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Physical  Sciences Div is ion .  D r .  E.  W. Lawless, P r o j e c t  Leader,  was a s s i s t e d  
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ABSTRACT 

Methods f o r  t h e  p repa ra t ion  and a n a l y s i s  of high p u r i t y  l i t h i u m  
hexaf luoroarsena te ,  L iAsFg ,  were s tud ied .  
were u l t i m a t e l y  prepared by n e u t r a l i z a t i o n  of aqueous WsF6 wi th  LiOH 
s o l u t i o n  followed by mul t ip l e  r e c r y s t a l l i z a t i o n  of LiAsF6'3H20 from water  
and vacuum dry ing  a t  40°C t o  y i e l d  t h e  anhydrous s a l t .  The f i n a l  product 
contained n o t  more than 100 ppm of any impur i ty  on an elemental  b a s i s .  Two 
o the r  methods f o r  t h e  p repa ra t ion  of LiAsFg were a l s o  success fu l ,  bu t  were 
l e s s  s u i t e d  t o  sca le -up  on t h e  b a s i s  of product p u r i t y  and experimental  con- 
s i d e r a t i o n s .  A f o u r t h  proposed syn thes i s  method was unsuccessful .  Analy t i -  
c a l  techniques which were used t o  determine product p u r i t y  were c a r e f u l l y  
eva lua ted  by exhaus t ive  ana lyses  of s tandard samples and the  f i n a l  product .  

Two thousand grams of LiAsF6 

vi 



SUMMARY 

The o b j e c t i v e  of t h i s  program was t o  p repa re  2,000 g. of h igh  
p u r i t y  l i t h i u m  hexa f luo roa r sena te ,  LiAsF6,  which i s  needed f o r  h igh  energy 
d e n s i t y  b a t t e r y  s t u d i e s  of i n t e r e s t  t o  NASA. The goa l  was t o  prepare  a 
product which contained n o t  more than 100 ppm of any impur i ty  on an elemen- 
t a l  b a s i s  

The a n a l y t i c a l  methods t o  be used were eva lua ted  by m u l t i p l e  
ana lyses  of s tandard  samples of L iF  and As2O3. 
product was  made by a s e l e c t e d  combination of methods. 

Analysis  of t h e  f i n a l  

Four r e a c t i o n  r o u t e s  were s e l e c t e d  f o r  s tudy  based on t h e  l i t e r a -  
t u r e ,  a v a i l a b i l i t y  and p u r i t y  of s t a r t i n g  m a t e r i a l s ,  and a n t i c i p a t e d  expe r i -  
mental d i f f i c u l t i e s  i n  ob ta in ing  a high p u r i t y  product  of LiAsF6. 
methods were as fo l lows :  

These 

1. N e u t r a l i z a t i o n  of aqueous HAsF6 wi th  L i O H ,  

2 .  Ion  exchange with KAsF6, 

3. Reaction of AsF5 wi th  LiF, and 

4 .  React ion of As205 wi th  LiOH (or  LiF)  and HF. 

The LiAsF6 w a s  s u c c e s s f u l l y  prepared by t h e  f i r s t  t h r e e  of t h e s e  
methods. (The key in t e rmed ia t e ,  LiAsFsOH, i n  method four  w a s  never  success-  
f u l l y  i s o l a t e d  i n  t h e  anhydrous form.) Analyses of t h e  products  showed, 
however, t h a t  high p u r i t y  LiAsF6 w a s  no t  produced d i r e c t l y  by any of t h e  
t h r e e  methods and each would r e q u i r e  a r e c r y s t a l l i z a t i o n  procedure t o  y i e l d  
a high p u r i t y  product .  Method number one was then used t o  produce about 
4,000 g. of c rude  LiAsF6'3H20 which w a s  f r a c t i o n a l l y  r e c r y s t a l l i z e d  from 
water  and then vacuum d r i e d  a t  40°C t o  give 2,130 g. of anhydrous LiAsF6 
which m e t  t h e  s p e c i f i c a t i o n s .  This  product w a s  sea led  i n  20 g l a s s  ampoules 
under an argon 'a tmosphere and d e l i v e r e d  t o  NASA. 

1 



I .  INTRODUCTION 

Lithium hexa f luo roa r sena te  w a s  f i r s t  synthesized i n  1956, bu t  i t  
has  never been a v a i l a b l e  commercially. Because of i t s  s o l u b i l i t y  and e l e c t r o -  
chemical c h a r a c t e r i s t i c s ,  i t  i s  of much i n t e r e s t  t o  NASA as an e l e c t r o l y t e  i n  
high energy d e n s i t y  b a t t e r i e s  which c o n t a i n  nonaqueous s o l v e n t s .  NASA t h e r e -  
f o r e  con t r ac t ed  with Midwes t  Research I n s t i t u t e  t o  syn thes i ze  and d e l i v e r  
2,000 g. of high p u r i t y  LiAsF6. The goal  was t o  prepare a product having 
not  more than 100 ppm of any impuri ty  on an elemental  b a s i s .  The t e c h n i c a l  
program c o n s i s t e d  of f o u r  t a s k s :  

Task 1 - Demonstrate t h e  r e l i a b i l i t y  of a n a l y t i c a l  procedures f o r  
major c o n s t i t u e n t  and impuri ty  ana lyses .  

Task 2 - Prepare small  q u a n t i t i e s  (25 g.)  of LiAsF6 by up t o  four  
d i f f e r e n t  s y n t h e s i s  methods and analyze f o r  a l l  i m p u r i t i e s .  

Task 3 - Evaluate t h e  s y n t h e s i s  methods and s e l e c t  t h e  b e s t  method 
f o r  scale-up,  based on the  p u r i t y  of product and experimental  c o n s i d e r a t i o n s .  

Task 4 - Prepare 2,000 g.  of high p u r i t y  LiAsF6 by the  s e l e c t e d  
method, analyze f o r  a l l  i m p u r i t i e s ,  and d e l i v e r  t o  NASA i n  sea l ed  ampoules. 

This  r e p o r t  d e s c r i b e s  t h e  a c t i v i t i e s  and r e s u l t s  on each of t hese  
t a s k s .  

11. EVALUATION OF ANALYTICAL METHODS 

The a n a l y t i c a l  methods f o r  major c o n s t i t u e n t  elements and impuri ty  
elements were of such importance t o  t h i s  program t h a t  ex tens ive  t e s t i n g  was 
made i n  o rde r  t o  e s t a b l i s h  t h e i r  r e l i a b i l i t y .  Most of t hese  ana lyses  were 
performed by commercial a n a l y t i c a l  l a b o r a t o r i e s  and an e f f o r t  was made t o  
o b t a i n  an independent check on every method. 

A .  Major Cons t i t uen t  Elements 

Lithium, a r s e n i c  and f l u o r i n e  ana lyses  were performed p r i m a r i l y  by 
Schwarzkopf Mic roana ly t i ca l  Labora to r i e s  (Woodside, New York) with p re l imina ry  
o r  confirmatory ana lyses  performed i n  a few c a s e s  a t  Ga lb ra i th  Labora to r i e s  
(Knoxville,  Tennessee) and a t  MRI. Lithium ana lyses  w e r e  performed by atomic 
absorpt ion spectrometry a t  both Schwarzkopf and Ga lb ra i th  and by the  less 
p r e c i s e  flame photometric method a t  MRI. Arsenic w a s  determined by iodometr ic  
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a n a l y s i s  of As(V) ,  ( i . e . 9  a d d i t i o n  of excess iod ide  and t i t r a t i o n  wi th  
t h i o s u l f a t e )  a f t e r  a p re l imina ry  combustion wi th  oxygen (Schwarzkopf) o r  
Na202 (MRI). G a l b r a i t h ' s  a r s e n i c  method (which a l s o  included a combustion 
s t e p )  w a s  q u i t e  s a t i s f a c t o r y  f o r  LiAsFg, but  appa ren t ly  requi red  modif ica-  
t i o n  f o r  simple a r sena te .  Schwarzkopf performs f l u o r i d e  a n a l y s i s  by a 
moist  a i r  combustion of t h e  sample followed by t i t r a t i o n  wi th  a lanthanum 
reagent .  
thorium n i t r a t e  t i t r a t i o n  (with t h e  methyl thymol b lue  i n d i c a t o r ) .  We 
found, however, t h a t  t h i s  method gave low r e s u l t s  wi th  AsF6- s a l t s  u n l e s s  
a p r e d i s t i l l a t i o n  d i g e s t i o n  per iod ( a t  90°C f o r  20-30 min.) was used t o  
complete hydro lys i s  and thereby  prevent  p a r t i a l  d i s t i l l a t i o n  of HASF6. 
G a l b r a i t h ' s  i n i t i a l  convent iona l  d i s t i l l a t i o n  on a sample of LiAsF6 
gave very  low r e s u l t s  and a rede termina t ion  us ing  a slow d i s t i l l a t i o n  
(not a d i g e s t i o n )  s t i l l  d id  not  g ive  a f u l l  f l u o r i d e  a n a l y s i s .  
ana lyses  were performed a t  MRI on some LiAsFg samples f o r  As(V) i n  t h e  form 
of i m p u r i t i e s  such as As04  -3 , f o r  A s ( I I I ) ,  and f o r  f r e e  F'. (The d e t e c t i o n  
l i m i t  f o r  A s ( V )  i m p u r i t i e s  i s  l i m i t e d  by t h e  blank c o r r e c t i o n  which i s  
necessary . )  
Galbra i th  are shown on pages 18 and 22. 

A t  MRI, f l u o r i d e  was determined by a c i d  d i s t i l l a t i o n  followed by 

thus  

I n  add i t ion ,  

Dupl ica te  ana lyses  on two LiAsFg samples a t  Schwarzkopf and 

The c a l c u l a t e d  a n a l y s i s  of pure LiAsFg and t h e  u n c e r t a i n t y  of 
t h e  a n a l y t i c a l  method f o r  each element a s  r epor t ed  by D r .  Schwarzkopf are 
as fo l lows:  

T h e o r e t i c a l  Uncer ta in ty  

L i  3.54% 
A s  38.25% 
F 58.21% 

f 0.lP 
1 0 . 3 %  
2 0.3% 

B. Impur i ty  Elements 

I n  o rde r  t o  e s t a b l i s h  t h e  r e l i a b i l i t y  of methods f o r  impur i ty  
a n a l y s i s  two independent methods were des i r ed  f o r  e s s e n t i a l l y  each of t h e  
elements and were t e s t e d  with s tandard  samples  of L iF  and A s  0 and a l s o  
on some samples of LiAsFg. 
analyzing f o r  a l l  elements and w a s  s e l ec t ed  as one method. These ana lyses  
were performed by B e l l  and Howell Research Labora to r i e s  (Pasadena, C a l i f o r n i a ) ,  
The spark source  r e s u l t s  were checked by a combination of methods c o n s i s t i n g  
of emission and atomic abso rp t ion  spectroscopy f o r  metals and me ta l lo id  
elements,  and s p e c i f i c  tests f o r  t he  nonmetals. These ana lyses  were per -  
formed by Coors Spectrochemical Labora to r i e s  (Denver, Colorado), Chemo- 
Serv ices  Assoc ia tes  Corporat ion (St .  Louis,  Missouri) ,  and Schwarzkopf 
Microanaly t ica l  Labora to r i e s .  

2 3 9  
Spark source mass spectrometry i s  capable  of 

J: H i s  L i  ana lyses  on h igh  p u r i t y  LiAsF6 samples  were, however, c o n s i s t e n t l y  
low, i . e . ,  3.35 t o  3.42%. The reason i s  unknown. 
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The i n i t i a l  ana lyses  on the  s tandard LiF sample showed such wide 
divergences between methods and a n a l y s t s  t h a t  f u r t h e r  t e s t i n g  was r equ i r ed  
t o  t r y  t o  r e s o l v e  t h e  c o n f l i c t s .  The second spark source M.S. a n a l y s i s  w a s  
so d i f f e r e n t  from t h e  f i r s t  t h a t  fou r  more ana lyses  were performed t o  d e -  
termine i f  t h i s  method was r e l i a b l e  f o r  f l u o r i d e  s a l t s  and a l s o  t o  determine 
i f  t he  s tandard sample was homogeneous. The LiF, a F i she r  CP Grade m a t e r i a l ,  
w a s  a uniform white  powder. A l l  samples were taken from t h e  same 4-02. 
b o t t l e  and suppl ied t o  t h e  a n a l y s t  i n  g l a s s  v i a l s  without  f u r t h e r  t r ea tmen t .  
I t  showed a weight l o s s  of 0.4% upon vacuum drying a t  135°C and f l u o r i n e  
a n a l y s i s  on t h e  d r i e d  m a t e r i a l  i n d i c a t e d  a minimum assay  of about 97% LiF. 
I t  gave 54 mg. i n s o l u b l e  m a t e r i a l  (possibly s i l i ca)  when d i s so lved  a t  t h e  
l e v e l  of 1 g / l i t e r  of water .  The pH of t h i s  s o l u t i o n  w a s  5.75. 

The r e s u l t s  of t hese  exhaust ive ana lyses  on t h e  s tandard LiF 
sample a r e  shown i n  Tables I and 11. 
some d i s c r e p a n c i e s  remain unresolved. Overa l l ,  t h e  sample  appears t o  be 
s l i g h t l y  nonhomogeneous with r e s p e c t  t o  s i l i c a ,  bu t  some v a r i a t i o n s  appear 
t o  a r i s e  from a n a l y t i c a l  e r r o r s .  The i n i t i a l  spark source M.S. a n a l y s i s  
gave anomalously high r e s u l t s *  f o r  12 elements:  H, C ,  N ,  Na, P, S,  C 1 ,  K, 
Ca, Fe and Co. The r e s u l t s  of t h e  l a s t  f o u r  M.S. ana lyses  (which were pe r -  
formed i n  s e t s  of two each on t h e  same day) were i n  reasonably good agreement 
with each o t h e r  (with two excep t ions ) ,  with the  r e s u l t s  of t he  second a n a l y s i s  
(although the  l a t t e r  gave somewhat h ighe r  l e v e l s  of S, Ca and Fe),  and with 
the  "best" r e s u l t  by emission and atomic abso rp t ion  spectroscopy. These 
l a t t e r  methods a s  employed by Coors gave extremely e r r a t i c  r e s u l t s  of 
sodium and aluminum ( t h e  l a t t e r  being e s s e n t i a l l y  n i l  by a l l  o t h e r  methods) 
and an anomalous Mo a n a l y s i s .  The s tandard As203 sample w a s  a reagent  grade 
material and s i n c e  few i m p u r i t i e s  were p r e s e n t ,  t he  divergence between a n a l y s t s  
was much l e s s  than f o r  t he  LiF. 

Several  conclusions a r e  apparent ,  bu t  

The r e s u l t s  f o r  As203 a r e  shown i n  Table 111. 

I n  g e n e r a l ,  we conclude (based on t h e s e  analyses  and subsequent 
ana lyses  of LiAsFg samples) t h a t  t h e  spark source M.S. method i s  r e l i a b l e ,  
bu t  c e r t a i n  p r e c a u t i o n s  a r e  r equ i r ed .  For example, t h e  high s e n s i t i v i t y  
of t h e  method combined with t h e  v o l a t i l i t y  of t h e  a l k a l i  me ta l s  makes L i ,  
Na, K, e t c . , a n a l y s e s  ve ry  s u s c e p t i b l e  t o  high r e s u l t s  because of c r o s s  con- 
taminat ion during sparking and "memory" e f f e c t s  o r  r e s i d u a l s  i n  the instrument .  
The f l u o r i d e  s a l t s  appear t o  pose a second problem i n  t h a t  sparking t h e  sample  
may produce f l u o r i n e  atoms o r  molecules.  These then r e a c t  q u i t e  e f f i c i e n t l y  
wi th  t r a c e s  o f  n o n v o l a t i l e  r e s i d u a l s  o r  with t h e  samples loaded a t  t h e  same 
t i m e  i n  t h e  instrument t o  y i e l d  v o l a t i l e  products.  The r e s u l t  i s  t h a t  h igh  
l e v e l s  o f  such i m p u r i t i e s  a s  C o r  S i  may be observed. This conclusion i s  
based on the  obse rva t ions  t h a t  t h e  carbon l e v e l  decreased s t e a d i l y  on t h e  

;k B e l l  and Howell sugges t s  t h a t  i n s t rumen ta l  malfunct ion may have caused 
more i n t e n s e  exposures du r ing  sparking than a c t u a l l y  recorded. 
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TABLE I 

SPARK SOURCE MASS SPECTROMETRIC ANALYSIS OF STANDARD 

(F isher  CP Grade, Lot N o .  74579) 
LITHIUM FLUORIDE SAMPLE&/ 

n a l y s i s  No. 

ample No.- b /  

1 

79-A 

690 
- 

1,200 
310 

11,700 
- - - -  
5,100 
160 
4 

2,370 
48 0 

, - - - -  

1 , 850 
3 00 
930 

1,100 
1,400 

1,540 
22 0 
15 

2 

109 -A 

45 

378 
14 

- 

11,000 
- - - -  

94 
25 

5,380 
- 
- 

- - - -  
217 
65 
90 
3 08 
112 

- - - -  
- 
- 
- 
106 

1 1 I 
3 1  4 1  5 1  6 

I I 
I 

109-A I 109-A 1 79-A I 79-A 

I I I 
I I I 
I 1 I 

120 I 85 I 85 I 73 
17 I 17 I 14 I 9.1 
580 1 540 I 300 I 230 
28 I 18 I 24 25 

12,000 I 6,600 I 6,600 I 5,500 
I 1 1 

I I I 
120 1 92 I 160 I 150 

1 I I 
6.9 I 5.4 I 2 I 2 

1,900 I 3,200 I 1,600 I 1,500 

- - - s 

I I I - 
I I 1 
r - - - - -  t - - -  - - I -  - - - 

1 I 
130 I 66 I ' 70 I 

- - - 
- - - - -  

38 I 36 I 14 
70 I 
60 I 

55 I 160 I 43 - I 74 
22 I 5.4 I 70 I 17 

36 I 56 I 20 I 43 
I I I 

I I I 
9.1 64 l5 1 77 I - I I I -  - 

25 I 25 I <20 I < 20 

I I I 
85 I < 7 0  1 < 7 0  12 0 I 

- a /  
- b /  

- c /  

Analysis  by B e l l  and Howell Research Labora tor ies .  
Sample MRI-79-A submit ted J u l y  1969; MRI-109-A submitted October 1969. 

All e n t r i e s  i n  ppm by weight.  
Analyses 3-6 completed i n  January  1970. 

except  Au, Th, U n o t  analyzed. 
All o the r  elements < 5 ppm atomic 
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TABLE I1 

ALTERNATE IMPURITY ANALYSES OF STANDARD LITHIUM FLUORIDE SAMPLE 
(Fisher  CP Grade, Lot No, 74579) 

I I I I 
I I 
I I 

E l  emen t 

H 

I 

I 
I 
I 
I < 10 
I 
I 
I 

I -  23 
< 1,000 1 I < 100 < I  
< 1,000 300 I - 1 0  6 

io3-4 3,ao I 102-3 

I 

I 
I 
I 

- - - - - - - - - + - - - - - - - -  

I -  29 
I _  75 
1 -  
I 

I 
- - - - - - - - - - + - - - - - - - -  

I < 100 3 
< 1,000 150 I < 100 95 

l -  < 1  
I -  2 

< 1,000 62 f < 1 0  18 
- - - - - - - - - + - - - - - - - -  

I 
I < 100 30 
I < 100 ? 

< 1,000 100 I - < I  
< 1,000 20 ! < 100 8 

I I I  
I I  I 1  I 
I I  I I I 
I 1  I 1  I 
I I  I 1  I 
I I  I I  I 
I I  I I  I 
I 1  I I  I 

I I  I I I  
I I  I 

I I  I 
I 

I I  

_ I _ _ _ I  - - - - - - - - -  - - - - - - - - - 
135.5' 68.8 I 26 I < 100 

I < 10 
I 1  I 1  7,000 I 14O1 77.51 42.5 I 

6,000 I I I I  I 
I I  I I  I 

I I  I t  I 
I I  I I  I 

31 I I  I I : 1 2 7 ;  
' I  I I I  I 
0.51 1 I I  I 

I I  I 
I I  I 

I I  I I  I 
I I  I I  I 

1 1  I I I  I 

t 

t 

< 20 

- - -  

I 

I 
I 
I 
I 
I 283 

4 I 

I I  I I  I 
I I  I 1  I 

I I I 1 I I I I I 1 

- - a /  Dash s i g n i f i e s  sought ,  but not  de t ec t ed ;  blank s i g n i f i e s  no t  sought. 
a. Also sought ,  but  no t  d e t e c t e d :  Be, T i ,  V ,  Ge, Zn, Nb, Ag, Cd, Sn, Sb, B s ,  Ta, Hg, T I ,  B i .  
- c /  Also sought ,  but  no t  d e t e c t e d :  Be, T i ,  V,  Ga, Ge, Rb, Zn, Nb, Rh, Ag, Cd, I n ,  Sn, Sb, Ba, Ta, W, P t ,  An, Hg, Bi. 
d/ 

- e /  
- f /  

A l l  e n t r i e s  i n  ppm. 

Semiquant i ta t ive emission and atomic abso rp t ion  ana lyses  performed a t  l a b o r a t o r i e s  o f  McDonald-Douglas; q u a n t i t a t i v e  

M r .  Raymond R .  Willis of Varian-Techtron, cour t e sy  semiquan t i t a t ive  a n a l y s i s  on two samples. 
Sample ruined combustion tube.  

emission ana lyses  and Si  a n a l y s i s  (by Wet Chemical Method) performed a t  St. Louis Tes t ing  Labora to r i e s .  

C,  H,  and 0 "very low" but  no t  q u a n t i t a t i v e l y  determined. 
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TABLE 111 

IMPURITY ANALYSIS OF STANDARD As203 SAMPLE 

(J. T .  Baker Reagent Grade, Lot No. 31664) 

Emission Spec. 
Coors Chemo-Serv . 

Method Spark Source Mass Spec. Semi- Quant. Other  
Analyst  B e l l  and Howell Quant.  E s t .  Semiquant. Schwarzkopf- b/  

a /  Element- 

H 0.9 

L i  108 

- B 

C 17 

N 1 

F 1 . 6  

Na  200 

A 1  - 
S i  - 

P - 
S 02+ i n t e r f e r e d  

c1 30 

- 

< 1,000 1 

- -. 

< 1,000 60 10 

< 1,000 75 - 
< 1,000 7 < 100 

K 0.7 - - 

cu 

Sb 

- 
37 

< 1,000 70 < 10 

- - 

* 

* 

20 

- 
< 20 

< 20 H a l .  

- a /  A l l  e n t r i e s  i n  ppm. Dash s i g n i f i e s  sought ,  b u t  n o t  d e t e c t e d ;  blank 
s i g n i f i e s  n o t  sought .  Elements sought were e s s e n t i a l l y  t h e  same as 
wi th  LiF (see Tables  I and 11). 

q u a n t i t a t i v e l y  determined. 
- b /  Sample d i s t i l l e d  from combustion tube.  C and H "very low" b u t  n o t  
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f o u r  success ive  L i F  samples o r  on success ive  sparking of t h e  same LiASF6 
sample, and t h a t  of t h e  18 LiAsF6 samples which were analyzed,  t h e  t h r e e  
with lowest  recorded carbon c o n t e n t s  were a l l  loaded i n  t h e  ins t rument  a t  
t h e  same t i m e .  These r e s u l t s  a r e  summarized i n  Table I V .  

111. EVALUATION OF SYNTHESIS METHODS 

A. Previous Related S tud ie s  

The f i r s t  metal s a l t s  of t h e  hexaf luoroarsena te  i o n  were synthe-  
s ized  by Woolf and Emeleus who used l i q u i d  BrF3 t o  f l u o r i n a t e  a sal&/ o r  
oxide21 of a r sen ic .  

Ag3AsOq + BrF3(excess) > AgAsFg-PAgBrFq 

M o r  MX + As203 + BrF3(excess) - M&?,F6 M = K+, Ag+, Ca* o r  Ba* 

These workers a l so  used BrF3 t o  prepare N O ~ A S F ~ ~  and NOASF~~,  t h e  l a t te r  having 
been prepared over  40 yea r s  prev ious ly  by t h e  r e a c t i o n  of NOF and AsF5. 
r e a c t i o n  of 48% HF and KH2As04 t o  g ive  a r e a d i l y  hydrolyzed KAsF6, r epor t ed  
many yea r s  ago,=/ w a s  shown by Dess and P a r r y l l  t o  g ive  KAsF50H ins t ead ,  and 
who a l s o  showed t h a t  anhydrous HF was  r equ i r ed  t o  complete t h e  conversion t o  
KASF6. 

The 

KH2As04 + HF (48%) -> uSF50H HF > KASF6 
anhvd 

These workers a l s o  used BrF3 t o  prepare  N02AsFb2’ and NOASF62’p t h e  l a t t e r  
been prepared over  40 yea r s  p rev ious ly  by t h e  r e a c t i o n  o f  NOF and 

~~~~~~/ The r e a c t i o n  of 48% HF and KH2As04 t o  g i v e  a r e a d i l y  hyd-rolyzed 
KAsF6, repor ted  many years  ago,=/ w a s  shown by Dess and Parryz’ t o  g ive  
KAsF50H ins t ead ,  and show a l s o  showed t h a t  anhydrous HF was requi red  t o  
complete the conversion t o  KAsF6. 

r 
I n  r ecen t  yea r s  a number of s t u d i e s  of hexaf luoroarsena te  s a l t s  

of metal and nonmetal c a t i o n s  have been rnade,g’ s a l t s  of t he  AsF50H’ i o n  
have been s tud ied  further,-/ s a l t s  of t h e  AsF4(0H)2- ion  have been d i s -  
c o v e r e d , u /  mSF6 and HAsF6 have become a v a i l a b l e  commercially, and 
KAsF50H i s  a v a i l a b l e  commercially i n  l abora to ry  q u a n t i t i e s .  Lithium hexa- 
f luo roa r sena te ,  however, has  never  been a v a i l a b l e ,  al though i t  i s  known. 

Lithium hexaf luoroarsena te  was f i r s t  synthes ized  i n  1956 by Cox- 16 / 
f o r  a s tudy  of s t r u c t u r e s  of s e v e r a l  complex f l u o r i d e s  of t h e  type  ABF6. 
The s y n t h e s i s  method used by Cox w a s  t h a t  p rev ious ly  appl ied  by Woolf and 
Erneleusgl i n  t h e  s y n t h e s i s  of KAsF6, e t c . ,  i . e . ,  by t h e  a c t i o n  of l i q u i d  
BrF3 on a mixture  of t h e  metal  h a l i d e  and a r sen ious  oxide:  

8 



I 
$1 

I I 

P 
I 

I I I I I I I I I I I I 
I 

GI 

I I I 
4
 

I I 
=

I
 

I 
81 $1 *I 

I 
3
 a In 

I 
I 

I 
I 

I 
I 

I 
I 

I 
01 

I 
-

-
I

 ml 
m

d
m

 I 
I 

v, 
U

 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

o.3 
A

N
 

1 

v
) 

I I I I I 

h
 

4
-

 
I 

m
3

 

m
l

 

m
I

 
w

a
r

n
 

I 

4
 

C
N

 
O
 .- 

I 
0

1
 

I 
w

 
d
 

e. 

9
u

 
I 

>
m

g
 I 

b
:9

g
 I 

r
n

l
 

$
3
9
 

I 
P

I
 

(0
 

I 

I
o

 
.rl 

2
1

 

o
x

 
2 a

I
 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 

m
m

.3
 

I 
I 

I 
f 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I I I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

N
 

I I I I I I I I I I I 

m
 m
 

m
l 

B B
 B

l 
3
 
4
 4

, 
0
 

P
I 

0
 

3
 

-
-
.
I
 

4 4 %
I 

N" N" GI 
N

 N
 N

, 

.
.
.
I
n
 

N
 

N
 
N

I 
N

 N
 
N

, 

I 
I 

I 
I 

I 
I 

I 
I 

1 I I I I I I I I 
I 

I 
I 

I 
I 

I 
I 

I I 
1

s
;

 
i

r
 

I 
I

3
1

 
@

I
 

I 
I 

r
l 

3
d

m
 

-
.
I
 

m
m

 - 
-2-22 
SSH 

I I I I I I I I I I I I I I I I I I I I I I I 

9 



12 LiF + 6 As203 + 2 0  BrF3 - 12 LiASFg 4- 10 B r 2  + 9 O2 

However, t h e  low a r s e n i c  a n a l y s i s  r epor t ed  by Cox sugges t s  t h a t  t h e  product 
contained cons ide rab le  unreacted LiF, i . e . ,  a composition of about  LiASFg' 
0.4 LiF. The same s y n t h e s i s  method was l a t e r  used by K e m m i t t ,  Russe l l  and 
Sharp=/ (who continued s t r u c t u r a l  s t u d i e s  on ABF6 s a l t s ) ,  bu t  t h e s e  workers 
d id  no t  r e p o r t  an a n a l y s i s  on t h e i r  LiASF6. 
s y n t h e s i s  of LiPF6 always gave a product con ta in ing  excess  LiF. 
and Ha l l ada l81  prepared a small amount of LiAsFg f o r  e l ec t r i ca l  c o n d u c t i v i t y  
s t u d i e s  by t h e  i o n  exchange r e a c t i o n :  

They d id  n o t e  t h a t  t h e  analogous 
Atkinson 

KAsF6 + L i +  (Dowex 50) -> LiAsF6 + K+ (Dowex 50) 

These workers r epor t ed  t h a t  LiAsFg w a s  r e c r y s t a l l i z e d  and r e a d i l y  d r i e d  a t  
110" t o  g i v e  an anhydrous, nonhygroscopic product.  S e n s i t i v e  q u a l i t a t i v e .  
tes ts  showed no o t h e r  c a t i o n i c  o r  an ion ic  i m p u r i t i e s .  More r e c e n t l y ,  i n -  
v e s t i g a t o r s  a t  HoneywellE/  and a t  Monsan tog l  have prepared methyl formate 
s o l u t i o n s  of LiAsF by t h e  m e t a t h e t i c a l  r e a c t i o n :  6 

KAsF (HCOOCH3 so ln . )  + LiBF4 30 min3 
6 F i l t e r  

KBF4 + LiAsF6 (HCOOCH3 s o h .  

However, t h e  LiAsFg could n o t  be recovered from methyl formate without  decom- 
p o s i t i o n .  
a s o l v e n t - f r e e  product w a s  o b t a i n e d g '  which, however, l i ke  the methyl 
formate solution=/ may have contained KBF4. 

The me ta thes i s  r e a c t i o n  was then performed i n  l i q u i d  ammonia and 

F i n a l l y ,  s t u d i e s  a t  Midwest Research I n s t i t u t e  i n  e a r l y  1969 
showed t h a t  LiF and AsF5 d id  n o t  react a t  -80" o r  25"C, but  underwent 
p a r t i a l  r e a c t i o n  upon heating;. 

LiF -j- AsF5 178" LiAsF6 (18.5%) 
4 days 

(The r ap id  d i r e c t  r e a c t i o n  of KF and PF5, even a t  500", was r epor t ed  i n  
1930,z' bu t  i n  t h e  analogous p repa ra t ion  of LiPF6, t h e  use of a s o l v e n t  
such as HF,Q/ dimethyl formamide, propylene carbonate  o r  a c e t o n i t r i l e  has 
been p r e f e r r e d . )  

These r e a c t i o n s  appear t o  be t h e  on ly  r epor t ed  syn theses  of LiAsF6 
and no o t h e r  phys i ca l  p r o p e r t i e s  of LiAsFg appear t o  be known (except f o r  
some e l ec t rochemica l  p r o p e r t i e s ) .  However, many s imi la r i t i es  have been noted 
between t h e  phys ica l  p r o p e r t i e s  of t h e  p e r c h l o r a t e  s a l t  of a given c a t i o n  
and i t s  t e t r a f l u o r o b o r a t e  and hexa f luo roa r sena te  s a l t s .  Hence, LiAsF6 was 
expected t o  resemble LiC104 i n  many p r o p e r t i e s .  The LiC104 was r epor t ed  t o  
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mel t  a t  236"C, t o  be v e r y  s o l u b l e  i n  water ( a  s a t u r a t e d  s o l u t i o n  i s  ~ 5 . 6  
a t  25OC) and i n  several nonaqueous s o l v e n t s  and t o  form t h e  h y d r a t e s  
LiC104.3H20 (m.p. 95OC) and LiC104.H20. The LiBF4 h a s  been reported&' t o  
have a small d i s s o c i a t i o n  p res su re  a t  25OC and i n  s i t u  p repa ra t ion  has  been 
used,22*24/ bu t  s t r a n g e l y  enough, workers a t  Honeywell s t a t e d  t h a t  they  
vacuum d r i e d  a t  15OOC t h e  LiBF4 used t o  prepare  LiAsFg. 

B.  S e l e c t i o n  of Syn thes i s  Methods 

Rather  s u r p r i s i n g l y  t h e  p repa ra t ion  of LiAsF6 by n e u t r a l i z a t i o n  
of HAsF6 had n o t  been r epor t ed ,  bu t  t h e  ready a v a i l a b i l i t y  of  HAsF6 and 
L i O H  made t h i s  method an obvious f i r s t  choice .  Our second cho ice  w a s  t h e  
i o n  exchange method, s i n c e  t h i s  appeared t o  be  t h e  on ly  method r e p o r t e d  
i n  t h e  l i t e r a t u r e  by which a reasonably  pure LiAsFg had appa ren t ly  been 
made and t h e  a r s e n i c  source,  KAsF6, w a s  r e a d i l y  a v a i l a b l e .  
choice  w a s  t h e  r e a c t i o n  of LiF wi th  AsF5 s i n c e  t h e  L iF  could be  obta ined  
i n  high p u r i t y  and gaseous AsF5 could  be p u r i f i e d .  
As205 and LiOH ( o r  L iF )  as s t a r t i n g  materials,  t h e  f l u o r i n a t i o n  t o  LiAsF50H 
t o  be performed wi th  48% aqueous HF and t h e  f l u o r i n a t i o n  t o  LiAsF6 t o  be  
completed wi th  anhydrous HF. 
materials were cons idered  because As203 i s  a v a i l a b l e  i n  h ighe r  p u r i t y  than  
any o t h e r  a r s e n i c  compound, bu t  t h e  r equ i r ed  use of BrF3 16'17/ o r  SF4 (which 
has  been used=/ t o  p repa re  KAsF6) t o  complete t h e  r e a c t i o n  appeared t o  have 
severe d isadvantages  from t h e  viewpoint  of  o p e r a t i o n a l  procedure and expected 
product  p u r i t y .  A summary of a v a i l a b l e  s t a r t i n g  materials i s  shown i n  Table  V,  
and t h e  s y n t h e s i s  methods are summarized by t h e  fo l lowing  r e a c t i o n s :  

The t h i r d  

A f o u r t h  cho ice  u t i l i z e d  

Methods u t i l i z i n g  As203 and LiF as  s t a r t i n g  

1. A c i d  N e u t r a l i z a t i o n  Method 

HAsF6 (aqueous) + L i O H  -> LiAsF6 

2. Ion  Exchange Method 

+ > LiAsF6 + K (Dowex-50) I on 
Exchange 

USF6 4- Li+(Dowex-50) 

3. React ion of  AsF5 

Solvent  L iF  + AsF5 -> LiAsF6 

4 .  React ion y& LiAsF50H 

As205 + LiOH -+ LiH2AsOq 4 LiAsF50H LiAsFg H20 HF 
48L anhy 

(o r )  As205 4- LiF + HF (48%) d L i A s F 5 0 H  HF, LiAsF6 
anhyd, 
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Chemic a 1 

MSF6 

6 
HAsF 

KAsF6 

AsF5 

As205 

As203 

H3As O4 

KAsF50H 

L i  OH * H2 0 

L i F  

Li2C03 

L i C l  

HF 

HF 

BrF3 

Dowex-50W-X8 

TABLE V 

AVAILABILITY OF STARTING MATERAILS 

Source Grade Approximate P r i c e  

Ozark Mahoning c a .  65% aq. s o l u t i o n  $46/gal (16 l b . )  

Ozark Mahoning ca. Hexahydrate c r y s t a l s  $46/gal (16 l b . )  

Ozark Mahoning , 98% min. 

Ozark Mahoning P u r i f i e d  gas 

J .  T. Baker Reagent , 99.3% 

J .  T. Baker Reagent, 99.99% 

Baker and Adamson Reagent, 99.9% 

Alpha Ino rgan ic s  - -  

Matheson, Coleman Reagent ( e s t .  
and B e l l  2 99.9%) 

Baker and Adamson Reagent 

J .  T .  Baker Reagent 99.2% 

J .  T. Baker Reagent, 99.0% 

M a  t h e  s on Anhydrous, 99.9% 

Math e son Reagent, 48% aq. 

Ma t h e  son P u r i f i e d ,  98.0% m i n  

J .  T. Baker "Reagent !' 
(Ion exchange r e s i n )  

Dowex-50W-X8 Dow Chemical 
(Ion exchange r e s i n )  

.. 

$15/lb 

$50/50 g. 

$4.00/lb 

$1 O/lb 

$3 e 50 / lb  

$60/100 g.  

$5.50/lb 

$8.00/lb 

$6 e 00/lb 

$6.50/lb 

$2.50/3/4 l b .  
(1 ec t u r e  b o t t l e  ) 

$2.30/lb 

$13/lb 

$27/ lb  
(no longer  a v a i l a b l e )  

Courtesy sample 
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C .  Experimental Resu l t s  

1. Acid N e u t r a l i z a t i o n  Method 

The conversion of HAsF6 t o  LiAsFg had never  been r epor t ed  pre-  
v ious ly ,  bu t  was demonstrated ve ry  e a r l y  i n  t h i s  program. The method w a s  
n o t ,  however, without  problems and a s e r i e s  of n e u t r a l i z a t i o n  runs  were 
made t o  determine t h e  optimum n e u t r a l i z a t i o n  and recovery procedures  and 
t o  prepare  s e v e r a l  ba tches  of c rude  LiAsF6 f o r  p u r i f i c a t i o n  s t u d i e s .  I n  
a l l ,  19 runs  were made wi th  va r ious  cond i t ions  and ana lyses  of  t h e  products  
be fo re  making LiAsF6 a t  t h e  2,000 g .  s c a l e .  The more s i g n i f i c a n t  of t h e  
d e t a i l s  of t hese  runs  w i l l  be r epor t ed  he re  and t h e  procedure which w a s  
f i n a l l y  used i s  w e l l  descr ibed  i n  Sec t ion  I V .  

Two p a r t i c u l a r  d i s c o v e r i e s  dur ing  the  development of  t h e  method 
should be noted.  
even a f t e r  r e c r y s t a l l i z a t i o n  i s  no t  pure.  
descr ibed  i n  more d e t a i l  i n  Sec t ion  V.  The most s i g n i f i c a n t  impur i ty  
appears  t o  be t h e  h e r e t o f o r e  unknown a c i d  HAsF50H most of which hydrolyzes  
t o  produce L i F  and t h e  l i t h i u m  a r s e n a t e s  LiH2AsO4, and Li2HAs04, dur ing  
n e u t r a l i z a t i o n  with LiOH,  a l though complete hydro lys i s  appa ren t ly  occurs  
only when t h e  LiAsF6 s o l u t i o n  i s  concent ra ted .  The s o l u b i l i t y  of t h e  
a r s e n a t e s  p a r t i c u l a r l y  i s  de t r imen ta l  t o  t h e  recovery of high p u r i t y  
LiAsF6. 
much L i O H  s o l u t i o n  i s  requi red  f o r  n e u t r a l i z a t i o n  as expected from the  
weight of  t h e  HAsF6 used. 
t u r e  r e p o r t  t h a t  anhydrous LiAsF6 was not  hygroscopic,* we found t h a t  
LiAsF6 w a s  i n  f a c t  q u i t e  hygroscopic and even de l iquescen t  a t  35% relat ive 
humidity.  Fu r the r ,  i t  forms a monohydrate, which resembles the  anhydrous 
s a l t  i n  appearance,  and a l s o  a t r i h y d r a t e .  The l a t t e r ,  however, w a s  found 
t o  be p a r t i c u l a r l y  u s e f u l  f o r  r e c r y s t a l l i z a t i o n  from water  o r  aqueous 
a lcohol .  

F i r s t  of a l l ,  t h e  HAsF6 a s  i t  i s  obtained commercially o r  
The p r o p e r t i e s  of HAsF6 are 

One e f f e c t  of t h e  presence of t h e  HAsF50H i s  t h a t  about twice as 

A second d iscovery  w a s  t h a t  c o n t r a r y  t o  a l i t e r a -  

The p r o p e r t i e s  of HAsF6 and LiAsF6 are descr ibed  f u r t h e r  i n  Sect ion V.  

Run No. 1: One hundred m i l l i l i t e r s  of greenish  s tock  65% 
HAsF6 was n e u t r a l i z e d  by t h e  a d d i t i o n  of 5 M, LiOH a t  0-28OC. The mixture  
was cooled t o  - 5 O C  and f i l t e r e d .  The i n s o l u b l e  by-product (32.9 g.  d r i e d  
i n  dry  a i r )  w a s  e x t r a c t e d  with acetone,  bu t  25.7 g .  remained undissolved 
(Found 54.2% F). The aqueous s o l u t i o n  was evaporated t o  dryness  on t h e  
f l a s h  evapora tor  a t  85°C g i v i n g  a very  hard s o l i d ,  The s o l i d  w a s  extracted 
with methanol l eav ing  16 g. of an a r sena te  f r a c t i o n  (Found 5.9% F).  
methanol and acetone e x t r a c t s  were combined and t h e  so lven t  removed under 
vacuo. 
Lot I-6-A, Found: 3.21% L i ;  35,21% A s ;  53.08% F; 0.89% H. (Calculated 
formula: Li1,00As1.02F6,03a0.97 H20). Carbon con ten t  was only 230 ppm. 

The 

The s o l i d  product was d r i e d  i n  d ry  a i r  t o  g ive  90.9 g.  of LiAsF6.H20. 

* The s a l t  was r e c r y s t a l l i z e d  from water and d r i ed  a t  110°C i n  vacuo. 

13 



Semiquant i ta t ive  emission spec t rographic  a n a l y s i s  f o r  34 metal l ic  e lements  
i nd ica t ed  t h a t  on ly  N a  w a s  above 100 ppm. 
of f -whi te  i n  c o l o r ,  showed a s t r o n g  endotherm a t  116°C upon d i f f e r e n t i a l  
thermal  a n a l y s i s ,  but  appeared t o  undergo p a r t i a l  decomposition upon at tempted 
drying a t  ~ 1 1 0 ° C .  

This  product,  which w a s  s l i g h t l y  

Run No. 2 :  One hundred m i l l i l i t e r s  of 5 M L i O H  w a s  n e u t r a l -  
i zed  a t  up t o  50°C by t h e  a d d i t i o n  of s tock  65% HAsF6 (30 m l .  r e q u i r e d )  and 
t h e  i n s o l u b l e  material  w a s  f i l t e r e d  o f f ,  The so lu t ion  was.evaporated under 
vacuum below 40°C t o  nea r  dryness  and then d r i e d  i n  d r y  a i r  t o  g ive  26 g. 
of white  s o l i d ,  Lot I-8-B. Elemental a n a l y s i s  i nd ica t ed  LiAsF6-H20 con- 
taminated with -1% LiF and ~ 4 %  l i t h ium hydrogen a r sena te .  
dehydrat ion was completed i n  t h e  lyophy l i ze r  and the  product w a s  used t o  
t e s t  e t h y l  e t h e r  as an e x t r a c t i n g  so lven t .  The e t h e r  e x t r a c t e d  97% of t h e  
s o l i d  and LiAsF6 w a s  recovered;  Found: 58.1% F . )  
spec t rographic  a n a l y s i s  on t h e  crude Lot I-8-B showed t h a t  of  t h e  34 elements 
sought only Sb and Na were above t h e  100 ppm l e v e l .  

(Subsequently, 

Semiquant i ta t ive  emission 

Run Nos. 3 and 4: These runs  were v a r i a t i o n s  of Run No. 1. 
I n  Run No.3, 100 m l ,  of stock,65% HAsF6, w a s  d i l u t e d  t o  1 ,900 m l .  ( i .e . ,  
N O - 3 4  M,) befo re  n e u t r a l i z a t i o n ,  t o  determine i f  spec ie s  p re sen t ,  because 
of t h e  h igh  concen t r a t ion  of t h e  HAsF6, w e r e  r e spons ib l e  f o r  t h e  formation of 
i n s o l u b l e  by-product and consumption of excess  LiOH.  N e u t r a l i z a t i o n  a t  28°C 
requi red  almost e x a c t l y  t h e  same amount of LiOH as i n  concent ra ted  s o l u t i o n ,  
however, and appeared t o  g i v e  about as much by-product;  t h e  da rk  green c o l o r  
and t h e  s l i g h t l y  sma l l e r  amount (14.1 g. d r i e d )  of t h e  recovered i n s o l u b l e  
mat te r  i nd ica t ed  t h a t  some a d d i t i o n a l  whi te  s o l i d  of low s o l u b i l i t y  w a s  
merely l e f t  i n  t h e  l a r g e  volume of s o l u t i o n .  No at tempt  was made t o  recover  
t h e  LiAsFg. 

I n  Run No. 4,100 m l .  of s tock  65% HAsF6 i n  100 m l .  H 2 0  w a s  
t r e a t e d  with an amount of L i O H  (0.6 mole) c a l c u l a t e d  t o  b r ing  t h e  s o l u t i o n  
t o  pH 2.5-3.0 (acid-base t i t r a t i o n  of a d i l u t e d  U s F 6  had shown a f i r s t  end 
po in t  h e r e ) .  The i n s o l u b l e s  (5.8 g . ,  n e a r l y  wh i t e )  were removed and t h e  
s o l u t i o n  concent ra ted .  The concen t r a t e  r e t a i n e d  t h e  green c o l o r ,  bu t  de- 
pos i ted  white  c r y s t a l s  upon coo l ing .  Two crops  of crude LiAsF6 c r y s t a l s  
were recovered,  but  a t h i r d  c rop  obtained a t  0°C m e l t e d  upon warming t o  
25°C and appeared t o  be  or  t o  con ta in  HAsF6'6H20, a r e s u l t  of incomplete 
n e u t r a l i z a t i o n .  

Run No. 5:  I n  t h i s  run,  100 c m 3  of HAsF6'6H20, obtained by 
doubly r e c r y s t a l l i z i n g  t h e  65% HAsF6 s o l u t i o n ,  was n e u t r a l i z e d  a t  17-25°C. 
Inso lub le  by-product s t i l l  formed, however, bu t  a f t e r  i t s  removal about 90 g ,  
of hydrated c r y s t a l s  were recovered i n  f o u r  c rops  by success ive  s t e p s  of 
vacuum concen t r a t ion  a t  about 50°C and c r y s t a l l i z a t i o n  by coo l ing  t o  25°C 
o r  t o  0°C. 
but  on ly  16 g,  could be recovered by f i l t r a t i o n  a t  O O C .  Furthermore, t h e  

The hydrated c r y s t a l s  were r ed i s so lved  i n  20 cm 3 water a t  40", 
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f i l t r a t e  w a s  q u i t e  acidic  (pH < 0) showing t h a t  a c i d i c  i m p u r i t i e s  had been 
generated dur ing  product  workup. The recovered c r y s t a l s  were vacuum d r i e d  
f o r  20 h r .  a t  110°C. The product ,  Lot 1-13-1 w a s  white .  Elemental  a n a l y s i s  
(Schwarzkopf) gave: 3.65% L i ;  38.13% A s ;  56.87% F (MRI a n a l y s i s  gave 56.7% 
F) ;  13  ppm H ;  and 14 ppm C y  ( t o t a l  98.65%) o r  a c a l c u l a t e d  formula 
Li1.03As1.00F5.88. k a l y s i s  f o r  and f r e e  f l u o r i d e  gave 1.7% and 0.7%, 
r e s p e c t i v e l y ,  i n d i c a t i n g  t h e  presence of small  amounts of  L i F  and l i t h i u m  
a r sena te .  Semiquant i ta t ive  emission spec t rographic  a n a l y s i s  f o r  34 metals 
ind ica t ed  t h a t  a l l  except  poss ib ly  Na were below t h e  100 ppm level.  
D i f f e r e n t i a l  thermal a n a l y s i s  of t h i s  product showed a small endotherm a t  
114°C (probably i n d i c a t i v e  of absorp t ion  of mois ture  dur ing  sample prepara-  
t i o n )  and decomposition a t  about 250°C. 

Run No. 6 :  I n  t h i s  run ,  187 g. of r e c r y s t a l l i z e a  HAsF6'6H20 
was  n e u t r a l i z e d  by a d d i t i o n  t o  L iOH s o l u t i o n .  
worked up and s e v e r a l  c rops  of hydrated c r y s t a l s  were obta ined ,  combined and 
r e c r y s t a l l i z e d  from H20. 
p u r i t y  w a s  recovered and vacuum d r i e d  over  CaC12 (Lot 1-16-G). D i f f e r e n t i a l  
thermal a n a l y s i s  showed a very  weak endotherm i n d i c a t i v e  of  t h e  monohydrate, 
bu t  we were a b l e  t o  observe f o r  t h e  f i r s t  t i m e  a s m a l l  endotherm a t  about 
258°C shown l a t e r  t o  be c h a r a c t e r i s t i c  of anhydrous LiAsFg. 

The r e a c t i o n  mixture  w a s  

A small amount of product be l ieved  t o  be of good 

Runs Nos. 7,  8 and 9:  Runs Nos. 7 and 9 were r e r u n s  of N o .  6 
while Run N o .  8 used s tock  HAsF6. The n e u t r a l i z e d  products  were worked up 
by va r ious  procedures invo lv ing  r e c r y s t a l l i z a t i o n  from methanol, 95% e thanol  
and aqueous i sopropyl  a lcohol .  A s  a r e s u l t  of t hese  s t u d i e s ,  -90% i-PrOH 
w a s  t e n t a t i v e l y  s e l e c t e d  a s  a r e c r y s t a l l i z a t i o n  so lven t  f o r  t he  hydrated 
LiAsF6, even though the  s o l u b i l i t y  w a s  about  0.7 g/cm3 a t  6°C. 
LiAsF6 f r a c t i o n s  and f i l t r a t e s  from these  s t u d i e s  were then reworked. 

A number of 

Eight  d r i ed  samples of LiASF6 were combined (96 g . ) ,  d i s -  
solved a t  50°C i n  -41% i - P r O H ,  and the  s o l u t i o n  w a s  f i l t e r e d .  F i f t y  grams 
hydrated c r y s t a l s  were recovered a t  6"C, d r i e d  i n  t h e  lyophy l i ze r  f o r  20 h r .  
and then i n  t h e  vacuum oven a t  110°C f o r  20 h r .  The product ,  Lot I-34-B 
(36 g.),was white  ( see  below) but  gave a s t r o n g l y  a c i d i c  (pH 0.5) s o l u t i o n  
when r ed i s so lved  i n  water. 

Severa l  f i l t r a t e s  and crops  of hydrated c r y s t a l s  were then 
The s o l u t i o n  was t r e a t e d  w i t h  Norite-A, combined (est imated 225 g .  LiAsF6). 

f i l t e r e d  and concent ra ted .  I sopropyl  a l coho l  was  added, the s o l u t i o n  
r e f i l t e r e d  and 229 g. hydra ted  s a l t  recovered.  
aqueous i-PrOH gave 130 g.  c r y s t a l s .  
97 g . )  w a s  q u i t e  gray ,  however, i n d i c a t i n g  the presence  of an  unknown 
impuri ty .  
z a t i o n  were both a c i d i c  (pH 0.5 and 1.6,  r e s p e c t i v e l y ) .  

R e c r y s t a l l i z a t i o n  from 
The d r i e d  product  (Lot No. I-35-A, 

The f i l t r a t e s  from t h e  f i r s t  c r y s t a l l i z a t i o n  and the recrystal l i -  
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The two f i l t r a t e s  and t h e  a c i d i c  s o l u t i o n  from Lot I-34-B 
were recombined, a d j u s t e d  t o  pH 8.7,  and reworked t o  g ive  59 g. of hydra t ed  
c r y s t a l s .  These were r e c r y s t a l l i z e d  from aqueous i-PrOH and 20 g.  o f  d r i e d  
product  recovered, Lot  I-38-B. 
only t h e  258OC endotherm between 25" and 350OC. 
tremely t u r b i d  s o l u t i o n  when r ed i s so lved  i n  water. 

This material was wh i t e  and i t s  DTA showed 
Nevertheless  i t  gave an  ex- 

Run N o .  10: I n  t h i s  run 356 g.  r e c r y s t a l l i z e d  HAsF6'6H20 
The LiAsFg was worked up by t h e  f i l t r a t i o n -  were n e u t r a l i z e d  a t  S 20°C. 

316 g,  concen t r a t ed  s o l u t i o n ) .  A f i r s t  c rop  of c r y s t a l s  (112 g . )  was 
obtained by coo l ing  t h e  s o l u t i o n  t o  6OC. About 50 g. of t h e s e  c r y s t a l s  
were vacuum d r i e d  i n  a l yophy l i ze r  t o  g ive  LiASF6, Lot I-45-C, 
was reconcentrated and a second c rop  of 57 g.  of c r y s t a l s  w a s  obtained which 
was combined wi th  t h e  remaining 62 g. of f i r s t  crop c r y s t a l s  f o r  r e c r y s t a l l i -  
z a t i o n .  The 119 g. were then d i s so lved  i n  a mixture of ~ 2 4  cm3 92% v/v 
i sop ropy l  a lcohol  and t h e  s o l u t i o n  f i l t e r e d .  C r y s t a l l i z a t i o n  a t  6OC followed 
by vacuum drying of t h e  product i n  a l yophy l i ze r  gave 44 g. of anhydrous 

concen t r a t ion  process  and i sop ropy l  a l coho l  w a s  then added (50 cm 3 p e r  

The f i l t r a t e  

LiAsFg, Lot I-45-D. 

Complete ana lyses  were made on Lot 1-45-6 and I-45-D with 
the r e s u l t s  shown i n  Table V I ,  along with t h e  ana lyses  of two o t h e r  l o t s  
discussed l a t e r .  Carbon and oxygen a r e  seen t o  be t h e  only s i g n i f i c a n t  
impur i ty  elements and suggest t h e  presence of carbonate  and a r s e n a t e  (or 
f l u o r o a r s e n a t e )  s p e c i e s .  The low H values  i n d i c a t e  good removal of water 
and a l coho l  by t h e  drying procedure used, i . e . ,  only about 0.005 mm Hg 
and ambient temperature i n  the  lyophy l i ze r .  

Buns Nos. 11-17: These runs were made p r i m a r i l y  t o  compare 
the  amounts of t h e  suspected HAsF50H p resen t  i n  the  s tock  65% HAsF6, re- 
c r y s t a l l i z e d  HAsF6 and doubly r e c r y s t a l l i z e d  HAsF6. S t i r r e d  s o l u t i o n s  of 
l i t h i u m  hydroxide were n e u t r a l i z e d  dropwise with s o l u t i o n s  of HAsF6'6H20. 
The temperature was maintained by an a p p r o p r i a t e  e x t e r n a l  i ce  o r  water ba th .  
The course of t h e  r e a c t i o n  was monitored with a g l a s s  e l e c t r o d e  pH meter 
and a d d i t i o n  of acid stopped a t  "pH 10. The q u a n t i t i e s  of acid added were 
determined. The r e a c t i o n  mixtures  were f i l t e r e d  t o  c o l l e c t  i n s o l u b l e  mate- 
r i a l s ,  which were then washed wi th  water and a i r  d r i e d .  
c o n d i t i o n s  and r e s u l t s  are summarized i n  Table V I I .  

. 

The experimental  

The s o l u t i o n s  from Runs Nos.  11 and 12 were combined,after 
removal of t h e  i n s o l u b l e s ,  concen t r a t ed ,  90% i-PrOH added (15 cm3/80 g.  
c o n c e n t r a t e ) ,  and a d d i t i o n a l  i n s o l u b l e s  removed. C r y s t a l l i z a t i o n  a t  6OC, 
followed -by vacuum drying of t h e  c r y s t a l s  gave 22 g. of anhydrous LiASF6, 
Lot I-46-D; a n a l y s i s  of t h i s  product i s  shown i n  Table V I .  
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TABLE VI 

ANALYSIS OF LiAsFg SAMPLES PREPARED BY ACID NEUTRALIZATION 
AND CRYSTALIZED FROM AQUEOUS ISOPROPYL ALCOHOL 

Li 
. A s  

otal 

i /As /F 

F 

Major Constituents/ Analysis (in %) (Schwarzkopf) 

Arsenic and Fluoride Impurity Analysis (in X) (MRI) 

As (V) ND tr ? 
As(II1) ND ND 
Free F' ND ND ND ND 

Spark Source Mass Spectrometric Analysis (in ppm)(Bell and Howell) 

rder of Sampl 
Analysis 2 3 - 

1 9  
- - - - - - - - -  

l o  
9 

543  

1 7  



TABLE V I  (Concluded) 

Recrys t ,  HAsF6 + L i O H  Stock Acid + LiOH Misc. Prod. 

N a  
K 

Lot No. : I I -45 -c I I-45-D I 1-46 -D I I - 4 7 - A  

Atomic Absorption Analysis  ( i n  ppm)  (Coors)- d /  

26; 35 ND (< 5 ) ;  40 51 - 
78;  94 17  87 - 
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TABLE V I 1  

ANALYSIS OF HAsF6'6H20 FMCTIONS FOR HAsF50H 

HAsF6 used 

H20 (cc. ) 
Temp. ("C) 
LiOHoH20 (g. ) 

I n s o l .  (g . )  
% HAsF50H (calc. ) 

W t .  (g.1 

H20 (cc.) 

17 - 16 - 15  - 14 - 13 - 12 - 11 _. 

Crude 
53 
26 
1 0  
20 

100 
1 0  -- 

Crude Crude 1st ML 
54 54 21  
25 0 0 
40 1 0  1 0  
20 20 1 0  

100 100 50 
12 10.5 5 
-- 12.6 15.7 

1st x t a l s  
45 
22 
1 0  
1 0  
50 

3.5 
4.9 

2d ML 2x x t a l s  
44 57 

0 25 
1 0  1 0  
1 0  1 0  
50 50 
4.7 0.5 
5.4 0.5 

Lot No. I -47-A:  Several  a s so r t ed  l o t s  of LiAsFg and 
LiAsF6 s o l u t i o n s  were combined, ad jus t ed  t o  pH 10,  t r e a t e d  with N o r i t e  A and 
f i l t e r e d .  The s o l u t i o n  w a s  then concent ra ted ,  t r e a t e d  with i -P rOH and 241 g. 
of hydrated c r y s t a l s  recovered.  These were r e c r y s t a l l i z e d  from aqueous 
i -P rOH (174 g. recovered)  and d r i e d  t o  g ive  128 g. of product .  Elemental 
a n a l y s i s  and spark  source  mass spec t romet r i c  a n a l y s i s  repor ted  i n  Table V I  
show t h a t  t h i s  material was  of on ly  moderate p u r i t y .  

Lot No. I - 5 1 - C :  Six a s so r t ed  f i l t r a t e s  from previous 
LiAsF6 c r y s t a l l i z a t i o n s  were combined, ad jus t ed  t o  pH 10.6 and reworked by 
t h e  f i l t r a t i o n ,  concen t r a t ion ,  c r y s t a l l i z a t i o n  procedure.  Two c rops  of 
hydrated c r y s t a l s  (246 g. t o t a l )  were recovered,  r e c r y s t a l l i z e d  (153 g . )  
from aqueous i - P r O H  and d r i e d  t o  g ive  116 g. of product .  E lementa l -ana lys i s  
gave: 
gave a p o s i t i v e  t e s t  f o r  f r e e  f l u o r i d e  i o n  ( t race)  and gave a t u r b i d  s a t u -  
rated s o l u t i o n .  

3.31% L i ;  38.08% A s ;  58.70% F ( t o t a l  100:09%). This product ,  however, 

Run No. 18: I n  t h i s  run a new batch of hexaf luoroarsenic  a c i d  
c r y s t a l s  obtained from Ozark Mahoning (Lot No. R-4-90) w a s  used f o r  t h e  f i r s t  
t i m e .  This  run w a s  in tended  t o  e v a l u a t e  some modi f ica t ions  of t h e  n e u t r a l i z a -  
t i o n  and recovery procedures  and a l s o  t o  compare w a t e r ,  i sopropyl  a lcohol  and 
e t h y l  e t h e r  with aqueous i sopropyl  a l coho l  as r e c r y s t a l l i z a t i o n  so lven t s .  

The procedura l  mod i f i ca t ions  were designed t o  reduce levels 
of t h e  suspected i m p u r i t i e s  of carbonate ,  as w e l l  as a r sena te ,  f l uo roa r sena te s ,  
o r  f l u o r i d e  i n  prev ious  samples. I n  o r d e r  t o  reduce carbonate ,  t h e  LiOH was 
made up as a concent ra ted  ( -5  M,) s o l u t i o n ,  allowed t o  s tand  t o  p r e c i p i t a t e  
any Li2CO3 and then f i l t e r e d .  The LiOH s o l u t i o n  was maintained i n  a p l a s t i c  
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dropping funnel  and added t o  t h e  s t i r r e d  HAsF6 s o l u t i o n  (298 g. c r y s t a l s  i n  
70 m l .  H20) contained i n  a p l a s t i c  beaker ( a l l  previous runs  except  Nos. 1, 
3, and 4 had employed t h e  r eve r se  add i t ion ,  thus  exposing t h e  L iOH s o l u t i o n  
t o  atmospheric C 0 2 ) .  
t h e  n e u t r a l i z e d  s o l u t i o n  w a s  heated 1 h r .  a t  55"-6OoC t o  t r y  t o  complete 
t h e  hydro lys i s  of uns t ab le  s p e c i e s  (such as LiAsF50H), c h i l l e d  t o  0°C t o  
minimize t h e  s o l u b i l i t y  of by-products (such as L iF  and Li2HAs04), and then 
f i l t e r e d  . 

I n  an e f f o r t  t o  reduce t h e  a r sena te - type  of i m p u r i t i e s ,  

The n e u t r a l i z a t i o n  of t h e  new HAsF6 c r y s t a l s  requi red  about 
t h e  same amount of "excess" L i O H  and gave about t h e  same amount of i n s a l u b l e s  
(47.6 g . ,  d ry )  as d id  t h e  65% s o l u t i o n .  (The L i O H  add i t ion  w a s  i n a d v e r t e n t l y  
cont inued t o  pH 10-11 and w a s  r ead jus t ed  back t o  pH 7 . 3  with HAsF6 s o l u t i o n  
a f t e r  hea t ing ) .  
za t ion  s t e p s ,  t h e  two crops  combined, and then d r i ed  t o  g ive  138.1 g. (70.5% 
y i e l d  based on t h e  weight of  HAsF6*6H20) of Lot 111-20-A. Elemental  and 
impur i ty  ana lyses  of t h i s  material a r e  shown on page 22. A concent ra ted  
s o l u t i o n  of t h i s  m a t e r i a l  w a s  t u rb id  and, i n  t i m e ,  a s l i g h t  p r e c i p i t a t e  formed. 

The LiAsF6 w a s  recovered by two f l a s h  d i s t i l l a t i o n - c r y s t a l l i -  

Po r t ions  of Lot 111-20-A were r e c r y s t a l l i z e d  from each of 
The c o n d i t i o n s  used and r ecove r i e s  obtained are shown t h e  f o u r  so lven t s .  

i n  Table V I I I .  

Elemental and impur i ty  ana lyses  f o r  t h e s e  f o u r  l o t s  a r e  
shown i n  Table I X .  The a n a l y t i c a l  r e s u l t s  i n d i c a t e  t h a t  Lot 111-20-A had 
a p u r i t y  of about 99.8-99.9%. Carbon l e v e l s  were reduced,but t o  only  
130 ppm and t h e  oxygen l e v e l  (520 ppm) was about  t h e  same as i n  ea r l i e r  
samples. 
samples. Ana ly t i ca l  d a t a  on Lot 111-22-A ( r e c r y s t a l l i z e d  from aqueous 
i - P r O H )  show only 340 ppm oxygen as a s i g n i f i c a n t  impuri ty .  A concent ra ted  
s o l u t i o n  of t h i s  l o t  gave l i t t l e ,  i f  any, t u r b i d i t y .  The LiAsF r e c r y s t a l l i z e d  
from water (both c r o p s )  a l s o  gave only very  f a i n t  p o s i t i v e  t u r b i d i t y  t e s t .  
Unfortunately t h e  spark  source  mass spectrometer  a n a l y s i s  on Lot 111-22-B d id  
n o t  g ive  r e l i a b l e  va lues  f o r  C and 0 because of c r o s s  contaminat ion from 
Lots  111-22-C and 111-23-A. The contaminat ion i n  these  two appears  t o  be 
c e l l u l o s i c  m a t e r i a l s  d i sso lved  from t h e  c a p l i n e r  of t h e  screw-cap b o t t l e s  
used t o  e q u i l i b r a t e  t h e  s a l t  and anhydrous so lven t ,  thus  account ing f o r  t h e  
high H, C ,  and 0 l e v e l s .  Lot 111-22-C (from e t h e r )  gave a v e r y  t u r b i d  
aqueous s o l u t i o n  wh i l e  Lot 111-23-A gave a s l i g h t  t u r b i d i t y .  

The high Sb l e v e l  (500 ppm) was never  observed i n  r e c r y s t a l l i z e d  

6 

Run N o .  19: The purposes of t h i s  run were similar t o  those 
of Run 18, using a l a r g e r  scale. 
were s i m i l a r  except  t h a t  t h e  concent ra ted  LiAsFg s o l u t i o n  was f i l t e r e d  t o  
remove about 0.5 g. of i n s o l u b l e  m a t e r i a l  before  c r y s t a l l i z a t i o n .  From 596 g. 
of a c i d  c r y s t a l s ,  252 g. (64.3% y i e l d  based on weight of HAsF6) of anhydrous 
LiAsF6 w a s  recovered (Lot I-66-A), along wi th  102 g. of i n s o l u b l e  by-product. 

The n e u t r a l i z a t i o n  and recovery procedures  
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TABLE V I 1 1  

VOl. 

Recry. Solvent 
Solvent&’ ( m l  . ) 

RECRYSTALLIZATION OF LOT III-20-A, LiAsF6 

68.5% v /v  
i - P r O H  29.2- b /  

H20 25.0 

2nd Crop 

i -PrOH 40. Ocl 

E t 2 0  50.0 

W t .  Recry. 
LiASF6 Temp. 

00 

25 -50 

50 0 

0 

25  -50 

25 -50 

Recovered LiAsF6 
C r y s t a l s  (Dry) Percent  Product 
(E. 1 (g. ) Recovered Lot  N o .  

16.6 11.0 44 111 -22 -A 

23.1 1 7 .  O f i l  34 111 -22-B 

14.2 10.5 21  111 -23 -B 

5.3 4.5 18 111 -23-A 

10.9 6.2 25 I11 -22 -c 

- a /  A l l  samples were e q u i l i b r a t e d  a t  30°C overn ight ,  then f i l t e r e d  be fo re  
coo l ing  t o  c r y s t a l l i z e .  

- b/  

- c /  

- d /  

The amount of H20 i s  j u s t  s u f f i c i e n t  t o  g ive  

This  volume was t oo  l a r g e  and p a r t  had t o  be evaporated t o  recover  any 

Weight l o s s e s  correspond t o  compositions of LiASF6 t o  so lven t  o f :  1:3.9 

a 1:4 r a t i o  of LiAsF6 
t o  H20. 

product .  

and 1:3.84 for H20; 1:0.58 f o r  i :P rOH and 1:2.0 f o r  E t 2 0 .  

21 



TABLE IX 

ANALYSIS OF LiAsFh SAMPLES RECRYSTALLIZED FROM DIFFERENT SOLVENTS 

Prep. Acid Neutral. Recrystallized 111-20-A (Solvent Indicated) 
Method Dried Aq. i-PrOH 

Lot No. 111-20-A 111-22-A 111-22-B 111-22-C 111-23-A 

H20 Et20 5-PrOH 

Major Constituent Analysis (in %) Schwarzkopfi/ 

Mass Spectrometric Analysis (in ppm) Bell and Howell 

Order of 
Anal. b /  - 
H 
B 

N 

Na 
A1 
Si 
S 
c1 
K 
Ca 
Cr 
Ni 
Sb 

CC/ 

021 

2 

8.2 
2.2 

130 
16 
520 
120 

23 
10 
3 
22 

3 
14 
500 

- 

- 

3 

3.1 
1.7 
88 
14 
340 
12 0 

68 
72 
17 
59 
2 
2 

- 

- 
- 

4 

15 

590 
20 
450 
88 

47 
16 

14 

2 
5.7 

2.9 

0.7 

9.9 

I 

- 

450 

540 
14 

1,6-00 
44 
1 
84 
51 
67 
34 - 
3.3 
2 

3.1 

- 
- 

6 

36 

460 
33 
850 
22 
1 

130 
25 
41 
70 
2 
3.2 
9.8 

3.8 

80 

Na Analysis (in ppm) Schwarzkopf 

Na 35 17 14 24 106 

- a/ 

- b/ 
- c/ 

Analysis of 111-20-A by Galbraith Labs, gave 3.44% Li; 38.48% As; p-, 56% F; and 

First sample analyzed was Lot I-47-A. 
Spotty C and 0 conc. on Samples 4, 5,'and 6. 

35 ppm Na. Theoret.: 3.54% Li; 38.25% As; 58.21% F. 

Cellulosic impurities in Lots 
111-22-C and possibly 111-23-A believed to be responsible. 
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The Lot I-66-A material gave a s l i g h t  p o s i t i v e  t u r b i d i t y  t es t ,  but  was n o t  
f u r t h e r  analyzed. It  w a s  bel ieved t o  be of about t h e  same p u r i t y  as (or 
b e t t e r  than because of t h e  e x t r a  f i l t r a t i o n  s t e p )  Lot 111-20-A. 
gram p o r t i o n s  of Lot I-66-A were used t o  re tes t  anhydrous i sopropyl  a lcohol  
and e t h y l  e t h e r  a s  r e c r y s t a l l i z a t i o n  so lven t s .  
100-g. LiAsF6 w a s  d i s so lved  i n  180 m l .  e t h e r  a t  4 O O C .  
f i l t e r e d ,  cooled t o  -2OOC and then 128.1 g. of LiAsF6'2Et20, was recovered 
(73% recovery,  unsolvated b a s i s ) .  The s o l i d  was placed i n  t h e  lyophy l i ze r  
and pumped on t o  remove t h e  e t h e r .  Considerable  d i f f i c u l t y  w a s  encountered 
dur ing  t h e  f i r s t  po r t ion  of t h i s  procedure because t h e  e t h e r  evolved so  
r a p i d l y  and t h e  unsolvated product  was of such f i n e  p a r t i c l e  s i z e  t h a t  a f i n e  
dus t  was carried ou t  of t h e  t a l l  beaker con ta ine r .  The pumping w a s  cont inued 
f o r  about 48 h r .  and 60.4 g. of product ,  Lot I-68-A, was recovered.  The mate- 
r i a l  gave a f a i n t e r  t u r b i d i t y  t es t  than d i d  t h e  s t a r t i n g  material, bu t  s t i l l  
s l i g h t l y  p o s i t i v e .  This  product appeared t o  be  of much smal le r  p a r t i c l e  s i z e  
than those  obtained from aqueous s o l u t i o n .  

One hundred 

A l l  but  about 2 g.  of t h e  
The s o l u t i o n  was 

The 100 g.  of Lot I-66-A w a s  almost completely d isso lved  by 
135 m l .  a l coho l .  The s o l u t i o n  w a s  f i l t e r e d  and cooled t o  -20°C. The s o l i d  
which formed,melted upon attempted recovery,  however. Extensive f l a s h  
evaporat ion of  t h e  s o l u t i o n  a t  temperatures  up t o  70°C w a s  r equ i r ed  t o  g e t  
a good recovery of s o l i d .  F i l t r a t i o n  of t h e  concent ra ted  s l u r r y  a t  room 
temperature  y ie lded  61.8 g. of unsolvated LiAsF6 which d r i e d  overn ight  i n  
the  lyophy l i ze r  t o  a f i n a l  weight of 59.2 g., Lot 111-44-B. This material 
gave only an extremely f a i n t  t u r b i d i t y  t es t ,  and w a s  of more coa r se  pa r t i c l e  
s i z e  than t h a t  from e t h e r .  

Spark source  mass spec t roscopic  ana lyses  on Lots  I-68-A and 
111-44-B a r e  shown i n  Table X t oge the r  with t h e  a n a l y s i s  of another  batch 
of LiASFg, Lot I-69-B, which w a s  submitted a t  t h e  same t i m e  and loaded i n  
the  mass spectrometer  t oge the r  wi th  t h e  two l o t s  above. Lot I-69-B-was a 
product a l s o  obtained by r e c r y s t a l l i z a t i o n  from e t h e r  (see below). 
Unfortunately,  Lot I-69-B contained an excep t iona l ly  l a r g e  amount of  hydrogen 
and carbon, sugges t ing  t h a t  removal of t h e  e t h e r  w a s  incomplete.  The C ,  H, 
and 0 va lues  are t h e r e f o r e  suspec t  f o r  t h e  o the r  two l o t s  because of t h e  
p o s s i b i l i t y  of c r o s s  contaminat ion,  
con ta in ing  H ,  C o r  0. 
observed i n  any of our LiAsFg samples, but  appears  t o  be real  s i n c e  t h e  o t h e r  
two l o t s  r e c r y s t a l l i z e d  from e t h e r  (Lot 111-22-C and I-69-B) were a l s o  f a i r l y  
high i n  C 1 .  

bu t  i n d i c a t e  a mixture  of several spec ie s  
The c h l o r i n e  va lue  f o r  Lot  I-68-A is  t h e  l a r g e s t  

Lot I-69-B: This  product w a s  obtained i n  38.6 g.  y i e l d  
(55%) by r e c r y s t a l l i z i n g  70 g. of Lot I-51-C from e t h y l  e t h e r .  The e t h e r  of 
so lva t ion  w a s  allowed t o  evapora te  i n  a stream of d ry  a i r  t o  avoid t h e  d i f f i -  
c u l t i e s  prev ious ly  encountered i n  removing t h i s  e t h e r  i n  vacuo, 
loss  of 2 moles of e t h e r  per  LiAsF6 w a s  i nd ica t ed  and t h e  product was then 

Af te r  3 days, 
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TABLE X 

ANALYSIS OF LiAsFA RECRYSTALLIZED FROM ANHYDROUS ISOPROPYL 

Starting Material 

Recrystallized 
Solvent 

Order of Analysis 

H- a/ 
B 
C 
N 
0 

. - - - - - - - - -  
Na 
Si 
S 
e1 
K 

Ca 
Fe 

ALCOHOL AND ETHYL ETHER 

I-68-A 11 I-44-B 

Lot I-66-A 
(Acid Neut., 

Et20 

1 

53 

780 
11 
630 

25 
5 
11 
140 
11 

0.88 

- - - - - - - -  

ied) 

i-PrOH 

3 

26 

420 

400 

20 
3 
11 
46 
24 

0.3 

1.6 

I-69-B 

Lot I-51-C 

Et20 

2 

15&/ 
0.93 

7.4 
2, o o o y  

3 70 

64 
49 
84 
84 
56 

- - - - - - -  

- a/ 
- b/ 

All entries in ppm by weight, 
Apparently residual ether in Lot I-69-B. 

All other elements < 5 ppm. 
The C and H. values for 

Lot I-68-A and Lot 111-44-B may be high because of cross con- 
tamination. 
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pumped on i n  t h e  lyophy l i ze r  f o r  3.7 h r .  The product ,  Lot I-69-B, gave a 
nega t ive  t u r b i d i t y  tes t .  The impur i ty  a n a l y s i s  i s  shown i n  Table X and 
d iscussed  i n  the  preceding paragraph. 
f i n e  as t h a t  obtained when the  e t h e r  w a s  removed i n  vacuo, i . e . ,  Lot I-68-A. 

The p a r t i c l e  s i z e  w a s  no t  n e a r l y  so 

The r e c u r r i n g  development of small  amounts of whi te  s o l i d  o r  
t u r b i d i t y  dur ing  concen t r a t ion  of LiAsF6 s o l u t i o n s ,  and t h e  pH d r i f t  t o  t h e  
a c i d i c  s i d e  r a i s e d  t h e  p o s s i b i l i t y  t h a t  t h e  AsF6- i t s e l f  was hydrolyzing.  
Therefore ,  a thermal s t a b i l i t y  t e s t  was made, One gram of Lot I-69-B w a s  
placed i n  a g l a s s  tube  and d isso lved  i n  d i s t i l l e d  water. The c l e a r  s o l u t i o n  
was f rozen ,  t he  tube  evacuated and sea led  o f f .  After 1 h r .  a t  100°C no 
t u r b i d i t y  could be de t ec t ed  i n  t h e  s o l u t i o n ,  

Conclusions on ac id  n e u t r a l i z a t i o n  method: Commercial HAsF6 
so lu t ion  o r  hydrated c r y s t a l s  can be converted t o  LiAsFg and a product .of 
good p u r i t y  can be recovered i n  60-70% y i e l d ,  a f t e r  separa t ion .  from by- 
products  of low s o l u b i l i t y .  P re -pur i f i ed  U s F 6  g i v e s  l e s s  by-product and 
b e t t e r  y i e l d s ,  bu t  t h e  recovery  of LiAsF6 i s  n o t  s i m p l i f i e d  s i g n i f i c a n t l y ,  
i . e . ,  a l l  t h e  i m p u r i t i e s  can be removed from t h e  LiAsF6 more e a s i l y  than 
from HASF6. A l l  h y d r o l y t i c a l l y  uns t ab le  s p e c i e s  must be destroyed dur ing  
product recovery and c o n t r o l  of pH a t  about 8 i s  important .  The product 
can be recovered and r e c r y s t a l l i z e d  a s  LiAsF6'3H20 and then d r i ed  i n  a 
lyophy l i ze r  t o  anhydrous LiAsF6. 

2. Ion  Exchange Method 

USF6 + L i +  (Dowex-50W) Ion Exchange> LiAsFg + K+ (Dowex-50W) 
Column 

The l i t e r a t u r e  r e p o r t  of t h e  p repa ra t ion  of LiASFg by t h e  i o n  
exchange method does n o t  g ive  d e t a i l s  on the  cond i t ions  used, bu t  apparent ly  
a small ba tch  process  w a s  employed. We have made t h r e e  p repa ra t ions  of 
LiAsF6 us ing  ion  exchange columns of i n c r e a s i n g l y  l a r g e  capac i ty .  The 
c a t i o n  exchange r e s i n ,  Dowex 50W-X8 (50-100 mesh) was obtained from two 
sources :  a "reagent"  grade  obtained from J. T. Baker Cherrdcal Company 
( s t a t e d  t o  have an exchange c a p a c i t y  of  1 .9  meq/ml, wet volume, and 5.0 meq/g 
d r y  b a s i s  wi th  a mois ture  con ten t  of 52.5%); and a cour t e sy  sample from t h e  
Dow Chemical Company. Both samples were obtained i n  the ,  a c i d  form. 

F i r s t  run: One hundred grams of  r e s i n  (J. T. Baker),  c a p a c i t y  
238 meq., w a s  converted t o  the  lithium form by s tanding  overnight  i n  L i O H  so lu-  
t i o n ,  250 meq. ( f i n a l  pH: 8.6) and then  added t o  a 1 in .  I .D .  column t o  g ive  
a depth of  32 cm. Potassium hexaf luoroarsena te ,  237 meq., 54 g. (Ozark Mahoning 
Company, Lot KW-4-100), w a s  d isso lved  i n  250 cm3 H20 (i.e.,-0.96 E l ) 9  passed 
onto t h e  column a t  a ra te  o f  0.104 cm3/cm/min and then  followed w i t h  50 cm3 

analyzed f o r  L i +  and K+ by flame photometry. 
complete and K s t a r t e d  e l u t i n g  a t  f r a c t i o n  16  a long  w i t h  the L i e  
3-15 were combined ( f r a c t i o n s  1 and 2 were d iscarded  sit-ce t h e  s m a l l  L i  

H20. F r a c t i o n s  of about 20 c m  3 each were c o l l e c t e d  and semi -quan t i t a t ive ly  
The exchange was no t  n e a r l y  

F rac t ions  
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l e v e l  may have a r i s e n  from LiOH) and the  l i q u i d  removed under vacuo t o  g i v e  
44 g. of hydrated c r y s t a l s .  
a small amount ( -0 .4  g . )  of i n s o l u b l e  whi te  s o l i d  w a s  f i l t e r e d  o f f .  
Hydrated LiAsFg c r y s t a l s  were recovered and d r i ed  i n  t h e  lyophy l i ze r  a t  
ambient temperature  f o r  about 24 h r .  and then i n  a vacuum oven a t  1 1 O o C  f o r  
20 h r .  The f i n a l  product Lot I-33-C (7.5-8 g . )  gave t h e  fol lowing a n a l y s i s :  
3.34% L i ;  
c a l c u l a t e d  formula of L i 0 ~ 9 5 A s l ~ 0 ~ F ~ ~ l o H o ~ 3 3 .  (The presence of  t h e  hydrogen 
was s u r p r i s i n g  a f t e r  t h e  prolonged dry ing  and may i n d i c a t e  t h e  presence of 
a c i d i c  i m p u r i t i e s  such as HF o r  m s F 6  r a t h e r  than H20.) 

These were r ed i s so lved  i n  -70% aqueous a l coho l ;  

38.05% A s ;  58.54% F; 0.19% H;  0.00% C (Tota l :  100.12%) o r  a 

Second run:  The exchange r e s i n  from the  f i r s t  run w a s  re-  
., generated wi th  s t rong  ,HC1 and mixed with f r e s h  r e s i n  t o  g ive  a t o t a l  of 

about 300 g. r e s i n ,  c a p a c i t y  0.71 eq.  This  w a s  converted t o  t h e  L i  form 
wi th  LiOH so lu t ion ,0 .74  eq.,and then added t o  a 1 - in .  column t o  g ive  a depth 
of 83 cm.  The KAsF6,0.71 eq. (162 g. i n  800 cm3 H20, i , e . ,  - 0.8 M) - passed 
onto the  column a t  a r a t e  of 0.026 cm3/cm/min and then followed with - 200 
Cm3 H20. Eighteen f r a c t i o n s  of about 60 cm3 each were c o l l e c t e d  and checked 
f o r  L i +  and K+. Unlike t h e  f i r s t  run, a s i g n i f i c a n t  amount of K+ appeared 
i n  t h e  t h i r d  f r a c t i o n  and was p resen t  t h e r e a f t e r .  A l l  f r a c t i o n s  were t h e r e -  

3 f o r e  combined. The s o l u t i o n  (925 c m  ) was q u i t e  a c i d i c ,  pH 3.0, and was 
ad jus t ed  t o  pH 1 0  wi th  LiOH s o l u t i o n .  

The d isso lved  LiAsF6 was recovered by two techniques.  One- 
t h i r d  of  t h e  s o l u t i o n  was condensed on a f l a s h  evapora tor ,  some i n s o l u b l e  m a t e -  
r i a l  w a s  removed, and then evapora t ion  cont inued t o  dryness  t o  g ive  49 g ,  
of t h e  monohydrate (found 52.6% F,  t h e o r e t .  53.35%), a hard s o l i d .  Fu r the r  
dry ing  f o r  28 h r .  i n  t h e  lyophy l i ze r  gave a f i n e  powder, Lot 1-41-B, which 
w a s  analyzed f o r  a l l  elements wi th  t h e  r e s u l t s  shown i n  Table X I .  On t h e  
b a s i s  of  t h e  weight of monohydrate a t o t a l  recovery  of about 97% LiAsF6 i s  
i n d i c a t e d  f o r  t h i s  i o n  exchange run. 

The remaining two-thirds of t h e  c o l l e c t e d  LiAsF6 s o l u t i o n  
w a s  f l a s h  evaporated t o  145 g. and 1-2 g. i n s o l u b l e  material w a s  removed, 
The a d d i t i o n  of 25 cm3 i sop ropy l  a lcohol  and coo l ing  t h e  s o l u t i o n  t o  6OC 
produced a f u r t h e r  3 g.  of p r e c i p i t a t e  which w a s  removed. Two a d d i t i o n a l  
25 c m  po r t ions  of i-PrOHwere added whi le  t h e  s o l u t i o n  w a s  f u r t h e r  con- 
c e n t r a t e d  t o  113 g.  The so lva ted  LiAsF6 c r y s t a l s  (32 g.)  were recovered 
a t  6OC and d r i e d  i n  t h e  lyophy l i ze r  t o  y i e l d  22 g .  of LiAsFg, Lot I-42-C. 
The f i l t r a t e  was f u r t h e r  concent ra ted  t o  76 g . ,  20 cm i -PrOH added and a 
second c rop  o f  so lva ted  c r y s t a l s  (30 -g . )  recovered a t  6°C. 
21.5 g.  of LiAsF6, Lot I-42-D. 
i n  Table X I .  

3 

3 

Drying gave 
Analyses of t hese  samples are a l s o  shown 

Third run:  For t h i s  l a r g e r  s c a l e  run about 800 m l .  of 
r e s i n  w a s  used having an es t imated  c a p a c i t y  of f i v e  equ iva len t s .  The Dow 
r e s i n  w a s  washed t o  remove a reddish  impur i ty  (probably an ac id  i n d i c a t o r ) ,  
converted t o  the  l i t h i u m  form and then  mixed uniformly wi th  t h e  J. T .  Baker 
r e s i n  (which had been reconverted t o  t h e  L i  form wi th  s a t u r a t e d  LiCl s o l u t i o n .  
The r e s i n  gave a he igh t  of 116 c m .  i n  a 35 mm O.D. tube.  I t  w a s  given a 

26 



TABLE XI 

ANALYSIS OF LiAsFh SAMPLES PREPARED BY ION EXCHANGE 

Prep. Method Evap. to Dryness Cryst/aq i-PrOH 2nd Crop 

1-42 -D 1-42 -C 1-41 -B Lot No. 

Major Constituents/ Analysis (in %) Schwarzkopf 

Li 3.26 3.42 3.23 
As 37.82 38.28 38.33 
F 58.19 58.04 58.04 

Total 99.27 99.74 99.60 
Li /As /F 0.93/1.00/6.07 0.96/1.00 15.98 0.91/1.00/5.9 7 

Arsenic and Fluoride Impurity Analysis (in 9 )  MRI 

As (V) ND ND 
As (111) ND ND 
Free F- ND 

Spark Source Mass Spectrometric Analysis (in ppm) Bell and Howell 

Order of Sam- 
5 

H 6 7 8 
B 11 12 5 
C 142 304 3 18 
N 2 13 2 
0 646 3 14 180 

- 1 - 4 ple Analysisbl - 

_ _ _ _ _ _ _ _ _ _ _ - - _ _ - - _ - _ - - - - - - - - - - - - - - - - - - -  
Na* 1,408 328 797 
Mg 11 3 5 
A1 18 6 2 
Si 67 32 
P - 10 - 
S 56 38 80 
c1 56 30 36 
K* 4,470 4,310 559 
Ca 20 13 7 
Ti 11 6 6 

Cr 11 
Fe - 15 - 
Ni 36 21 18 
c u  - 29 r 

Zn 13 6 13 43 

- 
_ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ - - - - - - - - - - - - - - - - - - - -  

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - - - - - - - - - - - - - - - ~ - -  
- - 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ - - - - - - - - - - - - - - - - - - -  
Ga - 341c/ - 
Ge - 50 - 
Se - 42 - 
In - 234 - 
Sb 1,190 - - 

Atomic Absorption Analysis (in ppm) Coors 

Na 380. 179 83 
K 4,170 3.630 961 

- a/ Theoretical for LiAsF6: 
- bl 
- c/ 

3.54% Li; 38.25% As; 58.21% F. 
Samples mounted in groups o f  three, Nos. 2 and 3 were Lots I-45-C and 

The Ga, Ge, Se, and In are probably a "memory" effect. 
I-45-D, respectively, and No. 6 was Lot I-46-D. 

were never observed in other LiAsF6 samples. 
These elements 



f i n a l  t reatment  with s a t u r a t e d  L i C l  s o l u t i o n  and then washed with d i s t i l l e d  
water j u s t  be fo re  use u n t i l  f r e e  of C1'. 

A 228 g. (1  mole) q u a n t i t y  of U s F 6  (Ozark Mahoning, Lot No. 
WH-1-41) was d i s so lved  t o  make 2 l i t e r s  s o l u t i o n  (0.5 M,) f i l t e r e d  t o  remove a 
small  amount of i n s o l u b l e  m a t e r i a l  and passed through t h e  ion  exchange column 
a t  a flow r a t e  of 3 ml/min. The e f f l u e n t  was c o l l e c t e d  i n  f r a c t i o n s  and 
checked p e r i o d i c a l l y  u n t i l  a flame t e s t  showed t h a t  no more l i t h i u m  w a s  
e l u t i n g .  The t o t a l  volume of e l u a t e  was about 2,200 m l .  Q u a l i t a t i v e  spo t  
checks of t h e  v a r i o u s  Erac t ions  of e l u a t e  with a flame photometer showed 
t h a t  a l l  f r a c t i o n s  contained potassium, even t h e  l a s t  f r a c t i o n  i n  which t h e  
l i t h i u m  was low. 

The f r a c t i o n s  were t h e r e f o r e  combined, t h e  excess  so lven t  
evaporated and 164.4 g. of hydrated c r y s t a l s  (about 60% y i e l d )  w a s  obtained 
by c r y s t a l l i z a t i o n  of fou r  crops of c r y s t a l s .  The c r y s t a l s  were, however, 
s l i g h t l y  yel lowish and they were, t h e r e f o r e ,  r e c r y s t a l l i z e d .  The r e c r y s t a l -  
l i z a t i o n  was performed by adding 5 m l .  water, warming t o  70°C t o  m e l t  t h e  
t r i h y d r a t e ,  and then coo l ing  slowly t o  room temperature t o  y i e l d  a f i r s t  
crop > o f  c r y s t a l s  and then t o  -10°C t o  y i e l d  a second crop.  Both c rops  were 
very white  and were combined (112.1 g . )  and then d r i e d  to g ive  83.5 g. (Lot 
1 1 1 - 3 7 4 )  of anhydrous LiAsFg,  r e p r e s e n t i n g  an o v e r a l l  y i e l d  of 42.6%. 
product ,  however, had a f a i n t l y  g ray i sh  c o l o r .  We had p rev ious ly  observed 
t h i s  type of r e a c t i o n  when d ry ing  samples of LiAsF6 prepared by t h e  acid 
n e u t r a l i z a t i o n  method which had been recovered from acidic s o l u t i o n s .  The 
f i l t r a t e s  from both t h e  f i r s t  (yel lowish)  and second c r y s t a l l i z a t i o n s  were 
found t o  be q u i t e  a c i d i c  (pH < 0.1)  and deposi ted i n s o l u b l e  m a t e r f a l s  and 
etched the  g l a s s  f l a s k  on s t and ing .  The source of t h e s e  a c i d s  may be the  
h y d r o l y s i s  of KAsF50H ( o r  LiAsF50H a f t e r  i o n  exchange) p r e s e n t  -as an  impuri ty  
i n  t h e  KAsF6. 
of t h e  ac5d n e u t r a l i z a t i o n  method. A b r i e f  a t t empt  was  made t o  p u r i f y  Lot 
111-37-C by r e c r y s t a l l i z a t i o n  from e t h y l  e t h e r .  However, a reddish-brown 
c o l o r a t i o n  developed i n  t h e  e t h e r  s o l u t i o n  which hindered t h e  recovery of 
h igh  p u r i t y  LiAsF6 and t h e  r e c r y s t a l l i z a t i o n  was terminated.  

This 

The yel1nw.impurity was a l s o  observed i n  t h e  l a r g e  scale run  

Conclusions: The ion  exchange method gave a product which was 
contaminated with potassium i n  t h e s e  runs.  While t h e  potassium might be 
removed by f u r t h e r  ' t reatment w i th  t h e  r e s i n  o r  by r e c r y s t a l l i z a t i o n ,  t h e  
method a l s o  has  t h e  same problems with oxygenated i m p u r i t i e s  ( appa ren t ly  
p re sen t  i n  t h e  s t a r t i n g  U s F 6 )  as t h e  a c i d  n e u t r a l i z a t i o n  method. Overall 
t h e  ion  exchange method i s  much less s u i t e d  t o  scale up Phan HAsF6 method. 
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3. React ion of LiF.and AsF5 

LiF + AsF5 d LiAsF6 

Our p re l iminary  r e sea rch  (February 1969) had determined t h a t  
t h i s  r e a c t i o n  d i d  n o t  occur  apprec i ab ly  a t  25' i n  t h e  absence o f  a s o l v e n t  
i n  an  u n s t i r r e d  system, b u t  t h a t  N 20% conversion w a s  ob ta ined  a f t e r  t h r e e  
days a t  178°C. 
moderate success .  

I n  o u r  p re sen t  s tudy ,  three f u r t h e r  runs were made wi th  only 

F i r s t  run :  3.3 g. (0.127 mole) LiF and 21.7 g. (0.128 mole) 
AsF were combined wi th  5 m l .  anhydrous HF i n  a Kel-F tube  and he ld  a t  -80" 
t o  -40°C f o r  several days.  
tube  d i d  n o t  e f f e c t  good mixing. The v o l a t i l e  products  were removed and 
t h e  s o l i d  recovered;  w t , :  9 .5  g . ,  t h e o r e t i c a l  f o r  LiAsF6 25.0 g.  (calc. 
f o r  LiHF2, 5 .9  g . ) .  The s o l i d  w a s  crushed and recombined with t h e  v o l a t i l e s  
f o r  s e v e r a l  days under s i m i l a r  cond i t ions .  The recovered s o l i d s  now weighed 
13.1 g.  (calc. convers ion:  ~ 4 5 % ) .  E f f o r t s  t o  extract  t h e  LiAsF6 from t h e  
mixture  suggested t h a t  i n  a d d i t i o n  t o  t h e  LiAsF6 and unreacted LiF,  a t h i r d  
m a t e r i a l  w a s  a l s o  p r e s e n t  which appeared t o  have r e s u l t e d  from r e a c t i o n  of 
a d v e n t i t i o u s  mois ture  wi th  t h e  AsF5 dur ing  t h e  vacuum l i n e  manipula t ions .  
No high p u r i t y  LiAsF6 w a s  recovered. 

5 
The s o l i d  appeared t o  become c r u s t y  and shaking t h e  

Second run:  The r e a c t i o n  was at tempted i n  t h e  absence of 
any s o l v e n t .  A valved 95 m l .  Monel c y l i n d e r  w a s  p repass iva ted  a t  about  
100°C with a mixture  of 200 mm. F2 and 20 mm. AsF5, then evacuated. Dried 
LiF (3.3 g . ,  0.127 mole-B&A reagen t  g rade )  w a s  charged t o  t h e  c y l i n d e r  i n -  
s i d e  a drybox and t h e  c y l i n d e r  and c o n t e n t s  then  agaiE hea ted  b r i e f l y  under 
vacuum. Arsenic  p e n t a f l u o r i d e  (Ozark Mahoning Company) was condensed i n t o  
a Kel-F measuring tube  and 9.5 t o  10.0 cm3 (-23 g . ,  - 0.135 mole) was  
d i s t i l l e d  from a -63°C b a t h  and condensed i n t o  t h e  r e a c t o r  a t  -196°C. The 
r e a c t o r  w a s  he ld  a t  200°C f o r  18 h r .  

The v o l a t i l e  c o n t e n t s  were removed (N 5 cm3 a t  -63OC) and 
only  6.4 g. of s o l i d  product  could be  recovered i n  t h e  drybox wi thout  hard 
sc rap ing  of t h e  c y l i n d e r  w a l l s .  These r e s u l t s  showed t h a t  t h e  r e a c t i o n  had 
n o t  gone t o  completion. The product  gave an e x c e l l e n t  i n f r a r e d  spectrum 
of a AsF6- s a l t ,  bu t  had a s l i g h t  p ink i sh  c o l o r  which suggested contamina- 
t i o n  by metal s a l t s .  The s o l i d  mixture  was e x t r a c t e d  wi th  13 m l .  e t h y l  
e t h e r  t o  remove LiAsF6, l e a v i n g  1.8 g. of i n s o l u b l e  r e s idue .  Evaporat ion 
of t h e  e t h e r  gave 4.6 g. of  wh i t e  s o l i d  product  (Product 111-26-A). E l e -  
mental  a n a l y s i s  confirmed t h e  i d e n t i t y  of LiAsFg;  t h e  d a t a  showed too  much 
e r r o r  (note  t o t a l )  t o  g ive  a c lear  i n d i c a t i o n  of p u r i t y ,  bu t  suggested t h a t  
some LiF  w a s  p re sen t .  

LA A s  F - T o t a l  

Product 111 -26-A 
LiAsFg, Theore t i ca l  

4.00 37.80 59.01 100.81% 
3.54 38.25 58.21 
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Third run:  The r e a c t i o n  was attempted using e t h y l  e t h e r  a s  
a so lven t .  The r e a c t o r  c y l i n d e r  was charged w i t h  1 . 7  g .  LiF and weighed. 
The recovered AsF5 f r a c t i o n  from t r i a l  2 (- 5 cm3) and 25 m l .  e t h y l  e t h e r  
were then added and t h e  mixture  l e t  s tand  a t  room temperature overn ight .  
Af t e r  t h e  v o l a t i l e  components were removed, t h e  r e a c t o r  r e t a ined  19.3 g. of 
n o n v o l a t i l e  product :  i . e . ,  much l a r g e r  than t h e o r e t i c a l  (12.8 g.  f o r  
LiAsF6). 
t h a t  degrada t ion  r e a c t i o n s  had occurred between t h e  AsF5 and e t h e r .  (No 
acid-base adducts ,  analogous t o  (C2H5)20:BF3, appear t o  be known f o r  
(C2H5)20 and AsF5.) 
A s l i g h t  fuming occurred,  bu t  most of t h e  m a t e r i a l  was recovered upon fil- 
t r a t i o n  a s  a gray f ibrous- looking  s o l i d  which w a s  n o t  f u r t h e r  analyzed. 

The product was a mixture  of b lack  l i q u i d  and s o l i d ,  i n d i c a t i n g  

The b lack  material w a s  s t i r r e d  with 50 m l .  of  water. 

Conclusion: The LiF-AsF5 r e a c t i o n  i s  n o t  compet i t ive  wi th  
the  ac id  n e u t r a l i z a t i o n  method f o r  t h e  product ion of  h igh  p u r i t y  LiAsF6. 
The experimental  procedure i s  more d i f f i c u l t  and t h e  s t a r t i n g  m a t e r i a l  
(AsF ) i s  expensive.  The r e a c t i o n  wi thout  so lven t  d id  n o t  go t o  comple- 
t i o n  i n  t h e  absence of s t i r r i n g  o r  g r ind ing  ( the  LiF c r y s t a l s  a r e  l i k e l y  
coated wi th  a l a y e r  of LiAsF6 which r e t a r d s  f u r t h e r  r e a c t i o n ) .  
so lven t s  t e s t e d ,  HF and (C2H5)207 were n o t  e f f e c t i v e  under t h e  c o n d i t i o n s  
used and whi le  s a t i s f a c t o r y  s o l v e n t s  probably ex is t ,  f u r t h e r  s tudy  was 
no t  warranted.  

5 

The two 

4 .  Conversion of A s 9 0 K  v i a  LiAsFKOH 

The conversion of KH2As04 t o  KAsF50H by 48% HF and t h e  conversion 
of t he  l a t t e r  t o  KAsF6 by near-anhydrous HF w a s  demonstrated by Dess and 
Parry.  We attempted t o  adapt  t h i s  method t o  t h e  p repa ra t ion  of LiAsF6. 
Since LiAsF50H has  n o t  been h e r e t o f o r e  descr ibed  i n  t h e  l i t e r a t u r e ,  i t s  
s y n t h e s i s ,  i d e n t i f i c a t i o n  and c h a r a c t e r i z a t i o n  w a s  t h e  f i r s t  s t e p .  The 
LiHzAsO4 i s  no t  a v a i l a b l e  and As205 was  u t i l i z e d  as t h e  s t a r t i n g  material .  
Two s l i g h t l y  d i f f e r e n t  methods f o r  conve r t ing  As205 t o  LiAsF50H were examined. 
The o v e r a l l  series of r e a c t i o n s  by t h e  f i r s t  method a r e :  

I .  

11. LiH2AsOq + 5HF (48%) loooC > LiAsF50H + 3H20 

As205 + 2LiOH + H20 ~-> 2 LiH2AsO4 

111. LiAsF50H + HF (100%) - LiAsFg + H20 

A l t e r n a t i v e l y ,  an a t tempt  w a s  made t o  conver t  t he  As205 d i r e c t l y  t o  LiAsF50H 
according t o  t h e  equat ion:  

2LiF + As205 + 8HF (48%, excess)  loooC> 2 LiAsF50H + 3H20 
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Attempted p repa ra t ion  of LiAsF50H v i a  LiH2AsO4: 

F i r s t  run:  A suspension of 115 g. As205 i n  200 m l .  H20 w a s  

The cloudy mixture  w a s  heated and s t i r r e d  a t  70" 
prepared and a s o l u t i o n  of 42 g. LiOHeH2O i n  200 m l .  H20 w a s  added i n  s m a l l  
po r t ions  while s t i r r i n g .  
f o r  1 hr .  F i n a l  pH = 4.7. The s o l u t i o n  w a s  f i l t e r e d  and c h i l l e d  bu t  no 
s o l i d  products  were obta ined .  The s o l u t i o n  w a s  evaporated on t h e  vacuum 
concen t r a to r  t o  210 g. On s tanding ,  some s o l i d  c r y s t a l l i z e d ,  bu t  t h e  bulk 
remained f l u i d .  The e n t i r e  mass was t r a n s f e r r e d  t o  a polyethylene (PE) 
beaker,  200 m l .  48% HF added and t h e  mixture  heated on t h e  steam ba th  f o r  
t h r e e  days.  An a d d i t i o n a l  100 m l .  48% HF w a s  added and evapora t ion  con- 
t inued on t h e  steam ba th  an a d d i t i o n a l  1 6  h r .  The mixture  was cooled i n  a 
r e f r i g e r a t o r  overn ight ,  bu t  no c r y s t a l l i n e  product w a s  obtained and h e a t -  
i n g  w a s  cont inued on t h e  steam ba th  f o r  8 h r .  The r e s u l t i n g  f l u i d  con- 
t a ined  i n  a PE b o t t l e  c r y s t a l l i z e d  on c h i l l i n g  i n  t h e  r e f r i g e r a t o r .  A 
small q u a n t i t y  of mother l i q u o r  w a s  removed by suc t ion  f i l t r a t i o n .  The 
hydrous-looking s o l i d s  were t r e a t e d  wi th  25 m l .  i sopropanol  a t  60". Undis- 
solved materials (23 g. a i r  d r i e d )  were f i l t e r e d  and t h e  f i l t r a t e  w a s  
s to red  i n  t h e  r e f r i g e r a t o r .  The c r y s t a l l i z e d  product  was c o l l e c t e d  (65 g . )  
and r ed i s so lved  i n  22 m l .  90% isopropanol ,  Some white s o l i d s  remained un- 
d isso lved .  On s tanding  i n  t h e  r e f r i g e r a t o r  no f u r t h e r  products  c r y s t a l l i z e d .  
The whi te  s o l i d  (10 g. a i r  d r i e d )  w a s  removed and t h e  f i l t r a t e  evaporated 
i n  t h e  vacuum concen t r a to r ,  a t  60" ba th  temperature .  Evolution of  gaseous 
m a t e r i a l s  i n d i c a t e d  some apparent  r e a c t i o n  o r  decomposition. The concent ra ted  
l i q u i d  (50 g . )  w a s  cooled i n  t h e  r e f r i g e r a t o r ,  but  on ly  a s m a l l  q u a n t i t y  of 
c r y s t a l s  developed. Fu r the r  a t tempts  t o  recover  t h e  product  were unsuccess- 
f u l .  

Second run:  A suspension of 115 g. (0.50 mole) of As205 i n  
200 cm3 H 2 0  w a s  r eac t ed  wi th  a s o l u t i o n  of 42 g.  (1.00 mole) LiOH.H20 i n  
200 cm3 H20. 
remove suspended material. 
t h e  LiH2AsO4 w a s  a v i scous  whi te  mass ( w t .  158.9 g . ;  t heo re t .  147.9 g. f o r  
anhydrous LiH2AsO4). 
po lye thylene  beaker,  200 cm3 of 48% HF (- 5.5 moles) was  added, and the 
mixture  heated on a steam bath  overn ight  t o  conver t  t h e  LiH2AsOq t o  LiAsF50H. 
The r e a c t i o n  mixture  w a s  f i l t e r e d  and 27.2 g. of p ink i sh  s o l i d  recovered,  
l eav ing  143.1 g. f i l t r a t e .  

The mixture  w a s  heated a t  70°C f o r  1 hr .  and f i l t e r e d  t o  
The f i l t r a t e  w a s  f l a s h  evaporated a t  55°C u n t i l  

About 150 g. of t h i s  material was t r a n s f e r r e d  t o  a 

The s o l i d  was d r i e d  i f l  a d r y  a i r  stream wi th  occas iona l  
c rush ing  f o r  one week t o  a f i n a l  weight of 24.8 g. (Product I-61-C). 
y s i s  gave: 14.40% L i ;  20.35% A s ;  43.71% F ( t o t a l  78.46%). The atomic 
r a t i o s ,  Li1~00As0~13Fl,ll, and t h e  very  low s o l u b i l i t y  i n  w a t e r  sugges t  
t h a t  t h i s  product c o n t a i n s  much LiF ( t h e  maximum amount of LiF which could 
be formed i s  25.9 g . ,  based on t h e  LiOH used) and probably an  a r s e n a t e .  

Anal- 
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The f i l t r a t e  was  cooled but  no s o l i d  separa ted .  
a d r y  a i r  stream u n t i l  a l a r g e  amount of s o l i d  separa ted .  F i l t r a t i o n  gave - 
87.6 g. of s o l i d  which was  f u r t h e r  d r i ed  i n  an a i r  stream t o  about 70 g. 
and then under vacuum t o  a f i n a l  weight of 60.9 g.  (Product I-61-D). This  
s l i g h t l y  gray  product  w a s  n o t  t h e  des i r ed  LiAsF50H as shown by t h e  low 
f l u o r i d e  a n a l y s i s .  (Found: 18.5% F.) It  probably con ta ins  much a r sena te .  

It w a s  then evaporated i n  

Attempted d i r e c t  conversion of As205 t o  LiAsF50H: 

F i r s t  run :  The LiF (0.258 mole, 6.68 g. ,  B&A reagent  grade)  
and As205 (0,129 mole, 29.65 g. ,  J . T .  Baker reagent  grade)  were combined 
wi th  60 m l .  of 48% HF (J .T.  Baker r eagen t  grade)  (1.66 moles HF) i n  a poly- 
e thy lene  b o t t l e  and hea ted  a t  75' and l0O'C f o r  2 hr .  each. The mixture  
w a s  then d r i ed  over t h e  weekend i n  a d ry  a i r  stream. The r e s u l t i n g  product 
w a s  inhomogeneous, c o n s i s t i n g  of a l a r g e  c r y s t a l l i n e  mass and a whi te  p a s t e  
which appeared t o  be  unreacted As2O5. The product  weighed 55.5 g. compared 
t o  50 g. t h e o r e t i c a l ,  sugges t ing  t h a t  t h e  r e a c t i o n  had occurred t o  a s i g n i f i -  
c a n t  e x t e n t .  The c r y s t a l l i n e  material w a s  crushed and the  mixture  t r e a t e d  
with an a d d i t i o n a l  25 m l .  of 48% HF a t  l0O'C f o r  6 h r . ,  but  t h e  product 
w a s  s t i l l  inhomogeneous. The product  mixture  w a s  s l u r r i e d  wi th  150 m l .  
H20 and then f i l t e r e d .  
p l e t e l y  as p o s s i b l e  i n  a d r y  a i r  stream and aga in  gave t h e  l a r g e  hydrous 
looking c r y s t a l s ,  p l u s  about 3 m l .  l i q u i d  (40.8 g.  t o t a l ) .  [me f i l t e r  
cake appeared t o  be unreacted As205 (13.5 g. a f t e r  washing wi th  acetone 
and vacuum dry ing) .  On t h i s  b a s i s  t h e  t h e o r e t i c a l  y i e l d  of anhydrous 
LiAsF50H would be about 27.1 g. and t h e  40.8 g. obtained sugges ts  t h a t  
t he  LiAsF50H c o n t a i n s  H20 o r  HF s o l v a t i o n  (calc. LiAsF50H.5.5 H20)J 

The a c i d i c  f i l t r a t e  (< pH 3)  w a s  evaporated as corn- 

The s m a l l  amount of l i q u i d  w a s  decanted and t h e  c r y s t a l s  
pumped on under vacuum. Por t ions  of t h e  material appeared t o  be dry ing  
t o  a whi te  s o l i d ,  bu t  much of t h e  m a t e r i a l  darkened ex tens ive ly -and  t h e  
vacuum dry ing  w a s  suspended. Most of t h e  s o l i d  d isso lved  upon t h e  add i -  
t i o n  of 30 m l .  anhydrous e t h y l  e t h e r ,  bu t  t h e  r e s u l t i n g  brownish s o l u t i o n  
could n o t  be f i l t e r e d  and a l l  t h e  e t h e r  could n o t  be evaporated under t h e  
vacuum of t h e  a s p i r a t o r ,  The experiment w a s  terminated a t  t h i s  po in t  s i n c e  
t h e  LiAsF50H product  appeared t o  have degraded badly.  (S imi la r  d i f f i c u l t i e s  
i n  f i l t r a t i o n  have been experienced i n  f i l t e r i n g  nonaqueous s o l u t i o n s  of 
p a r t i a l l y  degraded LiASF6 samples: t h e  p r o p e r t i e s  of t h e  s o l u t i o n s  suggest  
t h e  presence of  polymers of t h e  known type,  ~M+(-AsF~O-)~ . )  

Second run:  Li thium f l u o r i d e  (13.4 g., 0.518 mole), As205 
(59.3 g . ,  0.258 mole) and 150 m l .  of 48% HF (-4.15 moles) were mixed and 
heated overn ight  a t  -50'C. An a d d i t i o n a l  50 m l .  of 48% HF w e r e  then added 
and t h e  mixture  heated on t h e  steam bath  6 h r .  The r e a c t i o n  product ,  con- 
s i s t i n g  of s o l i d  lumps i n  a whi te  s l u r r y ,  w a s  t r e a t e d  wi th  200 m l .  of 10% 
HF and then f i l t e r e d .  (The s l i g h t l y  tacky f i l t e r  cake was on ly  p a r t i a l l y  
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d r i e d  a f t e r  about 60 h r .  a t  5OoC under t h e  a s p i r a t o r  and w a s  n o t  f u r t h e r  
ana lyzed . )  
(About 200 m l .  l i q u i d  was  pumped o f f . )  
recovered by f i l t r a t i o n  .and d r i ed  i n  a s t ream of d r y  a i r  t o  a f i n a l  weight 
of 7 .7  g. (Product I - 5 7 - ~ ) ,  Elemental  a n a l y s i s  gave 11.00% L i ;  18.80% A s ;  
36.29% F ( t o t a l :  65.1%). 

The f i l t r a t e  was  pumped on a t  4OoC wi th  a vacuum pump f o r  35 h r .  
A whl'te s o l i d  separa ted  which w a s  

The appearance of t h i s  material, i t s  low s o l u b i l i t y  i n  water 
and t h e  atomic r a t i o  Lil,-o&s0.16F1,20 suggest  t h a t  i t  i s  much t h e  same 
composition as Product I-61-C obtained from t h e  LiH2As04 rou te .  
was pumped on a t  40°C under t h e  a s p i r a t o r  f o r  an a d d i t i o n a l  60 h r .  The 
l i q u i d ,  which had darkened s l i g h t l y  (now 125 g . ) ,  was-cooled t o  6°C and 
then -12°C but  v e r y  l i t t l e  s o l i d  p r e c i p i t a t e d .  F i n a l l y ,  t h e  l i q u i d  w a s  
cooled t o  -80°C whereupon much of t h e  l i q u i d  s o l i d i f i e d .  The remaining 
l i q u i d  (16.3 g . )  w a s  decanted,  bu t  t h e  r e s i d u a l  s o l i d  remelted on warming. 
The f r e e z i n g  (-80°C) process  was repea ted  and an a d d i t i o n a l  3 m l .  l i q u i d  
decanted, bu t  again most of t h e  s o l i d  remelted on warming above about -2OOC. 
The s l i g h t l y  yel lowish l i q u i d  (100 g. a f t e r  f i l t r a t i o n  of t h e  small amount 
of s o l i d )  w a s  then heated on a steam bath  f o r  16 hr . ,  whereupon i t  produced 
a dark syrupy l i q u i d .  S imi la r  darkening occurred when t h e  p o r t i o n s  of 
decanted l i q u i d  ( i . e , 9  from t h e  f r e e z i n g  s t e p  above) were heated on t h e  
steam ba th .  Both l i q u i d s  were t h e r e f o r e  recombined, a few m i l l i l i t e r s  of 
10% HF added and then pumped on under vacuum f o r  two days. The f i n a l  l i q u i d  
product (38.8 g . )  formed a g l a s s  when cooled t o  -8OOC and remelted a t  about 
-2OOC. F u r t h e r  e f f o r t s  t o  i s o l a t e  a s o l i d  product were terminated.  

The f i l t r a t e  

Conclusions:  E f f o r t s  t o  prepare  ahnydrous LiAsF50H have n o t  
been success fu l .  
i s  cons iderably  less s t a b l e  than KAsF50H (which w a s  prepared by one of t h e  
two r o u t e s  s tud ied  h e r e )  and t h a t  t h e  products  obtained are l a r g e l y  mixtures  
of by-products such as LiF, LiH2AsOq and poss ib ly  o t h e r  materials such as 
the  polymeric a rsen ic-oxy-f luor0  s p e c i e s  r epor t ed  t o  form i n  t h e  dehydro- 
f l u o r i n a t i o n  of KAsF50H. 
e i t h e r  v a r i a t i o n  of t h i s  r e a c t i o n  method could probably be used t o  conver t  
t he  r e a c t a n t s  d i r e c t l y  t o  LiAsF6, bu t  more than one HF s t e p  would l i k e l y  be 
requi red  and t h e  method does n o t  appear  t o  be compet i t ive  with t h e  ac id  
n e u t r a l i z a t i o n  method. 

The r e s u l t s  t o  d a t e  i n d i c a t e  t h a t  LiAsF50H ( l i k e  LiPF6) 

S u b s t i t u t i o n  of anhydrous HF f o r  t h e  48% HF i n  

5. Evaluat ion of Methods 

The des i r ed  product ,  LiAsF6, was s u c c e s s f u l l y  prepared by t h r e e  
of t h e  f o u r  methods s tud ied ,  but  t h e  f i r s t  method, n e u t r a l i z a t i o n  of J ~ A S F ~  
wi th  LiOH, w a s  f a r  s u p e r i o r .  The commercial, c rude  HAsF6 can be  used 
d i r e c t l y  and t h e  LiAsFg can be separa ted  from t h e  by-products and i m p u r i t i e s  
by s o l u b i l i t y  methods. The ion  exchange method and t h e  AsF5 method are less 
wel l  s u i t e d  exper imenta l ly  t o  scale up and both gave products  which requi red  
p u r i f i c a t i o n  by s o l u b i l i t y  methods. 
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The a c i d  n e u t r a l i z a t i o n  method w a s  t h e r e f o r e  t h e  s y n t h e s i s  method 
of choice., and recovery  and p u r i f i c a t i o n  procedures were of dominant impor-- 
tance.  The key s t e p s  i n  these  procedures were ind ica t ed  t o  be: 
za t ion  and then removal of t h e  bulk i n s o l u b l e  by-product; (2) h e a t i n g  and 
concen t r a t ing  t h e  LiASF6 t o  hydrolyze u n i d e n t i f i e d  uns t ab le  f l u o r o a r s e n a t e  
spec ies .  (This hydro lys i s  causes  a pH d r i f t  t o  t h e  a c i d i c  s i d e  which must 
be c o r r e c t e d :  t h e  f i n a l  s o l u t i o n  m u s t  be pH s t a b l e . )  (3) adjustment  of pH 
t o  about  8 and coo l ing  t h e  s o l u t i o n  t o  minimize t h e  s o l u b i l i t y  of t h e  l i t h i u m  
a r s e n a t e s  before  f i l t e r i n g  o f f  t h e  minor i n s o l u b l e  by-products;  (4)  recovery 
of LiAsF6*3H20 by s l i g h t  f u r t h e r  concen t r a t ion  and c h i l l i n g ;  (5) r e c r y s t a l l i -  
z a t i o n  of t he  LiAsF6'3H20 u n t i l  t h e  des i r ed  p u r i t y  i s  reached;  and (6 )  vacuum 
drying of t h e  LiAsF6'3H20 t o  anhydrous LiAsF6. 

(1) n e u t r a l i -  

The r e c r y s t a l l i z a t i o n  can be  performed i n  water, a l though t h e  ve ry  
h i g h - s o l u b i l i t y  of t h e  LiAsF6 r e q u i r e s  t h a t  s e v e r a l  concen t r a t ion  c r y s t a l l i -  
z a t i o n  s t e p s  be used t o  ob ta in  reasonable  y i e l d s .  The use of aqueous i s o -  
propyl  a lcohol  f o r  r e c r y s t a l l i z a t i o n  of LiAsF6*3H20 d i d  no t  appear t o  o f f e r  
s i g n i f i c a n t  advantages over water  a lone.  A l t e r n a t i v e l y ,  t he  c rude  LiAsF6* 
3H20 could be d r i e d  and the  anhydrous s a l t  then r e c r y s t a l l i z e d  from anhydrous 
i sop ropy l  a lcohol  o r  anhydrous e t h y l  e t h e r ,  bu t  t hese  procedures appeared 
t o  be i n f e r i o r  t o  r e c r y s t a l l i z a t i o n  from water. 

The a n a l y t i c a l  r e s u l t s  f o r  LiAsF6 samples showed t h a t  t h e  only  
s i g n i f i c a n t  problems as i m p u r i t i e s  were oxygenated and carbon-containing 
spec ie s .  Unfortunately,  t hese  two impur i ty  elements were t h e  most d i f f i -  
c u l t  t o  determine,  a t  t h e  100 ppm l e v e l ,  i n  a s a l t  of t h i s  type.  Overa l l ,  
however, a combination of a n a l y t i c a l  methods w a s  developed which appeared 
t o  be r e l i a b l e  f o r  a n a l y s i s  of t h e  f i n a l  product .  

I V .  PREPARATION OF 2,000 g. OF HIGH PURITY LiAsFg 
BY THE A C I D  NEUTRALIZATION METHOD 

The LiAsF6 w a s  prepared by n e u t r a l i z a t i o n  of hexaf luoroarsenic  
a c i d  wi th  l i t h i u m  hydroxide: 

HA SF^ (aql ) + L i O H  (aq. -->LiAsF6 (as. ) 

Reapents: Po r t ions  of t h r e e  d i f f e r e n t  l o t s  of MsF6 ( a l l  from 
Ozark Mahoning Company) were used i n  t h e  scale-up p repa ra t ion  of LiAsF6. 
The LiAsF6 prepared from d i f f e r e n t  l o t s  of ac id  w a s  combined f o r  convenience 
of ope ra t ion  and i n  o rde r  t o  produce a s i n g l e  l o t  of product f o r  a n a l y s i s ,  
The major source cons i s t ed  of ~ 3 , 9 5 0  g. of HAsF6e6H20 c r y s t a l s  (Lot No. R-4-90). 
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These which had a wet-.and. s l i g h t l y  d i r t y  greenish  appearance and had been used 
t o  prepare  products  I-66-A and 111-20-A. A second source cons i s t ed  of 
720 g. of HAsF6.6H20 c r y s t a l s  (Lot No. R-4-20), which were mostly ve ry  
white ,  l a r g e  c r y s t a l s .  The t h i r d  source cons i s t ed  of about 1 l i t e r  of 
green 65% HAsF6 s o l u t i o n ,  Lot No. BD-1-20, which had been used i n  our 
ear l ies t  p r e p a r a t i o n s  of LiAsP6. 
green HAsF6 s o l u t i o n  (obtained by combining t h e  "bottom-of - the -bo t t l e ' '  
po r t ions  of t h e  two l o t s  of c r y s t a l s  wi th  p o r t i o n s  of t h e  65% s o l u t i o n  
used i n  our  ear l ie r  s t u d i e s  of t h e  r e c r y s t a l l i z a t i o n  of HAsF6) w a s  f i l t e r e d  
before  n e u t r a l i z a t i o n .  

F i n a l l y  n e a r l y  1 l i t e r  of r a t h e r  dark 

L i O H  was obtained as t h e  reagent  grade c r y s t a l s ,  L i0H.H 0, from 2 
Matheson, Coleman and B e l l .  An - 5  M, s o l u t i o n  of L i O H  ( i . e . ,  s a t u r a t e d )  
w a s  prepared and l e t  s tand  i n  polyethylene b o t t l e s  f o r  a t  least  two days 
and then f i l t e r e d  t o  remove Li2CO3. 

N e u t r a l i z a t i o n :  About 8,000 g .  of a c i d  c r y s t a l s  and s o l u t i o n  were 
n e u t r a l i z e d  i n  s ix  ba tches .  
polyethylene beaker and about 16  m l ,  water p e r  100 g. ac id  c r y s t a l s  w a s  
added t o  make a s o l u t i o n .  The L i O H  s o l u t i o n  was added slowly from a poly- 
e thylene  dropping funnel  t o  t h e  s t i r r e d  ac id  s o l u t i o n  u n t i l  t he  pH reached 
7.5-9. The n e u t r a l i z e d  mixture  w a s  then placed i n  a polyethylene b o t t l e  and 
heated on a steam bath  f o r  s e v e r a l  hours  o r  overn ight  t o  a s su re  t h a t  any 
hydro ly t i c  r e a c t i o n s ,  such as t h e  hydro lys i s  of LiAsF50H, were as complete 
as p o s s i b l e  and f i l t e r e d  (Whatman No. 40 paper)  t o  remove t h e  i n s o l u b l e  by- 
product ,  l eav ing  a s o l u t i o n  of crude LiAsF6. 

The HAsF6*6H20 c r y s t a l s  were placed i n  a 4 - l i t e r  

The Lot R-4-90 HAsF6-6H2O c r y s t a l s  (-3,950 g . )  were n e u t r a l i z e d  
i n  t h r e e  approximately equal  ba tches  wi th  a t o t a l  of 5,767 m l .  (28.8 moles) 
of L i O H  s o l u t i o n .  Each ba tch  was heated overn ight ,  cooled t o  5-25°C and 
f i l t e r e d .  A t o t a l  of 1 ,090 g. (wet b a s i s )  of i n s o l u b l e  product (of s l i g h t l y  
blue-green t i n t )  w a s  removed. The f i l t r a t e s  were concent ra ted  on t h e  f l a s h  
evaporator  a t  50-60°C and 30-40 mm. Hg, wi th  a 0' condensing bath.  A t o t a l  
of 5,535 ml. water  was  d i s t i l l e d  o f f .  Each ba tch  w a s  ad jus ted  t o  pH 7-8 
and r e f i l t e r e d  t o  remove t h e  i n s o l u b l e s  which developed (0.05-0.1 g/100 g. 
acid c r y s t a l s ) ,  and t h e  concen t r a t e s  were combined. We observed a t  t h i s  
po in t  t h a t  t h e  concen t r a t e s  had a f a i n t l y  yel lowish t i n g e ,  which we had 
no t  observed previous ly  on any of t h e  smaller scale runs.  This  c o l o r  may 
have been caused by t h e  l a r g e r  volume of s o l u t i o n ,  bu t  could be a r e s u l t  
of r e a c t i o n s  occurr ing  a t  t h e  steam ba th  temperature  which had n o t  occurred 
i n  previous runs,  where t h e  n e u t r a l i z e d  mixture  w a s  n o t  heated over  about 
55°C. Fur the r  p u r i f i c a t i o n  of t h e  LiAsF6 i s  descr ibed  i n  a l a t e r  paragraph.  
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The white  (Lot R-4-20) a c i d  c r y s t a l s  were thought t o  be of h ighe r  
p u r i t y ,  bu t  were found t o  r e q u i r e  n e a r l y  as much excess LiOH f o r  neutra1iza.- 
t i o n  and gave about t h e  same amount of i n s o l u b l e  by-product as d id  t h e  less 
pure appearing c r y s t a l s .  Thus, t h e  720 g. a c i d  c r y s t a l s  (nominally 2.41. 
moles) r equ i r ed  1,007 m l .  (5.03 moles) LiOH s o l u t i o n .  The i n s o l u b l e  by- 
product (173 g .  w e t  b a s i s )  from t h e  white  a c i d  c r y s t a l s ,  however, w a s  whi te ,  
whereas t h a t  from t h e  o t h e r  ac id  sources  w a s  g reen i sh  i n  propor t ion  t o  t h e  
s t a r t i n g  m a t e r i a l ,  
i n d i c a t e d  (Found: 17.00% L i ;  66.72% F; 16.28% A s ,  t o t a l  100.0%) t h a t  i t  
was a mixture  of composition LiF.0.22 LiAsF 

Analysis  of t h i s  white  product  (87.3 g. vacuum d r i e d )  

6'  

The f i l t r a t e ,  i . e . ,  t h e  LiAsF6 s o l u t i o n ,  was concent ra ted ,  but  
a f t e r  about 800 m l .  water had been removed t h e  s o l u t i o n  developed a t u r b i d i t y  
and a c i d i t y  (pH - 4 )  j u s t  as t h e  o t h e r  HAsF6 products  had done, 
was r ead jus t ed  t o  7-8 (5 mmoles L i O H ) ,  t h e  s o l u t i o n  cooled t o  3 O C  and f i l t e r e d .  
Evaporation was resumed, bu t  aga in  a s l i g h t  haze and a c i d i t y  developed which 
n e c e s s i t a t e d  pH readjustment  (0.25mmoles L i O H )  and r e f i l t r a t i o n .  Evapora- 
t i o n  w a s  cont inued u n t i l  a t o t a l  of 1,078 m l .  water had been removed, The 
s o l u t i o n  now c r y s t a l l i z e d  almost e n t i r e l y  upon cool ing .  J u s t  enough water 
(about 25 m l . )  w a s  added t o  d i s s o l v e  the  c r y s t a l s  with g e n t l e  warming. 
The s o l u t i o n  w a s  aga in  t u r b i d ,  however, i l l u s t r a t i n g  t h e  d i f f i c u l t y  of 
pu r i fy ing  t h e  LiAsFg. 
t i n g e )  w a s  added t o  t h e  concen t r a t e s  from Lot R-4-90 f o r  r e c r y s t a l l i z a t i o n .  

The pH 

The r e f i l t e r e d  s o l u t i o n  (clear without  any yel low 

The ~1 l i t e r  of g reen i sh  65% HAsF6 s o l u t i o n  (Lot BD-1-20) r equ i r ed  
2,745 m l .  (13.0 moles) of L i O H  s o l u t i o n  f o r  n e u t r a l i z a t i o n  and gave 730 g. 
(wet b a s i s )  of mint green i n s o l u b l e  by-product.  
LiOH w a s  requi red  t o  r e a d j u s t  t h e  pH a f t e r  t h e  steam d i g e s t i o n .  The 
f i l t r a t e  had a s l i g h t  yel low c o l o r  which increased  i n  i n t e n s i r y  upon con- 
c e n t r a t i o n  i n  t h e  f l a s h  evaporator .  Af t e r  2,435 m l .  of water had been 
removed, t h e  s o l u t i o n  c r y s t a l l i z e d  ex tens ive ly  upon cool ing .  The yel low 
c o l o r  w a s  concent ra ted  i n  t h e  l i q u i d  phase which was decanted,  n e u t r a l i z e d  
and he ld  f o r  f r a c t i o n a l  r e c r y s t a l l i z a t i o n .  The c r y s t a l s  w e r e  combined 
d i r e c t l y  with t h e  concen t r a t e s  from Lot R-4-90 and R-4-20. 

An a d d i t i o n a l  0.05 mole 

The s l i g h t l y  < 1 l i t e r  of emerald green " res idua l"  HAsF6 ac id  
r equ i r ed  2,740 m l .  (13.0 moles)  of LiOH s o l u t i o n  f o r  n e u t r a l i z a t i o n  and 
gave 785 g. ( w e t  b a s i s )  of mint green i n s o l u b l e  by-product. The ye l lowish  
f i l t r a t e  was concent ra ted  t o  about 1 l i t e r  volume, t h e  pH read jus t ed  (from 
6.4 t o  about 10) and t h e  s o l u t i o n  r e f i l t e r e d .  A f t e r  f u r t h e r  concen t r a t ion  
t h e  s o l u t i o n  w a s  cooled.  The LiAsF '3H 0 c r y s t a l s  contained a s u b s t a n t i a l  6 2  
amount of occluded yel low mother l i q u o r  and were t h e r e f o r e  n o t  combined 
d i r e c t l y  with t h e  o t h e r  c r y s t a l s ,  but  were p u r i f i e d  f i r s t  as descr ibed  
below. 
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P u r i f i c a t i o n  of LiAsF6.3H20: The p u r i f i c a t i o n  of t h e  LiAsFg 
requi red  t h e  removal of s e v e r a l  impur i t i e s ,  one of which w a s  observable  
by i t s  yel low c o l o r  
i t y  and o t h e r  i m p u r i t i e s  of low s o l u b i l i t y  such as LiF and l i t h i u m  a r s e n a t e s .  
Four main s t e p s  were involved i n  t h e  p u r i f i c a t i o n :  (1) The LiAsF6-3H20 
c r y s t a l s  were t r e a t e d  wi th  1.5-2 m l .  water per  100 g , ,  heated t o  65-7OoC, 
i , e . ,  above t h e  mel t ing  p o i n t ,  and then allowed t o  r e c r y s t a l l i z e  slowly. 
This  s t e p  helped complete t h e  hydro lys i s  r e a c t i o n s .  (2)  The c r y s t a l s  
were recovered,  r ed i s so lved  i n  water  a t  25", f i l t e r e d ,  reconcent ra ted  a t  
50-55°C on t h e  f l a s h  evapora tor ,  and r e f i l t e r e d  wh i l e  w a r m  through Whatman 
42 f i l t e r  paper t o  remove the  i n s o l u b l e s .  (3)  The s o l u t i o n  w a s  then 
cooled t o  25" and/or  0°C and one o r  two crops  of c r y s t a l s  were recovered 
i n  a p l a s t i c  Buchner funnel  w i t h  Tef lon  f i l t e r  o r  i n  a coa r se  f r i t t e d  poly- 
e thy lene  funne l ,  The l a t t e r  permi t ted  good dra inage  of t h e  t u r b i d  f i l -  
t ra te .  
was performed wi th  reworking of f i l t r a t e s  being requi red  because of t h e  
very  g r e a t  s o l u b i l i t y  of t he  s a l t .  

and one of which hydrolyzed slowly t o  gene ra t e  ac id -  

(4)  Within t h i s  framework a m u l t i p l e  f r a c t i o n a l  r e c r y s t a l l i z a t i o n  

Thus, 3,685 g. of c r y s t a l l i z e d  LiAsF6.3H20 was recovered from 
t h e  t h r e e  combined l a r g e  l o t s  and 3,456 g. of doubly r e c r y s t a l l i z e d  product 
was obta ined  i n  a l l .  These were then d isso lved  i n  50 m l .  of 10-3 L i O H  
a t  69°C and he ld  a t  t h i s  temperature  2 h r .  
however, t o  pH 6 and w a s  r ead jus t ed  t o  pH 8. The f r a c t i o n a l  c r y s t a l l i z a -  
t i o n  was repea ted  and 3,154 g. w a s  recovered.  This  was j u s t  r ed i s so lved  
i n  525 m l .  7 x LiOH a t  25°C and he ld  a t  45°C over t h e  weekend. The 
s o l u t i o n  (which had maintained a pH of 8.8, but  w a s  s t i l l  f a i n t l y  t u r b i d )  
w a s  recooled and f i l t e r e d  through Whatman 42 paper.  
damp LiAsF6.3H20 c r y s t a l s  was  recovered (Lot I-94-E). (Subsequent weight 
l o s s  on dry ing  ind ica t ed  a composition of LiAsFg.3.6H20.) These were 
d r i ed  and analyzed as descr ibed  i n  t h e  next  s e c t i o n .  

The s o l u t i o n  had r e - a c i d i f i e d ,  

F i n a l l y  2,838 g.  of 

I n  a d d i t i o n  t o  t h e  2,838 g. of Lot I-94-E hydrated c r y s t a l s ,  f i v e  
n e a r l y  s a t u r a t e d  f i l t r a t e s  of vary ing  p u r i t y  remained from t h e  r e c r y s t a l l i -  
za t ion .  Two of t hese  (about 200 m l .  t o t a l )  contained a l l  of t h e  yel low 
colored  impur i ty  o r i g i n a l l y  p re sen t  i n  t h e  n e u t r a l i z e d  s o l u t i o n  (except 
f o r  any po r t ions  removed as i n s o l u b l e  ma t t e r ) .  Two o the r  f i l t r a t e  f r a c -  
t i o n s  (about 200 ml. t o t a l )  were c o l o r l e s s ,  bu t  t hese  as w e l l  as t h e  yel low 
s o l u t i o n s  depos i ted  some white  sediment on s tanding .  The f i f t h  f i l t r a t e  
(220 m l . )  w a s  t h a t  ob ta ined  from t h e  Lot I-94-E c r y s t a l s  and w a s  com- 
p l e t e l y  c o l o r l e s s  and f r e e  of t u r b i d i t y .  These s o l u t i o n s  probably contained 
n e a r l y  700 g. of unrecovered LiAsF6. 
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P r e p a r a t i o n  of anhydrous LiAsF6: The Lot  I-94-E c r y s t a l s  were . 
placed i n  a 2 - l i t e r  p l a s t i c  j a r  and d r i e d  i n  t h e  lyophy l i ze r  a t  ambient 
temperature .  A f t e r  5 days,  however, only 537 m l .  of water had been removed 
and t h e  c r y s t a l s  were a ha rd  mass which could n o t  be broken up e a s i l y  wi th  
a s p a t u l a .  Drying w a s ,  t he re fo re , con t inued  under a h e a t  lamp se t  t o  main- 
t a i n  a temperature of 4OoC i n s i d e  the  lyophy l i ze r .  A f t e r  an  a d d i t i o n a l  
2 days t h e  h a r d  m a s s  could be broken up i n t o  lumps and d ry ing  w a s  con- 
t i n u e d  f o r  4 days,  w i th  occas iona l  i n t e r r u p t i o n s  t o  mix t h e  c o n t e n t s  by 
thoroughly shaking t h e  j a r .  
removed and t h e  LiASF6 appeared t o  be anhydrous. 
of product  w a s  ob ta ined  which r e p r e s e n t s  about  a 50% y i e l d  based on t h e  
weight of a c i d  used. 

A t  t h i s  p o i n t ,  abou t  707 m l .  o f  w a t e r  had been 
About 2,130 g . ,  Lot I-96-A 

The c o n t e n t s  were mixed thoroughly and 250 g.  of Lot I-96-A w a s  
removed, pumped on s e p a r a t e l y  overnight  i n  t h e  lyophy l i ze r  and then  sub- 
m i t t e d  f o r  a n a l y s i s .  While r e s u l t s  were awaited,  t h e  remainder w a s  re- 
turned t o  t h e  l y o p h i l i z e r  and pumped on an  a d d i t i o n a l  4 days and then  
placed i n  t h e  d r y  box f o r  s t o r a g e .  

Following t h e  s a t i s f a c t o r y  a n a l y s i s  (next s e c t i o n )  t h e  LiAsF6 
w a s  s e a l e d  i n  g l a s s  ampoules under a n  atmosphere of argon. This w a s  accom- 
p l i s h e d  as fol lows.  Pyrex ampoules which had a ground g l a s s  j o i n t  w e r e  
thoroughly cleaned and d r i e d  i n  a vacuum oven a t  12OoC and then immediately 
placed i n  t h e  d ry  box. 
i n  o r d e r  t o  keep i t  from adhe r ing  t o  t h e  neck of t h e  ampoules. A s topcock 
with connect ions was  then placed on each ampoule so t h a t  i t  could be 
a t t a c h e d  t o  a g l a s s  high vacuum l i n e .  
a t  least 1 h r .  a t  m. Hg o r  less.  The l i n e  and ampoule w e r e  t hen  
i s o l a t e d  from t h e  pump and f i l l e d  with 1 a t m .  of U l t r apure  Argon (Matheson). 
The stopcock w a s  c losed  and t h e  ampoule cooled wi th  l i q u i d  n i t r o g e n ,  which 
reduced t h e  vapor p re s su re  of t h e  argon s u f f i c i e n t l y  t h a t  t h e  neck of t h e  
ampoule could be s e a l e d  o f f  w i th  t h e  t o r c h .  

The LiAsF6 was  loaded through a long-stem funne l  

The LiAsFg w a s  then pumped on f o r  

Analysis  of h i g h  p u r i t y  LiASF6: Two (2 g . )  samples of Lot  I-96-A 
w e r e  submitted t o  B e l l  and Howell f o r  spa rk  source mass spec t romet r i c  ana ly -  
s i s  f o r  a l l  i m p u r i t i e s .  One sample w a s  placed i n  a screw cap v i a l  which 
w a s  s e a l e d  wi th  t a p e ,  and then enclosed i n  a l a r g e r  b o t t l e  con ta in ing  
D r i e r i t e  d e s i c c a n t .  The second sample (I-96-AB) was  placed i n  a small 
(stopcocked) g l a s s  tube,  pumped on a t  t h e  vacuum l i n e  f o r  30 min. and then  
s e a l e d  o f f  under a n  atmosphere of argon,  i . e . ,  under c o n d i t i o n s  ve ry  similar 
t o  those  t o  be used f o r  f i n a l  packaging o f  t h e  bulk h igh  p u r i t y  samples. 
I n  p a r t i c u l a r ,  w e  wished t o  v e r i f y  t h a t  t h e  g l a s s  s e a l - o f f  d i d  n o t  l i b e r a t e  
a s i g n i f i c a n t  amount of water which would be condensed onto t h e  LiAsFg. 
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One sample of Lot  I-96-A w a s  submitted t o  Schwarzkopf Labora to r i e s  
f o r  major c o n s t i t u e n t  a n a l y s i s  and a l s o  f o r  N a y  K ,  H and C .  This  sample 
was submit ted a t  t h e  same t i m e  as t h e  B e l l  and Howell samples bu t  was  un- 
f o r t u n a t e l y  delayed en r o u t e  by t h e  p o s t a l  s t r i k e  i n  e f f e c t  i n  t h e  New York 
area. Subsequent ly ,  a sample w a s  submitted t o  G a l b r a i t h  Labora to r i e s  f o r  
C a n a l y s i s  when h i g h ,  b u t  erratic l e v e l s  were found i n i t i a l l y  by t h e  mass 
spec t romet r i c  method. 
i o n  and a l s o  by d i f f e r e n t i a l  thermal a n a l y s i s  and p y r o l y s i s  mass spectrometry.  
The r e s u l t s  of t h e s e  ana lyses  a re  shown i n  Table X I I .  

We a l s o  analyzed Lot I-96-A in-house f o r  f r e e  f l u o r i d e  

The major c o n s t i t u e n t  ana lyses  on Lot I-96-A v e r e  s a t i s f a c t o r y ,  
a l though t h e  L i  va lue  w a s  as usua l  (pa  3 )  s l i g h t l y  low. No f r e e  f l u o r i d e  
w a s  d e t e c t e d  i n d i c a t i n g  t h a t  t h i s  impur i ty  w a s  probably less than  100 ppm. 
The spa rk  source mass spec t romet r i c  a n a l y s i s  showed t h a t  a l l  elements 
except carbon were below t h e  100 ppm l e v e l  and showed remarkably good 
agreement between t h e  two samples f o r  H and 0,  i n d i c a t i n g  t h a t  t h e  seal- 
o f f  procedure d i d  n o t  contaminate t h e  product  with moisture .  Analyses f o r  
B y  N a y  A l p  Ca and C r  were a l s o  i n  e x c e l l e n t  agreement,  The elements N,  
S i ,  S and C1 showed a s u b s t a n t i a l  v a r i a t i o n ,  b u t  were i n  no case above 
61 ppm, and t h e  80 ppm va lue  f o r  K i s  anomalous. 

The two carbon v a l u e s ,  880 and 440 ppm, w e r e  then a source of 
s e r i o u s  concern,  both because of t h e i r  divergence and because,  on an  atomic 
b a s i s ,  ove r  twice as much carbon w a s  i n d i c a t e d  as a l l  o t h e r  impuri ty  ele- 
ments combined. Also,  t h e  carbon l e v e l  decreased by one-half i n  t h e  
second sample, wh i l e  t h e  o t h e r  i m p u r i t i e s  e i t h e r  s t ayed  about t h e  same o r  
i nc reased  with t h e  except ions of N and S .  Thus, t h e  carbon could n o t  b e  
p re sen t  i n  a combined form such as carbonate ,  a l though it could be p r e s e n t  
as a f luorocarbon.  The reason,  as suggested on p .  4 ) ,  appears  t o  be t h e  
r e a c t i o n  of f l u o r i n e  atoms o r  molecules du r ing  sparking with trace carbon 
o r  carbonaceous r e s i d u e s  i n  t h e  instrument .  A t  ou r  r e q u e s t ,  B e l l  and Howell 
k ind ly  re-analyzed Lot I-96-AB f o r  carbon. A new e l e c t r o d e  was  prepared 
and analyzed by success ive  sparkings.  A s  i n d i c a t e d  i n  Table X I ,  t h e  carbon 
level decreased r a p i d l y  a t  f i r s t  and then  l eve led  o u t  slowly, 160 ppm being 
t h e  r e s u l t  of t h e  f o u r t h  a n a l y s i s .  

The carbon ana lyses  by t h e  carbon-hydrogen t r a i n  method gave 
s l i g h t l y  lower v a l u e s ,  i . e . ,  0.01% and 0.00% (Schwarzkopf) and 0.012% 
( G a l b r a i t h ) .  
below 70-75 ppm. The v a r i a b i l i t y  of t h e  r e s u l t s  may i n d i c a t e  a s l i g h t  
inhomogeneity. The s y n t h e s i s  was  n o t  performed i n  a l abora to ry  having 
f i l t e r e d  a i r  and c o n t a c t  with suspended p a r t i c u l a t e s  was a p o s s i b i l i t y .  
Overa l l ,  however, t h e  a n a l y t i c a l  r e s u l t s  i n d i c a t e  a l e v e l  of probably n o t  
over 100 ppm carbon. 

D r .  Schwarzkopf s t a t e d  t h a t  t h e  zero va lue  was  d e f i n i t e l y  
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TABLE XI1 

ANALYSIS OF HIGH PURITY LiAsFh (MRI, Lot I-96-A) 

Schwarzkopf Galbrai th 

H 
Major Constituents (%) Impurities (ppm) 
Li C - C - - K - Na - F - A s  - - 

3.37 37.95 58.31 ND (<2) 4 1,500 ND (< 70) 120 

3.42 38.11 58.01 ND (< 2)  4 700 100 

Avg e 

3.40 38.03 58.16 ND (<2) 4 1,100 5 85 

Li + A s  + F 99 e 59 Total, all elements: 99.71% 

Li/As/F 0.965/1.00/6.01 Total, incl. oxygen as 8xH: 100.57% 

SPARK SOURCE MASS SPECTROMETRIC ANALYSIS (Bell and Howell) 

1-96 -A I -96 -AB I-96-AB Carbon Re-analyses (ppm) 
Element (ppm) (ppma) J; (ppm) (ppma) Order 1 2 3 4 - - - -  

H 16 (392) 
B ND 
C 880 (1,795) 

- 

N 46 (80) 
0 65 (100) 
Na 28 (30) 
A1 3 . 3  (3) 
Si 13 (11) 
S 43 (33) 
c1 30 (21) 
K 4 (2) 
Ca 15 (9) 
Cr 16 (8) 
Ni 6.7 (3) 
m/e = 85 5 (1) 

11 

440 
21 
65 
28 

70 
NJI 
61 
80 
15 
21 
24 
28 

4.3 

5.0 

(5) 

Total 1,171 (2,486) 873 (1,429) 

ppm x average atomic weight t :ubstance 
J; ppma (parts per million atomic) = 

atomic weight ele. : 
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The two hydrogen ana lyses  by Schwarzkopf were v e r y  high and va r i ed  
g r e a t l y  (700 ppm and 1,500 pprn) compared t o  t h e  spark  source r e s u l t s  (16 and 11. 
ppm). A s  noted previous ly ,  t h i s  sample w a s  delayed on r o u t e  and i t  may have 
picked up moisture .  The l a r g e  H/As r a t i o  (0.22/1.00) would, however, i n -  
dicate  a composition of LiAsF6*O*11H20. Allowance f o r  t h e  oxygen con ten t  
leads t o  a t o t a l  of w e l l  over  100% as shown i n  Table X I I .  A l t e r n a t i v e l y ,  
i n t e r f e r e n c e s  may a f f e c t  t h e  combustion method f o r  H a n a l y s i s  on h igh  p u r i t y  
LiAsF6 ( f o r  example, i f  AsF5 i s  l i b e r a t e d  and reacts with t h e  combustion 
tube components o r  water absorbent ) .  Low hydrogen levels had, however, been 
found p rev ious ly  i n  LiAsFg samples of lower p u r i t y .  F i n a l l y ,  t h e  sample 
submitted t o  Swarzkopf may have been inhomogeneous wi th  r e s p e c t  t o  p a r t i -  
c les  con ta in ing  some water  of hydra t ion .  
however, d r i e d  even f u r t h e r  than w a s  t h e  a n a l y t i c a l  sample i n  t h e  lyophy l i ze r  
and a l s o  under h igh  vacuum, s o  t h a t  even traces of monohydrate should have 
been d r i e d ,  D i f f e r e n t i a l  thermal a n a l y s i s  on Lot I-96-A showed a b s o l u t e l y  
no i n d i c a t i o n  of t h e  presence of LiAsF6'B20. 
with t h e  observed extremely low H and 0 l e v e l s  found by spark  source l ead  
us  t o  conclude t h a t  t h e  LiASFg samples as sea l ed  i n  g l a s s  do no t  con ta in  
over 100 ppm H. 

The bulk LiAsF6 samples were, 

These cons ide ra t ions ,  t oge the r  

V. PROPERTIES OF HAsF6, LiAsFg AND LITHIUM ARSENATES 

P r o p e r t i e s  of HAsF6: The HAsF6 was obtained from Ozark-Mahoning 
Company i n  two forms: a s  a greenish  aqueous s o l u t i o n  s t a t e d  t o  con ta in  
about 65% HAsF6 and 1-3% HF, and as s o l i d  c r y s t a l s  s t a t e d  t o  be t h e  hexa- 
hydra te  HAsF606H2O ( t h e o r e t i c a l l y  63.8% HAsF6). I n  e i t h e r  case, n e u t r a l i z a -  
t i o n  of t h e  ac id  r equ i r ed  over twice as much LiOH as expected based on t h e  
nominal wSF6 content .  
s o l u t i o n  r equ i r ed  2.3 t i m e s  as much a f t e r  c o r r e c t i o n  f o r  HF content._ A by- 
product of low s o l u b i l i t y  w a s  formed dur ing  n e u t r a l i z a t i o n .  Yield of d r i e d  
by-product i s  about 0.15 g/g ac id  c r y s t a l s ,  0.2 g/g acid s o l u t i o n ,  and 0 .1  
g/g r e c r y s t a l l i z e d  ac id .  
formed are reduced by r e c r y s t a l l i z a t i o n  of t h e  a c i d ,  bu t  are n o t  e l imina ted  
even by double r e c r y s t a l l i z a t i o n .  Furthermore,  t he  n e u t r a l i z e d  s o l u t i o n s  
i n v a r i a b l y  regenera ted  small amounts of ac id  va lues .  These e f f e c t s  sug- 
ges ted  t h e  presence of one o r  more i n p u r i t i e s  i n  t h e  HAsF6. 
suspected t o  be t h e  acid HAsF50H and poss ib ly  H A s F ~ ( O H ) ~ , ~ ~  ac id  wi th  
anions of t h e  form (-AsF 0-)3-3 and C-AsF40-)in. 4 

The c r y s t a l s  requi red  2 .1  times as  much and t h e  

The amounts of excess  base r equ i r ed  and by-product 

These were 

I n f r a r e d  and I9F NMR s p e c t r a  were obtained on KAsF6, t h e  s tock  
65% HAsF6 and on r e c r y s t a l l i z e d  HAsF6 f r a c t i o n s .  
spectrum (KBr  p e l l e t )  showing s t rong  bands a t  703 c m - l  (As-F s t r e t c h )  and 
410-390 db. (bending). Not more than a t r a c e  of mois ture  w a s  de t ec t ed .  
The I9F NMR spectrum of 1 M - KAsF6 w a s  t h e  e x p e c t e d z '  q u a r t e t  a t  0 = 64.7 
ppm (vs.  e x t e r n a l  CFC13), J = 933 cps .  The s tock  65% HAsF6 s o l u t i o n  

The KAsF6 g ives  an i n f r a r e d  
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(between AgCl windows) g ives  a complex i n f r a r e d  spectrum (from t h e  water, 
t h e  AsFi bands and u n i d e n t i f i e d  bands) ,  and an NMR spectrum which shows 
a f luo r ine -con ta in ing  impur i ty  i n  add i t ion  t o  t h e  A s F ~  q u a r t e t .  The i m -  
p u r i t y  i s  removed by r e c r y s t a l l i z a t i o n  and i s  concent ra ted  i n  t h e  mother 
l i q u o r .  Although t h e  chemical s h i f t  of t h i s  impur i ty  i s  approximately t h e  
same as t h a t  of  a f l u o r i n e  atom bonded t o  a r s e n i c ,  i t  does n o t  have t h e  
q u a r t e t  spectrum requ i r ed  f o r  an As-F coupl ing,  nor  does i t  have t h e  s h i f t  
expected of f r e e  f l u o r i d e  i o n :  129 ppm. However, i t  could w e l l  be a As-F 
spec ie s  which i s  undergoing f a s t  f luoride-exchange r e a c t i o n s  i n  s o l u t i o n ,  
a r a t h e r  common phenomenon i n  inorganic  f l u o r i d e s ,  which would cause 
c o l l a p s e  of t h e  As-F coupl ing  q u a r t e t  t o  a broad band o r  even a s i n g l e t .  
The r e c r y s t a l l i z e d  HAsF6, on t h e  o t h e r  hand, c l e a r l y  shows t h e  presence 
of t h e  AsFi i o n  by NMR and i n f r a r e d ,  i . e . ,  t h e  formula of t h e  ac id  might 
be b e t t e r  w r i t t e n  as H30+AsFg-xH20 where x i s  probably 4 o r  5. The NMR 
of t h e  r e c r y s t a l l i z e d  ac id  shewed only a ve ry  s m a l l  amount of t h e  u n i d e n t i -  
f i e d  impur i ty ,  
Table X I 1 1  and i n  Figure 1. 

The r e s u l t s  of t h e  NMR and I R  s t u d i e s  a r e  summarized i n  

TABLE X I 1 1  

Compound 

USF6 

HAsF6 (s tock)  

INFRARED AND NMR SPECTRA OF A s F ~  SALTS AND HASF6 

I n f r a r e d  ( c m - l ) S /  19F NMR (ppm vs .  CFCl3)d  

HASF6 ( r ec rys -  
t a l l i z e d )  

HAsF6 (green 
mother 
l i q u o r )  

703, 410-390. db. 

708, 395 
3624, 3500-2600 
2000-1700, 1630 
1200 (v. b r . )  

'About same as s tock ,  
except  poss ib ly  more 
abs.  i n  500-600 reg ion  

About same as s tock ,  
except  poss ib ly  1200 
band s l .  more i n t e n s e  

64.7 (Guar te t )  

64.3 ( q u a r t e t )  

55.7 ( s i n g l e t )  
40-90 (w. b r . )  

65.2 ( q u a r t e t )  

57.7 ( s i n g l e t )  
40-90 (w. b r . )  
65 (v. wk. q u a r t e t )  

Assignment 

ASF; 

A S F ~  

H20 

Uni d en t i f i e  d 
Unid en t i f i ed 
Unident i f ied  

A S F ~  

Unid en t i f i e d  
Uni d en t.i f i ed 

AsFi 

- a /  I n f r a r e d  s p e c t r a  obtained on a Beckman IR-12; NMR s p e c t r a  obtained on a 
Varian HA-100 Spectrometer.  
Teflon i n s e r t s  because of t h e  HF. 

The HAsF6 s o l u t i o n s  w e r e  contained i n  
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On t h e  b a s i s  of t h e s e  r e s u l t s  and t h e  hydro lys i s  behavior ,  we 

The major impur i ty  i s  cha rac t e r i zed  by r ap id  hydro lys i s  i n  n e u t r a l  
conclude t h a t  t h e  HAsF6 has  a t  least  t h r e e  i m p u r i t i e s ,  i n  a d d i t i o n  t o  t h e  
HF. 
s o l u t i o n  and may be t h e  s p e c i e s  g iv ing  t h e  I9F s i n g l e t  a t  55.7 ppm. 
second impur i ty  i s  c h a r a c t e r i z e d  by slow hydro lys i s  i n  n e u t r a l i z e d  so lu-  
t i o n .  Both of t h e s e  appear t o  be f luo roa r sena te  spec ie s .  The t h i r d  i m -  
p u r i t y  i s  minor, but  i s  r e spons ib l e  f o r  t h e  green c o l o r  i n  65% HAsF6 and 
poss ib ly  f o r  t h e  yel low c o l o r  observed dur ing  workup of t h e  l a r g e  scale run  
of LiAsF6. 
LiAsF p repa ra t ion .  

A 

For tuna te ly ,  a l l  of t h e s e  i m p u r i t i e s  can be removed dur ing  

6 

The HAsF6.6H20 c r y s t a l s  d i s s o l v e  endothermical ly  i n  H20 and a 
ba tch  prepared by r e c r y s t a l l i z a t i o n  of t h e  65% s o l u t i o n  turned t o  a b l ack  
o i l  upon dry ing  i n  vacuo a t  ambient temperature .  

P r o p e r t i e s  of LiAsF6: Anhydrous l i t h i u m  hexaf luoroarsena te  i s  a 
s t a b l e  white  s o l i d .  A sample sealed under d ry  a i r  i n  a mel t ing  po in t  tube 
gave evidence of d i s s o c i a t i o n  and a t t a c k  on t h e  g l a s s  a t  about 350"C, but  
some LiAsF6 remained a f t e r  r ecoo l ing  from a maximum temperature  of 370°C. 
D i f f e r e n t i a l  thermal ana lys i s*  of the  pure s a l t  shows only an endotherm 
(Figure 2A) a t  258°C. This  endotherm appears  t o  be a c r y s t a l  t r a n s i t i o n  
r a t h e r  than a mel t ing  po in t .  A sample w a s  a l s o  subjec ted  t o  p y r o l y s i s  mass 
spectrometry.** The i o n  c u r r e n t  was monitored cont inuous ly  and complete 
mass s p e c t r a  were recorded a t  22, 90, 150, 250, 280, 340, and 380°C. The 
onse t  of decomposition, a s  i n d i c a t e d  by t h e  inc reas ing  ion  c u r r e n t  
was a t  about 280°C. The evo lu t ion  of AsF w a s  observed by t h e  mass s p e c t r a ,  
i .e . ,  by the  i o n s  AsF+ AsF2 etc.  
probably a r e s u l t  of t h e  r e a c t i o n  of AsF5 wi th  i m p u r i t i e s  i n  t h e  instrument .  
Other minor i m p u r i t i e s  such as Na+ and SiF3 were observed a l s o ,  but  a l l  t h e  
major peaks were As-F spec ie s .  Rather  s u r p r i s i n g l y ,  a peak a t  mass 300 
a t t r i b u t a b l e  t o  As$ w a s  observed a t  340" and 3 8 O O C  i n d i c a t i n g  a -complete 
loss of f l u o r i n e  from t h e  a r s e n i c .  

(Figure 2B) 

+ 5 
The i o n s  AsF30+ and HF+ were a l s o  observed, 

4 9  

+ 

The LiAsF i s  hygroscopic,  forms a t  l eas t  two hydra tes ,  becomes 

A t  room temperature  1 m l .  water d i s s o l v e s  about 1 .9  g. LiAsF6 wi th  

Hydrous looking c r y s t a l s  of  LiAsF6.3H20 a r e  obtained 

6 
de l iquescen t  a t  about 30-35% r e l a t i v e  humidity,  and i s  ve ry  so lub le  i n  
water .  
t h e  evo lu t ion  of cons ide rab le  h e a t .  
of about 1 .85 g/cm3. 
upon coo l ing  t h e  s a t u r a t e d  s o l u t i o n ,  o r  upon d i s t i l l i n g  o f f  t h e  water up 
t o  i t s  mel t ing  po in t  of 58°C. (Weighr l o s s  on t h e  recovered c r y s t a l s  va r i ed  
from 3.5 t o  4 moles water pe r  mole LiAsF6. The hydra t ion  number was e s t ab -  
l i s h e d  by e q u i l i b r a t i n g  LiAsF6 a t  20% r e l a t i v e  humidi ty  and by DTA.) 

* 

The s a t u r a t e d  s o l u t i o n  h a s  a d e n s i t y  

A Du Pont Model 900 DTA ins t rument  w a s  used with a h e a t i n g  r a t e  of 15"C/ 
min. Exposure of t h e  sample t o  mois ture  w a s  avoided. 

s o l i d s  was used. 
t h e  range 100-380°C) e 

*:k An Atlas CH-4BMass Spectrometer equipped wi th  a d i r e c t  i n l e t  probe f o r  
The hea t ing  rate w a s  about 40"C/min. (average over 
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When t h e  t r i h y d r a t e  was d r i ed  i n  a stream of d r y  a i r ,  t h e  powdery mono- 
hydra te ,  mel t ing  po in t  1 1 7 " C ,  was formed. This  product (apparent ly  a l s o  
formed when t h e  s a t u r a t e d  s o l u t i o n  w a s  d i s t i l l e d  t o  dryness  a t  80°C) i s  
converted t o  t h e  anhydrous s a l t  by pumping a t  0.005 mm. Hg and ambient 
temperature .  

Mixtures of anhydrous LiAsFg and H20 i n  mole r a t i o s  of 1 t o  6,  
1 t o  7 and 1 t o  8 f i r s t  s o l i d i f i e d  a t  -25O, -27" and -3loC, r e s p e c t i v e l y ,  
bu t  a l l  gave a DTA endotherm a t  -47OC, which may be t h e  e u t e c t i c .  The 
t r i h y d r a t e  d i s s o l v e s  i n  water endothermical ly .  

The LiAsF6 i s  s o l u b l e  i n  e t h y l  e t h e r  a t  about 0.55 g/ml and forms 
a LiAsFg42Et20 which i s  whi te  c r y s t a l s  a t  25°C. Another s o l v a t e  LiAsFg* 
6Et20 w a s  observed a t  -80°C. 
a t  about 0.8 g/ml. A s o l i d  s o l v a t e  was formed a t  -20°C, but  i t  melted upon 
warming t o  room temperature .  

The LiAsF6 i s  s o l u b l e  i n  i sop ropy l  a l coho l  

The I 9 F  NMR spectrum of a sample of LiAsF6eH20 d i s so lved  i n  water 

s o l u t i o n  contained only  a s i n g l e t  a t  cr = 3.88 ppm a t t r i b u t a b l e  
contained only  t h e  AsFi q u a r t e t  a t  @ = 64.4 ppm and i t s  'H spectrum i n  
(CD3)zCO 
t o  water. 

The i n f r a r e d  of a l l  e a r l y  LiAsF6 samples  contained water  bands 
a t  3450 .and 1640 c m - l ,  Some of t h e  samples appear t o  con ta in  r e s i d u a l  
H20  whereas o t h e r s  appeared t o  be p i c k i n g u p  H20 dur ing  the  K B r  p e l l e t  
p repa ra t ion  a 

abso rp t ion  of mois ture  from t h e  a i r .  
c o n t a i n s  only t h e  AsFi bands a t  712 c m - 1  and 410-420 (db) c m - l .  
s p e c t r a  of t he  hydrated s a l t s  va r i ed  wi th  t h e  degree of hydra t ion ,  bu t  
t h e  LiAsF6aH20 had t h e  A s F ~  bands a t  708 and 395-411 cm-l and t h e  water 
bands a t  1640 and 3450 c m - l e  
t o  c o n t r i b u t e  t o  a weak broad absorp t ion  i n  t h e  reg ion  of N 500 c m - l  and 
t o  a lesser e x t e n t  a t  N 850 c m - 1 .  

The KBr-sandwich t e c h n i q u e b l  w a s  then employed t o  exclude 
The spectrum of t h e  anhydrous s a l t  

The 

The presence of t h e  t r i h y d r a t e  appears  

P rope r t i e s  of l i t h i u m  a r sena te s :  The n e u t r a l i z a t i o n  of HAsF6 
s o l u t i o n s  produces cons ide rab le  i n s o l u b l e  by-product which appears  t o  be 
a mixture  of l i t h i u m  f l u o r i d e  and a l i t h i u m  arsenate. Some a d d i t i o n a l  
small amount of whi te  s o l i d  comes out  of the.LiAsF6 s o l u t i o n  dur ing  prod- 
uc t  work-up. F i n a l l y ,  many of t h e  samples of d r i ed  LiASF6 gave a s l i g h t l y  
tu rb id  s a t u r a t e d  aqueous s o l u t i o n ,  which toge the r  with t h e  oxygen levels 
found i n  t h e  impur i ty  ana lyses  suggested t h a t  a r sena te s  were P r imar i ly  r e -  
spons ib le .  The l i t h i u m  a r s e n a t e s  are appa ren t ly  no t  w e l l  c h a r a c t e r i z e d :  
The Handbook of Chemistry and Physics  l i s t s  only t h e  or tho-arsena te  Li3AsOq 
as an anhydrous whi te  powder of d e n s i t y  3.07 g/cm3 which i s  v e r y  s l i g h t l y  
so lub le  i n  co ld  water, so lub le  i n  d i l u t e  ac id ,  bu t  i n s o l u b l e  i n  pyr id ine .  
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The mono- o r  d i l i t h i u m  sal ts  and t h e  meta a r s e n a t e  are n o t  l i s t e d . *  The 
t h r e e  d i s s o c i a t i o n  c o n s t a n t s  f o r  a r s e n i c  a c i d  are l i s t e d  as :  
10-3; K2 = 1 .70  x l om7;  K3 = 3.95 x 
s l i g h t l y  s t r o n g e r  than phosphoric ac id .  
are u s u a l l y  i n  t h e  range 6-8, sometimes d r i f t i n g  t o  t h e  a c i d i c  s i d e  dur ing  
product work-up. 
f o r e  of s u f f i c i e n t  i n t e r e s t  t h a t  small samples were prepared f o r  examination. 

K 1  = 5.62 x 
(at 1 8 O C ) ,  i .e . ,  i t  i s  j u s t  

The pH of t h e  LiAsF6 s o l u t i o n s  

The s o l u b i l i t i e s  of t h e  LiH2As04 and Li2HAsOq were t h e r e -  

Samples of LiH2As04, LipHAs04 and Li3As04 were prepared by weigh- 
i n g  ou t  t h e  s to i ch iomet r i c  amounts of anhydrous LiOH and As2O5, adding 
s u f f i c i e n t  water t o  produce a s l u r r y  and then hea t ing  1 hr .  a t  70OC. The 
2: l  and 3 : l  r e a c t i o n  mixtures  remained a s  s l u r r i e s .  The s o l i d s  w e r e  
f i l t e r e d  o f f  and d r i e d  i n  t h e  lyophy l i ze r ,  t o  g ive  white  powders. The 
1:l r e a c t i o n  m i x t u r e  contained much less s o l i d .  Most of t h i s  w a s  d i s -  
solved by a d d i t i o n a l  water, t h e  s o l u t i o n  f i l t e r e d  and t h e  so lven t  evap- 
ora ted .  The p a s t e - l i k e  LiH2AsO4 was then d r i e d  i n  t h e  lyophy l i ze r  t o  g ive  
a white  wax-like s o l i d ,  Elemental  ana lyses  (Galbra i th  Labora to r i e s )  are 
shown below. 

II A s  0 (Dif f . )  - 
LiH2As04,  Theoret.  4.67 1.35 50.6 43.3 

Found 4.71 1.35 48.18 I 45.76 1,00/1.99/0.95 

Li2HAs04, Theoret.  9.03 0.65 48.7 41.6 
Found 10.22 0.57 45.36 43.85 2.00/0.77/1.08 

Li3AsO4, Theoret . 13.01 - 46.9 40.1 

Li3As04. 1/2H20, 
Theore t . 12.36 0.59 44.4 42.8 
Found 12.44 0.48 42.85 44.23 3.00/0.80/1-. 48 

The d a t a  are c o n s i s t e n t  wi th  t h e  presence of some of t h e  t r i l i t h i u m  sa l t  
i n  the  Li2HAs0 
of t h e  hemihydrate.  

and wi th  much of t h e  t r i l i t h i u m  s a l t  being i n  t h e  form 4 
The analogous s a l t ,  Li3P04.1/2H2Oy i s  known. 

S o l u b i l i t y  t e s t s  showed t h a t  LiH2AsOq was by f a r  t h e  most so lub le  
i n  water :  0.5 g. d i s so lved  completely i n  5 m l .  whereas t h i s  q u a n t i t y  of 
L i 2 H A s 0 4  o r  Li3As04 d id  not d i s s o l v e  no t i ceab ly  i n  10 m l .  of H20 .  
t h e  t h r e e  s a l t s  appeared t o  d i s s o l v e  .at t h i s  l e v e l  i n  e t h y l  e t h e r  o r  i s o -  
propyl  a lcohol .  
t h e  f o l l o y i n g  pH. 

None of 

The t h r e e  s a l t s  i n  water  (0 .8  g/20 m l )  gave mixtures  wi th  

LiH2 A s  O4 6.5 
Li2HAsOq 7.6 
Li3As04 11.6 

The LiH2P04, Li3PO4 and Lip03 a r e  l i s t e d ,  t h e  l a t t e r  two s t a t e d  t o  have Jr 

very low s o l u b i l i t i e s  i n  water. 
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V I .  DISCUSSION OF RESULTS AND CONCLUSIONS 

Methods of prepar ing  and ana lyz ing  h igh  p u r i t y  LiAsF6 have been 
developed. Four p o s s i b l e  s y n t h e s i s  methods were eva lua ted ,  t h r e e  were 
demonstrated s u c c e s s f u l l y ,  and one s u p e r i o r  method was sca l ed  up t o  produce 
over 2,000 g. of  h igh  p u r i t y  product .  Ana ly t i ca l  methods f o r  major con- 
s t i t u e n t s  and impur i ty  e lements  w e r e  cross-checked by two o r  more methods 
o r  independent  l a b o r a t o r i e s  on s t anda rd  samples of  LiF and As203 and a l s o  
on several LiAsFg samples. The f i n a l  product  w a s  analyzed f o r  a l l  impur- 
i t i e s  by spark  source  mass spectrometry.  The elements  N a  and K were c r o s s -  
checked by atomic absorp t ion  spectrophotometry and C and H were c r o s s -  
checked by combustion t r a i n  techniques .  The f i n a l  product  w a s  a l s o  checked 
by d i f f e r e n t i a l  thermal  a n a l y s i s  and by a concent ra ted  s o l u t i o n  t u r b i d i t y  
t e s t ,  as w e l l  as by d u p l i c a t e  ana lyses  f o r  L i ,  A s  and F. 

The f i n a l  product  was prepared by n e u t r a l i z i n g  commercially ob- 
t a ined  65% HASF6 s o l u t i o n  and HAsF6'6H20 c r y s t a l s ,  and some lower grade 
s o l u t i o n  (remaining from a c i d  r e c r y s t a l l i z a t i o n  s t u d i e s ) ,  about 8,000 g. 
i n  a l l ,  wi th  5 M, L i O H  s o l u t i o n .  Hydrated LiAsFg w a s  then  recovered by a 
f i l t r a t i o n - c o n c e n t r a t i o n - r e f i l t r a t i o n  and c r y s t a l l i z a t i o n  procedure.  This  
product  w a s  sub jec t ed  t o  m u l t i p l e  f r a c t i o n a l  r e c r y s t a l l i z a t i o n  from water 
and d r i e d  i n  vacuum t o  g ive  2,130 g. of t h e  anhydrous sal t .  Analys is  i n -  
d i ca t ed  t h a t  i t  conta ined  n o t  more than 100 ppm of any impur i ty  on an 
e lementa l  b a s i s .  The method could probably be sca l ed  up t o  t h e  p r e - p i l o t  
level  wi th  only  minor mod i f i ca t ions .  

48 



REFERENCES 

1. H. J. Emeleus and A. A. Woolf, J. Chem. Soc., 164 (1950). 

2. A. A. Woolf and H ,  J .  Emeleus, J.  Chem. SOC., 1050 (1950). 

3. A. A .  Woolf, J. Chem. SOC,,  1053 (1950). 

4. 0. Ruff,  K. Stauber and H. Graf,  Z .  Anorg. Chem., 2, 325 (1908). 

5. M. C .  Marignac, Ann. Chem, Phys., c4] 10, 371 (1867); and &. 145, 
4h 

237 (1867). 

6. W .  Lang and E .  M u l l e r ,  E., 63, 1058 (1930). 

7 .  H. M. Dess and R. W. Parry,  J.  h e r .  Chem. SOC., 79, 1589 (1957). 

8.  M. Webster, Chem. Revs., 66, 87 (1966). 

9. L.  Ko ld i t z  and W .  Rohnsch, Z.  Anorg. Chem., 79, 1589 (1957). 

- 
LIhl 

- 
4c1 

312, 20 (1961). 
uh 

(1962 ). 46 

10. 

11. 

12  * 

13. 

14. 

15. 

16. 

1 7 .  

L. Koldi tz  and B. Nussbucker, Z .  Anorg. A l l g e m .  Chem., 

L. Ko ld i t z  and D.  Renno, 2. Anorg. A l l g e m ,  Chem., 315, 

L .  Ko ld i t z  and J, Wendt, Z .  Chem., 3 (8)  312 (1963). 

W. Haase, Chemicky Z v e s t i ,  19, 167 (1965). 

W .  L.  Johnson and M. M. Jones,  Ino rg .  Chem., 8, 1345 ( 

W. L.  Lockhardt, Jr., M. M. Jones,  and D. 0. Johnston, 

Lc.h 

- 
4c 

5 

w., 31, 407 (1969). 
4k 

B. Cox, J .  Chem. SOC., 876 (1956). 

R. D. W. Kemmitt, D. R. Russe l l  and D.  W. A. Sharp, J. 

96 1. 

J. Ino rg .  Nucl. 

Chem. SOC., 4408 
(1963). 

18. G. Atkinson and C .  J .  Hallada,  J .  Phys. Chem., 64, 1487 (1960). - 
19. Honeywell, I n c . ,  Report No. 6, 8 (1967), Contract  NAS 3-10613. 

20. Monsanto Research Corporat ion,  F i n a l  Report (September 1968) Contract  
NAS 3-9431. 

49 



21. Honeywell, I n c . ,  F ina l  Report ,  Cont rac t  NAS 3-10613, f o r  t h e  per iod 
31 May 1967 t o  30 Apr i l  1968. 

22. Rocketdyne, A Div is ion  of North American Rockwell Corporat ion,  F ina l  
Report ,  Cont rac t  NAS 3-8521, 19 December 1968. 

23. R. 0. W. K e m m i t  and D,  W. A. Sharp, J. Chem. SoC., 2496 (1961). 

24. Whittaker Corporat ion,  F i n a l  Report ,  Cont rac t  NAS 3-8509, 19 January 1969. 

25. E. L.  M u e t t e r t i e s  and W. D. P h i l l i p s ,  J .  Am. Chem. SOC., 81, 1084 (1959). - 
26. Edward W. Lawless ,  Anal. Letters, 1, 153 (1967). 

z 

50 



APPENDIX 

DETECTION LIMITS AND DEVIATION OF ANALYTICAL METHODS FOR IMPURITIES 

Spark Source Mass Spectrometry: The Bell  and Howell t e c h n i c a l  
brochure s t a t e s  t h a t  t h e i r  s tandard  survey a n a l y s i s  has  a nominal d e t e c t i o n  
l i m i t  of 0.2 t o  1 .0  ppma*, and a p r e c i s i o n  of f 20% (being l i m i t e d  by t h e  
photographic d e t e c t i o n  plates**).  The d e t e c t i o n  l i m i t  depends t o  some 
e x t e n t  on t h e  element sought and t h e  composition of t h e  sample. I n  t h e  
ana lyses  of samples of LiF, As203 and LiAsFg B e l l  and Howell l i s t e d  t h e  
d e t e c t i o n  l i m i t s  shown below f o r  those  elements which were de tec t ed  and 
s t a t e  t h a t  a l l  o t h e r  e lements  are p r e s e n t  a t  less than 5 ppma. These 
d e t e c t i o n  l i m i t s  are l i s t e d  i n  Table A - I .  

Emission Spectrography: Coors Spectrochemical Labora to r i e s  
perform emission spec t rographic  ana lyses  a t  t h r e e  levels of a u t h o r i t y :  
(1) semiquan t i t a t ive  ana lyses  i n  which 35 elements are sought and r e s u l t s  
a r e  r epor t ed  as: major ( lo%) ,  minor (1-lo%), low minor (0.1-l%), and 
trace (< 0.1%); (2)  q u a n t i t a t i v e  e s t ima te  i n  which s p e c i f i c  e lements  are 
analyzed and repor ted  with t h e  dev ia t ion  of 2 /3  t o  3/2 of t h e  a c t u a l  va lue  
( i .e . ,  -33% t o  +50%); and (3) q u a n t i t a t i v e  a n a l y s i s  f o r  s p e c i f i c  e lements  
us ing  i n t e r n a l  s t anda rds ,  t h e  dev ia t ion  being ?5-10%. I n  Chemo-Services ' 
semiquan t i t a t ive  a n a l y s i s  40 elements a r e  sought ( inc luding  s ix ,  Au, Ga, 
I n ,  Rh, P t ,  and W, n o t  sought by Coors, bu t  omi t t i ng  one, T1,  sought by 
t h e  l a t t e r ) .  They r epor t ed  a concen t r a t ion  range f o r  elements de t ec t ed  
and an upper l i m i t  p o s s i b l e  f o r  a l l  o t h e r s  sought ,  Chemo-Services a l s o  
supp l i e s  q u a n t i t a t i v e  emission ana lyses ,  u s ing  i n t e r n a l  s t anda rds  f o r  each 
element r eques t ed ,  The d e t e c t i o n  l i m i t s  i n d i c a t e d  by Coors f o r  t h e i r  
q u a n t i t a t i v e  e s t ima te  and by Chemo-Services f o r  t h e i r  s emiquan t i t a t ive  
ana lyses  a r e  summarized i n  Table A - 1 1 .  

Atomic Absorpt ion Spectrophotometry: A t  l eas t  65 metal and 
meta l lo id  elements  are amenable t o  AA Spectrophotometr ic  a n a l y s i s ,  according 
t o  t h e  ca t a logue  of Varian-Techtron Pty.  Ltd. ,  but  each element r e q u i r e s  
t h e  use of a s p e c i f i c  lamp f o r  i t s  a n a l y s i s .  The nominal s e n s i t i v i t y  i s  
e x c e l l e n t  f o r  n e a r l y  a l l  t hese  elements ,  bu t  t h e  d e t e c t i o n  l i m i t s  are s a i d  
t o  depend on ope ra t ing  procedures  and o t h e r  f a c t o r s  such as enhancement 

J; Detect ion l i m i t s  of 0.05-0.3 ppma ( p a r t s  per  m i l l i o n  atomic)  and 0.01- 

The use  of an e l e c t r o n i c  d e t e c t i o n  me-thod toge the r  wi th  i n t e r n a l  s t anda rds  
0.05 ppma are a v a i l a b l e  i n  s p e c i a l  ana lyses .  

i s  claimed t o  g ive  a p r e c i s i o n  of f 5% and nominal d e t e c t i o n  l i m i t s  
of 0.05 ppma f o r  s p e c i f i c  e lements  sought.  

*:k 
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by use  of c e r t a i n  s o l v e n t s ,  e .g . ,  methyl e t h y l  ketone.  The s e n s i t i v i t y *  as 
r epor t ed  by Varian and t h e  d e t e c t i o n  l i m i t s  f o r  those elements f o r  which 
Chemo-Services** and Coors s t a t e  they  have a n a l y t i c a l  c a p a b i l i t y  are l i s t e d  
i n  Table A - P I 1  ( t h e  l a n t h a n i d e s  have been grouped t o g e t h e r  f o r  b r e v i t y ) .  
The AA method i s  s t a t e d  t o  be much more amenable t o  q u a n t i t a t i v e  a n a l y s i s  
than i s  emission spectrography, b u t  d e v i a t i o n s  of r o u t i n e  ana lyses  are 
probably of t h e  o r d e r  of 

* S e n s i t i v i t y  i s  def ined as t h e  concen t r a t ion  of an element i n  aqueous 

** 
( i n  ppm) which i s  needed t o  produce 1% absorp t ion .  

Although Chemh-Services s t a t e  t h i s  c a p a b i l i t y ,  t hey  could n o t  run t h e  
a r s e n i c  compounds.which we submitted,  because of l a c k  of adequate 
hood v e n t i l a t i o n  of t h e  burner  assembly. 
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TABLE A - I  

E l  emen t 

H 
B 
C 
N 
0 

Na 
Mg 
A1 
S i  
P 
S 
c1 

K 
Ca 
T i  

Fe 
co 
N i  
cu 
Zn 

Ga 
Ge 
Se 
I n  
Sb 

DETECTION LIMITS I N  SPARK SOURCE MASS SPECTROMETRIC 
ANALYSIS OF SPECIFIC SAMPLE;§ 

Detection L i m i t  (ppma)- a /  

L i F  - As203 L i  AsFg 

- a /  Parts per m i l l i o n  atomic; 

0 . 7  
1 
1 
3 
3 
3 
3 

0 . 7  
1 
- 

0 .3  

- 
- 

1 

0 . 3  - 
- 

a t ,  w t .  of element 
ave. a t .  w t .  of substance 

ppm = ppma x 

7 
0.7 
0.7 
2 
0.7 

0.1 
0.7 
0.7 
1 

1 
1 

- 

0.3 
1 
2 
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TABLE A-I1 

El emen t 

Li 
Be 
B 
Na 
Mg 
A1 

Si 
P 
K 
Ca 

Ti 
V 
Cr 
Mn 
Fe 

co 
Ni 
cu 
Zn 
Ga 

Ge 
As 
Sr 
Zr 
Nb (Cb) 

Mo 
Rh 

Cd 
In 

43 

Sn 
Sb 
Te 
Ba 
Ta 

W 
Pt 
AU 
Hg 
T1 
Pb 
Bi 

REPORTED DETECTION LIMITS BY 
EMISSION SPECTROGRAPHIC ANALYSIS 

Detection Limit (ppm) 
Coors - Chemo -Services 

Semiquantitative 

500 
5 
10 

500 
5 
10 

10 
1,000 
10,000 

100 

1 
5 

100 
5 

10 

10 
10 
1 

100 
10 

5 
100 
100 
10 
100 

5 
50 
1 

100 
10 

5 
50 

100 
500 

100 
10 
10 

- 

1,000 - 
5 
5 

Quantitative Estimate 

25 
1 
1 

75 
1 
1 

1 
75 
10 (if requested) 

5 

10 
10 
1 

25 
5 

1 
25 
50 
25 
50 

19 

1 
25 
1 

- 

5 
10 
25 
1 

50 

100 - 
10 
75 
1 
10 
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TABLE A - I 1 1  

Element 

Li  
Be 
B 
Na 

AI  
Mg 

Si 
K 
Ca 
sc 
T i  
V 

C r  
Mn 
Fe 
co 
Ni 
cu 

Zn 
Ga 
Ge 
As 
Se 
Rb 

Sr 
Y 
Z r  
Nb 
Mo 
Ru 

Rh 
Pd 

Cd 
I n  
Sn 

Ag 

Sb 
Te 
cs 
Ba 
Lanthanides 
H f  

Ta 
w 
Re 
os 
Ir 
Pt 

Au 
Hg 
TI  
Pb 
B i  
U 

REPORTED SENSITIVITY AND DETECTION LIMITS BY 
ATOMIC ABSORPTION ANALYSIS 

S e n s i t i v i t y  (ppm) Detection Limit (u g / m l  solut ions)%/ 
Varian Chemo-Services 

0.02 
0.02 

0.004 
0.006 
1 

2.1 
0.01 
0.03 
0.53 
2.2 
1.2 

0.09 
0.04 
0.08 
0.09 
0.07 
0.04 

0.01 
1 .5  
2 
1 .3  
0.6 
0.04 

0.06 
5 

12 
20  

11 

0.4 
1 .3  

0.23 

0.04 
0.02 
0.4 
0 .4  

0.64 
0.3 
0.16k’ 
0.32 

12 

0.04-72 
14 

11 

11 
5.3 

1.3 
4.1 
2 

0.3 
2 
0.3 
0.16 
0.22 

120 

0.005 
0.002 
6 
0.002 
0.0003 
0.1 

0.1 
0.005 
0.002 
0.1 
0.1 
0.02 

0.005 
0.002 
0.005 
0.005 
0.005 
0.005 

0.002 
0.07 
1 
0.2 
0: 5 
0,005 

0.01 
0.3 
5 
3 
0.03 
0.3 

0.03 
0.02 
0.005 
0.005 
0.05 
0.06 

0.1 
0.3 
0.05 
0.05 
0.08-50 

15 

5 
3 
1.5 

2 
0 . 1  

0.02 
0.5 
0.025 
0.03 
0.05 
30 

Coors 

0.1 

0.01 
0.001 
1 

1 
0.05 
0.05 

1 

0.1 
0.05 
0.1 
0.1 
0.1 
0.05 

0.01 

1 
1 
1 

5 

0.5 

0.001 
0.005 

1 

0. I 

50 
2 
10 (DY) 

10 

1 

0.1 
2 

0.1 

- a /  
- b/  

1 pg/ml = 1 ppm for aqueous so lu t ions .  
With spec ia l  photomult ipl ier  tube. 
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Department o f  t h e  Navy 

O f f i c e  of Naval Research 
Washington, D.  C. 20360 
Attn: D i r e c t o r ,  Power Program, Code 473 

O f f i c e  o f  Naval Research 
Department of t h e  Navy 
Washington, D. C .  20460 
Attn:  H. W. Fox (Code 472) 

Naval Research Labora tory  
Washington, D. C.  20390 
Attn :  D r .  J. C. White, Code 6160 

Naval Ship  R&D Center  
Annapolis, Maryland 21402 
Attn :  J. H. Harr ison,  Code M760 

Aero Propuls ion  Labora tory  - 
Wright -Pa t te rson  AFB, Ohio 45433 
Attn:  James E .  Cooper, APIP-1 

AF Cambridge Research Lab 
Attn:  CRFE 
L. G. Hanscom F i e l d  
Bedford, Massachuset ts  01731 
Attn:  D r .  R. Payne 

AF Cambridge Research Lab 
L. G. Hanscom F i e l d  
Bedford, Massachuset ts  01731 
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Headquarters ,  U.  S .  A i r  Force (AFRDR-AS) 
Washington, D. C. 20325 
At tn :  L t .  Col. W i l l i a m  G. Alexander 

Rome A i r  Development Center ,  ESD 
Attn:  Frank J. Mollura (EMEAM) 
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Space Systems D i v i s i o n  
Los Angeles A i r  Force S t a t i o n  
Los Angeles, C a l i f o r n i a  90045 
Attn:  SSSD 

Other  Government Agencies 

Nat iona l  Bureau o f  S tandards  
Washington, D. C. 20234 
Attn:  D r .  W. J. Hamer  

Nat iona l  Bureau o f  S tandards  
Washington, D.  C. 20234 
At tn :  D r .  A. Brenner 

O f f i c e ,  Sea Warfare System 
The Pentagon 
Washington, D. C .  20310 
Attn:  G. B. Wareham 

U. S. Atomic Energy Commission 
A u x i l i a r y  Power Branch (SNAP) 
D i v i s i o n  of Reactor  Development 
Washington, D. C.  20325 
At tn :  Lt .  Col. George H. Ogburn, Jr. 

L t .  Col. John H. Anderson 
Advanced Space Reactor  Branch 
D i v i s i o n  of Reactor  Development 
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Technica l  Informat ion  

P r i v a t e  Organiza t ions  
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B e l l  L a b o r a t o r i e s  
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The Boeing Company 
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C & D Batteries 
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3175 Burton St., S. E. 
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At tn :  Prof .  T. P. Di rkse  

Communications S a t e l l i t e  Corporat ion 
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Bal t imore,  Maryland 21209 
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C h e m C e l l  Inc.  
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2401 Columbus Avenue 
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Washington, D. C. 20024 
Attn:  B. W. Moss 

McDonnell-Douglas Corpora t ion  
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Attn:  D r .  George Moe 
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Washington, D. C.  20036 
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Eagle-Picher  Company 
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Energy Research Corp. 
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Menlo Park, C a l i f o r n i a  94025 
Attn:  D r .  Morr is  Eisenberg  



E l e c t r o - O p t i c a l  Systems, Inc .  
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E. I. DuPont Nemours & Co. 
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Wilmington, Delaware 19898 
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E n e r g e t i c s  Science, Inc.  
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107 Nat iona l  S t r e e t  
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At tn :  D r .  W. P. Cadogan 

Engelhard I n d u s t r i e s ,  Inc .  
497 Delancy S t r e e t  
Newark, New Jersey  07105 
Attn:  D r .  J. G. Cohn 

D r .  Ar thur  F l e i s c h e r  
466 South Center  S t r e e t  
Orange, New J e r s e y  07050 

General  E l e c t r i c  Company 
P. 0. Box 4 3  
Schenectady, New York 12301 
Attn.  D r .  R. P. Hamlen 

General  Electric Company 
Missile & Space D i v i s i o n  
S p a c e c r a f t  Department 
P. 0. Box 8555 . 
P h i l a d e l p h i a ,  Pennsylvania  19101 
Attn:  K.  L. Hanson, Room M-2614 

General  E l e c t r i c  Company 
B a t t e r y  Business  S e c t i o n  
P. 0. Box 114 
G a i n e s v i l l e ,  F l o r i d a  32601 
Attn:. W. H. Roberts  

D r .  R. L. Hadley 

General  Electric Company 
Research & Development Center  
P. 0. Box 8 
Schenectady, New York 12301 
A t  t n :  Whi tney  L i b r a r y  

D r .  P. L. Howard 
C e n t r e v i l l e ,  Maryland 21617 

General  Telephone & E l e c t r o n i c s  Labs 
Bayside, New York 11352 
Attn:  D r ,  Paul Goldberg 

Gould I o n i c s ,  Inc.  
P. 0. Box 1377 
Canoga Park, C a l i f o r n i a  91304 
Attn:  D r .  J. E. Oxley 

Globe-Union, I n c .  
P. 0. Box 591 
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At tn :  John R. Thomas 

Gould-National Batteries,  Inc.  
Engineer ing & Research Center  
2630 U n i v e r s i t y  Avenue, S, E. 
Minneapolis, Minnesota 55419 
At tn :  D. L. Douglas 

Gulton I n d u s t r i e s  
A l k a l i n e  B a t t e r y  Div is ion  
1 Gulton S t r e e t  
Metuchen, New J e r s e y  08840 
At tn :  K. E. Preusse 

Grumman Aerospace Corp. 
OAO P r o j e c t  
Bethpage, Long I s l a n d ,  N, Y. 11714 
Attn:  M r .  J. J. Gaston, P l a n t  41 

Hughes A i r c r a f t  Corporat ion 
Cent inda Ave. & Teale S t r e e t  
Culver  C i t y ,  C a l i f o r n i a  90230 
At tn :  T. V. Carvey 

G. & W. H. Corson, Inc. 
Plymouth Meeting 
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Attn:  D r .  L. J. Minnick 

Hughes A i r c r a f t  Corpora t ion  ' 
Bldg. 366, M. S. 524 
E l  Segundo, C a l i f o r n i a  90245 
Attn:  M. E. E l l i s o n  

Hughes Research Labs. Corp. 
3011 Malibu, C a l i f o r n i a  90265 
Attn:  T. M. Hahn 

I T T  Federa l  Labora tor ies  
500 Washington Avenue 
Nutley, New J e r s e y  07110 
Attn:  D r .  P. E. L ighty  



I T T  Research I n s t i t u t e  
1 0  West 35th S t r e e t  
Chicago, I l l i n o i s  60616 
At tn :  D r .  H. T. F r a n c i s  

I n s t i t u t e  f o r  Defense Analyses 
R&E Support Div is ion  
400 Army-Navy Drive 
Ar l ing ton ,  V i r g i n i a  22202 
A t t n :  M r .  R .  Hamilton 

I n s t i t u t e  f o r  Defense Analyses 
R&E Support Div is ion  
400 Army-Navy Drive 
Ar l ing ton ,  V i r g i n i a  22202 
A t t n :  D r .  R. Briceland 

Idaho S t a t e  Univers i ty  
Department of Chemistry 
P o c a t e l l o ,  Idaho  83201 
At tn :  D r .  G .  Myron Arcand 

I n s t i t u t e  of G a s  Technology 
S t a t e  and 34th S t r e e t  
Chicago, I l l i n o i s  60616 

I n t e r n a t i o n a l  Nickel  Go. 

Washington, D. C .  20036 
A t t n :  Wm. C .  Mearns 

1000-16th S t . ,  N .  W. 

Johns Hopkins U n i v e r s i t y  
Applied Physics  Labora tory  
8621 Georgia Avenue 
S i l v e r  Spring,  Maryland 20910 
A t t n :  Richard E.  Evans 

Johns-Manville R&E Center  
P. 0. Box 159 
Manvil le ,  N e w  J e r s e y  08835 
A t t n :  J .  S. Parkinson 

Leesona Moos L a b o r a t o r i e s  
Lake Success Park, Community Drive 
Great Neck, New York 11021 
At tn :  D r .  A. Moos 

Honeywell I n c .  
Livingston E l e c t r o n i c  Laboratory 
Route 309 
Montgomeryville, Pennsylvania  18936 
At tn :  L i b r a r y  

Lockheed Missiles & Space Company 
P. 0. Box 504 
Sunnyvale, C a l i f o r n i a  
At tn :  R.  E .  Corbe t t  

Dept. 62-14, Bldg. 154 

Lockheed M i s s i l e s  & Space Company 
D e p t .  62-30 
3251 Hanover S t r e e t  
Palo Alto,  C a l i f o r n i a  93404 
At tn :  J.  E. C h i l t o n  

Lockheed Missiles & Space Company 
Technica l  Informat ion  Center  
3251 Hanover S t r e e t  
Pa lo  Al to ,  C a l i f o r n i a  93404 

P. R. Mallory & Co,,  I n c .  
Northwest I n d u s t r i a l  Park 
B u r l i n g t  on, Massachuset ts  01 803 
A t t n :  3r. Per Bro 

P. R. Mallory & Company, I i c .  
Technical  S e r v i c e s  Laboratory 
I n d i a n a p o l i s ,  I n d i a n a  46206 
A t t n :  A. S. Doty 

P. R. Mallory & Co., Inc.  
3029 E. Washington S t r e e t  
I n d i a n a p o l i s ,  Ind iana  46206 
A t t n :  Technical  L i b r a r i a n  

Marquard t C o r p o r a t i  on 
16555 Sa t icoy  S t r e e t  
Van Nuys, C a l i f o r n i a  91406 
At tn :  D r .  H. G. K r u l l  

Mart in  Company 
E l e c t r o n i c s  Research Department 
P. 0. Box 179 
Denver, Colorado 80201 
A t t n :  W i l l i a m  B. C o l l i n s ,  MS 1620 

M. S. Imanura, MS 8840 

M a t e r i a l  Research Corporat ion 
Orangeburg, New York 10962 
A t t n :  V.  E .  A d l e r  

Mauchly Systems, I n c  . 
Montgomeryville I n d u s t r i a l  Park 
Pennsylvania  18936 
A t t n :  John H. Waite 

Melpar 
Technical  Informat ion  C e n t e r  
7700 Ar l ing ton  Boulevard 
F a l l s  Church, V i r g i n i a  22046 

McDonnell Douglas Corp. 
3000 Ocean Park Blvd. 
Santa  Monica, C a l i f o r n i a  90406 
Attn: A. D. T o n e l l i ,  MS-7C 

North American Rockwell 
Autonet ics  Div is ion  
P. 0. Box 4181 
Anaheim, C a l i f o r n i a  92803 
A t t n :  R. F. Fogle ,  GFIG 



Metals  and Cont ro ls  Div is ion  
Texas Ins t ruments ,  I n c .  
34 F o r r e s t  S t r e e t  
A t  t l e b o r o ,  Massachuset ts  02703 
A t t n :  D r .  E. M. J o s t I D r .  J. W. Ross 

Midwest Research I n s t i t u t e  
425 Volker Boulevard 
Kansas C i t y ,  Missouri  64110 
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North American Avia t ion ,  I n c ,  
12214 Lakewood Boulevard 
Downey, C a l i f o r n i a  90241 
A t t n :  Burton M.  Otzinger  

North American Avia t ion ,  I n c .  
Rocketdyne Div is ion  
6633 Canoga Avenue 
Canoga Park,  C a l i f o r n i a  91303 
At tn :  L i b r a r y  

North American Avia t ian  Co. 
S&ID Divis ion  
Downey, C a l i f o r n i a  90241 
At tn :  D r .  James Nash 

Oz a r k  -Mah on i ng Company 
310 West 6 t h  S t r e e t  
T u l s a ,  Oklahoma 74119 
At tn :  D r .  Wayne E.  White 

Oklahoma S t a t e  U n i v e r s i t y  
S t i l l w a t e r ,  Oklahoma 74075 
At tn :  Prof .  William L. Hughes 

School of E l e c t r i c a l  Engineer ing 

D r .  John Owen 
P. 0. Box 87 
Bloomfield, New J e r s e y  07003 

Power Informat ion  Center  
U n i v e r s i t y  C i t y  Science I n s t i t u t e  
3401 Market S t . ,  Rm. 2107 
Phi l a d e 1  phia ,  Pennsylvania  191 Oh 

Prime B a t t e r y  Corporat ion 
15600 Cornet  S t r e e t  
Santa  Fe Springs,  C a l i f o r n i a  90670 
At tn :  David R o l l e r  

P o r t a b l e  Power Sources Corp. 
122 East 42nd S t r e e t  
New York, New York 10017 
At tn :  L. Schulman 

RAI Research Corporat ion 
36-40 37th  S t r e e t  
Long I s l a n d  C i t y ,  New York 11101 

P h i l c o  Corporat ion 
Div is ion  of t h e  Ford Motor Company 
Blue B e l l ,  Pennsylvania  19422 
A t t n :  D r .  P h i l l i p  Cole t  

Radio Corporat ion of America 
A s t r o  Corporat ion 
P. 0. Box 800 
Hightstown, New J e r s e y  08540 
A t t n  : Seymour Winkler 

Phi  l c o  -Ford Corpora t i  on 
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3825 Fabian Way 
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415 South F i f t h  S t r e e t  
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At tn :  A. Yundel 

Thomas A. Edison Research Laboratory 
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Watchung Avenue 
West Orange, New J e r s e y  07052 
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A t t n :  D r .  I s a a c  Trachtenberg 

Stanford Research I n s t i t u t e  
820 Mission S t r e e t  
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A t t n :  D r .  A. Krausz, 
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Union Carb ide  Corporat ion 
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Union Carbide Corporat ion 
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Attn:  D r ,  Robert Powers 
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Space Science Laboratory 
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At tn :  D r .  C .  W. Tobias 

Univers i ty  of Pennsylvania  
Elec t rochemis t ry  Laboratory 
P h i l a d e l p h i a ,  Pennsylvania  19104 
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U n i v e r s i t y  of Toledo 
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