 
Densities were measured with a chainomatic density balance. The re- 
sults for viscosities and densities are given in Table 33. 

Because no viscosity data are available for a 0.5 ?I LiCl + 1 FI AIC~~/PC 
solution without any additive, the effect of DMF and DMSO addition, 
respectively, cannot be identified. The observed viscosity values are, 
however, very close to the value obtained previously for 1 M A ~ C ~ ~ / P C  
(57.2 millipoise or 5.72 x 10-7 Newton sec m-2 at 25 C, according to 
Ref. 1)- 

The addition of DbF caused the viscosity of L ~ c ~ o ~ / M F  as well as of 
L ~ A ~ F ~ / M F  solutions to increase, evidently due to the higher viscosity 
of the additive DFF. 

The viscosity and density values obtained for 1 M LiAsF'6/1@' solutions 
were somewhat irreproducible, but a correlation between the resulting 
values and the LiAsF6 product used to prepare the solution could not 
be established. 

CONDUCTANCE 1 \ I E A S m m  S 

Specific conductances (1 ) of solutions were detemined at 1000 Hz 
using an E.S.I. impedance bridge and capacitance compensation. Freas 
cells with platinized platinum electrodes were filled with exactly 10 
milliliters of solution. Cell constants had been determined accurately 
with standard aqueous KC1 solutions and were approximately 0.4 cm-1. 
Measurements were made with the conductivity cell dipped into a con- 
stant-temperature oil bath at 25,OO ' 0.02 C, 

Conductance of L ~ C ~ + A I C ~ ~ / P C  Solutions with Various Additives 

The specific conductances of 1 bf A.1~1~/ 
s containing various amounts of LiGl and 

D1\P were measured. The results are given in Table 34and represented 
in Figtlres 122 and k23 . 
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0.5 1 , o  1.5 2,o  
CONCENTMPION OF DMF, WLAR 

Fig,l22 ,Spec i f i c  Conduedmee o f  I M A I C i  /PC: Soirx-ks" ons 
7 

@onLainiw,LiC1 and/or D m ,  a% 25 C 
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CONCENTRATION OF ADDED BMF, MOLAR 

F ig .  123. Specific Conductance o f  0.2 M MCI?/PC ~ o l u t i o n s  

Containing f , i C Z  and/or DW, a t  QR LL. 9 C 



I l p i i  addf t2o r rs  c;L' son:c ??W, tllc apc.ci f i c  n,r?i~c?r?;ctanec? g e t l e r a r l  y inrreased 
sorrtewlial ; a. t higllex- eoncenlraticrr-is , a d i s t i n e l  d e c r e a s e  was observed ,  
and the ainount of DFn" needeci t o  induce ibis d e c r e a s e  appeared to be 
s m a l l e r  the h i g h e r  t h e  LiCl  cnnfen t  o f  t h e  s o l n d i o n ,  

From previous studies (lief. l ), it can be expected that Dl@ replaces 
PC complexing the aluminum ion: 

The new complex may be more mobile, and a somewhat higher conductance 
may result. 

The amount of Dl@ needed to complete reaction (4) depends on the con- 
centration of the species Alf PC]~+~. Assuming a quantitative con- 
version of AlCl7 to AI[PC]Q+~ and AlC14-, the composition of a 1 T\I 
A ~ C ~ ~ / P C  solution is 0.25 M A~[Pc]~+? + 0.75 41 A1C14-. With the co- 
ordination number of 6, a DivLF content of 1.5 molar is needed to re- 
place all the coordinated PC by D I P ,  The concentration of A~[Pc]~+? 
is smaller in solutions which contain LiCl in addition to AlC13, e,g., 
0.4 M LiCl + 1 M A ~ C ~ ~ / P C  0.15 M ~zI[Pc]~'~ + 0.85 bf fiC14-. 
Therefore, the amount of DllF needed to convert all AI[PC]~+~ to 
A~EDME']~+~ depends on the LiCl concentration, The D I P  concentration 
corresponding to a complete reaction (4) are marlred by vertical arrows 
in Figures122 and 123. 

It is remarkable that a conductance decrease was found when the DPIF 
addition exceeded the stoichiometric amount according to reaction (4) 
and there were several explanations for this decrease considered. 
After all of the A~$Pc)~+~ is converted to the DMF complex, a replace- 
ment of chloride in AlC14- is expected to follow: 

This reaction causes an increase in conductive species, but the speci- 
fic conductance may drop because of an activity effect. If this were 
the correct explanation, a conductance increase would be expected in 
dilute solutions (0.2 M AlCl ) ; this was not the case, however, as 3 
Figure 123 shows, The precipitation of conductive species after 
reaching the equivalence point is an alternate explanation; and some 
precipitation was actually observed, A third possibility is the 
elimination of conductive species by the formation of ion pairs 
occurring as soon as free chloride ions are present, 

In conclusion, the results of the coaductance experiments support the 
hypothesis that DW readily replaces PC in the coordination sphere of 
the aluminum ion (with a coordination number of 6) and that it also 
replaces 61-, 



The s p e c i f i c  conductance daGa o b t a i n e d  
with both 1 m o l a r  and dilute A J ? ~ ( . ~ ~ / P G  aoiuCiona con ia i r i ing  L i C l  ari&/r/or 
DMSO are given in Table 35. As can be  seen in Fig?.uses124and 12Ei9 the,  
results are similar to the data reported above for D?P as the additive, 
The initial conductance increase upon DMSO addikion Lo solutions 1 
molar in UClg was more pronounced than with DM?'; the complex ion 
M[DNSO]~+~ may be somewhat more mobile than the ion A ~ C I I M F ~ ~ ~ ~ ,  A 
significant difference was not observed in the dilute electrolytes, 
however, A tendency for a conductance decrease after reaching the 
stoichiometric concentration for the reaction 

AICPC]~+~ + 6 DMSO = A ~ I ~ S O J ~ + ~  + 6 PC 

was again indicated. In cases where this decrease was observed for 
the concentrated electrolytes, solutions with higher DMSO contents 
could not be made up because of the formation of a white precipitate 
wliich seemed to form more or less quantitatively past the equivalence 
point. 

Acetonitrile as Additive. Specific conductance data on L ~ c ~ + A ~ c ~ ~ / P c  
solutions with several other solvents as additives are given in Table 
36, The addition of acetonitrile produced higher conductance, pro- 
bably in connection with a decrease in solution viscosity. Some of 
the data are plotted and compared with similar data obtained with DMF 
in Figure 126, Whereas the conductance changes were only small in 
this latter case because of the interaction of DMF with the aluminum 
species, as discussed above, conductance changes were larger with AN. 
This solvent does not seem to replace PC in the AP[PC]~+~ complex, or 
only to a much weaker extent than DMl? or DMSO, This is in agreement 
with conclusions drawn from ?&EL measurements, 

The results of Table 36 indicate that 
TfTF has a different influence on the conductance of AJ.cl7/Pc solutions 
than AN. The conductance of 1 M A ~ C ~ ~ / P C  decreased up& addition of 
1 M TWF, indicating an interaction because a straight viscosity effect 
would have caused an increase, No NMR evidence was, however, obtained 
for a reaction involving a sirnificant displacement of PC in the co- 
ordinated aluminum species, as in the cases of DKF and DMSO. 

A difference i n  interaction between Dm and T I P  is also indicated by 
the conductances of solutions containing LiCl in addition to AlCl 3 * With higher LiCl content, conductances are lower in the L~C~+AIC~~/PC 
& DMF system, but higher in the L~c~+A~c~?/Pc & TXF system. It is 
suspected that Tm foms a strong coaglex of the f o m  AZC17*THF, rather 
than a complex with k1-1-3 ions having a coordination nurnljer of six, Such 
a complex fomaGion could be %he eqfanalios also for the increase of 
the conducLanee aL the higber TESF addition of 2 M ;  beyond a stoichio- 
metric addi t inc  c o r r e s p o n d i n  ta fi?Clq*TIIF, TiiF will act as a viscosity 
depressan% addi-kive, 
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P i p ,  124,Speeif i e  Conduekmee of k $3: AIG~,/PG Solukions 
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Containing t i C l  and/or DMSO, at 25 C 
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e8NGENTRB'TION OF L I C I Q I ,  ADDED, MOLAR 

Fig.lS7. Specific Conductance of AlCl /PC Solutions 
3 

Containing LiCl and/or LiC104, at 25 C 



If such a reaction would occur quantitatively, a break point of the 
conductance curve at 1 M LiC104 or 0.2 M LiC104, respectively, would 
be expected; but such a discontinuity was in actuality not observed, 
neither in the concentrated nor in the dilute case. Furthermore, a 
conductance decrease would be expected for reaction ( 8), at least in 
dilute solutions (where an increase in conductive species still causes 
an increase in specific solution conductance), because it can be as- 
sumed that AlC14' and A1 ~10~)~' have approximately one-third of the 
molar conductance of Al+ and four times Che one of Li+. 

According to this cursory analysis, it can be concluded that the con- 
ductance data provide no eviden~e for a significant reaction consist- 
ing of C104- ions replacing PC in the A ~ ~ P c ] ~  complex. It cannot be 
ruled out, however, that such a reaction could occur to some extent 
with complexing perchlorate ions being in equilibrium with free per- 
chlorate ions in solutions, as indicated by NMR data. 

Conductance of L ~ C ~ O ~ / P C  and L~ASF~/PC Solutions 

With Various Solvent Additives 

The specific conductance values determined for 1 M L ~ C ~ O ~ / P C  and 1 M 
L~ASF~/PC solutions containing various solvent additives are given in 
Table 38 and are graphically represented in Figure 128. All solvents 
used as additives have a lower viscosity than propylene carbonate. 
Conductance increases resulted from their addition, and viscosity 
effects appear predominant. The addition of a low viscosity solvent 
to propylene carbonate solutions to increase solution conductance and 
mass transport appears to be a feasible approach, provided the addi- 
tive used is sufficiently stable. 

Conductance of DMF Solutions With Various Additives 

The results obtained upon addition of MF to L~c~o~/DMF and L~ASF~/DMF 
solutions are qualitatively the same as obtained upon addition of the 
same solvent to propylene carbonate solutions. This can be seen com- 
paring the numbers given in Table 39 with the results of Table 38 
and Figure 128. 

The conductance of 0.05 M AlC13 #4 + 0.5 M LiCl #3/DMF #7-3 & 0.5 M 
LiC104 #3, i.e., of a solution containing both LiCl and LiC104, was 
relatively low and close to the average value of a 1 M L~C~/IIMF and 
a 1 M L~C~O~/DMF solution. 







C O N C E N f M T l O N  OF SOLVENT ABDl%!VE, MLAR 

Fig,128. Specific Conductance of I M L i G l O  /PC and 1 M E i A s F  /PC 
4 6 - 

Solutions ConLaining 'Various Addi i ives ,  ad 25 C 



Wi thout  and I t i  tin Various AdcIiLives 

Resui t s  obtained w i t h  L ~ A S F ~ ~ , F ,  I;~CIO!,/>W and E ~ c I + A ~ c I ~ / ~ T ~ ; '  so lu t ion  
without o r  with var ious  a d d i t i v e s  a r e  presented i n  Table 40, and a r e  
discussed below f o r  t h e  var ious  e l e c t r o l y t e s .  

Values obtained with MF so lu t ions  a r e  not  always a s  wel l  reproducible  
a s  des i red .  Deviat ions may be caused by the  low vapor pressure  of 
methyl formate which f a c i l i t a t e s  concent ra t ion  changes by so lvent  
evaporat ion.  

TABLE 39 

SPECIFIC CONDUCTANCE OF S m  

DIMm'HBFOmIAl\fIDE SOLUTIONS AT 25 C 

L ~ A ~ F ~ / M F *  The conductances of L ~ A s F ~ / F . ~ "  s o l u t i o n s  i s  r e l a t i v e l y  h igh ,  

a s  demonstrated by  t h e  values given i n  Table 40 and by l i t e r a t u r e  
da t a  ( ~ e f .  1 5 ) .  The conductance of such s o l u t i o n s  was decreased by 
solvent  a d d i t i v e s  such a s  DW, DbISO, and TI3.F. This  would be con- 
s i s t e n t  with a  simple v i s c o s i t y  e f f e c t ,  

The a d d i t i o n  of small  amounts of water had no e f f e c t  on t h e  conduct- 
ance of a I M L ~ A S F ~ / S  so lu t ion .  
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~ i ~ 1 0 4 b ~ ~  These solutions, compared. do ~ ~ i f l s ~ ~ , h f F  s o l ~ a d i  ons of  &he 
P 

same concencrazions,  display lower s p e c i f i c  conduetanees,  Th i s  can b e  
explained by a  s t r o n g e r  i ~ n - ~ a i r  formation by EiCI.04, I n  l nc reas rng  
t h e  LiCl04 concen t r a t i on  from l t o  2 molar,  t h e  equ iva l en t  conductance 
was found t o  i n c r e a s e  s l i g h t l y ;  t h i s  unexpected r e s u l k  could be ex- 
p l a ined  by  t h e  f o m a t i o n  of t r i p l e  i o n s ,  

Higher s o l u t i o n  conductances were found i n  l M L ~ c ~ o ~ / M F '  s o l u t i o n  wi th  
a  DMF con ten t ,  I n  F i g u r e 1 2 9 , t h e s e  r e s u l t s  a r e  c o n t r a s t e d  w i th  t h e  
r e s p e c t i v e  r e s u l t s  ob ta ined  wi th  1 M LiAsF6/MF. Since DMF has  a  high- 
e r  v i s c o s i t y  t han  MF', a  v i s c o s i t y  e f f e c t  would have caused a  conductance 
decrease  a s  i n  t h e  case of L ~ A ~ F ~ / M F  & DMF, It i s  assumed t h a t  t h e  
break-up of i o n  p a i r s  by  t h e  i n t r o d u c t i o n  of DMF i s  t h e  ove r r id ing  
e f f e c t .  Th i s  was no t  t h e  case f o r  2 M LiClo4/MF and 3 M ~ i c 1 0 ~ / M F  
s o l u t i o n s ,  where conductance dec reases  were observed when Dm was added, 
I n  t h e s e  ca se s ,  t h e  a c t i o n  of DMF could be  b a s i c a l l y  t h e  same, b u t  
i n s t e a d  of break-up of i on  p a i r s ,  a  t ransformat ion  of t r i p l e  i ons  t o  
i on  p a i r s  could be  prominent, t hus  caus ing  a  conductance decrease.  

Since t h e  s p e c i f i c  conductance of a  1 M L ~ c ~ o ~ / D M F  s o l u t i o n  i s  2-03  x  
10-2 ohm-l cmsl a t  25 C ,  t h e  r e s u l t s  s h o ~ m  i n  Table  40 i n d i c a t e  t h a t  
a  r a t i o  of MF:DMF' e x i s t s  where t h e  conductance of a  1 M LiCl04 s o l u t i o n  
reaches a  maximum, From a  conductometric t i t r a t i o n  no t  r epo r t ed  he re  
i n  d e t a i l ,  it appears  t h a t  such a  composition i s  c l o s e  t o  t h e  i n v e s t i -  
ga ted  l M L ~ c ~ o ~ / M F  & 6  M DMF. 

Although t h e  conductance of 1 M ~ i c l 0 ~ / M F  s o l u t i o n s  can be s i g n i f i c a n t l y  
improved by  so lven t  a d d i t i v e s ,  t h i s  cannot r e a d i l y  be  achieved a t  high- 
e r  concent ra t ions .  The maximum conductance f o r  L i ~ l ~ ~ / b f I ?  wi th  o r  with- 
out  a d d i t i v e s ,  was observed f o r  an approximately 3 M L i ~ 1 0 ~ / b @  s o l u t i o n ,  
These r e s u l t s  a r e  s i m i l a r  t o  t h e  r e s u l t s  ob ta ined  a t  t h e  Liv ings ton  
E l e c t r o n i c  Labora tory  f o r  methyl foma te -bu ty ro l ac tone  mix tures  con- 
t a i n i n g  LiCI.04 ( ~ e f  , 17 ) ; t h e s e  r e s u l t s  a r e  reproduced i n  F igure  130, 
The h i g h e s t  conductance was observed f o r  an approximately 3 molar so lu-  
t i o n  conta in ing  no bu ty ro l ac tone ;  bu t  a t  lower s o l u t e  concen t r a t i ons ,  
a d d i t i o n  of some butyro lac tone  g e n e r a l l y  irnproved t h e  s o l u t i o n  conduct- 
ance,  

E ~ C ~ O ~ + Z ~ A S F ~ / W .  EiAsF6 a s  t h e  s o l u t e  i s  advantageous because of i t s  
s t a b i l i z i n g  p r o p e r t i e s  and because of t h e  r e s u l t i n g  h igh  conductance, 
This  s o l u t e  has  a r e l a t i v e l y  h igh  formula weight ,  however, and a  
p a r t i a l  s u b s t i t u t i o n  by  a  l i g h t e r  s o l u t e  ~.rould be  b e n e f i c i a l .  Solu- 
t i o n s  con ta in ing  LiGlO and LiAsFg i n  methyl formate were t h e r e f o r e  
s t u d i e d ,  A l P.l EiCl.04 & l P4 LiAsF6 e l e c t r o l y t e  was found t o  have 
some promise,  bu t  t h e  o t h e r  combinations a l l  showed lower s p e c i f i c  
conductances,  _$n e f f o r t  to improve conductances of mixed e l e c t r o l y t e s  
th rough  Dlvn" a d d i t i o n  was not s u c c e s s f u l ,  Decreases of conductances 
were observed, b u i  more t h a n  v i s c o s i t y  e f f e c t s  seemed t o  be ~ n v o l v e d ,  



Fig. 129. Specific Conductance of  L~C~O&/MF and b i ~ s ~ ~ / m  Solutions 

ConLaining Varions Additives, a t  25 C 

2 26 



Fig ,  230 S p e c i f  "E Coaducta~inee of LiC1Q4 Solutions in Wetby1 
FomaLe - B u ~ ~ T o ~ A @ ~ o L ~ _ ~  Mix-l;wes, From Ref, 17 
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cm-1 at 25 C )  i s enhanced by -the add i l ion  of l i t h i u m  c h l o r i d e  
(3.86 x 10-2 oiin-1 co-1 ai 25 C f o r  i U r \ lC13  i I Pi ~ i ~ l / b t F ) .  It appears 
thaL, i f  %here i s  no excess o f  c h l o r i d e  i o n s ,  a signifieand amounL o f  
the  aluminum i s  present  i n  such a f o m  t h a t  i t  does not conLribuGe t o  
the  so lu t ion  conductance, Upon addi t ion  of LiCl,  i t  appears t h a t  &i+ 
and AIICl4- form and t h a t  these  ions have no g rea t  tendency t o  form ion  
pa i r s .  A 2 M LiCl + 2 M M C ~ ~ / M F  so lu t ion  displayed one of the  highest  
conductances observed with organic e l e c t r o l y t e s ,  

The presence of PC improved the  conductance of 1 M A~CI?/EIF,  whereas 
i t  was not  s i g n i f i c a n t l y  a f fec ted  by DMSO add i t ion ;  TNF addi t ion  re-  
su l t ed  i n  a  lower conductance. These solvent  add i t ives  decreased t h e  
conductances i n  the  L ~ c ~ + A I c ~ ~ / ~  e l e c t r o l y t e  i n  a l l  cases. A grea t  
deal  of f u r t h e r  da ta  would be necessary t o  a r r i v e  a t  suggestions a s  t o  
what species e q u i l i b r i a  e x i s t  i n  these  e l e c t r o l y t e s  and how they a r e  
a f fec ted  by the  various add i t ives ,  

A Wittorf c e l l  was used, a s  described i n  Ref. I .  S i lve r  electrodes 
were employed, and a  current  of 16 ma o r  12 ma was applied f o r  500 
minutes, Changes of l i th ium and aluminum concentrat ions i n  the  c e l l  
were de lemined  by atomic absorption ana lys i s ,  

Data on the  experiment performed with a  I M AlClg + 0.5 PI L ~ C ~ / P C  & 
0.75 M DrvIF e l e c t r o l y t e  a re  given i n  Table 41 , and data  obtained with 
1 M A1C13 + 0.5 M L ~ C ~ / P C  & 0.75 M DMSO i n  Table 42 . Because of t h e  
complicated e l e c l r o l y t e  composiLions, a  quan t i t a t ive  evaluat ion i s  not 
poss ib le ,  The contr ibut ion  of the  aluminum ions  t o  the  conductance 
was predominantly anionic ,  i n  accordance with the  presumed ion ic  com- 
pos i t ions  of the  e l e c t r o l y t e  included i n  Table41 and 4 2 ,  respect ive ly ,  
The accumulalion of aluminum i n  the  anolyte appeared t o  be r e l a t i v e l y  
low compared t o  the  l o s s  of aluminuro observed f o r  the  ca tholyte ,  A 
poss ib le  source of e r r o r  may be the  t rapping of some aluminum i n  the  
b u l Q  anode deposi t ,  The r e l a t i v e l y  small cont r ibut ion  t o  the  con- 
ductance by the  l i th ium ion r e f l e c t s  the  l o w  mobi l i ty  of t h i s  ion due 
t o  so lvat ion  ( ~ e f  , 1) , 

A t ransference  experiment was a l s o  performed with a  I M ~ i C l 0 ~ / ~  & 
6 M Dm eleckrolyte   able 43 ), The r e s u l t s  w e r e  inconclusive, 
apparently because of inaccuracies of the  analyses,  Due t o  the  high 
vapor pressure o f  methyl f o m a t e ,  sampling of so lu t ions  by p ipe t t ing  
f requent ly  leads t o  excessively high l i th ium contents ,  Another source 
of  e r r o r  may be the l o s e  of some solvent  during l h e  course of %he ex- 
periment, alLhsugh care was taken do perform it i n  a r e l ak ive ly  cool 
(22 6) room, Because hi& accuracy of the analysis r e s u % d s  is im- 
peral ive  f o r  a quantlhative evaluation of  %he transference experiment, 
the procedure viyouliTi have -i;o be- revised f o r  tiecurale. nzeasuremerrLs wiLlem 
metlnyl f o m a t e ,  



TABLE: 4-1 

TRAltjSFBmJCE E X T E 3 t I b m  %TTB AN 

A l C l  + L ~ C ~ / P C  & DM3 ELECTROLYTE 
3 

& 0.75 M DMF #7-3 

Presumed Composition: 0.125 M A~(DKE');~ + 0.5 M ~ i +  + 0.875 M 

Tota l  Charge: 480 Coulombs (16 ma f o r  500 minutes)  

E lec t rodes  : 

(corresponds t o  n x 84 coulombs) 

corresponds t o  n x 366 ~oulorubs)  



Presumed Composition: 0.125 M A~(DMso)~+' + 0.5 M ~ i + +  0.875 

Total Charge : 480 Coulombs (16 ma for 500 minutes) 

Electrodes : 

(corresponds to 90 coulombs) 

ange of Aluminum 



E l e c t r o l y t e :  

Tota l  Charge: 

Elec t rodes :  

Change of Lithium Content 
i n  Anolyte: 

Change of Lithium Content 
i n  Catholyte 
( ~ n c l u d i n g  Lithium Deposi t ) 

760 Coulombs (12 ma f o r  500 minutes) 

S i l v e r  

-1.96 x lo -?  mole 
(corresponds t o  190 coulombs) 

- 4 
-2.7 x 10 mole 
(corresponds t o  26 Coulombs) 

WSUREMENT OF DIFFUSION COWFICIENTS 

Dif fus ion  r a t e s  given i n  Table 44 were determined by t h e  porous disk: 
method which had been used i n  previous measurements ( ~ e f ,  1 and 18). 
The method does not  l e a d  t o  unambiguous r e s u l t s  f o r  multi-component 
systems such a s  t h e  ones s tud ied ,  However, t h e  r e l a t i o n s h i p  between 
t h e  logari thm of t he  change of t he  apparent weight and t h e  time was 
l i n e a r ;  t h e r e f o r e ,  a  d i f f u s i o n  of d i f f e r e n t  e n t i t i e s  wi th  d i f f e r e n t  
d i f f u s i o n  r a t e s  i s  not  i nd ica t ed ,  

For t h e  e l e c t r o l y t e s  conta in ing  LiCl+AlCl , t he  va lues  ca l cu la t ed  f o r  
the d i f f u s i o n  c o e f f i c i e n t s  were c lose  t o  ?he value of 3.04 x 10-6 cm2 
sec-1 (7.04 x 10-10 m2 see-1) found previous ly  f o r  a 0 .7  M LiCl + 1 M 
A ~ . c ~ ~ / P c  s o l u t i o n  ( ~ e f ,  1) .  The i n s e n s i t i v i t y  of t h e  d i f f u s i o n  r e s u l t s  
Lo t h e  a d d i t i o n  of DMF o r  DMSO may be due t o  minimal changes i n  solu-  
t i o n  v i s c o s i t y  because t h e  a d d i t i v e s  form s t rong  complexes wi th  aluminum 
and a r e  i n  e f f e c t  not  a  so lvent  component i n  t h e  systems t e s t e d .  

The d i f f u s i o n  c o e f f i c i e n t  of a 1 M L i ~ 1 0 ~ / 1 \ 1 ~  s o l u t i o n  was decreased 
from 1.68 x 10-5 cm2 see-1 (1,68 x 10-9 m2 s e c - l )  a t  25 C ( ~ e f ,  1) t o  
1,16 x 10-5 cm2 see-1 (1.16 x 10-9 m2 see-1) a t  25 C upon add i t i on  of 
6  M DMZ'. This  i s  consisLent w i t h  a v i s c o s i t y  i nc rease  observed. The 
add i t i ves  DMZ' and DMSO do not  seem t o  s o l v a t e  t h e  s o l u t e  p r e f e r e n t i a l l y ,  
a t  Least not  very s t rongly;  i n  t h i s  respec t  D&P and DMSO appear t o  be 
s i m i l a r  t o  water ,  which i s  not  very  skrongly bound t o  L i +  ions accord- 
i ng  t o  R e f ,  19 ,  



TABLE 44 

DIFFUSION COEFFICIENTS AT 25 C, AS 

Dl3l!ERMINED BY THE POROUS DISK MEZHOD 

Electrolyte-Additive Combination 

0.5 M ~i~1#3 + 1 M A1C13 #4/ 
PC #7-1 & 0.75 M DMF #7-3 

0.5 M LiCl #3 + 1 M AlC13 #4/ 
PC #7-5 & 0.75 M DMSO #1-1 

1 M LiC104 # 3 / ~  #3-2 81 6 M DMF #7-3 
t 

Solvent 

PC #7-2, 7-3 

PC #7-6, 7-7 

Diffusion Coefficient 
em2 mw-1 , m2 see-1 

2.94 x lom6 

3.03 x 

MF #3-5 I 1.16 x 

2.94 x 10-lo 

3.03 x 10-lo 

1.16 x lo-' 



PREPARATION AND ANALYSIS OF SOLVENTS 

Purification and/or analysis procedures were established for the 
solvents methyl fom~te, dimthyl sulfoxide, nitroaethwe, and tetra- 
hydrofwan. Propylene carbonate, dinetlhylSormamide and acetonitrile 
were purified and analyzed according to the methods developed on the 
previous contract (~ef. 1 ). 

In general, it appears that aprotic solvents can be purified without 
excessive efforts to achieve water contents of 10-50 ppm and similar 
organic impurities contents. In some cases, e.g., for propylene 
carbonate, impurity contents can be reduced by another order of 
magnitude with relatively modest efforts. 

Vapor phase chromatography is the most convenient, sufficiently 
sensitive analysis method for aprotic solvents. It is well suited 
for routine analysis. One should bear in mind, however, that an 
analysis on one column material does not constitute a complete analysis. 

ALUMINUM COMPLEXES FORMED WITH VARIOUS 

SOLVENTS AND IONS 

The aluminum ion, AI+~, is a strongly coordinating ion and the first 
coordination sphere is occupied by solvents and/or ions depending upon 
their relative solvating or complexing strengths. The present results 
established the following order of decreasing solvating or complexing 
strength as : 

- 
DMSO, H209 DMF, cl-, ~ r - ,  PC, C104 , AN, W, THE', NM 

Positions in this sequence may not be exact. For example, &0 and DMSO, - 
~ 1 -  and ~ r - ,  and PC and C104 may be reversed. This sequence is based 
mainly on NMR results and supported by evidence from conductance 
measurements. In the prese ce of dimethylformamide in a AlCl /PC solution, 
for instance, the A1cDW16+' complex forms more easily than tite A~[Pc]~+~ 
complex, as indicated from the replacement of NMR peaks corresponding 
to the latter species by peaks attributed to the D W  complex upon 
addition of D m  to A~c~@c. Not only solvents but also ions enter 
the competition as complexing agents, and it can be shown by NIB 
evidence that, for instance, C1- ions occupy an intermediate position 
in complexing ability between DMF and PC. 



Ln terac %ions be tween additives and exis Ling speci es in softr  Lions can 
be indicated by eorrduetanee measujr-emen~s a lso .  interal; t i o n  is 
indicated,  f o r  instance,  i n  cases where conduekmce chxiges are not  
oeeu-rring as expected based on consideration of solukibn v i s c o s i t i e s .  

Table 45 presents a s ary  of the species present  i n  solut ions  contain- 
ing AlC13 as a so lu te .  

-c3 
The solvents DMSO and Dm both displace PC i n  the A I [ P C ] ~  complex 
and a l so  a re  able t o  displace C l -  ions from the AlC14- complex. 
Acetoni t r i le ,  methyl formate, and nitromethane, however, cannot 
displace PC from A I [ P C ] ~ + ~  i n  appreciable amounts. When addi t ives  
e a s i l y  displace PC from the  A ~ C P C ]  f3+3here is i n  general a d i s t r i bu t i on  
of mixed complexes A ~ C ( P C ) ~ - ~ ( D M S O B ~ I  f o r  example, where x can take 
on several  values. The r e l a t i v e  population of these species va r ies  
with the  concentration of addi t ive .  Small concentrations of mixed 
complexes a lso  occur with addit ives such as AN which a re  lower than PC 
i n  the complexing sequence given above a t  higher addit ive concentrations. 

In  addit ion t o  the d i r e c t  displacement of PC t o  form the A I [ D M F ] ~ + ~  
complex, Dm seems t o  have another e f f e c t ,  An equilibrium which i s  
reached only a f t e r  long periods of time seems t o  e x i s t ,  s imi la r  t o  the 
one observed fo r  the  C ~ C ~ ~ / D S  system ( ~ e f  . 'I ). It i s  suspected t h a t ,  - 
bridged sgmplexes occur u l t imate ly  a t  the expense of both A l C 1 4  and 
A ~ C D M F ] ~  . 
Tetrahydrofuran i s  a specia l  case because it appears t o  form etbera tes  
with A l C l  . I t s  posi t ion i n  the above sequence i s  therefore  somewhat 
a r t i f i c i a ? ,  

- 
The ~ r -  ions have s imi lar  proper t ies  t o  the 61- ions,   hereas as C104 
complexes much more weakly, although it can compete with PC. 

Water i s  an exceptional case mong the addit ives because of i t s  p ro t i c  
character .  flfydrolysis of the aluminm ion was suspected t o  occur. 

SPECIES FO IN L i C I O q  LiAsF6 SOLUTIONS 

ary  of the r e s u l t s  on species s tudies  i n  LiCLOq and LiAsF6 
solut ions  i s  given i n  Table 46 .  

The predominavrt species found i n  LiClO and LiAsP6 solut ions  were, as 4- 
expected, Lid"-ions and 610 --or &P6--xons, respecl ively ,  I n  the case 
of LiAsF6, the existence o$ an addit ional  a s m e t r i c  species was 
indiealed,  Such a. species could be AsF resu l t ing  from the dissocia t ion 
of the  AsF - ion,  i?. could be an ion wieh hydroxyl o r  other groups 
subs t i tu te8  f o r  a f luor ine  - i o n  o r  it could he a charged p a r t i c l e  
mui-tiple% wLth AsF6 as a pardicipant .  The concentration of aswaedrlic 
species appeared t o  be reduced in  %he presence of Dm o r  DPfSB, Ghereas 
&her solvends prrmari l y acked as diluends , 
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St rong  I o n  assoelatLon presu~nab ly  due t o  zhe low dxe lee t r i c  c o n s t a n t  
o f  the s o l v e n t  was Indicated f o r  L I C I O ~ ~ P  sa lu t ions  by conductance 
~ueasure~aents . An i r r egu la r  beilavlor of the  equivalent  conductances as  
a function of e l e c t r o l y t e  corzeent~atxon had been found f o r  both 
L ~ C ~ O ~ E ~ F  and L ~ A S F ~ / M F  solut ions  ( ~ e f .  1 ) and i s  ind ica t ive  of ion 
assocxation i n  these so lu t ions .  The e f f e c t  i s  much weaker for  LiAsF6 
than for LiC104, however, which i s  a l so  confirmed by a  comparison of 
the conductance of 1 W L ~ C ~ O ~ W  (1.2 x low2 ohmhm1 a t  25 C )  with the  
conductance of 1 M LiAsF6/MF (3.2 x  lom2 ohm-' cm-' a t  25 c ) .  

Upon addit ion of DM3 or  PC t o  1 M L ~ c ~ o @ ,  the  so lu t ion  conductance 
increased s i g n i f i c a i t l y ,  presumably because of a  break-up of ion p a i r s .  

A s  discussed l a t e r ,  water addi t ion  of MF solut ions  resu l t ed  i n  a  
hydrolysis of the  methyl f  ormate, i . e . ,  i n  a  chemical decomposition of 
the  solvent .  

STABILITY OF METHYL FOmTE SOLUTIONS 

Methyl formate i s  inherent ly  unstable i n  the presence of lithiurn metal.  
This applies a l so  t o  LiClOg solut ions  i n  t h i s  solvent ,  but  LiAsF6 
produces s t a b l e  solut ions .  

Within the  t e s t s  applied, methyl formate solut ions  with one molar o r  
higher LiAsF6 contents were found t o  be s t a b l e .  The s t a b i l i z i n g  e f f e c t  
of LiAsP6 was such t h a t  no deconiposition was observed even a f t e r  
addi t ion  of diinethylf ormmide. 

It was found t h a t  the  s t a b i l i z a t i o n  e f f e c t  depended on the  arnount of 
LiAsF present .  Addition of 0 .1  M LiAsFt; t o  1 M L ~ C ~ O ~ M F  produced a  
s t ab ig iz ing  e f f e c t ,  but  not  a  0.01 M LiAsF addit ion.  Inconsis tent  
r e s u l t s  were obtained with LiAsFe from d i f t e r e n t  sources,  purer  mater ia ls  
genera l ly  having l e s s  s t a b i l i z a t i o n  e f f e c t s .  

The mechanism by which t h i s  s t a b i l i z a t i o n  i s  achieved i s  not  known. It 
appears t o  be, a t  l e a s t  t o  some extent ,  an impurity e f f e c t .  Lithium. 
metal may be made unreactive by a  protec t ive  coating such as perhaps 
LiF or of l i th ium methylate, 

WATm ADDITION TO A ~ C ~ ~ / P C  AND L ~ A S F ~ ~  

Upon addit ion of up t o  2000 pprv water t o  1 M A l C l  + 0.5 M L ~ C I / P C ,  no 
water proton l i n e  was observed i n  WfR s tud ies ,  a1 2 hough sucIz a  l i n e  was 
f o m d  upon addit ion of water t o  pure propylene carbonate, It i s  
tl~ougdlt tlzat precipi  Lation of alminum hydroxide occurred when the  
s o l u t i o n s  w e r e  prepared, p a r t i c u l a r l y  s inee  %he for~nat ion of a  
prec ipi take was aekuat L J ~  o b s e r v e d  . T h e  s o l u t l  on sGucJied was deeanded 



and t h s  preii~iLate dlseardeb, atthongh there bier& some i d i ~ ~ t P 1 0 1 i ~  
t11;z-d a redissolution ruiglel. basre occurred over long time per iods ,  A 
decrease in the  observed in-lensity of %he MR peak due t o  86% 
coordknaked PC is  consistea% wlkh %his asswptian, mereas  no signifi- 
cant change i n  conductmce was observed upon water addit ion,  the  
s o l u b i l i t y  (or d issolut ion r a t e )  of CuF2 appeared t o  be s l i g h t l y  reduced, 

I n  the case of L ~ A ~ F ~ / W  solut ions ,  added water had a s ign i f ican t  e f f ec t  
on the measured values fo r  the s o l u b i l i t y  of CuF2. With water, higher 
copper contents were obtained, contrary t o  the r e su l t s  obtained i n  
L ~ G ~ + A ~ c ~ ~ / P c .  The conductance was not affected,  

Water added t o  L ~ A ~ F ~ / M F  hydrolyzes MF t o  methanol and formic acid.  This 
react ion does not  occur, o r  only a t  a  much slower r a t e ,  i n  pure methyl 
f  ormate or i n  L ~ c ~ O ~ / M F ,  LiAsFg , theref ore, catalyzes the  hydrolysis 
but  the  mechanism i s  subject  t o  conjecture a t  the  present time, Since 
the hydrolysis appears t o  depend on the  LiAsFg product and resulks were 
e r r a t i c ,  irapurities, possibly of ac id ic  o r  basic character ,  seem t o  be 
a determining fac tor .  Such impurit ies could or iginate  i n  the  solute  
used, but  a lso  i n  the  solvent.  S l igh t  impurities i n  the sample tubes 
could have affected the NlR r e su l t s .  This means f o r  a p r ac t i c a l  case 
t ha t  " iner tu  batkery compounds such as ba t te ry  case, electrode gr ids  
o r  i n e r t  conductors might a f f e c t  ba t t e ry  e lec t ro ly te  charac te r i s t i cs  
i n  addit ion t o  impmit ies  o r ig ina l ly  contained i n  the  e lec t ro ly te .  

The so lub i l i t y  of copper hal ides ,  the  prospective e lect roact ive  cathode 
mater ia ls ,  i s  of par t i cu la r  significance.  A high s o l u b i l i t y  leads t o  
excessive self-discharge; on the other hand, a ~ u f f i c i e n ~ l y  high 
s o l u b i l i t y  may be necessary t o  maintain adequate bakkery discharge rate;;. 

The prec ip i ta t ion  of LiF should be a force fo r  the dissolut ion of G u F 2 ;  
cupric f luor ide  dissolves and l i thium f luor ide  p rec ip i ta tes  leaving 
behind a "newff copper cotnpomd which may s t ay  i n  solut ion o r  may a l so ,  
a t  l e a s t  p a r t i a l l y ,  p rec ip i ta te .  Such a mechanism i s  ac tua l ly  expecked 
t o  occur fo r  LiGIOq and LiAsF6 solut ions .  

2 LiClO* + CuF2 = 2 LiF + C U ( C ~ O ~ ) ~  

2 LiF 

This mechanism was indicated fo r  many cases where a decrease of the 
lilhium content was detected which was i n  d i r e c t  stoichiometric 
re la t ionship  t o  the  amomt of G S Z  avai lable ,  I t  was not ascertained,  
however, if C s 2  can dissolve t o  resulk i n  appreciable qumtiLies  of a 
precipikake of dhe new copper compomd, 



Oftcn the aljcve reactions wevc srrspeeted to occur, hut only a t  very slow 
r a t e s  so t'rlat s o l u b r l l l y  values deter~nined would not  r e f l e c t  Grue 
equil ibrrwn values, AddiGion o f  a proper addi t ive  can acce le ra te  the  
r eac t ion ,  however, as  has been deiuonstrated f o r  Lhe addi t ion  of D m  t o  
propylene carbonate so lu t ions ,  o r  of B20 t o  iuetllyl f  ormate so lu t ions  . 
I n  p r a c t i c e ,  it has t o  be expected t h a t  the  self-discharge r a t e s  w i l l  
depend on the  impurity contents i n  the  e l e c t r o l y t e .  

I n  c e r t a i n  cases ,  e .  g . ,  i n  a  0.5 I4 LiCl + 1 M A ~ C ~ ~ / P C  and 0.75 M Dl@ 
e l e c t r o l y t e ,  C G 2  was found t o  d issolve  i n  la rge  amourits without the  
p r e c i p i t a t i o n  of litllium f luor ide .  The presence of f luor ine  i n  s o l u t i o n  
was v e r i f i e d  i n  such a  case by NMR s t u d i e s ,  and it appears t h a t  aluminum 
complexes containing f luor ide  form. It would be i n t e r e s t i n g  t o  
inves t iga te  the  r e v e r s i b i l i t y  of the  cupric f luor ide  cathode i n  such an 
e l e c t r o l y t e  . 
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