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ABSTRACT 

. . 

Solubil i t ies and conductivit ies of inorganic  s a l t s  in the cyclic 

e s t e r s  ethylene carbonate ,  propylene ca rbona te ,  y-butyrolactone,  and 

y-valerolactone have been studied.  . A. number  of common inorganic  

s a l t s  were  found t o  b e  highly s,oluble i n  a l l  of these  solvents .  The 

var ia t ion of solubility with the physical  p rope r t i e s  of the solvents i s  

d i scussed .  Conductivity m e a s u r e m e n t s  have shown that  a number  of 

s a l t s  investigated behaved a s  s t rong  e lec t ro ly tes .  Ce r t a in  so1ution.s of 

:highly soluble inorganic  s a l t s  we re  found to  have high v i s ~ o s i t i ~ s  in 

these  solvents Such re la t ively  low-melt ing covalent  hal ides  a s  A1C13, 

NbC15, and FeC13 were  found to be  quite soluble.  

The solubil i t ies and conductivit ies cha rac t e r i z ing  these  

solutions conform to p resen t -day  concepts,  and a r e  explained i n  the 

light of mode rn  solubility theory.  

Solutions of a var ie ty  of s a l t s  we re  e lec t ro reduced ,  providing 

fu r the r  data fo r  the charac te r iza t ion  of these  solvents .  This  study 

indicates  that ,  in  addition to those  m e t a l s  which m a y  b e  obtained f r o m  

aqueous solutions,  s o m e  of the highly e lect roposi t ive  1 m e t a l s  m a y  a l s o  

b e  e lect rodeposi ted.  

These  solvents a r e  cha rac t e r i zed  by high d ie lec t r i c  constants ,  

low vapor  p r e s s u r e s ,  re la t ively  low toxicity; and high chemica l  stabil i ty,  

and a r e  re la t ively  nonreactive with anodically l i be r a t ed  halogens.  Such 

proper t i es  a r e  de s i r ab l e  in a n  ea s i l y  handled ionizing medium.  



INTRODUCTION 

Genera l  

Although the solvent powers  of nonaqueous solvents have been  

recognized for cen tur ies ,  investigations of e lec t rochkmica l  p rope r t i e s  

of nonaqueous solutions were  begun only i n  the  l a t t e r  pa r t  of the  nineteenth 
2 century.  Nonaque.ous e lec t ro ly tes ,  pa r t i cu la r ly  o rgan ic  solutions,  have . 

rece ived  m o r e  at tention in  r ecen t  y e a r s .  Studies have been  made  o n .  

conductances, t r ans fe rence  numbers ,  4~ diffusion,  e lec t rode  potentials ,  
7 

and on i'onic species.  p r e sen t  in  nonaqueous solutions.  L e s s  quanti tat ive 

explorat ions  have been made  on the elect 'rodeposition of c e r t a in  m e t a l s  
9 not now obtainable by e l ec t ro ly s i s  of aqueous solutions.  

.. . 
The purpose of th is  r e s e a r c h  was to invest igate  ,a group  of 

organic  so1vent.s with . respec t  to ce r t a in  of the i r  e lec t rochemica l  p rope r t i e s .  

Ethylene ca rbona te ,  propylene carbonate ,  y-butyrolactone,  and .y- 

valerolactone.  ( s ee  Fig .  1)  were  chosen because  they p romised  to p o s s e s s  

many of the p rope r t i e s  de s i r ab l e  fo r  solvents  .used to conduct e l ec t ro -  

chemical  r e a c t i s n s  ( see  Tab.le:q. They have high boiling points (low 

vapor  p r e s s u r e s  a t  r o o m  t e m p e r a t u r e )  and high d ie lec t r i c  constants  

( s e e  Table I:),.as well as .  re la t ively  low toxicity and goo'd chemica l  . . 

stabil i ty.  Cyclopetitanane and ethylene t r i th iocarbonate  we>e a l s o  

included for  purposes  of compar i son .  

It  s e e m e d  des i r ab l e  to study solubi l i t ies  i n  these  solvents  and 

to  a t tempt  t o  de t e rmine  what re la t ions  ex i s t  between solubi l i t ies  and 
f 

ce r t a in  of t he i r  ,physi  cochemical  p rope r t i e s .  Other than s c a t t e r e d  in- 

formiation t h e r e  h a s  be,en a decided lack  of charac te r iza t ion  of th i s  g roup  

in  the l i t e r a tu r e .  

In o r d e r  to gain insight into what spec i e s  .may  b e  p r e sen t ,  

s tudies  w e r e  made  of conductances of the va r ious  solutions.  In addition, 

quali tat ive exper iments  we re  pe r fo rmed  to de t e rmine  whether'  c e r t a in  

mktalg m a y  be  e lect rodeposi ted,  
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TABLE I 

Physical '  p roper t i es  of solvents studi,edd 
- - 

3 .  

Phys ica l  Ethylene Propylene y-butyr o- . y-valero-  Ethylene Cyclo- 
constants  ,, carbonate  carbonate  lactone lactone . t i -  propanone 

. . , . . .. carbonate  

Melting Point  . 
(OC 

- Boiling Point  
) 

Density of . , 

Liquid 
-+grams  m l -  I )  

.. ~ i e l e c t r i c  ' . 

constant  

. . 

. . Dipole - .  

momen t  

Refract ive  
index 

Viscosity 
(cent ipoises)  

1.955 1,916 1.751 2.15 
a t  40' at 40' C at .  25O C at 25' C 

2.547 2.530 3 
a t  25' a t  25' C 

a Refe rences  to l i t e r a tu r e  values  a r e  shown in  paren theses .  



Dielect r ic  ' p r o p e r t i e s  

We . m a y  . ca l cu l a t e  the d ie lec t r i c  co&.tants of these  solvents,  

using the known va lues  of dipole momen t s ,  r e f r ac t i ve  ind ices ,  and 

m o l a r  volumes,  by m e a n s  of Onsager  ' s  equation 
20 

7 

where  E i s  the  d ie lec t r i c  constant ,  6 i s  the  d ie lec t r i c  constant  a t  
3 

infinite f requency,  Ni i s  the number  of molecu les  per  c m  , p i s . t h e  

dipole. moment ,  k i s  Bo l t zmanDs  constant ,  and T' i s  the absolute 

t e r n p f t r a t ~ ~ r e ,  de r ived  fo r  polar liquid having spher ica l  mole'cules. 

We m a y  a l s o  u s e  an  equation der ived  by Kirkwood 
2 1 

which . i s  the  s a m e  a s  the Onsager  equation except fo r  the  p a r a m e t e r  

."g" which i s  a m e a s u r e  of the  hindrance of rota t ion of the po la r -  solvent 

molecule .  The p a r a m e t e r ,  g,  be 'cause jt was theoret ical ly  de.rived, 
< .  

m a y  be  calcula ted f o r  t hose . ca se s  i n  which enuugli i s  ki-lown'about the 

s t r u c t u r e  of t he  liquid. It  h a s  been evaluated fo r  water  and some of 

the lower  a l iphat ic  .alcohols. 22 

By making the appropr ia te  calcula t ions  frorn the known valuca 

of d ie lec t r i c  constant ,  dipole momen t ,  and m o l a r  v o l u d e ,  and by 

approximat ing the  d ie lec t r i c  constant  a t  infinite f requency by the squa re  

of the r e f r ac t i ve  index for  v is ible  light, we find the folloiwng values  

fo r  Kirkwood's  g for  the  solvents  l i s ted:  

Ethylene ca rbona te  1.19 a t  4 0 ° C  

Pr opylene ca rbona te  1.04 a t  25' C 

y-butyrolactone 0.71 a t  25' C 

Cyclopropanone 0.65 a t  25' C 

Acetone 0.89 a t  25' C 

Water 2.1 at 25O C 



Molecules i n  which the charge  dis t r ibut ion i s  exposed such a s  

those  i n  hydrogen-bonded l iquids cha rac t e r i zed  by  g va lues  differing 

f r o m  unity, ,  can  a s s u m e  r.elative configurations i n  which t h e r e  a r e  

s t rong  interact ions .  When the  cha rge  dis t r ibut ion i s  not exposed but 

shielded a s  i n  nitrobenze.ne, such ' in te rac t ions  do not take. place and the 

orientat iondl co r r e l a t i ons  a r e  not g r ea t .  2 2  F o r  liquids of t h i s  type, 

the  g value should b e  nea r  .unity . 
The va lues  obtained fo r  g give a n  indication of the type of 

a ~ o o c i a t i o n  fouud i n  the 'liquids. Values of g g r e a t e r  than 1 indicate  a n  

assoc ia t ion  such that  the  dipole momen t s  of the molecu les  r e in fo rce  

each  other ,  i .  e. , a head- to-  t a i l  a ssoc ia t ion  of the 'dipoles. Values of 

g f o r  water  and the loweraliphatic a lcohols  l i e  between 2. and 3 .  2 3 

Values.of the  pa rame te r  g l e s s  than unity a r e  i n t e rp re t ed  to  m e a n  that  

a n  associati.on h a s  taken place that  r educes  the effective dipole moment ,  

i. e .  , a configuration i n  which the  dipoles o r ien t  i n  a n  an t ipara l l e l  

manne r  s.uch that  t he i r  momen t s  cancel .  The va lues  of the  p a r a m e t e r  

g found for.  ethyl iodide, benzoni t r i le ,  and chlorobenzene l i e  between 

0.65 and 0.70. 
2 4 

F r o m  the calcula ted g va lues  we m a y  conclude that  the solvents 

studied a r e  somewhat asso.ciated.  We would expect  those solvents that  

a r e  m o r e  s t rongly assoc ia ted  to  have a m o r e  exposed charge  d i s t r ibu-  

t ion and thus to solvate be t t e r  with ionic solutes .  

Chemica l  Stability 

Ethylene carbonate  i s  .decomposed slowly a t  t e m p e r a t u r e s  . 
between 200 and 24.5' C i n  the  absence  of wate r  o r  ca ta lys t s .  Above 125? C 

a lka l ies ,  and ac ids  to a l e s s e r  extent ,  c ause  rap id  decomposit ion.  At 
0 

100 C pure  ethylene ca rbona te  is s t ab l e  in  the p r e sence  of wate r ,  but  

t r a c e s  of s a l t s  such a s  sodium chlor ide  acce l e r a t e  i t s  hydrolysis .  At 
' 

' . th is  s a m e  t empera tu r e ,  a lka l ies  o r  s t rong  ac id  cause  r ap id  hydro lys i s .  

Ethylene carbonate  may  b e  dis t i l led  rapidly  a t  a tmospher ic  p r e s s u r e  

with only sl ight  decomposit ion.  Acidic m a t e r i a l s ,  such a s  z inc  chlor ide ,  

a luminum chloride,  o r  sulphur ic  a c i d  a t  high t e m p e r a t u r e s  will cause  



apprec iab le  decomposit ion of ethylene ca rbona te  into ca rbon  dioxide 

and ethylene oxide. 11 

The  s tabi l i ty  of prdpylene carbonate  is .es.sentially the s a m e  

as that  of ethylene' carbonate .  P ropene  oxide, pr'opionaldehyde, ally1 

'alcohol and  ca rbon  dioxide have been  found among, the decomposit ion 

products .  Anhydrous propylene ca rbona te  i s  re la t ively  stable to 

attack by halogens anodically l i be r a t ed -a t  & platinum el&c.t.rnde. The  

co lor  of b romine  and iodine will p e r s i s t  101- days ,  indicating a sluw , 

o r  negligible reac t ion  r a t e .  Wheu c l ~ l o r i d c s  a r e  electi.olyzed, clllnrinc 

g a s  i s  read i ly  evolved a t  the plal i l iui~l  anode,  indicating a mode ra t e  

sea.ction r a t e  with the  solvent.  

The  products  of decomposit ion of y -va le ro lac tone  at 202' C 

' a r e  mos t ly  -polymeriz,ed m a t e r i a l  with the evolution of only a l i t t le  ga s .  
2 5 

Background Ma te r i a l  

' 
The  abi l i ty  of nonaqueous solvents  to  d i sso lve  inorganic  s a l t s  

h a s  been known for  a long t ime ,  but  i t  was  not until  the l a t t e r  p a r t  of . 

the  Nineteenth Centur-y that  any at tention was  given to  the" e l ec t ro -  

chemica l  a s p e c t s  of nonaqueous solutions.  

Of the e a r l i e s t  worke r s  i n  th is  f ield,  many  gave the i r  attention 

to the possibil i ty of e lect rodeposi t ing the  a lka l i  and alkalinc e a r t h  

m e t a l s  f ~ n m  solutions of the i r  hal ides  i n  a var ie ty  of 'solvents,  Such 
26 -31  As 

solvents  a s  a lcohols ,  , pyridine,  and acetone we re  employed.  

t h i s  f ield was fu r the r  explored,  a g r e a t e r  number  of sa l t -  solvent 

s y s t e m s  c a m e  under  investigation.  In 1910 electrodep.osit ion of the 

me ta l s ,  zinc,  copper ,  tin, lead,  cobalt,  and nickel  f r o m  solutions 

of thei r  s a l t s  i n  fo rmamid  was  studied by Rohle r .  
32 - 

Liquid ammonia  a s  a n  e lec t ro ly t ic  solvent a l so  c a m e  under' in-  

tensive study dur ing th is  per iod.  During the  i n t e rva l  1895- 1909, 

Frankl in  and Kraus  studied solubil i t ies,  33 meta the t ica l  reac t ions ,  
34 

conductivit ies 352 36 and t e m p e r a t u r e  coefficients of conductivity37 i n  

liquid ammonia .  Conductivit ies in  liquid ammonia  we re  a l s o  studied 

by  Smith  i n  1927. 38 Groening and Cady i n  1926 studied decomposit ion 



. vol tages  and over  voltages is liquid ammonia ,  39whi-le the deposition 

of m e t a l s  was studied both by Audrieth and yn tema40  and by Taf t  and 

. ~ a r n u m ~ '  i n  1930. . , 

'J In the p e ~ i o d  1922-192.4 Muller  and h i s  co -worke r s  studied the 

e lect rodeposi t ion of m e t a l s  and the  de.composition potentials  of a l a r g e  
, . .var ie ty-  of s imple  s a l t s  of m e t a l s  i n  pyridine .s.olutions.: .Because  they 

took specia l  precaut ions  to m a k e  t he i r  m a t e r i a l s  anhydrous , .  they we re  

able  to  d i sdha rge 'me ta l s  f r o m  s.oluti.ons of the i r  , s a l t s  i n  pyridine where  
42-47 o the r s  had fai led,  , 

P. Walden, one. of the.  m o s t  intensive.  w o r k e r s  i n  th i s  f ield 

during the f i r s t  quaPter of the. century,  studied e l ec t r i c a l  co.nductivity 

and solubility i n  var ious  .nonaqueous solvents.  His book, Elektrochemi'e. - 
Nichtwsss r iger  Lssungen,  48presents  the  r e s u l t s  of h i s  awn  r e s e a r c h  

( some  ,.of. which had been .prev ious ly  published) al.ong with the r e s u l t s  of 

I other  worke r s .  He gives a l a r g e  amount  -of data  on solubility, con- 

ductivity, and e l ec t r  odeposition f r o m  nonaqueous solutions.  

During the 1930 's .  W.. ~ l o t n i k o w  and other  Ruasian woplccr o 

1 . conducted e.xtensive studies on b inary  s y s t e m s  of a1,kali hal ides  and 

~ aluminum hal ides  dissolved .in ethyl  hal ides ,  benzene,  toluene, 

i 49-81 
nitrobenz.ene, and some  of the i r  m ix tu re s .  .., Again, conductivity, 

I solubility, and e lect rodeposi t ion s tudies  were, .  c a r r i e d  out with . these  

I ' .  solutions.  . : . . . . 

, Star t ing i n ,  the  1 9 3 . 0 ' ~ ~  Audrieth and co-'worker s studied the 

I prepara t ion  of r a r e  e a r t h  a m a l g a m s  by e l ec t ro ly s i s  of alcoholic 

' . . solutions of r a r e  e a r t h  sa1,ts.. 1 .  T.hey did not suceed  i n  deposit ing any 

829 83 Audrieth and co -worke r s  a l s o  in- ' r a r e  e a r t h  m e t a l s  d i rec t ly .  .. 

vest igated the e lect rodeposi t ion of m e t a l s  f r o m  such  .solvents as 

liquid ammonia ,  40 glacia l  ace t ic  acid ,  84 and  ace tamid  and fo rmamid .  85  

More  recen t ly  t h e r e  h a s  been  an  eve r - i nc r ea s ing  amount of work done 

'b' 
i n  the f ield of nonaqueous e l ec t rochemis t ry ,  with specia l  emphas i s  on 

.electrodeposit ion of m e t a l s  not obtainable f r o m  aqueous solutions.  

Hurley and Wier investigated the e lect rodeposi t ion of a luminum f r o m  
86 nonaqueous solvents .  They succeeded in  deposit ing alumin? f r o m  



. . 
. '  a fused mix tu re  of al'um<num chlor ide  and .ethyl . pyridinurn bromide ,  

b 0th :.with .and .without added benzene o r  toluene. Other .  worke r s  using 

a ba th  s i m i l a r  to  that  of Hurley and Wier we re  able  to obtain good 

a luminum depos i t s  up to  1 m m  thick.  87 B r e n n e r  and co -worke r s  a t  

the National B u r e a u  of.Standards have-made  extensive  s tudies  on the  

deposition of such m e t a l s  a s  a luminum, t i tanium, z i rconium,  bery l l ium,  

and  magnes ium f r o m  var ious  nonaqueous ,solvents.  9, 88-93 

Rcccnt ly  many  of the fundamental phy s b c n c h ~ m i  r a  1 prnper t i e  s 

of nonaqueous electrotytic. solutions have a l s o  been  subject  to invest i -  

gation, '  S e a r s  and Dawson, etr.al, have .made  nume,rous s tudies  of con- 

ductivit ies.  t r ans fe re .nce  numbers  and diffusion coefficients i n  a 
94- i 15 

. . . ... var'iety..of, solvents  .including amids  and: N- subst i tu ted amids: . , 

Schmidt and co-worker  s have made  conductivity, v iscosi ty ,  and 

a polarographic  s tud ies  of solutions of va r ious  s a l t s  i n  ethylene . 

diamine.  16- l8 Griffiths,, Lawrence,  and P e a r c e  have recen t ly  

studied the  conductivity of e lect rolyte  s i n  nonaqueous and mixed . . 
119-,123. 

solvents:  ' , 

Knowledge of the e lec t rochemica l  p rope r t i e s  of nonaqueous 

solve,nts h a s  g r ea t l y  i n c r e a s e d  during the pa s t  sixty y e a r s .  Although 

' m u c h  of the f i r s t  in teres t .  in.'n.ona.queous solvents  developed because  

of the  possibility of depositing the  m o r e  act ive  m e t a l s  f r o m  them,  
I 

only a few nonaqueous ( room- t empera tu r e )  plating baths  have been 

used  outside of the 1ab:uralury. The deposit ion of m e t a l s  f r o m  non. 

aqueous solvents i s  s t i l l  of g r e a t  i n t e r e s t .  However, a g r e a t e r  

expendi ture  of effor t  h a s  been made  la te ly  toward a n  understanding of 

many  of the physicochemical  p rope r t i e s  of such  solutions.  



SOLUBILITY THEORIES 
. . . .. 

The  f r e e  energy  of solution, which de t e rmines  the solubility, 

r e s u l t s  f r o m  the di f ference i n  f r e e  energy  of t he ions  in  the c r y s t a l  and 

i n  the solution. The f r e e  energy  of the ion i n  solution will be  d e t e r -  

mined  by e lec t ros ta t i c  p rope r t i e s  and'by the chemica l  p rope r t i e s  of 

the  solvent.  The e lec t ros ta t i c  in te rac t ions  will b e  influenced by dipole 

moment  and d ie lec t r i c  constant  of the solvent, and by the s i ze  and the 

cha rge  of the ion. The chemica l  in te rac t ions  will b e  affected by the  

cha rge  dis t r ibut ion,  the shape of the solvent molecule ,  and the avai l -  

abil i ty of o rb i t a l s  i n  the solute  ions  fo r  coordination.  (Of the many  

theo r i e s  and  equations that  have been  used to p red ic t  changes  in  

solubility with var ia t ion  of solvent,  the  ma jo r i t y  a r e  dependent only 

upon changes i n  the e lec t ros ta t i c  p rope r t i e s  of the solvent. 

J .  Hildebrand,  in  the fir s t  edit ion of h i s  monograph on solubil-  

i t i e s ,  s u m m a r i z e d  a number  of gene ra l  f a c t o r s  re la t ing  to the solubil i ty 

of solid e lec t ro ly te  s .  Of spec ia l  note in  h i s  ment ion of the p ro-  

mot ion of solubil i ty by solvation caused  by d i f fe rences  i n  acidic  and 

b a s i c  c h a r a c t e r  of the solvent and solute.  Th i s  h a s  not been given 

sufficient at tention by many  of the l a t e r  inves t iga tors .  

Numerous  re la t ionsh ips  between solubility of ionic s a l t s  and 

va r ious  functions .of the d ie lec t r i c  constant  of the .solvent appear  in 

the l i t e r a tu r e .  .The m o s t  commonly used  re la t ionsh ip  between solubility 

and d ie lec t r i c  constant  i s :  

:.1 
log S = c o n s t l  t cons t  - 

: 2 E '  ( 3  1 
. . 

where  S i s  the solubility. Equation 3 i s  a s impl i f ied . . form , of the 

equation or iginal ly  proposed by Born  to calcula te  the f r e e  energy  of 

hydrat ion ( A F )  of ions  e n t e r i n g a m e d i u m  of d ie lec t r i c  consta.nt E f r o m  
12 5 . . . L 

vacuum, I . , 

H e r e  NA.+ i s  Avogadrots  co'nstaht, z i s  the -charge  of the  ion, e i s  the 



. . , . . . 

c h a r g e  of the electi-dn, and .r i s  the =adius  of the ion.  

Izmailov;  Krasovsk i i ,  A l e k s a n d r o ~ ,  , and  .Vai l .a lso  u sed  th i s  
- re la t ionsh ip  : . [Eq .~ .  (3)] . for  the. solubility. of s t rong  e lec , t rolytes  i n  va r ious  

s o l ~ e h t s :  They  ob t a ined th i s  equa t i onby  a considerat ion of the e 

effect  of the  solvent on the act iv i ty  coefficients.  Izmailov previously 

showed that  the act iv i ty  coefficient m a y  be  spl i t  into two,par t s ,  one 

dependent upon the  chemica l  p rope r t i e s ,  and the  other  a function of 

the e lectPosta t lc  p rupe r l i e s  uf the solvent. 127 It was  a s s u m e d  that  by 

consideririg .solvents with'simi1a.r chemica l  p roper t i es ,  the .act iv i ty  

coefficients,  :and hence.  the: solubility, ..would depend only on .the d ie lec t r i c  

p rope r t i e s  .of 'the solvent .  . Whbii they pl nt ter l  data f rom, the l i t e r a tu r e  

for  t he .  s'olubilitie s of. s i lve r  chldr ide ,  s i l ve r  .bromide, s i lve r  ,iodide, 

s t ront im perch lora te , '  and.. ca lc ium perch lora te  in  wate r ,  :and s e v e r a l  

a l iphat ic  a lcohols ;  to  tes't th i s  equation, they obtained reasonable  
. . : ' . . agxeement .  . . .  . 

. . 

. '. S, A. Vozne senskiy  and .R.  S. Bikt imirov i n  t h e i r  study of the 

solubility.of inorgan ic . sa l t s :  (calc ium sulphate dihydrate  and s t ron t ium 

sulphate)  ,in organic  solvents (water;  dimethylfor.mamid,  dioxane, and 

pyr idine)  and. i t i . .mixtures  of these  so lven t s -w i thwa te r ,  used th is  s a m e  

;.; re la t ionsh ip ,  128 o b t a i n e d  f r o m  Izmai lov e t  al. 126  .and Born.  125 Be- 

" cause  the four  solvents' .  they used  .were  of d i f ferent  chemical .  nature ,  

' they  'did not expect  the equation .to be  applicable.  The exper imenta l  

data  conf i rmed this .  However,  they did find the  equation applied tu 

.solutions of ca lc ium sulphate dihydrate  and,to: s t ron t ium sulphate i t 1  , 
dioxane and .water m ix tu re  s over  the  range  .O to  507' dioxane. Dimethyl 

* . :. 
fo rmamid  i n c r e a s e d  the  s61ubility of both s a l t s  i n  wate r ;  with solutions 

. .. , 

of itrotiti&-i suiphate thb solubi l i ty  curGe contained a max imum,  hence 
'. . 

the  solubility equation ( E ~ :  ( 3 ) )  could not b e  used.  

Ei Koizurni found th i s  s a m e  equation to apply to the sy s t em ,:: .. 

l ead  sulphate i n  aqueous acetone.  He a l s o  studied the solubility of - 
lead sulphate i n  va r ibus  mixed  so lve i t s  with the s a m e  d ie lec t r i c  constant  

and  concluded ,that . .  . the .  . s o l u b i l i t y . ~ a s  not solely , . de te rmined  by the  
1'30 . '  

. . 
die lec t r i c  constant .  



Walden i n  h i s  investigation.  of solubil i ty i n  nonaqueous solvents 
i ' . . .  . .. . 

found the  emp i r i ca l  relat ionship:  

3 log c = const  . + . log N, 
' 

(5)  

where  N i s  the mole '  f rac t ion  of the solute.  ' A S  typical s a l t s  for  such a 

study he  = h o s e  t e t rae thy l  ' a ~ m o n i u m  iodide, t e t ramethy l  ammonium 
. .. , 

iodide, t e t rapropyl  ammon ium iodide, and te t ramethy l  ammonium 

thiocyanate.  These  s a l t s  were  c h o s e n b e c a u s e  the  l a r g e  s i ze  of the ions 

would reduce  the effects  of solvation. Becaus,e of i t s  s m a l l e r  siz,e, 

one would expect  g r e a t e r  solvation effects  i n  the  , c a s e  of the l i thium 

ion. F o r  solutions of l i thium chlor ide  i n  wate r  and  the lower  al iphatic 
. , .  . . . 

alcohols ,  Waldentis re la t ion i s  not followed.' 

R icc i  a n d ' ~ a - v i s  empi r ica l ly  'obtained the  s ame  equation (Eq. (5j)0 
. > .  

They pred ic t  log C = 3 16g r t cons t . ,  &he;e c i s  concentrat ion of solute 

i n  moles / l i t e r . '  l 3  'The i r  equation i s  ba sed  on the assumpt ion  ' that  t he  

Debye-Huckel l imiting law will  hold i n  m o r e  concen t r akd  solutions and br- 
. . 

the  emp i r i ca l  assumption ( 'observed for  a number  of solut ions)  that  thc 
. . 

m e a n  act iv i ty  coefficients of a n  e lec t rd iy te  i n  i t s  sa tu ra ted  $elution i s  
. .. . 

' 

a constant ,  independent of the solvent. ' 

 leih her ' inve st igated the' solubil i t ies df some  c i s  (flavo) and  

t r a h s  ( c roceo )  d in i t ro te t rammine  cbbalt  (111') s a l t s .  (sulphate,  iodate,  

p ic ra te ,  permanganatk ,  and dinit;o oxaldtodiammine cobal ta te)  i n  
. . 

water  -dioxane," wate'r- adetone,  ' and wate r  - ethanol i n  o r d e r  to de t e r  - 
mine  the var ia t ion  of solubil i ty wi th 'd ie lec t r i c  constarit i n  mixed 

solvehts .  132 ~ e " t h e n  .compared h i s  r e s u l t i  with two .of the ex i s t i ng  
. . 

- the.ories of solubility, the Born  equgtion, l Z 5  and the ~ i c c i - ~ a v i s  
I .  

empi r i ca l  equation, l3' which pred ic t  the var ia t ion  of the solubility 

with d ie lec t r i c  constant .  C leaver  found that  the  Born  re la t ionsh ip  was 

apparent ly  followed only i n  one systerh ,  the f lavo-sulphate,  while fo r  

the  o ther  s y s t e m s  the  solubility a t  low d ie lec t r i c  constants  was  g r e a t e r  

than that  predic ted.  P l o t s  of the  logar i thm of solubility aga ins t  

the  logar i thm of d ie lec t r i c  constant  we re  genera l ly  l inear ,  but  a t  the  

s a m e  d i e l ec t r i c  constant  the s a m e  sa l t  i n  the t h r e e  solvents  showed 



diffkikht solubil i i ie  S ,  indica'titig ,specific':sdlGent effe.cts. The c roceo  

and  flavo p ic ra te  had no r egu l a r  change of solubility wi'th d ie lec t r i c  

constant ,  but exhibited max ima  and min ima  a,s solvent composit ion 

changed f r o m  pu re  water  to pure  o rgan ic  solvent.  

Monk and Davis i n  the i r  study on the influence of mixed solvents  . . . .  
on the  solubil i ty of s i lve r  ace ta te  gave data  for  i t s  solubility i n  mix -  

t u r e s  of wate r  with ethanol, acetone,  and w i t h  dioxane. 1 3 3  Thcy 

found the  function: 
, , 

log s ~ l u b i l i t ~ - ~ r o d u c t  constant  = cons t l  r + cons tZ  (6 

to b e  valid. Monk a l s o  observed  t h i s  re la t ionship  fo r  the s y s t e m s  i n  

which calc ium,  bariurri, and lanthanum iodates  wc re  the solutes ,  and  

the  solvents  w e r e  wate r  and water  mixed  with methanol,  ethanol, a c e -  

tone,  propyl alcphol,  .. . ethyl ace ta te ,  dioxane, ethylene glycol, o r  
j .  

: ' 1 3 4  . :  
. glycerol .  I 

. . 
The  theo r i e s  that  have been  presen ted  to  explain the  solubility 

. . . . .  .: > ' 

of ionic, so lu tes  i n  var ious  solvents  a r e . o f  only l imi ted  usefulness .  . . . .. . . .  . 

Because  of the impor tan t  r o l e  played by spec i f ic  chemical  in teract ion,  
' .. 

those  t heo r i e s  which involve some function of the d ie lec t r i c  constant  
.. . . . 

will only b e  valid fo r  a group  of ,solvents  of s im i l a r  coordinating 
. ~. 

ability.. Water and the n-al iphat ic  a lcohols  m a y  have s i m i l a r  coordinat-  
. . 

i,ng p rope r t i e s .  Solubil i t ies of ionic ,  s a l t s  i n  these  solvents  a r e  a 
. .  . ,  , ' 

smooth function of the d i e l ec t r i c  constant .  Solubil i t ies i n  the f ive 

solvents ,  ethylene carbonate ,  propylene carbonate ,  y-butyrolactone,  

y-valerplacto.ne, and cyclopropanone,  a r e  not a smooth function of the . . 

d ie l ec t r i c  constant .  



EXPERIMENTAL PROCEDURES 

Puri f icat ion of .Solvents . . 

* 
.P ropvlene  Carbonate  . . . 

The  m a t e r i a l  u sed - fo r  making up th.e va r ious  solutions in  th is  

investigation was , p r e p a r e d  by f ract ionat ing the solvent twice.  . The 

f i r s t ,  fradtionation was conducted a t  a pres .sure  of 50 m m  of m e r c u r y  

a.nd a t  a ref lux r a t i o  of 5:l .  A s m a l l  port ion containing low-boiling 

impur i t i e s  and a s m a l l e r  amdunt  of high-boiling impur i t i e s  w e r e  d i s -  

. . carde.d. The to ta l  m a t e r i a l  , r e j ec t ed  was about 5%. . The. r ema inde r  

was  re f rac t iona ted  .at a pres , sure  of 20 m m  and a ref lux r a t i o  of between 

15.1 and  25.1. The middle  four-f i f ths  of th i s  was. .retained and  used. .  

. , .The dis t i l la t ion column used.  f o r  the purif ication of the propylene 

carbonate ,  a s .  well a s  fo r  th.e o ther  organic  solvents  u sed . i n  t h i s  work, 

was  a g l a s s  column 2.5 by 90 c m  packed with 3/32-in g l a s s  he l ices .  

The  column was insula ted with a s i l ve r ed  vacuum jacket ,  the outside 

of which was  e lec t r i ca l ly  heated to a t empera tu r e  slightly below the 

working , t empe ra tu r e  of the column. The ref lux r a t i o  . was . controlled 

by a stopcock. During vacuum fra,ct ionation,  constant  vacuum was  

mainta ined by an  e l ec t r i c a l  p r e s s u r e -  sensing ,element, .  r e l ay ,  and  a 

solenoid valve between .the s y s t e m  and the vacuum pump. 

Fo,r subse.quent ana ly s i s  a spec ia l  ba tch  of propylene carbonate  . .  

.was .p repared .  The solvent r ece ived  f r o m  the manufac ture r  was  f i r s t  

d r i e d  by  'pass ing i t  through a .g lass  crying ,column, .2 .5  by  90 c m ,  

packed with type 4A molecu la r  sieves! The m a t e r i a l  was  then f r a c -  
0 

tionally dis t i l led  a t  a p r e s s u r e  of 8 m m a n d  t e m p e r a t u r e  of 105 C.  
0 

The  .dist i l l ing- pot t e m p e r a t u r e  was  about 140 during the  dist i l lat ion.  
. . 

' * 
. .Received f r o m  ~ e f f e r  s'on Chemica l  c;. , Houston,  e ex as. 
? ~ i n d e  Air .  P roduc t s  C o . ,  30 E a s t  42nd.StreetY New York 17, N. Y. 

. . . . 



The  middle  4/5,of the  digti l late.  was  col lected i n  four  f rac t ions .  The 

r e f r ac t i ve  ind ices  of these  s amp le s  we re  de te rmined  and found to b e  * 
ident ical  within a p a r t  iri: the  four th  dec ima l  value.  Two s a m p l e s ' w e r e  

i. analyzed using the heat-of-fus ion method,  . the appara tus  ,and techniques - 
of which .have been  desc r ibed  by Tunnicliff and Stone. 135 ~ a m p k  I 

( the m a t e r i a l  a s  rece ived  and only d r i ed  by pass ing through a g l a s s  

column containing molecu la r  s i eves )  was  found to contain 0.6 mole-  

percen t  i m p u r i t i e s  and had a mel t ing point of - 55.4 C. Sample I1 

obtained a t  a ref lux r a t i o  of 30: 1 was  a cen t e r  cut of the middle  4/5 of 

the d i s t i l l a te  obtained by f ract ionat ion of the d r i e d  propylene carbonate  

a s  de sc r ibed  above.  This  sample  was  found to  contain 0.4 m o l e - p e r -  

dent  impur i t i e s .   his sample  had a f reez ing  point of -55? c.! ' The 

low f r eez ing  point found sugges t s  that  a me ta s t ab l e  c rys ta l l ine  phase ,  

f o rmed  by the s amp le  p r e t r ea tmen t  before  the mel t ing data  w e r e  taken,  , 

m a y  have i n t e r f e r ed  with the  r e s u l t s .  No predic t ion was  made  a s  to 

what effect  th i s  would have on the pur i ty  values .  .Other  than the 

possibil i ty of the format ion of a metas tab le  s ta te ,  a s  suggested,  o r  

the  fo rmat ion  of solid solutions of propylene carbonate  with a n  impuri ty ,  

no explanation i s  known fo r  the di f ference i n  mel t ing points. It s e e m s  

v e r y  unlikely that  the  dis t i l led  product  could b e  of lower  pur i ty  than 

the  s t a r t i ng  m a t e r i a l .  - 
- 5  .-1 - 1  T h e  specific conductivity of , .sample I was  1X 10 c m  

-7 .-1 while that  of s amp le  I1 was 2 X 10 c m -  l .  Sample I was analyzed 

by  the  K a r l  F i s c h e r  method for  water  and was  found to contain 0.036 

weight-percent  wate r .  136 Sample  11 contained l e s s  than 0.002 - 

yk 
25 = 1.4196. Spencer  Ref rac tomete r  #2082, r e f r ac t i ve  index nD 

+ 
Through the  cour tesy  of Dr.  F r e d  S t ro s s ,  Shell Development C o . ,  

Emeryvi l l e ,  California.  

I ~ o r  "ma te r i a l  f r o m  typical  production" of pur i ty  g r e a t e r  than 98%, 

the  f reez ing  point i s  -49.2 C. 
11 



. * 
weight-pe.rcent wate r ;  All the solvent a s  used fo r  the exper imenta l  

d 
work contained l e s s  than 0.002 weight-percent  wate r .  

. , . ... 
-Ethylene Carbona te '  . ' ' ' 

The s ta r t ing  m a t e r i a l t  was  r e - c ry s t a l i z ed  twice to e l iminate  a 

port ion .of the impur i t i e s  and then vacuuf i  f rac t iona ted  a t  a p r e s s u r e  of 
.. ' 

50 m h .  The middle  4 / 5  of t h e  dis t i l la te  col lected between '152.5O and 

152.8' C was  used . .  

y- Butyrolactone 
' I  

, . 
The solvent a s  rece ived  . f rom the manufac tu re r s  was  vacuum . 

. f ract ionated twice, f i r s t  i t  a p r e s s u r e  of 50 m m ,  and then a t  a . p r e s s u r e  

6f 9 m m .  ' ?;he middle  4/5 of the %dis t i l la te  was  re ta ined  and used.  Th i s  
2 5 m a t e r i a l  had  a i-efraktive index 1.'4342 D 

y-Valerolactone 
. :** ' '. 

  he s ta r t ing  m a t e r i a l  . was vacuum fract ionated a t  a p r e s s u r e  

of 20 mm. , The middle  4/5 of the dis t i l la te  was  re ta ined  and used.  
.. . . . 

. , Ethylene Tr i th io  Carbonate  . . 

The  m a t e r i a l  a s  rece ived  f r o m  the  manufac ture r  " was  f l a sh  

disti1le.d a t  a . p r e  s s u r e  of approximately  m m .  The dist i l l ing-pot t 

0 0 
t e m p e r a t u r e  v a r i e d  f r o m  115 C. to about 12.5 due to p r e s s u r e  f luc-  

1 tuations.  The vapor  p r e s s u r e  of ethylene t r i th iocarbonate  i s  2 m m  a t  

117O. C. 14 

* 
. W a t e r . w a s  undetectable,  but the l imi t  of a ccu racy  fo r  the s i ze  of 

sample  and s t reng th  of reagen t  was about 0.002 weight-percent  water .  

'obtained f r o m  Je f f e r son  Chemical  Co. , Houston, 'Texas:  
, . . .  

§obta ined  f r o m  ~ $ s t e . r n  Chemical  Co..,, 34 Spr ing S t ree t ,  Newark 2, 

N J. 
. . * * . . 

No'  P 6123 f r o m  Eas tman  ,Kodak C o .  , . ,Rochester  3, .N. .Y. 

?!NO. P. 6529 f r o m  E a s t m a n  Kodak Co . ,  Roches te r  3,  N. Y.  



, . . . 
Cyclopentanone 

. . , . .* 
The  s ta r t ing  m a t e r i a l  was f ract ionated a t  a tmospher ic  p r e s s u r e .  

T h e  middle  4/5 of the  dis t i l la te  which boiled .at. 129' G and was 

collected a t  a ref lux r a t i o  of 20:1 was used fo r  the measu remen t s .  

Analysis  of th i s  f r ac t i on  by the Ka r l  F i s c h e r  method indicated a water  
' 

content of l e s s  than 0.002%.' 

P r epa ra t i on  of Anhydrous Sa l t s  . 

Magnesium bromide ,  CaBr2 ,  NiBr2,  a n d  Ra Br  w e r e  p repared  
2 

by  t h c r m s l  dchydration of thc hydrntcd s a l t  undcr a o t rcam of HBP gas  
0 

a t  a tmosphe r i c  p r e s s u r e  a t  t e m p e r a t u r e s  between 200 and 400' C for  

4 to  8 h r .  137 

Uranium chlor ide ,  T iBr4 ,  A1C13, FeC13, NbC15, and ThC14 

were  obtained in an  anhydrous s ta te .  

Reagent -grade  NaI, which was found to contain 370 water ,  was 

effectively dehydrated under vacuum (0.1 to 1.0 p p r e s s u r e )  a t  t e m p e r -  

a t u r e s  between 50' and 100' C. The s tandard  procedure  fo r  a l l  o ther  

s a l t s  which do not hydrolyze with wate r  .was to d r y  them on a vacuum 

l ine  (0.1 to  1.0 p p r e s s u r e )  as a precaut ionary m e a s u r e  to r emove  

ads0rbe.d wate r  befo.re use .  

The  pur i ty  and the s o u r c e s  of the va r ious  s a l t s  appear  i n  

Appendix 11. 

. . 
$6 

Obtained f r o m  Arapahoe Chemica l s  Inc.  , Boulder ,  Colo. and a l s o  
. . ' 

a s  No.. ,2543 f r o m  ~ a s t m a n .  Kodak Co. , ~ o c h e s t e r  3, N. 'Y. 

'wa te r  was  undetectable, but  the l imi t  of a ccu racy  for  the  s i ze  of 

sample  and  s t reng th  of reagen t  was about 0.002 weight-per.c.ent wate r .  



. 
Phvs ica l  Measu remen t s  

Viscos imet ry  

All v iscosi ty  measu remen t s .  we re  made  by the  u se  of Ubbelohde 

suspended- level  v i s cos ime te r s .  138 * T h e  approx imate  cal ibra t ion 

f ac to r s f  of the t h r ee  v i s c o s i m e t e r s  we re  0.01, 0.1, and 1 respec t ive ly .  

The v i s cos ime te r  with constant  0.01 was ca l ib ra ted  with-.water 

a t  25' C and  then compared  to the 'one with constant  0.1 by the u s e  of 

di-n-butyl  pthalate.  The v i s c o s i m e t e r s  with constants  0.1 and 1.0 we re  

compared :with an 85% glyce to l ,  15% wate r  mix ture .    lie f i n a l  ca l ib ra -  

t ion constants  were  0.00974, 0.1063, and 0.938. The value of the  
o 139, 140 

v i scos i ty  of water  a t  25 was -taken a s  0.8902 centipoise.  

Co r r ec t i ons  f o r  kinetic energy  of flow were  used a s  tabulated by 
138 Ubbelohde ... 

Density Measu remen t s  

Densi t ies  we re  de te rmined  by weighing the solutions i n  

ca l ib ra ted  25-ml  volumetr ic  f l asks .  F o r  our  purposes  th i s  method 
. . 

gave sufficient accuracy .  Air  buoyancy co r r ec t i ons  we re  applied to 
. . 

the  density de te rmina t ions  .: 
,. . .. . 

So1ubilitie.s . . 
A water  bath  of 175 l i t e r s  capaci ty  was  used a s  a . the rmos ta t  

fo r  both solubility and conductivity m e a s u r e m e n t s .  The t empera tu r e  

of the bath  was  controlled a t  25' C * 0.01. ~ a t u r a t e d ' s o l q t i o n s  of the 
. . 

va r ious  s a l t s  i n  the. solvents we're p r epa red  by agitat ion of 5 to 15 g r  

of the  sa l t  with approximately  75 m l  of solvent in  a specia l  g l a s s  ce l l  . 
\ 

8 shaped i n  the f o r m  of a n  inver ted  T.  (See F ig .  ' 2 ) .  The solubil i ty ce l l  

, * 
Obtained f r o m  Ar thur  H. Thomas  Co. , West Washington Square ,  

* ~ i n e m a t i c  visco.ity equals  ca l ib ra t ion  fac tor  mul t ip l ied by 

obse rved  efflux t ime  i n  seconds.' 





was  constructed with a s i z e  35/20 bal l  joint. and cap,  thus  when fi t ted 

with a c l amp  t h i ~  could be  t r a n s f e r r e d  when n e c e s s a r y  through..the 
. *  vecuum' lock  of the  d ry 'box .  The solutions were  made  by rocking the 

solubility ce l l s  with the hor izontal  sect ion of the  dell  c'ompletely sub- 

m e r g e d  in the thermos ta t  bath.  Agitation was. continued f o r  a min imum 

of t h r ee  days ,  with longer  per iods  fo r  m o r e  viscous  solutions.  

In o r d e r  to  de te rmine  solubi l i t ies  a weighed port ion of the 

sa tu ra ted  solution was withdrawn and analyzed.  The solubil i t ie  s of 

c e r t a in  re la t ively  nonhygroscopic s a l t s  we re  de te rmined  by vacuum 

evaporatiori of approx imate ly .1  m l  of s a tu r a t ed  solution (it  was  found 
0 

th'at when the solutions we re  evaporated in  air a t  1'00 C, oxidation of 

solvent gave re la t ively  nonvolatile products  which gave high solubility 
. . 

values.  ) 

The solubility of a ma jo r i t y  of the s a l t s  was  de te rmined  by 

ana lys i s  by  the  u se  of accgpted s tandard  methods.  ' Othe r s  which 

contained .only t r a c e s  of s a l t s  w e r e  analyzed by optical  spec t rome t r i c  
6 

. . 
' : 

Conductivity Measu remen t s  

Conductivit ies of solutions we re  de te rmined  with a .  Wheatsone- 

type br idge  by:.the u se  of a n  osci l loscope . . a s  a null-detecting ins t rument .  

*?. - 

The d r y  box i s  of a design developed .at . the L i v e r m o r e  Labora tory  

of Universi ty of Cal i fornia  Radiation Laboratory.  .The box, cons t ruc ted  

of s tee l ,  h a s  two glove po r t s  and 'an  an techamber .  The to ta l  enclosed 

volume (about 350 l i t e r s )  was  d r i e d  by evacuation with a n  oil-diffusion 

pump, and then fi l led with d r y  a rgon ,  

3. 
a By Dr. Eugene Huffman's analyt ical  group,  Universi ty of Ca l i fo rn ia  

Radiation Laboratory.  

I '. g ~ y  Dr. John  Conwayts  group,  Universi ty of Cal i fornia  Radiation 

Laboratory.  ' . 



. . .  . . .  . . . .  3 .  * .  
-. 

(See cir,cuit i n  F ig .  3. ) Smooth plat inum e lec t rodes  were  used  in  the : 
. . . .  . . .  . . . . . .  . . . . . .  , . . . 

, 
conductivity ce-11s to  faci l i ta te  handling and e l imindte  . . . . . . .  need f o r  f requent  

. . .  . . . . . :  

repla t in izat ion.  It  was  r,ecognized that  the omiss ion  of plat inization 
. . .  . . .  

1'41; 142 The 
c a n  cause  a s m a l l  re la t ive  e r r o r  i n  the conductiviti.es. 

s .  '1. . - 1 
specia l ly  cons t ruc ted  ce l l s  had . c e l l  - .  constants  of 1.608. c m  , and 0.04200 

. . . . .  . . .  . . - 1 c m  (See F i g s .  4 and  5. ), . . . . . 

F o r  the conductance concentra t ion c u r v e s  the concentrat ion 

was  .va r ied  exper imental ly  by s tepwise  addit ion of a solution containing 
, , . ,  . 

a known concentr.ation of s a l t  to a given weight . . .of pure  solvent, o r  to 
. . 

a m o r e  dilute so.lution of the  s a m e  sa l t  i n  the conductivity,cell .  . . 

Dielect r ic  Constants 

The  d i e l ec t r i c  constant  of propylene carbonate  was  de te rmined  * 
a t  100 kc, and that  of ethylene t r i th iocarbonate  a t  50 k c .  The r e s u l t s  

appea r  i n  Table  I. 

Elect rodeposi t ion Exper iments  

The  quali tat ive e le  c t r  odepo s i t ion exper iments  w e r e  pe r fo rmed  

i n  an  H-shaped ce l l  (Fig.  6) .  The cathode and  anode compar tmen t s  

w e r e  s epa ra t ed  by a s i n t e r ed -g l a s s  d iaphram.  Prov is ion  was made  

f o r  magne t ic  s t i r r i n g  of both s ides .  The two elect rode chamber s  we re  

c losed  with ba l l  joints which gave vacuum- tight s e a l s .  The cel l ,  a s  

normal ly  used,  contained a total  of 30 m l  of solution. Unless o ther -  

wise  specifi'ed, plat inum e l ec t rodes  (0.06 m m  thick) each  of 3 c m  
2 

a r e a ,  we re  employed.  

* . . .  
Measureme'nts  w e r e  pe r fo rmed  by William Ortung a t  the  Universi ty 

of California,  using a wide-range capaci tance br idge employing the 

b e s t ' f e a t u r e s  of Cole and G r o s s ,  J .  Sci. I n s t r .  20, 252 (1949), and - 
OIKonski,  J .  ~ m e i . .  Chem.  Soc. - 73, 5093 (195 1).  
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Fig .  3 .  Circu i t  d i a g r a m  of conductivity b r i dge ,  showing: 
a .  1000-cy'cle tuned ampl i f i e r  
c  . conductivi ty cell. 
d .  decade  r e s i s t a n c e  box, Gene ra l  Radio Type 602-M. 
g ~ s c i l l a t o r ,  Hewle t t -Packard  type 20.OC 
h.  horizontal input to  osci l loscope '  
o ,  osc i l loscupe  - RCA. type i55A 
s -w.  s l ide  .+zire, L e e d s  and Nor th rup  type 4258 
t .  i.sc.lating t r a n s f o r m e r ,  i: l ,  600 Q 
v. ve r t i c a l  input to .  osci l loscope 
x. va r i ab l e  capaci tance  box.. 



Fig. 4. Conductivity cel l ,  showing: 
a .  tungsten lead to e lectrode 
b.  platinum elefdrode 
C .  caps ,  s i ze  - 9 



Fig.  5. conductivity cell ,  showing: 
3. grounded elsctrodes and nickel lead-in 
c .  shielded lfgtcl-in 
d. cap, size, 

13 
e .  mixing chamber 
f .  platinum electrodes.  



Fig.  6 .  Electrolysis  cell  showing: 
a .  magnetic s t i r r e r  
b .  platinum electrocie 
c .  platinum lead 3-, 
d. bal l  joint, s ize  - 2 5  , e. tungsten lead-in 
f .  s intered-glass  diaphragm 
g. connector. 
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SOLUBILITY AND CONDUCTIVITY DATA 

The m o s t  r ecen t  extensive  compilat ion of solubil i t ies of inorganic  

s a l t s  in  nonaqueous solvents was  m a d e  by  Walden in  1924. 48 He gave 

both quali tat ive and quantitative data  for  a l a r g e  var ie ty  of solvents.  

More  recen t ly  Seidel  h a s  given some data  f o r  the m o r e  common 

solvent- solute combinations.  143 - Solubil i t ies for  a m o r e  l imi ted  

number  of solvents have been  given by Audrieth and Kleinberg.  
144 

T h e r e  a r e  no published quantitative solubil i t ies f o r  the solvents 

ethylene carbonate ,  propylene carbonate ,  y-butyrolactone, y-valero - 
lac tone,  ethylene t r i th io  ca rbona te ,  o r  cyclopropanone except  f b r  the 

data  appear ing i n  J e f f e r son  Chemica l  Co. ' s  Technical  Bullet ins for  

ethylene carbonate  and propylene carbonate .  1 0 , l l  

The solubil i t ies of s a l t s  i n  p r  opylene carbonate ,  the r,e sult  s of 

t h i s  work,  a r e  compiled i n  Table  11. solubi l i t ies  in  the other solvents  

studied appea r  i n  .Table 111. 

.. In the solution of l e ad  iodide and potass ium iodides  (composit ion 

of solid phase ( s )  unknown, but  solution was not s a tu r a t ed  with r e s p e c t  

to  ' P ~ I ~ ) ,  t h e  mo le  r a t i o  of K : P ~  was  0.748: 1,- The p r e sence  of poly- 

nuc lear  complexes  of lead i s  indicated by th i s  ra t io ,  because  l ead  

iodide i s  insoluble in  propylene ca rbona te .  . The solution probably . 
, 

cons i s t s  of potass ium ions ,  Pb13- ions ,  and polynuclear l ead  iodide - 
0 

... . complex ions . '  In aqueous .. solutions ., . _  a t  25 C potAssium iodide i s  

a lways  i n  exces s  of l ead  iodide,  when the  sol id  phase s  a r e  KI and 

double s a l t  o r  when the phase s  a r e  PbIZ and double sa l t .  

The  v i scos i t i es  and dens i t i es  of a number  of typical  solutions 

,were  de te rmined  and the i r  values  appear  i n  Table IV. 
'.' : 

~ f k e c t  of impurities on Solubility- 

Cadmium iodide is quite soluble and fo,rms a v i scous  solution 

i n  propylene carbonate:that ha s  not been  special ly purif ied (puri ty > 

,, 9870, a s  rec 'eived f r .om.ihe  . ,  manufac ture r ,  : but subseq.uently ,d r ied .  ) 
.- . 

T h e  solubility in caref<lly p ~ r i f i ~ d ' p r o p y l e n . e  cdrbonate I .. i s  low : . ' 

( O ?  16'6 g/ 100 g solvent) .  Po t a s s ium iodide h a s  . vir tual ly  . the  s a m e  



TABLE I1 
a Solubil i t ies and conductivit ies of var ious  anhydrous s a l t s  i n  propylene- carbonate 

Salt : Temp.  ' . 'Solubility ,, Method for Spe'cific:: 1 0 0 0 ~ I / ' m o l e s  
. . . - 

.. . _  ('c) . gr / lGOg : . r n d l e s / l ~ O g  determining ; "conduct- ' ' . p e r  1 
.solubility - .  . : ivi ty ' . . solvent .. 

.. . .  solvent solvent: 
. . [ x i  . .  .. . 

. . Group I Metals  " . . . . 
. . 

. . . . 
. . 

. L i e  1 25 0.003 7.7 x . k  . .  
. . , 

NaF  .,: : . .25  ' ,  ' -2 2: 0- : 5 . '  'X 1.0 . c . - 6  
- .. . - 5  . N ~ C  1 2 5 -2):..10- - . 3 . '  c 



.TABLE I1 (cont'd) 

Sdlubil i t ies and.conductivit ies of var ious  anhydrous s a l t s  in  propylene carbonatea  

s a l t  '. T e m p  Solubility Method for  Specific 1000 K /  m o l e s  

. ( O C )  gr /100 g 
moles /  100 g determining conduct- pe r  1 . 

. . solvent solvent solubility ivity solvent 

( K )  

Gr  oup I1 Meta l s  

MgBri  

-. 

Group 111 Metals  . . 

-..... 
Actinide S e r i e s  

ThC14. 25 1.25 0.00334 . .. .:. h 2.1 7.48 

UC14 25 3.89 0.0'102 h 8.79 X 10.1 
.- .-- . - - . . . .- ... &. - - --- .-. . -- -- -. - .. - - - . 



TABLE 11 (contsd)  . . 
Solubil i t ies and conductik-ities of var ious  anhydrous s a l t s  i n  p r  opylene carbonates 

Salt  T e m p  Solubility Method €0: Specific 1000  moles 
- ( O C )  

g r /  l u u  g mo le s /  100 g determining colodu~:t- p e r  1 
solvent solvent solubility ivi t:r solvent 

( .  

Group IV Metals  

25 , TiC12 i 9 

TiBr4  25 v. S .  9 

Ti12 25.  , i 9 

,,SpC12 25 ;: i ' 9 
. .  . 

..SnCl 25 26.70 .O. 102 h low 

PbCIZ 25 -0.0006 2 X lo -6  c -5. x 
P b B r 2  , 25 . -0..04 -1 . . k 4 ; 7 3 ~  

-Pb12 25 - 7 X  lo -6  h 2.3 X 1 0 ' ~ .  

Complex '4.84 X 
K 2 .  pby: I} 25 - 

GroumV Metals  
- 

NbC15 25 - 8 5  0.315 * 
Same,  not 
sa tu ra ted  6.023 0.0224 h 3.71 X 1.65 

BiC13 25 24.41 0.0774 h 1.86 X 0.0318 
--- 

Group VII Metals  

MnC12 25 -0.03 k 6 . 5  :< 
MnBr 25 32.28 h 



. . TAELE - .  I1 ( cont 'd)  

Solubilities and conductivit ies of . aa r ious  anhydrous . sa l t s  i n  propylene carbonatea  
. . .  

Salt  T e m p  Solubility . Method for  Specific 1000  moles 
g r /  100 f 

moles/ 100 determining conduct- pe r  1 
s olven solvent, solubility ivity solvent 

. . ( K  ). 

Group VII: Metals  (.cont1d) 

Same,  not 
s a tu r a t ed  

a Key to solubility and conductivity tables :  

9 ~ u a l i t a t i v e  observat ion 

v. s .  Very  soluble ,  

s .  Soluble , 

s l .  s .  Slightly soluble 

i. Insoluble 

k .- Es t ima ted  f r o m  .conductivity 

e Analyzed by vacuum d ry ing  of 
. solution 

h Analyzed by Dr;  Eugene Huffman's 
group,  Universi ty of Cal i fornia  
Radition Labora tory  

. ,  
c Analyze5 by Dr .  John Conway's  

group,  Universi ty of Cal i fornia  
.Radiation Labora tory  

* Est imated  
-- . -.- -- ". ... = -. .- 
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TAB LE 111 

Solubilities of anhydrous s a l t s  i n  solvents s t ruc tura l ly  r e l a t ed  to propylene carbonatea  

Sal t  T e m p  . Solubilitv Method fo r  Specific .1000  moles . 

) 
g r / i O O  g moles /  100 g determining .k.ondact- pe r  1 
solvent.  solvent s olub:lilya ivj:y solvent 

. . 
Solve.nt: ethylene ca rboca te  

3 3. 0.242 

' NaI 40 37.60 0.251 B 1.1 X l o - 2  / 4.38 

NaBr 40 0.31 0,.0030 e 9,46 x 10 -4 .  .. . 3 6 

CaC12 4 0 0.2 .. 2 X. lo--3 li 8.66 x : .  . . 
. . 

KI 40 11.16 0.0671 e 1.50 X l o - 2  ,, , , .26.8. . . 

Solvent: y-butyrolactone .. . 

NaBr 25 0.23 0.0022 e 4.29 X 1 0 ' ~  24 



..' . : .. 
- .  

. . TABLE III. (contod) . , 

.. , .. ' .Solubilities . of anhydr0 .u~  salts. i n  solvents s t ruc tura l ly  re la ted  t o  p r  c.pylene carbonatea  

. . Salt  S o l u b b t y  . . T e m p  Method fo r  ' .Specific 1000  moles 
.: . . 

(OC ) g , r / l O O  g i :moles / l00 g determining . ' conduct- pe r  1 
solvent solvent s olubilitya .ivity solvent 

( K )  

Solvent: . y-valerolactone 

... . 
. .  . 

. " ' N ~ I  

. K I .  

 CUB^.^ 
:-. C:d12 

Solvent: ethylene t r i th iocarbonate  

s l .  s .  9 

> .  

. . Solvent: cyclopentanone . .  . .  
. . 

.I ' 

NaI 25 26.0 0:173 h . . 

. . , < 

a Symbols.  a r e  s a m e  a s  th0s.e i n  footnote a .of Table 11. . . 



TABLE IV 

VikcosiZies ofAselected tso1u:icns 

Solvent Solute - b Solubility T e m p  Kinematic Density Viscosity 
(moles /  100 g viscosi ty  (g/ml)  (cent ipoise)  , , 

solvent)  ( O c )  (cent is tokes)  
. . 

. . 

. .  . 40  
. . . . . . . . . 

Ethylene ' ' '1.478 1.'323 1.955' 
carbona te  

Pr opyle ne 40 1.620.  1.183 1.916 
carbonate  

Ethylene 25 1.904 1.338 2.547 
carbonate  
( super  -cooled) 

I 
W 
m 
I 

Pr opyle ne 25 2.111 1.198 2.530 
carbonate  

Pr opylene KI 0.0223 25 2.588 1.2277 -3.177 
carbonate  

. . 
. . Pr opyle ne . .  .NaI 0.111 ' 25 7.175 1..336 . : 9..5858 . . 

carbonate  . . 

LiB r 0.243 - 25 Propylene 62.73 1.372 86.07 
carbonate  

Pr opyle ne ZnC12 0.528 25 1054. 1.602 17367 
carbonate  

Propylene  
carbonate  25 157 :2, 



solubil i ty in  solvent of both pur i t i es  (3.65 g and  3.71 . g / l O O  g solvent, 

f o r  impure  and purif ied solvent r e  spe.ctiv:ely). Because the impur i t i e s  

i n  the impure  solvent a r e  hnknown, one can only specula te .  a s  to the 

r e a s o n s  for  th i s  different  behavior .  

Salt-Induced Solvent Decom~os i t ion :  

The solution of a number  of inorganic  s a l t s  i n  pr.opylene c a r -  

bonate appeared ' to  cause  i t s  decomposit ion.  A slow p r e s s u r e  build-up 

ove r  solutions of CaBr2 ,  and MgBrZ  evidenced the d.ecomposition of the 

solvent.  Th is  reac t ion  was fu r the r  cha rac t e r i zed  by a dis t inct  change 

i n  odor.  Magnesium and ca lc ium b romides  we re  probably act ing a s  

Lewis ac id s  and .were  coordinating to the carbonyl  ca rbon  of propylene 

carbonate ,  consequently causing the bond between the  secondary  ca rbon  

and  the oxygen adjoining i t  to  c leave.  A s t rong  coordination was 

fu r the r  evidenced by inabil i ty to e lec t rodepos i t  these  m e t a l s  ( s e e  page 

59). This  cleavage resu l ted  e i t he r  i n  the fo rmat ion  of ppopene oxide 

and  carbon  dioxide, o r  possibly the  fo rmat ion  of propionaldehyde and 

ca rbon  dioxide. Because t h i s  decomposit ion a s  cha rac t e r i zed  by  

p r e s s u r e  build-up and odor change was not evident f o r  solutions of 

L iBr ,  MnBr2,  ZnC12, and BiC13, i t  t he r e fo re  m a y  have been a r e s u l t  

of the specif ic  combination of a lkal ine  e a r t h  ion with b romide  ion. 

Zinc chlor ide  and a luminum chlor ide  a r e  known to  cause  the  decomposi-  

tion of propylene carbonate  into propebe oxide and carbon  dioxide a t  

e levated t e m p e r a t u r e s .  

-A near ly  sa tu ra ted  solution of a luminum chlor ide  r eac t ed  

m o r e  rapidly;  a darkening of the co lo r l e s s  solution was noticeable 

a f t e r  s eve ra l  hou r s .  A f e r r i c  chlor ide  solution r eac t ed  slowly and 

fo rmed  an  insoluble precipi ta te .  Uranium te t rach lor ide ,  niobium 

pe t~ tach lor ide  and s tannic  chlor ide  solutions gradual ly  darkened  a f t e r  a 

number  of weeks.  It  i s  l ikely that  these  s a l t s  a l s o  coordinated 

s t rongly to  the solvent molecule  and caused  i t s  slow decomposit ion.  

UC1 i s  known to  dissolve  i r r e v e r s i b l y  i n  ce r t a in  oxygen containing 4 
solvents  such a s  methyl  alcohol,  ethyl  alcohol,  and acetone.  

145 
I 
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DISCUSSION O F  SOLUBILITY 

By examination of the table of solubility of inorganic sa l t s  in 

propylene carbonate (Table TI), we find that, a s  could be expected, the 

relatively low-melting covalent sa l t s  a r e  quite soluble. 

. Great  differences of solubility exis t  between various sa l t s ,  a l l  

of which a r e  relatively soluble in  water .  Consider sodium and potassium 

halides,  the iodides being the only ones that a r e  rea l ly  soluble. Peacock, 

Schmidt, Davis, and Schaap have proposed that this  enhancement of 

solubility (in amine solvents) m a y  be  due to solvation of the iodide ion 

by expansion of i t s  outer  valrrlcy shell .  The possible formation of such 

c o m p l e x ~ s ,  however, has  not been investigated. The much l a r g e r  

solubility of iodides a s  compared with the other halides (a11c.l ~ r ros t  other 

s a l t s ) . i s  probably due in  pa r t  to their  low-lat t ice  energies .  

We m a y  split up the f r e e  energy.of sol.vation of gaseous ions 

into two par t s :  the f i r s t  i s  an electrostat ic  t e r m  due to the separat ion of 

ions in a dielectr ic  medium; the. second .is due to specific chemical in-' 

teract ion between the ions* and. the polar-  solvent molecules.  127 

The electrdstat ic  pa r t  of the f r e e  energy can be  approximately 
. I25  evaluated by the use  'of the Born equation: . . .  

7. P f 
. . 

V e ~ w e y  in his ,c.alculations of f r e e  energies  of hydration of ions applies 

the .8o rn  equation only to the ion with i t s  f i r s t  solvation shell  in  i t s  in- 

teract ion with the t e s t  of the solvent. In this calculation the macroscopic 

dielectr ic  constant of .water .is used. The energy of interaction of the ion 

with i t s  f i r s t  hydration shel l  , is  based.on the interaction between solvent 

dipoles and the ion, obtained with the help of a detailed consideration of 
146 

the s t ruc ture  of liquid water.  . The ion' dipole interactipri will be  en- 

hanced by solvents having l a r g e r  dipole moments,  by ions of higher 

charge density, and by a m o r e  exposed charge distribution in the solvent - 
molecule. 



I Coordination betwee'n '(6' 'knd solvent will be increased by 

I . differenc.es . . .in acid-base character ,  between the solvent ,molecule~~and 
. . . . .  *. . . . . .  . . . - .  . . . . . . .  . . . . . . .  ... 

the ions. . A "small" solvent molecule will promote a grea ter  amount 
. . . . . .  .:. . 

. . 
. . . . . . . . . . . .  . . . .  . : .  , . . . . . . .  

.of coordination and. grea ter  ion-dipole' i'nteractiori because. of grea ter  

number of molecules that may  surround. a given ion in solution. 

It i s .  generally t rue  that the. grea ter  the difference between the 
8 .  

- : l a t t i ~ e - e n ~ & ~ ~  > .  ahd,:the knergY.of.'sbl$ation of a salt ,  the. grkateir' the. solu- 
. . 

bility will be.  : Higher solvation'energies will i n  general be. favored by 

ions of high charg& density (which. a l so  increases  the latt ice energy),  

.a solvent of high dielectric constant, greater....sepa.ration of charge in 

. . *the solv.ent 'molecule, and. by gneater specific chemical interaction 

' between the ion and solvent. . . . .  

.:. The cyclic e s  ter.s .studied will solvate cations to a .much. la rger  

' degree. than ani'oris, The carbonyl oxygen with i t s  relatively high negative 

charge and exposed position will solvate cations without grea t  difficulty. 

The positive end of the solvant' s dipole will, however, be spread over 

a number of ,a toms and will be  much l e s s  . . .  accessible than in  the c a s e  of 
.... . . .  . . .  

. . 

water which, in contrast ,  because df the exposed charge 'distribution, 

. solvates both anions and cations to comparable degrees .  

In water al l  the.  sodium halides are .  soluble. . This i s  because 

the increase  in latt ice energy in going f rom iodide to fluoride i s  largely 

compensated .by a corresponding gain in the solvent-anion interaction. 

With the solvents studied, and many- other organic solvents, such . i s  not 

the case.  . Because the anions a r e  l e s s  solvated, in  going f rom .iodide. to 

fluoride the increase  in the .lattice energy i s  not compensated 

by a corresponding increase  in the anion solvation. Hence 

those sodium halides with high latt ice energies  a r e  insoluble. With 

sodium and potassium only the iodides have a low enough latt ice energy 

to be. appreciable soluble in  the solvents studied. 

Consider solubi l i ty~relat ions for the sal t  potassium iodide in 

the solve.nts studied (Ta'b l e  .V). . In arranging the solvents studied 

in order. of their solvent power for  potassium iodide, we find .the 

. order. (based. on mole fractions):  y-butyrolactone ..> : ethylene 



. , . .  . . .. :.. : '  . .. 
.., . . . \ _ .  . . . I ,  

. . . .  . . . 

Comparat ive .  Solubil i t ies of NaI and KI i n  Selected .Solvents 
' 

. . . . . .  . . . 

. . ,  . . . 

Solvent , : T e m p e r a t u r e  r - .I . Solubility 
( O C )  

. 
. . g / l  00g solvent M,ol<e f rac t idn  

NaI KI NaI KI 

Ethyl'ene Carbona te  40  89.12 37.6 11.16 ' 0.180 0.0557 

Propylcnc  Carbonatc  2 5 64.4 16.83 3.71 0.103 0,.0223 

y-butyrolactone * 2 5 39.1 58.15 ' 12.5 0.250 0.0607 

: Ethy1,ene t r i th iocarbona te  . : . .  .25" . . 58.5 <0.0065. c0.021 . 
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carbonate > y-valerolactone > pqopylene carbonate >.> c.yclopropanone.>> 

ethylene trithiocarbonate. .If solubilities were.. solely determined by . 

dielectric constant we would have predicted the following order:  

ethylene carbonate > propylene carbonate > ethylene trithiocarbonate > 
. y-butyrolactone > y-valerolactone > 'cyclepropanone. It i s  seen that the 

effect of the d ie lec t r ic  constant; although a significant factor ,  i s  , 

overshadowed by other propert ies  of the solvents.  

The fact that y-butyrolactone. and ethylene carbonate dissolve 

comparable amounts of NaI, KI, and NaBr, in spite of i t s  much lower 

dielectric constant may be explained by a consideration of the charge 

distribution and bond moment of the carbonyl group. In y-butyrolactone 

a grea ter  separation of charge and a . g r e a t e r  bond moment for the ca r -  

bony1 group a r e  attained. The methylene group adjacent.to the carboriyl 

group in y-butyrolactone has a much higher positive charge on it  than 

either of the methylene groups in 'ethylene carbonate.  The s tructural  

formulas,  of the solvents under-consideration appear  in Fig. 1. . The 

value of Kirkwoods, g for  y-butyrolactone (discussed on pages 7 and 8)  

which diverges further.  f rom unity than.the values of ethylene and 

propylene carbonates gives support to' the belief that.  y -butyrolactone 

possesses  a m o r e  exposed charge 'distribution. Thus with y-butiyrolactone 

there  will be a strBonger ion-dipole interaction o r  s t ronger  c,oordination 

with both positive and negative ions of an ionic solute. If an ethylene 

'carbonate molecule i s  coordinated to a positive ion by i t s  carbonyl 

oxygen, one would expect the negative charges on the two e.ther oxygens 

to repel  subsequent molecules,  or' to  l imit  the number that will coordinate. 

In contrast;  y -butyrolactone has  in the position corresponding t,o these 

two oxygens, one methylene group which b e a r s  a positive charge, and one 

negative oxygen. . Thus one would expect l e s s  repulsion of succeeding 

solvent molecules a s  they .are  at t racted to a positive ion. This effect 
- .  

will a l so  contribute. to  a grea ter  solvation of ions by y -butyrolactone than 

by ethylene carbonate. ,  The comparable solvent propert ies  of y- 

valerolactone and propylene carbonate may also be explained by the . 

abcve reasocing. Ethylene carbonate and'y-butyrolactone a r e  bet ter  



solvents (for KI and NaI) than the solvents in  which a methyl group 

has  been substitutedl Because of the ve ry  close s imilar i ty  between the 

substituted and unsubstituted solvents, the major  effect i s  probably 

due to the difference in dielectric constant caused by the increase  in 

s ize  of the substituted solvents. With cyclopropanone the major  effect 

appears  to  be i t s  low diel.ectric constant. In spite of i t s  high dielectric 

constant ethylene trithiocarbonate does not dissolve sodium or  potassium 

iodide. It . is  probabljr a poor solvent for  these solutes because ol the 

lack of coordination between sodium o r  potassilim and sulphur. Oxygen 

is known to be lhe dotior atom for nearly all of the coniplexes of the 

light metal  ions (Periodic groups IA, IPA, IIIB, IVB) which seldom 

coordinate will1 su lp l~ur  . 14.7 The alkali hrrlidcs o r e  alco known to be in- 

soluble in  liquid hydrogen sulphide (dielectric constgnt i s  1U.L at - ~ O ~ C ) .  148 

This lack of coordination with su1phur . i~  due to i t s  l a rge r  s ize,  a s  com- 

pared k i th  oxygen, which greatly decreases  the electrostatic attraction. 

between cations' and this solvent. Because cadmium and copper a r e  expected 

to cookdinate .with sulphur. a s  the donor atom., 147 i t  i s  not surpris ing 

that cadmium iodide and cupric bromide a r e  soluble in  ethylene t r i -  

thiocarbonate. 

With sodium iodide a s  the solute, the order  of the solvents 

f r o m  greatest  to  l eas t  solubility is y -butryolactone, ethylene carbonate, 

y-valeroladtone, cyclop'ropanone, prspylene carbonate, and ethylene 

tri thiocarbonate;.  All of the. compounds, with the exception of ethylene , 

' tfithiocarbonat'e, a r e  relatively good. solvents for  NaI. 'l'her e .is l i t t le 

apparent dependence.' of .solubility on the d-ielectric. constant.. Ethylene 

. tri thiocarbonate is probably.a.poor solvent .for this solute for the same 

'reason that i t  . i s  a p90r solvent ,for .potassium iodide, that .is, because of 

lack 'of coordination with sodium .ion. 
' 

. Several 'generalizations concerning the effect of different solutes 

in these solvents may be noted. . With. the. alkali halides increases  in 

solubility in the s e r i e s  K, Na,. and L i  a r e  due 'to the relative gain in 

solvation energy. compared. with. latt ice energy a s  the cation s ize  decreases  
' 

(in pr~p+ei;€ carbonate solubility of iodidzs .a re  0.02'23,. 0.11 1, and. 0.136 



.. * 
r e s p ~ c t i v e l y ,  and bromides 6~ 8 X and . 0.24.3 . respectively ) o  

, . The ,same i s  t rue  .of b'arium and calcium (solubilities of their bromides . . . . .  
-4 * 

in propylene . . carbonate;are . . 7.8 X.' 1.0 - , and. . .. Q.0745. . respe.ctive1y ). j 

, Solubility.also increases  in the s.eries . .. C1, Br ,  I for  sodium, potassium, 

and lithium sal ts  (solubilities in propylene.. . ~ carbonate .for sodium sa l t s  

.. .. a r e  3 X l o m 7 $  8.X 10-39 and.0.111; f o r  potassium sal ts  4 x 6 X 

. : a i d  0.0223; and for l i t h iumsa l t s  7.7 X 0.243,. and 0.1365 
. * 

resp'ectively ), lithium bromide being, an exception. . . , Potassium and 

sodium borofluorides a r e  intermediate in solubility . -  . between the bromides 

and iodides? .  F r o m  the data, no multival.ent ions appear to  .exist in 

propylene carbonate.  solutions, with the possible .exception of calcium ion 

in Ca(BF4)2. . . 

- * 
~ol ,es/-100'  g rams  solvent. < .  . . 



No previous conductance studies have been reported for  the 

solvents propylene carbonate' and y-butyrolactone. In o rde r  to determine 

the equivalent conductance, the conductivity of severa l  s a l t s  in  these 

solvents was obtained a s  a function of concentration. The values ob- 

tained for the equiGalent conductance a t  infinite dilution, and the ob- 

served  and calculated Onsager limiting law slopes of the Kohlrausch plots 

a r e  presented in  Table VI.. F r o m  the Kohlrausch plots (Figs.7, 8, and 

9 )  i t  is seen  that for the sys tems sodium iodide-propylene carbonate 

and potassium iodide-y-butyrolactone the curve of equivalent con- 

ductance v e r s u s  square  root of concentration approaches the Onsager 

limiting law fro'm above, while in  the sys tem potassium iodide-pro- 

pylene carbonate the approach is f rom below the Onsager  l imiting law. 

The curve of a completely dissociated electrolyte would approach 

asymptotically f rom above, while that of an  incompletely dissociated 

electrolyte would approach asymptotically f r o m  below the limiting law. 149 

F o r  potassium iodide that portion of the Kohlrausch plot lying 

below a concentration of 0.017M may  b e  adequately represented by a 

straight l ine.  The equivalent conductance a t  infinite dilution, 1 o, was 

evaluated a t  ze ro  concentration by means  of the Shedlovsky extra-  

polation (Fig.  10). 
150 

Thc dcgrce.of dissociation, a, of potassium iodide in  propylene 
- 2  

carbonate a t  a concentration of 1x10 =was approximated by means of 

the equations: 
151 

and 

Where A i s  the equivalent conductance, A '  i s  hypothetical equivalent 

conductance if a l l  of a weak electrolyte had ionized, A and B a r e  constants 

of the Onsager equation, and A. is the equivalent conductance a t  infinite 

dilution. A value of 0.98 was foundj indicating l i t t le association t o  f o r m  
ion pa i r s  . 

C 
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Table. V I  

Conductance. Data at  2 5 . ' ~  

Solvent Salt Onsager 
slope 

Observed 
slope 

Propylene carbonate .KT 3 3. -.3 2 .'3 - 3 7  



Fig .  7. Kohlrausch plot for potassium iodide in propylene 
carbonate.  





Fig. 9 .  Kohlrausch plot for  potassium iodide in y- 
butyrolacyone. 



Fig.  10. Shedlovsky extrapolation for potassiu'm iodide in 
propylene carbonate  solution. 



. . 

Fig.  11. Shedlovsky extrapolation for sodium iodide in 
. , propylene carbonate solution. 



The Kohlrausch plot. for  sodium .iodide in propylene carbonate 

may be  adequately represented by a s t raight  l ine up to   concentration^ 

of 0.01 - M ( F i g .  8).  The value of lo was obtained by the Shedlovsky 

extrapblation. As with potas s ium iod.ide in propylene carbonate,  the 

curve could not be represented by a s t raight  l ine:(Fig.  11). 

The conductivity data fo,r potas sium.iodide in y -butyrolactone 

. were  plotted in a Kohlrausch plot. ' (F ig .  9). The curve may  be  r e -  

presented by a straight line between 0.0025 and 0.0225 g. Because of .:::..!: ::' ; 

e r r a t i c  resu l t s  in the data no fur ther  refinements were  made  in  the 

extrap,olatibn to infinite dilution. The solutions when mixed developed 

the color of iodine; therefore the e r r a t i c  resu l t s  may  have been due in 

p a r t  to chemical reaction. 
. . 

Thus we s e e  that cer ta in  ionic sa l t s  a r e  essentially completely 

ionized in  twd of these solvents. F o r  these sa l t s ,one  would expect the 

solvent ethylene carbonate to behave like prbpylene carbonate because 

of i t s  higher dielectr ic  constant and chemical s imilar i ty .  y- 
valerolactone should behave comparably to y -butyrolactone. However, 

because . . of the lower dielectr ic  constant of y-valerolactone, some ion 

association m a y  occur.  

Equivalent conductivity of many of the saturated solutions were  

calculated and appear in  Tables I1 and 111. Exdmination of this data (with 

that of Table VI) indicates that in propylene carbonate solutions, NaBr,  

NaI, N ~ B F ~ ,  KC1, K B ~ ,  KI, and KBF4 a r e  highly ionized. In their  

saturated solutions, CaC 1 2, BaBr2, Cd12, ThC 14, UC 14, ZnC 14, 

CuBr2, BiC 13, NbCl a r e  only par t ly  ionized. Cobalt chloride and 5 
Ca(BF4)2 appear to behave a s  uni-univalent e lec t ro ly tes .  ~ e c a u s e  of 

the increased  viscosity of many of the m o r e  highly soluble solutions i t  

i s  difficult to s ta te  with accuracy whether the sa l t s - -LiBr ,  CaBrZ,  

ZnC 1 2, and MnBr 2- - a r e  highly ionized. Potass ium iodide i s  highly 

ionized in  ethylene carbonate,  y-butyrolactone, and y-valerolactone, but 

not in  'cyclopentanone, where i t  is only par t ly  ionized. Sodium bromide 

i s  highly ionized. in  . i ts  solutions in ethylene carbonate and y -butyrolactone. 



ELECTROIIEPOSITION 

Introduction 

Because only about 30 of the 70 known metal l ic  elements have 

been deposited f r o m  aqueous solution, e lectrocbemists  have turned 

the i r  attention to nonaqueous electrolyte- solute sys tems.  Both organic 

compounds that a r e  liquid nea r  room tempera ture ,  and fused inorganic 

sa l t s  have been employed a s  solvents. We-Will consider only Lhuse urgarlic 

solvents (also ammonia)  that a r e  liquid a t  tempera tures  l e s s  than 1 0 0 " ~ .  

Three  groups of meta ls  have received the grea tes t  amoullt of 

r e sea rch .  Experimental work in  the ear ly  p a r t  ol the c e l ~ t u ~ y  on the 

electrodeposition of meta ls  f rom nonaqueous solutions concerned 

mainly the ve ry  electropositive meta ls  such a s  po tas s iu~n ,  lithium, 

and calcium. The electrodeposition of .aluminum f rom organic plating 

baths  has received the attention of many investigators in the past  

qua r t e r  century. More recently the deposition of cer ta in  transit ion 

me ta l s ,  such a s  titanium, zirconium, and molybdenu~~i ,  has  been of 

special  in te res t .  Because of the cor ros ion  res i s tance  of these meta ls ,  

the ability to deposit them in  thin f i lms on base  meta ls  would be very 
. . 

, .: 
desirable .  

Certainly many meta ls  such a s  the alkali and.alkaline ear th  

me ta l s  cannot be electrodeposited f r o m  aqueous solution because i t  i s  

impossible to reach  a high enough potential to discharge these meta ls  
L 

before  hydrogen preferent ial ly  evolves. Some other meta ls  a r e  not 

deposited f r o m  aqueous solution, although, f rom thermodynamic con- , 

sideration, one would expect them to be deposited. 

A very  l a rge  number of solvent- solute combinations have been 

t r i ed  for the electrodeposition of var ious meta ls .  Many of these attempts 

failed completely, and many of those that were  reported a s  being 

successful produced only sma l l  amounts of deposit, l a rge ly  contaminated 

with meta l  compounds and unidentified organic res idues .  Frequently 

the authors did not repor t  such important data i s  cu r ren t  densi t ies ,  

compcsiticn of deposits,  s o l v e n t - d e c ~ ~ p o s i t i c n  p rcd -~c t s . ,  and hydrs- 

dynamic conditions. Only a few authors appear to have made  relatively , 

systematic  s tudie s . 



Alkali Metals 
. . .  

The alkali meta ls  may  be deposited f r o m  a la rge  variety.  of 

solvents, the only requirements  apparently being that the solvent not 

reac t  too quickly with the meta l  and that one be able to  reach  high 

enough potential fo r  the electrodeposition, i. e. the solvent should not 

be  reduced a t  a lower potential. Alkali meta ls  have been deposited f rom 

pyridine, 44, 30, 28, 152 propyl amine, 53 ethylene diamine. 
154 

alcohols, 
30, 155 acetone, 3 0 3  29 and POC13. 156 

Alkaline. Ear th-  Metals 

Wood.and. Brenner  succeeded i n  obtaining electrodeposits of 

beryl l ium . (9  . 570 pure)  and beryl l ium alloys containing boron or. aluminum 

f r o m  ethyl e ther  solutions of such solutes a s  dimethyl beryllium, 
*. ,,,' 

beryl l ium chloride,  beryllium borohydride, and beryllium alhmino- 
9 hydride. 

Magnesium has  been deposited by electrolysis  ,of Grignard 

reagent.  157 Putnam and Kobe obtained "nearly pure" magnesium by 

the. e lectrolysis  of a .20% solution of magnesium perchlorate  in  ethylene 

diamine. 154-: Connor, Re id  and Wood descr ibed the electrodeposition 

of magnesium and magnesium alloys f r o m  various organic ba ths .  They 

reported metall ic depos'its composed of 9 070 /oknagn&sium and 1070 boron 

obta inedfrom . an . ether  solution of MgBr2 and.LiBH4. . ~ l t h o u g h  these 

deposits could not be built u p f r o m  a bath containing MgBr2, AlBr3, 

and LiA1H3, i t  was possible to get thick deposits of an alloy (770 
. 9  magne sium- 9 370 aluminum). 

Pat ten and.Mott obtained electrodeposits of s t ~ o n t i u m  f r o m  

solutions of i t s  sa l t s  in acetone. 58 Bar ium has  been electrodeposited 

f r o m  Ba(C 1 $ ) 2  in  2-ethoxyethanol (cellosolve). 
159' 



Rare-Ear th  Metals 

s e v e r a l  of the  r a r e  ear ths  have been obtained a s  amalgams by  

electrodeposition f rom aldoholic solutions by the use  of a m e r c u r y  
.: . , 

cathode.  82 . ~ & e -  ear th ddpbsits containing only 50% meta l  have been 
. . 

I . I  ' 

' obtained by cathodic r'eduction of solutions of their  s i t s  in ethylene 
. . . .  . . 

160 
d i a k i n e  and monoethanolamine. Deposits 'have. .also been reported 

f r o m  s0luti6hs of r a r e - e a r t h  n i t ra tes  in  ethylene diamine. 
. - .  

A number of workers  have obtb.iri~.A electrodepusils of alu- 
' .  . '  

~ n i n u m  using A ~ B &  and M C l  ' as solutes alone o r  in combination with 3 3 49,  5 3 ,  161- 164 
alkali halides and aucll sblvanta as ethyl bromide a i d  beniene.  

. , 

Aiurkinuk deposi ts 'descr ibed as bright and adherent have been obtained 

f r o m  an aluminum chloride-amine- ethyl e ther  'system. 1659 166 Menzel 

repor ted  having obtained aluminum deposits f r o m  baths consisting of 

aluminum chloride and xylene . 167 6epos i t s  of aluminum have a l so  

occurred  by slectrc5reduction of solutions of aluminum Grignard 
. . 

compound' in  d r y  ethyl e t h e r .  lb8 z iegle& found that solutibns of 
. .  , . 

. '  alkali-metal methyls br sodium fluoride in  aluminum alkyls m a y  b e  
. . 

' 

used  fo r  the deposition of aluminum. 169 According to Hurley and 
. . . . 

~ ' i i r  alumihuA m a y  a lso  be' depukiled ' f r o ~ n  a fused mixture  of e thy l  
. . 

pyrldinium bromide and AlCl a i d  11-0111 this mixture plus benzene 
3 

0.r toluene. 86' 17'0 ~ a f r a n c k ,  Schichner,. a i d  Faus t  reported. the 
. .. 

depositionof dense 3trong ductile aluminum 0.65 to 1.0 A m  thick 

f r o m  plating baths s imi lar  to  those i f  Hurley and Wier. 87 One m a y  

a lso  obtain electrodeposits of aluminum, although only par t ly  adherent,  
. . . '  

f r o m  a bath consisting o f  aluminum bromide dissolved in a tetraalkyl 
. . 

O lb8 Smooth ductile and coherent deposits ammonium bromide' a t  100 C. 

of aluminum may  be obtained f r o m  an e therea l  solution of A1C13 and 

LiH. This  p rocess  was developed a t  the National Bureau of Standards 

and i s  used commercial ly .  88 ,92  



Metals Obtainable f rom Aqueous Solution . . 

Many of' the common metals  that a r e  easily reduced. f rom 

aqueous solution can also be obtained in nonaqueous solvents. 

Zinc and cadmium. Zinc and cadmium have beeh obtained by electro- 

deposition f rom a lar'ge Gariety of nonaqueous solvents' suCh . a s  liquid 

ammonia, 41' 40 acetone, ' I 7  172 formamid at  ~ O O ~ C , ,  and ace tamida t  

1 0 0 ~ ~ .  85 Zing has also been depos i tedfrom pyridine solution. 
4 5: 

Tin, bismuth, antimony and arsenic .  Tin, bismuth, antimony,. and 
' 

arsenic  have been obtaiked.frdm solutions of their chlorides in  acetone 
158 

and in glacial acetic acid. '" 173 Tin has been depoiited f r o m  solutions 

in formamid and acetamid at  1 O o O ,  85 and f rom l iquid  ammonia. 
40 

' The iron transition metals .  In aqueous' solution the i ron  meta ls  a r e  

deposited with high i r revers ib i l i ty  f rom many of ' the i r  sa l t  solutions. 

Iron, nickel, and cobalt have been obtained f r o m  a wide variety of 

solvents. . Cobalt and nickel have been deposited f rom liquid. ammonia, 
41 ,40  

' a s  well a s  formamid at 10O0c, and acetamid at  . IOOOC. 85 Iron has 
158 been deposited f rom pyridine45 and acetone. 

Silver and.cdpper. As one would expect because of their  ease  of r e -  

duction, silver and copper have been obtained f rom many solvents. 

Chrbrriiumo The deposition of chromium has a lso  been reported .from 

nonaqueous solutions. 174 More effective deposits have been obtained 

f r o m  solutions containing chromium ,111 compounds than f rom those 

containing chromium VI compounds. Of the solvents t r ied,  formamid, , 
acetamid, and an acetonitri le-urea mixture were most  satisfactory. 

L e s s  satisfactory were  acetic acid and ethanhlakine;  dimethylformamid 

and acetonitri ie gave li t t le success .  

Transition Metals Unobtainable f r o m  Aqueous Solutions 

Because of the desirable  propert ies  that electrodeposits of 

cer ta in  of the. t ransi t ion meta ls  '(Ti, Z r ,  Ta, W, etc.) possess , .  ~rluch 

effort has been expended. on attempts to electrodeposit them. Lowenheim 

has reviewed the elect.rodeposition of the l e s s  common metals, ,  and 

includes many references  for the depositicn s f  these  meta ls  . f rom 



nonaqueous solvents. 175 Skin and Holt have reviewed and cr i t ical ly  

examined the published l i te ra ture  concerning the deposition of 

tantalum. They found they were  unable to electrodeposit  tantalum f r o m  

any of the descr ibed baths o r  f r o m  numerous other aqueous and non- 

aqueous solutions. 176 Brenner  and co-workers  have briefly reviewed 

the electrodeposition of titanium and zirconium f rom aqueous and non- 

aqueous media  and concluded that these meta ls  had not been deposited. 
93 up to ,  the t ime. of the i r  work. 

LxploratOry inve stf gaLiu11S. uf l l le d c P ~ s i t i a n  s f  titanium by 

Shcrfey and Senderoff a t  the  National Bureau of Standards in 1951- 

1952 indicated that i t  cannot be  deposited successfully f rom solutions 

of titanium halides in  any of the many snlvents t r ied.  . Solvents con- 

s idered included aromat ic  hydrocarbons,  halogenated h y r l r ~ c a ~ l c r a s ,  

alcohols, e the r s ,  acetone, acids,  . amines,  amides,  ni t r ides ,  
93 organometall ic solvents,  and seve ra l  inorganic compounds, , 

Recently ::.A. Brenner  and co-worlce,rs a t  ,the National Bureau 

of Standards succeeded in . electrodepositing . t i tanium and zirconium 

alloys f r o m  solutions of their  te t rachlorides  in conjunction with 

aluminum borohydride, aluminum chloride,  and lithium hydride in 

ethyl e the r  solutions.  Alloys c0ntainin.g up to 670 titanium and up to  

4570, 2pirconium were  obtained, the r e s t  of the alloy being most ly 
93 aluminum and .s,ome b o r o ~ .  

, Electrodeposition of Metals f r o m  Solutions of their  Salts 
i n  Cvclic E s t e r s  

The electroreduction experiments  were  undertaken a s  they 

were believed to be  one of the s implest  kinds of react ions that could 

be  advantageously employed in  character izing a new solvent. A l -  

though quite qualitative in nature,  they provide information concerning 

species  present  and indicate the range of meta ls  that may  be  electro-  

deposited f r o m  propylene carbonate solutions. Because of the 

s imi lar i ty  between propylene carbonate and ethylene carbonate,the 

r e su l t s  a r e  a,lso expected to apply closely to ethylene carbonate 



solutions. .  Somewhat s imi lar  resul t s  a r e  expected.to apply to the .lactones 

that were  studied. , The exper.imenta1 procedure and equipment used was 

that described on page 23 . 
Lithium was obtained by .electrolysis f rom a saturated solution 

of lithium bromide. Metal was deposited with .only slight evolution of 
2 

gas at  cur rent  densities a s  low a s  1 ma/cm . The electrodeposition 

of the lithium distorted the electrode (0.06 m m  thick) and.caused i t  to 

'curve convexly toward the side on which the electrodeposition was 

taking place. 

By the electrolysis of a solution of sodium iodide in unpurified 

propylene carbonate containing about 0.270 water  and 0.5 to 170 of 

organic impuri t ies ,  metallic sodium was not obtained. Small amounts 

of sodium were  produced af ter  the addition of anhydrous A1C13. F r o m  

the same  quality of propylene carbonate smal l  amounts of sodium were  

obtained f rom NaBF4 solution. By-the electrolysis  of a solution of 

sodium iodide in carefully puried propylene carbonate no deposit was 

obtained a t  cur rent  densities up to 3 ma/cm2,  but a light grey layer  of 

sodium was deposited a t  a current  density of 10 ma/cm2 with the evolu- 

tion of a smal l  amount of gas .  

Potass ium.was  not obtained..at cur rent  densities up to 5 ma/cm 
2 

f r o m  a saturated solution of potassium iodide in propylene .carbonate, 
2 

but was produced a t  a current  density of 20 ' m a / c m  , again with.the 

evolution of a few bubb1e.s. 

. Sodium and.potassium were  also successfully deposited f rom 

other cyclic esters':.. A solution of sodium iodide in ethylene carbonate 
0 

w a s  electrolyzed. a t  a temperature between 40 and 60°. . Although no 
2 

deposit was obtained. a t  cur rent  densities up to 2 .ma/cm , a powdery 
L 

deposit was electrodeposited a t  a current  density. of 15 ma /cm 

Electrolysis  for  a short  t ime a t  a higher current  density gave enough 

.sodium to produce a yellow flame when the electrode was immersed  in 

water .  Metallic sodium was a lso  obtained f rom a saturated.solution 

of sodium iodide  in  y-valerolactone. A greyish crystall ine deposit 

was produced at. a current  density of 30 ma/cm2,  but none was obtained 



L 
a t  3 ma /cm . Only'.gas evo~lution was observed.at  the cathode when 

enough water  was added to  make i t s  concentration 0.7570 and the 
2 

solution was electrolyzed at  50 ma /cm . With a saturated solution of 

potas s ium iodide in  y -valerolactone only relatively smal l  amounts of 
2 

potassium were  produced at  cu r ren t  densit ies between 40 and 100 ma /cm . ., 
A few gas bubbles were  observed. 

No deposit of magnesium occurred  when a solution of magnesium 

bromide in"propylene carbonate was electrolyzed a t  cu r ren t  densit ies 
2 

up to 35 ma/cm . In one case  a sma l l  amounl: @I gelatirlous precipitate 

appeared on the cathode. A few bubbles were  a l so  observed on the 

cathode. 

Solutions of ca lc iur~l  br olnide ill propylene carbonate,  some 

of which had been t rea ted  with calcium hydside, were  electrolyzed 
2 a t  cu r ren t  densi t ies  up to 50 ma /cm . No conclusive evidence of 

me ta l  deposition was obtained. Significant bubble formation a t  the 

cathode was not observed during electrolysis  except when 0.5% water 

was added to the catholyte. 

No deposition of aluminum was produced f rom AlC13 solutions 
2 

in propylene carbonate a t  cu r ren t  densi t ies  up to  125 m a / c m  During 

e lec t ro lys is  s o m e  bubbles were  observed on the cathode. 

F r o m  an "4OU/o saturated solution o f  zinc chloride in  propylene 

carbonate,  a grey  crystal l ine adherent deposit of zinc was obtained a t  a 
2 

current  density.of 5 m a / c m  

Cadmium was obtained a t  low cur ren t  densi t ies  f rom solutions of 

cadmium iodide in  both propylene carbonate and y -butyrolactone . 
Metallic i ron  was produced by electrolysis  of 

a solution of f e r rous  iodide in propylene carbonate;  deposits were  
2 

obtained a t  cu r ren t  densi t ies  l e s s  than 30 m a / c m  . F r o m  a solution 

of manganous bromide in  propylene carbonate,  manganese electro-  
2 

deposited in the f o r m  of dark  nodules a t  a cu r ren t  density of 5 m a / c m  

Cobalt was obtained a s  a nonuniform, moderately adherent deposit 

when a solution of cobaltous chloride in propylene carbonate was 
2 e l e c t ~ 0 1 y ~ ~ t d  a t  a cu r ren t  d-ensity of 4 m a / c m  . 



Titanium was not obtained electqolytically f rom a solution of 
2 

TiBr4 in propylene carbonate at current  densities up to 32 ma/cm , 
nor f rom the solution resulting when sodium borohydride reacted with 

a solution of TiBr in propylene carbonate. 4 
A solution of niobium pentachloride was electrolyzed without 

2 deposition a t  current  densities up to 7 ma/cm . Niobium penta- 

chloride in solution was reacted with sodium borohydride in propylene 

carbonate. The resulting solution, virtually a nonconductor, was 

electrolyzed at current  densities of 1 ma/cm2 without apparent success 

, ~ l e ~ t r o l ~ s i s  of a propylene carbonate solution of UC l4 gave 
2 no evidence of depositing metal at  current  dtnsi t ies  up to 15 ma/cm 

Electrolysis in the presence of potassium iodide or .sodium chloride 

apparently gave .only. trace's of the alkali metals.  . , 
. , 

. B.ismuth was obtained-from a solution of bismuth.trichloride 'in 
.2  

propylene carbonate by.electro1ys.i~ a t  a, current  density of 1 ma/cm . 
. The deposit .was'matte black: and easily burnished to a metallic lus ter .  

. From the viscous 'and saturated (or nearly. so)  propylene ca r  - 
bonate solution of lead iodide and potassium iodide, (mole rat io 

Kl:Pb12. = 0.738i1) a l e s s  viscous solution containing about 20 g lead 

iodide p'er 100 g of solvent was prepared. When this solution was -. 
L electrolyzed. a t  a current  density of 2 ma/cm by. the use of a platinum 

=athode, a deposit of lead was obtained on widely spaced nuclei. The 

distance betkeen the nuclei varied.from about 1/10 mm. to  1 mm. 

. Electrolysis of a propylene carbonate solution of stannic 
2 chloride .a t  cuprent densities up to 6 ma/cm gave no evidence:of 

metal deposition. 



The.alkal i  meta ls  were.  readily.:obtained . . by .. electrolysis f rom 

solutions of their .halide . ,s,alts . jn propylene carbonate,  but the . , .  alkaline 

ea r th  metals  were  not deposited . . under like conditions. . The .free 
0 energies,.of formation a t  25 of .CaBr and.MgBr2.are almost  twice 

: 2 
the value. for  the f r e e  energy:of . . formations of, LiBr,, NaI, and. KI. On 

this  bas is  one would expect that because the alkali metals  can be de- 

posited f r o m  propylene ,carbonate solutions, of their-  salts, .  calcium and 

magnesium will a l so  be deposited ... The nondeposition of magnesium and 

, . .calcium may .best be explained by the. existence of a high overvoltage, 

for .  metal  deposition. . Aluminum, which. one would expect to  be deposited 

a t  a lower potential than Li ,  Na, ;or K on the bas is  of i t s  f r e e  energy-of 

formation, is not deposjted. This also . . is du.e.to,a.high overvoltage. for 

pro'cess of metal  deposition. .If reduction of ions of titanium, niobium, 

uranium, and tin of higher valence. to, species of lower valence 

proceeds more .  rapidly- than the reduction of species of higher valence 

to metal ,  no deposition of.meta1 ,will be observed,.until a l l  of the high- 

valence species  has  been reduced., In the exploratory electrodeposition 

experiments ,  only a smal l  fraction of Lhe 1neta1 ions present  could 

have been reduced to a lower valance state.  If reduction to the metal  

proceeds through an intermediate  lower valence s tate ,  electrodeposition 

will no$ occur .if  any s tep in the p rocess  . .. has so  high an  activation 
. . ,  . 

p"t.ential that the s ~ l v e n t  would be destroyed . f i rs t . .  . F o r  tin either of 

these possibilities may  .be t rue .  . .  In . aqueous solution, deposition of tin 

doubtless passes  through the divalent state.  The reduction f rom tin 

(IV) to t in  (PI) i s  i r r eve r s ib le ,  but the reduction f rom t in (11) to meta l  

.is reversible.. 177 

' A. Brenner  divides the metallic elements into two groups: 

(1) those which may  be electrodeposited f rom aqueous solution, 

and (2) those which cannot be so electrodeposited. This latter: 

group he further  subdivides into two groups depending upon the cause of 

the inability to be deposited f rom aqueous solution. In  the f i r s t  group, 



the inability to be  deposited s t ems  f r o m  being unable to  reach a high 

enough electrode potential taddeposit the meta l  because of hydrogen 

evolution; in the second a high activation potential in the electro-  

deposition process  prohibits a deposition that otherwise would be 

thermodynamically possible.  9 1 

To the f i r  s t  subgroup belong lithium, sodium, potassium, 

magnesium, calcium, and possibly aluminum and beryllium. The 

alkali meta ls  may be electrodeposited f r o m  a ra ther  l a rge  variety of 

organic solvents in which the hydrogen i s  m o r e  tightly bound. than in 

water ,  

To  the second subgroup probably belong molybdenum, 

tantalum, niobium, zirconium, hafnium, vanadium, tungsten, and 

titanium. Est imates  of the electrode potential of molybdenum and 

tungsten in  aqueous solution indicate that i t  should be thermodynamically 

possible to electrodeposit  these meta ls  f r o m  aqueous solution. 9 1 

Brenner  concludes that the p r i m e  factor which de termines  

whether a solution will conduct o r  whether a meta l  can b e  deposited 

f r o m  i t  i o  not thc dielectric colistallt. ul Lhe sulvent. ur Lhe c rys t a l  

s t ruc ture  of the compound, but the chemical nature of the solvent and 

solute combination. An example is the c a s e  of the aluminum hydride 

plating bath. The two components AlC13 and LiAlH4 when dissolved 

separately in ether  give a poorly donducting solution, but when they 

a r e  mixed the resu l t  i s  a good conductor which gives good deposits 

upon electrolysis .  To f o r m  a plating bath, a loose complex mus t  

f o r m  between solute and solvent. The solution will not be a conductor 

i f  a complex does not form.  However, i f  the complex is too stable 

conductivity may occur,  but not meta l  deposition. Ethyl e ther  was 

found to be the bes t  organic solvent for  the deposition of the me ta l s  which 

Brenner  e t  al .  have studied (Mg, Be, Ti ,  Al, and Z r ) .  Only a few of 

the many,conducting solutions obtained with a var iety of organic solvents 

yielded meta l  on electrolysis .  91 ' 

. E. H. Lyons has  investigated the deposition of meta ls  f r o m  

aqueolJs solutions with special  re ference  to the electrcnic  s t ruc tu re  



of complexes that exist in iblutioh; 178- l8 1 H e  concludes tha t  only 

those metals. that fb rm outer orbital complexeslB2 will be: reversibly 

deposited from aqueous solution. Those that form inner orbital com- 

plexes182 will in general not be deposited, o r  will be deposited only 

with a high degree of irreversibility (high overvoltage) from:aqueous 

. . . solution. '. 

Lyons and P a r r y  l i s t  Ti,. V, Zr ,  Nb, Mo,. Hf, Ta,. W, Th, Pa ,  

and U as forming only inner orbital complexes. 183 In view of this i t  
/ 

is lrul surprising that in aquoouo eolutiono these metals rannnt, he 

deposited, We may assume that in psapylene carbonate solutions 

because of a high activation energy for deposition resulting f rom an 

inner orbital eonfiguration, the solvent is decomposed before the 

mela1 is deposited at a finite rate. 

. These qualitative electrodeposition studies have shown that these 

solvents-ethylene carbonate, propylene carbonate, y-butyrolactone, 

and. y-valerolactone- a r e  promising a s  ionizing media for carrying 

out el.ectrochemical reactions. The need .for further stu-dy af several 

aspects of electrodeposition i s  .indicated. . A detailed.and quantitative 

investigation of the deposition and solution of rrietals in these solvents 

would be desirable, a s  would be a study of the oxidation and reduction 

products of the solvent itself. 
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. : SUMMARY 

The five-membered cyclic e s t e r s ,  ethylene carbonate,  

: propylene carbonate,  y-butyrolactone, and y-vale-rolactone, have been 

charac ter ized .as  solvents for electrochemical  reactions.  . They possess  

the following desirable  propert ies:  . low vapor p r e s s u r e s ,  .relatively 

low toxicity, high chemical stability, -high dielectr ic  constants, and 

high solvent power for  cer ta in  ionic sal ts .  In addition, they a r e  

relatively nonreactive with anodically l iberated halogens. Such 

propert ies  ar'e desirable  in  an easi ly handled nonaqueous ionizing 

medium. 

The solubi1iti.e~ and conductivities of saturated solutions of a 

l a rge  number of both covalent and ionic inorganic compounds were  

determined. Of the ionic halides, the bromides and iodides were  

found to be  the mos t  soluble. 

The variation of solvent power of the solvent was discussed 

with reference to the solvent variables ,  dielectr ic  constant, solvent 

s ize,  dipole moment,  and .charge distribution. . Contrary to p re -  

dict ions~-of  many solubility theories ,  the solubility 'of ionic sal ts  was 

not found. to be a smooth function of the dielectr ic  constant. As could 

be expected, a number of relatively covalent halides such a s  FeC13, 

A1C13, NbC15,, and.TiBr4 we.re found to be quite soluble. 

A study of the dependence of conductivity upon concent'ration E 
indicated that cer ta in  alkali halides behave. a s  strong electrolytes 

in both propylene carbonate and y-butyrolactone. - Fur ther  studies of 

solubilities and conductivities in these solvents seems  desirable ,  both 

with reference to  additional solutes .and the use  of these solvents with 

various substituted groups. 

The electrolysis  of a variety of inorganic compounds further  

character ized.  these solvents a s  ionizing media.  In addition to many 

of those meta ls  that a r e  reducible f rom aqueous solutions, cer tain 

of the very  electropos.itive elements (Li,  .Na, and K) were  also de- 

posited. 
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. .  . . . 

Because these solvents possess  good .solvent power for  a g rea t  
. . . 

number of other  organic compounds, they m a y a l s o  prove very  useful 

for  the preparat ion of organic dompounds .by the electrolysis  of suitable 

soluble intermediates ' .  ,With fur ther  investigation .these solvents m a y  . 

prove to be  advantageous for  the electrowinning of pure  meta ls  o r  the 
' 

. . hlating of prbtective f i lms.  " It i s  unfortunate that although a grea t  

deal  of work has  been done in aqueous sys tems,  s o  l i t t le  has  been 

done in nonaqueous solutions. It i s  believed that studies in solvents 

other  than water  will facilitate the bet ter  understanding of e lectro-  

chemical p rocesses  in  aqueous solutions. 
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. ,. . ... . . Symbol-s ,and. Abbreviations : .. : 

A constant of Onsager  equation' 

B constant of Onsager  equation , 

C. concentration moles/ l i ter  I. r . ,. . _. ... . : _ . - ,  
. . 

. . . . .  . 

. . . .  :.D , ' Debyeunits  : .  . . : .  ,..; . . . >  - . . .  ....... % .  . 

M molar  -- . . 

N mole. fraction 

Avagadrut'  s n u r ~ l b e r  
N ~ v  

number of mol.ccules pe r  c m  
3 

Ni 
S solubility 

T degree$Kelvin  

e electronic charge 

k.. Boltzman' s constant ' 

0 25 
refract ive index, D line. i t  2 5  C 

n~ 
r radius of ion 

charge of ion 

equivalent conductance 

equivalent conductance a t  infinte dilution 

hypothetical equivalent conductance i f  a l l  of a weak 
electrolyte had ionized 

used in Shedlovsky extrapolation defined by Eq. (8) 

ohm 

degree of dissociation . 

dielectr ic  constant 

dielectr ic  constant a t  infinte frequency 

specific donductiaity 

. dipole moment 

numerical  constant for.  a given equation 



APPENDIX I1 

Sources and.Purity.  of Salts 

.Salt Pur i ty  Source 

BiC13 .. Reagent . Baker and Adamson 

. .CaBr2 . 2H20. Reagent G.enera.1 Chemical Division 

CaC12 Reagent ' . . . Allied: Chem.. and, Dye. Corp. 

. CdCIZ . 2$H20 . Reagent.. ..' ::: ., .N.ew. York, N. Y. 

Reagent . 

KBr Reagent 

MnC12.. 4H20 Reagent 

NiC12 . 6H20 Reagent 

': Tech. 

. Cd12 ,.Reagent J. T. Baker: Chem.. Co.. , 
Phill ipsburg,.  N... J.* . 

... - 
' . MC13 C . P .  

. 
CuCl, . 6H20 %. P.. 

LiCl C .  P. 

NaF  C .  P. 



, APPENDIX 11 (cont'd) 
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: . . '., . Sources and. Pur i ty  of Salts 
. . . .  

I 

. . .  . . . . . . . .  

Salt 
. . .  
Pur i ty  

Reagent Matheson, Coleman, and 
. Bcll Div, 

. . . . . . .  . . .  . . . . .  . . . The. .Matheson... Company, inc 
. . .  . . 

. . .  East  Rutherford, N. J. 
r . . , ,  . . . 

Eischer  Scientific Go. 

NaI . .  .. C ~ P .  Pittsburgh, P a .  ., 

, . . , . .  . . 
NaOMe P u r e  - 

. . . . . .  Ca(RF4)z . ' . T'echnical " Kawecki Chem. Co. 

P.O..  BOX 57 . 

Boyeit.nwn, Pa. .  

. . .  
. . . . .  . . . . .  . , N ~ S ~ F .  : .; Technical Braun-KnechbHeimann Co. 

6 . . .  
, . . . . San Francisco ,  Calif. 

P u r e  Eimer.  and Amend 

New York, . N.. Y. 

F e B r Z  Powers  - Weightman- 
Rosengarten Coo 

Philadelphia, P a .  

+ 
. . . . . .  

. B ~ B = ~  . xH20  mend Drug and.. Chemical. .Coo 

114-  119 Eas t  24th St.  

P u r e  New York .lo, N. Y. 
Li I 
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APPENDIX I1 (cont'd) 

Sources and Pur i ty  of Sal ts  

Salt Pur i ty  . Source 

Mallinkrodt Chem.. Works 

St,  ~ o u i s  and New .York .: Reap111 

Obtained through the 
courtesy of Stauffer 
chemica l  Co. 

Richmond, Calif. 

NaBr 

ZnC12 

Reagent . Merck and Co. Inc. 

C O P .  Rahway, N. J. 

. City.Chemica.1 Corp. 

132 West 22nd St. 

New York 11, N.Y. 

. . 

UC14 L A. D.. Mackay Inc. 

198 Broadway . 
. .  . 

New York, N. Y. 
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