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SIMMY

The work described  in  th is  th e s is  i s  mainly concerned w ith 

measurements of the  s o lu b i l i ty  of s i lv e r  ch lo rid e  in  heavy w ater 

and in  formamide, a t  various ch lo rid e  concen tra tions and 

tem peratures. A radiochem ical technique has been developed, 

whereby s i lv e r  ch lo rid e  la b e lle d  w ith  silver-llO m  i s  measured 

fo r  i t s  gam m a-activity. The beat of p re c ip i ta t io n  of s i lv e r  

ch lo rid e  in  forraamide has a lso  been measured a t  15° and 25°C- 

The s o lu b i l i ty  da ta  have been analysed to  y ie ld  s o lu b i l i ty  

products and equ ilib rium  constan ts fo r  th e  form ation of 

complexes. The heats of so lu tio n  of s i lv e r  ch lo rid e  in  heavy 

w ater and in  formamide have been c a lc u la ted  from th e  tem perature 

dependence of th e  s o lu b i l i ty  p roducts. The value in  heavy 

w ater i s  in  c lo se  agreement w ith  a published  c a lo rim e tr ic  f ig u re . 

The value in  formamide i s  in  s a tis fa c to ry  agreement w ith  the 

p re sen t measured heat of p re c ip i ta t io n . A ll of the  heats of 

so lu tio n  are endôtherm ic; b u t are le s s  endothermie in

, formamide than in  w ater. Other re le v a n t thermodynamic 

q u a n titie s  have a lso  been c a lc u la te d  fo r  comparison w ith  the 

corresponding values in  w ater. The r e s u l ts  suggest th a t  the 

amount of und isso c ia ted  s i lv e r  ch lo rid e  i s  sm aller in  heavy 

w ater, b u t g re a te r  in  formamide, than in  w ater.

P relim inary  emf measurements in  hydrochloric ac id  so lu tio n



in  formamide, ueix^ hydrogen, cadmium |cadmium ch lo rid e  and 

s i lv e r [ s i lv e r  ch lo rid e  e lec tro d es  ore p resen ted . The s tandard  

p o te n t ia l  of the  s i lv e r  [ s i lv e r  ch lo rid e  e lec tro d e  a t  25°C i s  in  

f a i r  agreement w ith th e  av a ilab le  l i t e r a tu r e  values.

—oOO”
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C H A P T E R  I  

In tro d u c tio n  to  the  P resen t Work

S tud ies  of th e  behaviour of aqueous so lu tio n s  of both 

e le c tro ly te s  and n o n -e le c tro ly te s  have been, and s t i l l  a re , a 

su b jec t of major im portance. Recent years have produced a 

w ealth of inform ation  concerning to p ic s  such as the s tru c tu re  of 

w ater, the e f f e c t  of so lu tes  on the s tru c tu re  of w ater, and the 

in te ra c tio n s  between so lu te  and so lv en t. Water as a so lven t i s  

unique fo r  having a good so lven t power, high m elting and b o ilin g  

points^low  d e n s ity , high d ie lec tr ic  constan t and a maximum 

d en s ity  a t  4°C. Tn consequence, the major s tu d ie s  of e le c tro ly te  

so lu tio n s  have been d ire c te d  towards the  behaviour of aqueous 

r a th e r  than non-aqueous systems. Aqueous so lu tio n s  of e le c tro ly te s  

have thus been ex ten siv e ly  in v e s tig a te d  by a vdde v a r ie ty  of 

techn iques, includ ing  sp ec tro sco p ic , conductom etric and 

thermodynamic measurements.

I t  i s  because of the unique p ro p e rtie s  of water th a t  

corresponding measurements in  heavy w ater are of in t e r e s t ,  so 

th a t  d i r e c t  comparison may be made. Heavy w ater has s l ig h t ly  

more s tru c tu re  than l ig h t  water s in ce  the deuterium bond i s  

s l ig h t ly  s tro n g er than a hydrogen bond. However, d iffe ren ces  

in  various p ro p e r tie s  of so lu tio n s  in  w ater and heavy w ater are



usu a lly  sm all, and are probably due to  s t r u c tu ra l  e f fe c ts

since the d ie le c t r ic  constan ts  are almost the same in

each case. S tu d ies  of e le c tro ly te  so lu tio n s  in  heavy

w ater are r a th e r  l im ite d , bu t se v e ra l recen t examples

are o u tlin ed  in  the follov/ing ch ap ter. There appear,
l ,2 & ,b ,c

however, to  be sca rce ly  any s tu d ie s  of io n ic  e q u il ib r ia  

o ther than measurements of th e  d is so c ia tio n  co n stan ts  of 

weak acids in  heavy w ater. Hence, l i t t l e  i s  known of 

the  ex ten t of complex form ation or of io n -p a irin g  in  

heavy w ater as compared w ith w ater.

Although sev era l s tu d ie s  of th e  s o lu b i l i t i e s  of 

appreciably  so lub le  e le c tro ly te  in  heavy w ater have been 

made, sca rce ly  any data  on th e  s o lu b i l i t i e s  of sparing ly  

so lub le  e le c tro ly te s  e x is t .  S o lu b il i ty  s tu d ie s  of 

sparing ly  so lub le  s a l t s  can y ie ld  inform ation concerning 

the  form ation of complexes in  so lu tio n , and th i s  i s  

la rg e ly  the purpose of the work described here. The 

p resen t study c o n s is ts ,  in  p a r t ,  of radiochem ical 

measurements of the  s o lu b i l i ty  of s i lv e r  ch lo rid e  in  

heavy w ater a t  various ch lo rid e  concen tra tions and 

tem peratures. S ilv e r  c h lo rid e  was chosen s ince i t s  

s o lu b i l i ty  has been r e l ia b ly  s tu d ied  in  water^*^ and 

because i t  i s  known to  form complexes of th e  type AgCl, 

AgCl2 e t c . , in  w ater. The s o lu b i l i ty  da ta  can then



be analysed to  y ie ld  equilibrium  co n stan ts  fo r  the 

form ation of such complexes, to g e th e r  w ith  the s o lu b i l i ty  

product Kg, defined  by

Ks = [ci"^ ^AgCl

where [  1 denotes m o la lity  concen tra tion

denotes th e  mean io n ic  a c t iv i ty  c o e ff ic ie n t. 

The s o lu b i l i ty  product i s  r e la te d  to  th e  s tandard  

f re e  energy of so lu tio n  ^  G® by

4  G® = -  RT In  Kg (1)

and i f  th e  s o lu b i l i ty  product i s  measured over a 

range of tem peratures, th e  s tandard  heat of so lu tio n  

AH®* can be determined from th e  r e la t io n

£>lnKs = (2)

Furtherm ore, the  d iffe re n ce  between the f re e  energy 

of so lu tio n  of s i lv e r  ch lo rid e  in  the  so lv en ts  i s  equal 

to  th e  d iffe ren ce  between the  f re e  energy of so lv a tio n  

in  th e  two so lv en ts  s ince  th e  l a t t i c e  f re e  energy i s  the 

same in  each case. S im ila r co n sid e ra tio n s  apply to

d iffe re n c es  in  heats of so lu tio n . Hence, thermodynamic 

inform ation  concerning changes in  so lv a tio n  in  going 

from one so lven t to  ano ther, may be obtained.

Next to  w ater, the most common c la s s  of so lv en ts



used in  e le c tro ly te  s tu d ie s  c o n s is ts  o f w ater + organic 

so lven t m ixtures e .g . w ater + dioxan or w ater + e thano l. 

Here in te r e s t  cen tre s  around th e  change in  so lv a tio n  due, 

a t  le a s t  in  p a r t ,  to  th e  changes in  th e  d i è l ^ r i c  co n s tan t, 

s in ce  by a l te r in g  com position, d ie le c t r ic  constan t can be 

a lte re d . S tud ies  o f e le c tro ly te  so lu tio n s  in  com pletely 

non-aqueous so lv e n ts , although becoming more abundant, 

are s t i l l  r a th e r  l im ite d . There i s  however a steady 

accumulation of data fo r  a p a r t ic u la r  c la s s  of so lv en ts , 

namely th e  amides of th e  lower f a t ty  ac ids e .g . 

formamide and N-methyl formamide. These so lven ts  are 

e i th e r  l iq u id s  of high b o ilin g  p o in t ear so lid s  of low 

m elting p o in t. They have very high d ie le c t r ic  constan ts  

and are good so lven ts  f o r  many e le c tro ly te s .  The low est 

member, formamide (HCONH2) shows many s im i la r i t ie s  to  

w ater. I t  i s  s tro n g ly  hydrogen bonded g iv ing  r i s e  to  

i t s  high b o ilin g  p o in t and d ie le c t r ic  constan t ( a t  25°C 

d ie le c t r ic  co n stan t a 109 compared w ith  78*3 in  th e  case 

of w a te r). I t  w i l l  d isso lve  most compounds which are 

w ater so lub le  and can so lv a te  ions more s tro n g ly  than 

w ater as shown by measurements of heats and f re e  

energ ies of so lu tio n . E le c tro ly te s  which a re  f u l ly  

d isso c ia te d  in  w ater appear to  be f u l ly  d isso c ia te d  in  

formamide, as in d ica ted  by conductance d a ta . However, 

un like w ater, i t  i s  unstab le  and decomposes on heating .



Some o f  th e  i n t e r e s t i n g  s tu d ie s  o f  e l e c t r o l y t e  

s o lu t io n s  in  form am ide and r e l a t e d  s o lv e n ts  a re  d is c u s s e d  

in  C h ap te r  I I I .  The rem a in d e r  o f  th e  a u th o r ’ s work 

d e s c r ib e d  in  t h i s  t h e s i s  c o n s is t s  o f ra d io c h e m ic a l 

m easurem ents o f th e  s o l u b i l i t y  o f s i l v e r  c h lo r id e  in  

form am ide a t  v a r io u s  c h lo r id e  io n  c o n c e n t r a t io n s ,  and 

te m p e ra tu re s  to g e th e r  vj±th c a lo r im e tr ic ^ a n d  p re l im in a ry  

emf m easurem ents in  form am ide. Such m easurem ents a re  

no t T /ith o u t ( d i f f i c u l t i e s .  Owing to  th e  th e rm a l 

i n s t a b i l i t y  o f th e  s o lv e n t ,  i t  i s  n o t p o s s ib le  t o  make 

s o l u b i l i t y  m easurem ents a t  h igh  te m p e ra tu re s .  The 

r e s u l t s  a t  35^0 show a g r e a t l y  in c r e a s e d  s c a t t e r  over 

c o rre sp o n d in g  m easurem ents in  w a te r  o r heavy w a te r ,  

d e s p i te  th e  h ig h e r  s o l u b i l i t y  in  form am ide.

Formamide was chosen  f o r  s tu d y  s in c e  i t  i s  cheap 

and r e a d i l y  a v a i l a b l e ,  and b e c a u se  a c o n s id e ra b le  

number o f s tu d ie s  have a lr e a d y  been  made w ith  t h i s  

s o lv e n t .  S i l v e r  c h lo r id e  was a g a in  ch o sen , s in c e  

th e r e  av.< v e ry  > d a ta  f o r  s p a r in g ly  s o lu b le  s a l t s

in  formamide and s in c e  we w ish ed  to  s tu d y  th e  e x te n t  o f 

complex fo rm a tio n  in  a s o lv e n t  m t h  a d i e l e c t r i c  c o n s ta n t  

g r e a t e r  th a n  t h a t  o f w a te r . The m easurem ents a r e  a ls o  

o f  i n t e r e s t  s in c e  i t  has been  found^*^ (an d  we have 

co n firm ed ) t h a t  th e  s i l v e r / s i l v e r  c h lo r id e  e le c t r o d e  

f u n c t io n s  s a t i s f a c t o r i l y  in  form am ide.



C H A P T E R  II

Previous S tud ies of Behaviour of E le c tro ly te s  in

Heavy Water

2 .1 . S tru c tu ra l  Model of Water

L iqu id  w ater i s  a unique so lven t possessing  abnormal 

p ro p e r tie s .  For example i t s  m elting p o in t ,  b o ilin g  p o in t, 

heat of v ap ourisa tion  and heat of fu sio n  are  a l l  higher than 

would normally be expected from th e  hydride compounds of th e  

o ther members of the oxygen fam ily e .g . ,  hydrogen su lph ide .

The s u b s ti tu tio n  of deuterium fo r  hydrogen in  the  w ater 

molecule does not appreciably  change the  in t^m olecular 

d is tan ces  ( th e  bond d is tan ce  D -  0 i s  10"^ A° longer than th a t  

of H -  0 in  l iq u id  w ater 7) and has l i t t l e  e f f e c t  on th e  natu re  

of the bond fo rce s . Hence proposed s tru c tu re s  of l ig h t  w ater 

are equally  app licab le  to  heavy w ater. However, th e  0 -  D 

bond i s  s l ig h t ly  s tronger than th e  0 -  H bond leading  to  th e  

more s t r u c tu r a l  order in  heavy w ater than in  l ig h t  w ater.

B ernal and Fowler® were the f i r s t  to  propose a theory , based  on 

X -ray d if f r a c t io n  s tu d ie s , th a t  l iq u id  w ater, over a sh o rt range 

and fo r  a short tim e, r e ta in s  the  te tra h e d ra l ly  co -o rd ina ted  

s tru c tu re  of ic e ,  to g e th e r w ith a c e r ta in  percentage of monomer 

w ith  no hydrogen bonding. The most im portant fe a tu re  i s  th e



assumption of th e  form o f quartz  s tru c tu re  in  li-quidL

w ater, due to  hydrogen bonds which break  w ith a r i s e  in  

tem perature. Such a s tru c tu re  exp la ins the abnormally high 

b o ilin g  p o in t o f w ater. However, l a t e r  X -ray s tu d ie s  of 

l iq u id  w ater provided evidence which c o n trad ic te d  B ernal and 

Fow ler’s model. In  1950, Pople^ suggested th a t  when ice  

c ry s ta ls  melt to  l iq u id  w ater, the  hydrogen bonds are  not 

broken bu t ben t (26® a t 0°C and 30° a t  100°C) although th ese  

bonds are r ig id  in  ic e .  T herefo re , the l iq u id  s ta te  o f th i s  

model co n s is ts  of an ir r e g u la r  arrangement of w ater molecules 

w ith ben t hydrogen bonds.

X -ray s tu d ie s  of hydrates supp lied  a new model fo r  the  

te tra h e d ra lly  co -o rd inated  s tru c tu re .  Pauling^® suggested th a t  

in  hydrates such as CĤ .̂ 6H2O, CI2. 8H2O, th e  w ater molecules 

are | hydrogen bonded in to  a la rg e  oagelike

s tru c tu re , in  which the CI2 or CĤ  ̂ molecule i s  held . Such 

compounds are c a lle d  c la th ra te s .  Pauling then proposed th a t  

these  hydrated compounds rep resen ted  a type of hydrogen bonded 

s tru c tu re  in  l iq u id  w ater i . e . , w ater being both  guest and 

host in  a te t ra h e d ra l ly  hydrogen bonded pentagonal dodecahedral 

l a t t i c e .  In  each dodecahedral cage th e re  are 46 water 

molecules p e r u n it in  the  hydrogen bonded cage s tru c tu re  w ith  

8 ad d itio n a l w ater molecules forming no hydrogen bonds. This 

model p re d ic ts  a d ensity  of 1 .0  gn/co . However, th e re  has



8

been c r i t ic is m , on the  grounds th a t  the model i s  too  r ig id  to  

account fo r  the  observed f lu id i ty  of l iq u id  w ater.

Prank and Wen^^ used Pople’s model w ith some m odifications 

to  describe  the  non-hydrogen bonded w ater m olecules. They 

assumed th a t  th e  l i f e  time of the  c la th ra te  s tru c tu re s  are as 

sh o rt as 10“^^ seconds and described  them as " f lic k e r in g  

c lu s te r s ” . Frank and Wen’s model i s  described  as "dynamic” 

or "co -o p era tiv e” , i . e . ,  they p o s tu la te d  th a t  in  most cases 

when one hydrogen bond breaks then ty p ic a l ly  th e  whole c lu s te r  

w il l  be destroyed. E qually  the  form ation of one hydrogen 

bond can cause th e  form ation of a whole c lu s te r .  Consequently, 

h igh ly  hydrogen bonded, short l iv e  c lu s te r s  are embedded in  

the l iq u id  among non-hydrogen bonded molecules which in te ra c t  

by means of d ipole  fo rce s  only. The c lu s te r s  are presumably 

compact in  shape s in ce  th is  g ives maximum s ta b i l i ty .

R ecently  Neraethy and Scheraga^^ have app lied  a m odified 

form of Frank and Wen’s f lic k e r in g  s tru c tu re  of w ater to  heavy 

w ater. They computed the  thermodynamic p ro p e rtie s  of l iq u id  

w ater from the p a r t i t io n  function  of a l a t t i c e  th a t  contained  

m olecules w ith zero to  fou r hydrogen bonds i . e . ,  th e re  are  5 

d i f f e r e n t  energy s ta te s ,  eq u ally  spaced, ranging from the 

low est energy le v e l ( f u l ly  hydrogen bonded molecules in  ic e  or 

in  c lu s te r s  in  th e  l iq u id )  to  th e  h ighest le v e l which i s  due 

to  the non hydrogen bonded sp ec ie s . Since th is  model was



independent o f volume, they  were ab le  to  deal only w ith  

s t r i c t l y  therm al p ro p e r tie s . When th i s  theory  was extended 

to  apply to  l iq u id  heavy wate]A^, th e  d iffe ren ce s  in  masses and 

the  re s u l t in g  iso tope  e f f e c t  on th e  v ib ra tio n a l  frequencies o f 

molecules were taken in to  account. Their conclusions in d ic a te  

th a t  more s t r u c tu r a l  order e x is ts  in  heavy w ater than in  l ig h t  

w ater and th is  argument i s  supported by o th e r w ork^"^5.

Other w orkers, ^6-18 have been su ccessfu l in  applying the  

s ig n if ic a n t  s tru c tu re  theory^^ to  water* Each group used 

d if f e re n t  models of w ater and d if fe re n t  approaches. They were 

ab le  to  exp la in  and p re d ic t  c e r ta in  p ro p e rtie s  of l iq u id  w ater 

and heavy w ater such as th e  en tropy , heat cap ac ity , molar 

volume, vapour p ressu re .

There a re , in  g en era l, two main approaches to  describe  

l iq u id  w ater, " th e  un iform ist"  or "average approach" and th e  

"m ixture approach". The form er assumes th a t  l iq u id  w ater i s  

composed o f w ater molecules which have more or le s s  the  same 

p ro p e r tie s .  The "m ixture approach" assumes th a t  th e re  are a t 

l e a s t  two c la s se s  of w ater m olecules, such th a t  w ith in  a given 

c la s s  th e  molecules are behaving in  a s im ila r  manner. There 

w il l  be exchange reac tio n s  between th e se  c la s se s  so th a t  a 

time average must show a l l  th e  molecules to  have th e  some 

p ro p e r tie s . B ernal and F ow ler's  and P o p le 's  model f a l l  in to  

th e  f  ormer c la s s  whereas the o thers  belong to  the  l a t t e r .
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There are two p o in ts  to  be made so f a r  as the  "uniform" models 

are concerned. F i r s t l y ,  th e  an a ly s is  t r e a ts  th e  hydrogen 

bonds as e le c t r o s ta t ic  in te ra c tio n s  and thus allows a la rg e  

amount of 0 -  H ••0  bending w ithou t a s ig n if ic a n t  change in  

energy. I f  the co -va len t c o n tr ib u tio n  to  the hydrogen bond 

i s  s ig n if ic a n t as re c e n tly  suggested by Davis and L itov itz^® , a 

more r e s t r i c te d  bending would be an tic ipated*  Secondly, th is  

approach r e s u l t s  in  a model which i s  d i f f i c u l t  to  t r e a t  in  

d iscussing  the  p ro p e rtie s  of w ater and so lu tions*  On th e  

o th er hand, th e  more recen t Raman spectroscop ic  work in d ic a te s  

th a t  m ixture models are  not com pletely s a tis fa c to ry ; hence the  

uniform model can not be ru le d  out e n t i r e ly .  Some p h y sica l 

p ro p e rtie s  of heavy w ater and w ater are shown in  Table I .

Table I

P hysical P ro p e rtie s Heavy WatertDgO) Water (H2O)

“Value Reference Value Reference

M olecular weight(on C^^scale) 20.028 21 18.015 21

D ie le c tr ic  constan t 25°C 77.937 )based on d ie le c t r ic 78.3 )
) 22 23

45°C 71.1925 )constan t of water=78.3 71.51  )

Temperature of maximum 11.23°C 3.98°C
den sity

B o iling  p o in t 101.420c 100.00°C

M elting po in t 3.81®C 0.00°C

T rip le  p o in t 3.82°C 0.01°C

D ensity  30°C 1.10319 ) 0.99568
50°C 1.0956 ) 24 0.9880 ) 25
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2 .2 . E.M.F. Measurements.

The s tandard  emf of th e  c e l l  P t ;  |D 0 1 i^ ^ |A g C l|A g .( l)

was measured, over a range of tem perature by Noonan and LaMer^^

in  1939. The c e l l  has been re c e n tly  re-exam ined by Gary, B ates

and R obinson^^ also  over a w ider range of tem peratures, by
28Lietzke and Stoughton . Both of th ese  l a t t e r  groups of 

workers were in te re s te d  in  obtain ing  th e  thermodynamic q u a n ti t ie s  

fo r  th e  re a c tio n  : -

1 % (g )  + H C l(lr« 2 0 ) ____^ i  %2(g) +

by comparing the standard emf of the  above c e l l  w ith th a t  of 

th e  corresponding c e l l  w ith a hydrogen e le c tro d e  in  a so lu tio n  

of HCl in  HgO. Gary, B ates and R obinson^^ s tu d ied  c e l l  I  a t  

concen tra tions in  the  range 0.01 to  0 .5  m and a t tem peratures 

from 5° to  45°C a t  5°C in te rv a ls .  The s tandard  emf E® was 

evaluated  a t  each tem perature and a t  25°C was found to  be

0.21266 V or 8.92 raV h igher than  the value in  H2O on a m o la lity  

sc a le . Using mole f ra c tio n  sca le  the  thermodynamic change 

AG®,/^H®,AS®,AC® fo r  re a c tio n  ( l )  were c a lc u la te d . T heir 

r e s u l t s  were found to  be in  e x c e lle n t agreement w ith those of 

Noonan and LaMer^^. The a c t iv i ty  c o e ff ic ie n ts  of DCl in  D2O 

were c a lc u la te d  and compared w ith  those in  water* The 

d iffe ren ces  of 0.002 -  0.003 in  log  are  le s s  dependent on 

d ie le c t r ic  co n stan t than on th e  d iffe ren ce  in  d e n s it ie s
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L ietzke and Stoughton^® measured th e  emf o f c e l l  I  a t  

coiK jentrations o f DCl in  D2O from 0,01 to  1 m and a t 

tem peratures from 25 to  225°C. A d ire c t  comparison was made o f 

the thermodynamic p ro p e rtie s  o f HCl and DCl so lu tio n s  using th e i r  

own data  fo r  th e  thermodynamic p ro p e rtie s  of HCl in  aqueous 

so lu tio n . The values of f o r  the d eu te ra ted  system were 

compared w ith  those of Gary, B ates and Roibinson^^, th e  

d iffe re n c es  appeared to  be la rg e r  than expected e .g . ,  3 mV 

d iffe ren ce  was found a t 25°C. Prom E °, they c a lc u la te d  a c t iv i ty  

c o e f f ic ie n ts  f o r  each concen tra tion  and tem perature. The 

a c t iv i ty  c o e f f ic ie n t of DCl in  D2O was found to  be lower than 

th a t  of HCl in  H2O a t  a l l  tem peratures and co n cen tra tio n s . The 

d iffe re n c e  between th e  a c t iv i ty  c o e f f ic ie n ts  i s  g re a te r  a t  25°C 

and 200°G than a t  90°C. This was exp lained  by the f a c t  th a t  

the  d ie le c t r ic  co n stan t o f D2O and HgO become c lo se  to g e th e r  a t 

about 100®C and then diverge again a t  higher tem peratures.

Emf measurements have also  been used to  study the  

d is s o c ia tio n  co n stan ts  of weak deutero  acids in  D2O. For 

example deutero a c e tic  ac id  CH3COOD has been stud ied^^  by using 

th e  c e l l

AgClj Ag • • . • (11)P ti  D2(g)
CH3COOD 
CH3COO Na 
NaCl

In  g e n e ra l, deutero acids in  D2O are  found to  be weaker than 

p ro to  ac id s in  H2O.
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The io n is a tio n  constan t of DgO from 5° to  50°C was 

derived  from th e  emf of the c e ll^ ^

®2(g) NaOD, NaCl In  DgO AgCl Ag ( I I )

The values of pKg in  m o la lity , m olarity  and mole f ra c tio n  

sca le s  to g e th e r w ith corresponding q u a n titie s  fo r  the  s e l f  

d is so c ia tio n  of HgO and also  AH®, 4 S® andiiCp® fo r  th e  s e l f  

d is so c ia tio n  of DgO were ca lcu la te d . The io n isa tio n  constant 

pK^ of D2O a t  25°C i s  14*955 as compared w ith 13*997 fo r  H2O 

in  m o la lity  s c a le .

In  1962, Greyson^^ s tud ied  th e  free  energ ies o f t ra n s fe r  

o f ch lo rid es of lith iu m , sodium, potassium , caesium, ammonium 

and t e t r a  methyl ammonium, from heavy w ater to  w ater by using a 

c e l l  o f the  type

I œi(jj ojlsgcilig . . . (in)

Where M re p re se n ts  th e  ca tions mentioned above, and the  

double b a r  re p re se n ts  a ca tio n  exchange membrane* The 

assumption was made th a t  a l l  the tra n sp o r t p rocesses across the  

membrane are n e g lig ib le . The re p ro d u c ib ili ty  was rep o rted  to  

be 1 0 .3  raV. The fre e  energies o f t r a n s f e r  from D2O to  H2O, fo r  

c h lo rid e  of lith iu m , sodium and potassium  were found to  be 110,140 

and 180 c a lo r ie  s/mole re sp e c tiv e ly . A decrease in  entropy was a lso  

found fo r  th e  t r a n s fe r  of e le c tro ly te s  from DgO to  HgO. In  a



14

more recen t p a p e r ,G r e y s o n  rep o rted  a re —In v e s tig a tio n  of th e  

co n trib u tio n  of so lven t tra n sp o r t across th e  membrane to  th e  

emf of the  c e l l  ( i l l ) .  He showed th a t  although th is  

c o n trib u tio n  i s  not n e g lig ib le , i t  has a n e g lig ib le  e f fe c t  on 

th e  entropy of t ra n s fe r  s ince  the  t r a n s f e r  process i s  dominated 

by th e  en thalpy  of t r a n s f e r .

Emf measurements have been made on c e l l

M(in Hg) j MCl(in DgO) ) *201 j Ag -  AgjilgCl j g^o) I “ ( in  Hg)

where M i s  lith iu m , sodium, potassium  and cadmium by P e n tt i  

Salomaa and V e li Aalto^^. Measurements have been made to  various 

ch lo rid e  concen tra tions of IjGl. The f re e  energy changes fo r  

the  t r a n s fe r s  a t  25°C were ca lc u la ted . They were of 

v i r tu a l ly  th e  same magnitude i . e . ,  around 210 -  220 c a lo r ie s /  

ch lo rid e  io n  (on a m o larity  sca le ) reg a rd le ss  of c a tio n , which 

in d ic a te s  th a t  the co n trib u tio n s  of th e  ca tio n s  to  the  o v e ra ll 

fre e  energy changes must be sm all. Their r e s u l t s  agree 

e x c e lle n tly  w ith  Noonan and LaMer^^ whereas G reyson's r e s u lts ^ ^  

ere somewhat sm aller.

2.3* Thermal Measurements.

Heats of solution^H ®  of e le c tro ly te s  in  D2O have been 

measured c a lo r im e tr ic a lly  by Lange and M artin^^ and more 

re c e n tly  by Davies end Benson^^, The r e s u l t s  in  th e  case of
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sodium ch lo ride  ( th e  only e le c tro ly te  included  in  both s tu d ies)  

agree w ell. The iso tope e f fe c t  on th e  heat of so lu tio n  i . e . ,

^ ^ ^ (  D2O) was ca lc u la ted  by both  s e ts  of workers and

was found in  g en era l to  be p o s it iv e . The f lu o r id e  ion  i s  the

only s in g ly  charged ion fo r  which a negative co n trib u tio n  to  th e
35iso to p e  e f fe c t  has been observed • By measuring th e  iso tope 

e f f e c t  fo r  sev e ra l e le c tro ly te s ,  Lange and M artin^^ were able to  

p re d ic t the  iso tope  e f fe c t  of a wide range of e le c t r o ly te s ,  

assuming the  co n trib u tio n s  of the  c a tio n  and anion to  be 

independent.

Wu and Priedman^^ measured h ea ts  of d ilu tio n  of lith ium

c h lo r id e , sodium ch lo rid e  and sodium iod ide so lu tio n s  in  D2O in

th e  range of 1 to  3 m. In  genera l t h e i r  r e s u l ts  agree w ith

those of B irn th a le r  and Lange^^^^^ w ith the exception of

lith iu m  ch lo rid e . These r e s u l ts  as w ell as th e  so lven t

iso to p e  e f fe c ts  on the en tro p ie s  of so lv a tio n  seem to  be

c o n s is te n t w ith the  model of aqueous so lu tio n s  developed by
12 1 ?Nemethy and Gcheraga >

2 . 4 . S o lu b il i ty  Measurements.

Although a number of s o lu b i l i ty  measurements of s a l t s  in  

D2O have appeared in  the l i t e r  a t u re ^ ^ ^ ^ , most of these s tu d ie s  

have been concerned w ith ra th e r  so lu b le  s a l t s  such as sodium 

c h lo r id e , barium c h lo r id e , potassium permanganate, m ercuric
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cyanide, th a llo u s  n i t r a t e ,  potassium  n i t r a t e ,  h a lid es  of 

potassium e tc .  A ll were measured in  a medium of H2O -  D2O 

m ixture. By assuming th e re  i s  a l in e a r  v a r ia tio n  of 

s o lu b i l i ty  w ith  D2O co n ten t, the s o lu b i l i t i e s  of these  s a l t s  

in  100^ D2O were obtained by e x tra p o la tio n  to  pure D2O. The 

work aimed simply a t  f ind ing  s o lu b i l i t ie s  ra th e r  than studying 

complex form ations. S o lu b il i ty  d iffe ren ces  of s a l t s  in  th ese  

two so lv en ts  are qu ite  la rg e . In  g en e ra l, s a l t s  are le s s  

so lub le  in  D2O than in  H2O, however the  r e s u l t s  are expressed ,

i . e . ,  m o la lity , m olarity  or aquam olality ( th e  number of moles 

of so lu te s  p e r 55-51 moles of so lven t) sc a le s .

5 QRamette and Dratz^ determ ined the s o lu b i l i ty  product of 

s i lv e r  brornate in  D2O by iodom etric t i t r a t i o n  a t  14 .7°, 25° 

and 35°C. S o lu b i l i t ie s  of s i lv e r  bromate a t  a l l  tem peratures 

are again lower in  D2O than in  H2O. The standard  fre e  energy, 

enthalpy  and entropy of so lu tio n  were c a lc u la te d  on m olarity  

sc a le . They were a l l  h igher in  D2O than in  H2O. Their 

r e s u l t s  in d ic a te  th a t  the  so lv a tio n  enthalpy i s  more negative 

fo r  H2O than D2O. They suggested th a t  th e  lower s o lu b i l i ty  

of s i lv e r  bromate in  D2O i s  due to  th e  enthalpy of so lv a tio n  

which outweighs an entropy of so lv a tio n  which would favour 

h igher s o lu b i l i ty  in  DgO,

Ramette and Broraan^^also measured th e  s o lu b i l i ty  product 

of cupric  io d a te  in  D2O- They again c a lc u la te d  thermodymio



17

changes fo r  so lu tio n  and concluded in  t h i s  case th e  lower 

s o lu b i l i ty  was due to  both an unfavourable entropy and 

enthalpy e f fe c t .

S o lu b i l i t ie s  of s i lv e r  bromate in  lith iu m  p erch lo ra te  and 

lith iu m  n i t r a t e  so lu tio n s  in  D2O and H2O were measured by
PcRamette and Spencer in  order to  observe the a sso c ia tio n  of 

s i lv e r  and n i t r a t e  io n s . According to  th e i r  r e s u l t s ,  a 

one-ten th  molar so lu tio n  of s i lv e r  n i t r a te  i s  about 

d is so c ia te d , and no s ig n if ic a n t d iffe re n ce  in  th e  ex ten t of 

a sso c ia tio n  in  H2O and 1^0 was found.
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C H A P T E R  I I I

E l e c t r o l y t e  S tu d ie s  in  Formaroide and R e la te d  S o lv e n ts

Pom am ide and th e  o th e r  am ides o f  th e  low  a l i p h a t i c  a c id s  

and t h e i r  N -m ethy l d e r iv a t iv e s  form a c l a s s  o f l i q u i d s  o r  low 

m e ltin g  p o in t  s o l i d s  v d th  e x tre m e ly  h ig h  d i e l e c t r i c  c o n s ta n ts .  

C o n seq u en tly , th e y  a re  good s o lv e n ts  f o r  many o rg a n ic  and 

in o rg a n ic  s a l t s .  Pormamide has th e  p r o p e r ty  o f  b e in g  b o th  

b a s ic  and a c id i c .  T h is  s o lv e n t  s o lv a te s  in o rg a n ic  s a l t s  as 

does w a te r . T here i s  some e v id e n c e  th a t  form araide i s  h e ld
45

more s t r o n g ly  by  c r y s t a l l i n e  s a l t s  th a n  i s  w a te r " . P h y s ic a l  

p r o p e r t i e s  o f  t h i s  s o lv e n t  a re  g iv e n  belov/.

T ab le  1 . P h y s ic a l  P r o p e r t i e s  o f Fom am ide

P ro p e r ty 1 V alue! R e fe re n c e

F re e z in g  p o in t  °c 2 .55 46

B o il in g  p o in t  °G 193 ( l  a tm o s .) 47

D e n s ity  g n /m l. 15°C 1.13756 )
)25°C 1.1296 40

35°C 1.12068 .

V is c o s i ty  c e n t ip o i s e  (25°c) i 3 .3 1 49

D i e l e c t r i c  c o n s ta n t  15°C i 113.5
1

! i 5025°C i 109.5
35°C j1 105.6 ) I

S p e c i f ic  co n d u c tan ce  !

ohm"^ cm"! at 25°C !

(1 -2 )  X 10"?
i
I

51
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PonDamide i s  h ighly  asso c ia ted  in  th e  l iq u id  s ta te  as shown

by s tu d ie s  of i t s  p h y sica l and chemical behaviour as w ell as by

i t s  u l t r a - v io le t  jjinfrared^and Raman sp e c tra . Kahovec and 
52 53

Wassmuth , and Rap found from th e  Raman spectrum th a t  

formamide i s  h ighly  polym erised a t  room tem perature and breaks 

up in to  lower polymers a t higher tem peratures as w ell as in  

so lu tio n s  in  p o la r  so lven ts  such as w ater. M olecular 

a sso c ia tio n  occurs through hydrogen bonding and hence i t s  

b o ilin g  p o in t i s  very high fo r  a low m olecular weight compound. 

I t  has been suggested th a t  the high v is c o s ity  and d ie le c t r ic  

constan t may be due to  th e  f a c t  th a t  t h i s  compound forms a 

non-symmetrioal l in e a r  type of polymer.

3 .1 . S tru c tu re  and Bonding in  Formamide.

Most in v e s tig a to rs  agree th a t  the  H -0 ^  p a r t  of 

formamide i s  p lan a r bu t the p o s itio n  of th e  two hydrogen atoms 

bonded to  th e  n itrogen  atom i s  s t i l l  u n se ttle d . Some
54

in v e s tig a to r  such as Evans , on the b a s is  of in fra re d  sp ec tra  

favoured the  symmetrical arrangement of these  two hydrogen 

atoms about th e  plane of th e  molecule. Kurland and W ilson 

from X -ray d if f r a c t io n  s tu d ie s  of c ry s ta l l in e  formamide 

concluded th a t  the  two hydrogen atoms a re  in  th e  plane of the
*56>m olecule. On the o ther hand Costain and Dowling <s r e s u l t s  

from microwave spectra  of te n  iso to p ic  spec ies  of formamide 

in d ic a te  a non-planar s tru c tu re  of formamide, w ith  the
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Hg-N-C group forming a shallow pyramid. R ecently , Puranik e t  a l  57

evalua ted  fo rce  co n stan ts  of formamide and found th e i r  r e s u l t s  to

he c o n s is te n t w ith  a non-planar s tru e tu re .  S p e c tra l s tu d ie s

a lso  rev ea led  the  tau tom eric  natu re  of amides i . e . ,  keto  ;;z± eno l,

and c e r ta in  aspects  of i t s  chemical behaviour may a r is e  from th e

enol form. However, Kumler and P o rte i^ ^  have s ta te d  th a t  in

formamide never more than  10^ of th e  molecules are in  the -enol
59form a t  any in s ta n t .  N evertheless, more recen t in fra re d  . and 

60
X-ray data  seems to  po in t to  th e  ex istence  of the  amide group

6%
in  a pu re ly  keto  form. Pauling and Sherman considered th a t

the  formamide molecule re so n a te s , th e  p o ssib le  resonance tgrbrids
A"

being HC^NHg (ground s ta te )  and HC*^^N = H2 (e x c ited  s t a t e ) .

They c a lc u la te d  the  d ipo le  moment o f th e  e x c ited  form and found

th a t  i t  i s  th re e  tim es th a t  o f th e  ground s ta te  form. Hence,
62

Pauling ' concluded th a t  th e  resonance s tru c tu re  i s  resp o n sib le  

fo r  th e  high d ie le c t r ic  constant of th i s  so lv en t. This
62,64

resonance s tru c tu re  was supported by o th er workers bu t was

co n trad ic ted  by Bates and Hobbs ^^who proposed a s tru c tu re  of 

the amide group based on d ipo le  moment measurements on a s e r ie s  

of a l ip h a t ic  and arom atic amides in  d i lu te  benzene and dioxane

so lu tio n s . T heir s tru c tu re  seems to  be c o n s is te n t w ith th e  

keto  form and does not req u ire  s ig n if ic a n t  c o n trib u tio n s  from 

the h ighly  p o la r  resonance hybrid o f Pauling.

Other so lv e n ts , fo r  example N-methyl formamide, N-methyl
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aoetamido and N—methyl propionamide have a lso  been used f o r

e le c tro ly te  s tu d ie s , some of which are d iscussed  l a t e r .

N-methyl acetamide i s  a s o lid  w ith m elting p o in t of 29*8^0 and

a d ie le c t r ic  constan t of 1 ?8 .9 a t  30°C, and i s  again a good

io n is in g  solvent* Although th e  u l t r a  v io le t  spectrum suggests

th a t  th e  molecule e x is ts  in  a s ta te  of resonance i . e r ,

tra n s  ^zcz^is, the  Raman and in fra re d  sp ec tra  p o in t to  the

almost exc lusive  ex istence  of th e  tra n s  co n fig u ra tio n , and th i s
ut

i s  equally  ap p licab le  to  th e  o ther N -su b s tiÿ d  amides. These 

amides are  a lso  highly asso c ia ted  as chain polymers.

3 .2 . Conductance Measurements

As Walden has poin ted  ou t, th e  natu re  of th e  so lven t as 

w ell as the d ie le c t r ic  constan t determ ines i t s  d isso c ia tin g  

power. S o lu tio n s  of s a l t s  in  formamide and o ther so lv en ts  

having high d ie le c t r ic  constan ts  such as N-methyl formamide 

and N-methyl acetamide are good e le c t r o ly t ic  conductors. The 

e a r l i e s t  conductance data  of s a l t s  in  such so lven ts  seem to  be 

those of D avis, Putnam and Jones and Davis and Johnsow^-.

They measured th ese  values befo re  the Debye -  Huckel -  Onsager 

theory  appeared. T heir r e s u l ts  were co rrec te d  to  th e  modern 

s tandard  fo r  conductance and were ex trap o la ted  to  zero
51

concen tra tion  by Notley . Some o f the  re -c a lc u la te d  

equ ivalen t conductances a t  zero concen tra tion  are

tab u la ted  on th e  next page.
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S a lt

1----  ---------

1 S a l t cm^ohm“!eq u i. ”!)

KOI 1 29.5 NaNÔ 2 8 . 0

KI 1 29.1 KNO3 3 0 . 0

Nal j 29.6 NH4  NO3 33.1
LiNO^ 1 2 6 . 2  1

1 .................................  j

NĤ B̂r j 
1
1

3 2 . 2
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Dawson, Newell and MoCreary* rep o rted  th e  conductances of 

hydrochloric ac id  and potassium ch lo rid e  in  formamide of various 

concen tra tions and tem peratures. The lim itin g  conductance of 

hydrochloric ac id  was found to  be 27*87 cm  ̂ ohm”!  equi."*! 

whereas th a t  of potassium ch lo rid e  i s  29*85 cm  ̂ ohm"! e q u i." ! .  

Using an approximate method ( ti im e th y l phenyl ammonium benzene 

sulphonate was used) Dawson and co-workers^^ obtained  th e  

lim itin g  io n ic  conductances of the  hydrogen ion and th e  

potassium  ion  (10 .6  and cm  ̂ ohm”!  e q u i.”!  i*espectively^

These r e s u l t s  in d ic a te  th a t  the so lva ted  pro ton  i s  la rg e r  than 

the so lv a ted  potassium io n . The absence of abnormally high 

ca tio n  conductance in  hydrochloric a c id  so lu tio n  i s  a proof 

th a t  the pro ton  does not use the  proton t ra n s f e r  mechanism as 

i t  does in  w ater. Ion a sso c ia tio n  was found to  be com pletely 

absent up to  O.OBÆ in  th is  work. Other s tu d ie s  of some higher
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valence type e le c tro ly te s  and some 1-1 e le c t r o ly te s  which are  

incom pletely  d is so c ia te d  in  water*^^, spggest (w ith  the  exception 

o f th a llo u s  s a l t s )  complete d is so c ia tio n  in  formamide. The 

slopes of th e  phoreogram are 10 -  40^  than  th ese

p red ic ted  th e o re t ic a l ly .  The lim itin g  eq u iv a len t conductances 

fo r  these  s a l t s  were a lso  evaluated*

The l im itin g  tran sfe ren ce  numbers of c a tio n  and anion in  

potassium  ch lo rid e  so lu tio n s  were measured a t  25°C by N otley^!, 

The lim itin g  ca tio n  tran sfe ren c e  number was found to  be 0.427, 

and th is  value was combined w ith  the lim itin g  conductance data  

from references(49 ) and ( 70) ,  to  y ie ld  th e  lim itin g  eq u iv a len t 

conductances of various ions in  formamide a t 25°C. Notley* s 

r e s u l t s  again show th a t  the hydrogen ion  in  formamide does not 

have the  abnormally high m obility  th a t  i t  has in  w ater and a 

number of o th er so lv en ts .

Comprehensive s tu d ie s  of the conductance of more than JO 

e le c tro ly te s  in  N-methyl acetamide have been made by Dawson 

and c o - w o r k e r s ^ ^ . The Shedlovsky p lo t of th e  equ ivalen t 

conductance a t  i n f in i t e  d ilu tio n  ( -X^) ag a in st concen tra tion  (C ), 

again in d ic a te s  th a t  th ese  e le c tro ly te s  are com pletely 

d is so c ia te d  in  N-methyl acetamide. In  most cases, e x c e lle n t 

agreement was rep o rted  between observed r e s u l t s  and those 

p red ic te d  by the  Onsager equation .

S im ila r data  fo r  some a lk a l i  h a lid es  and two t e t r a  a lk y l
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ammonium s a l t s  have been rep o rted  by French and Glover ., fo r  

so lu tio n s  in  N-methyl formamide and N-methyl acetamide a t  35°C 

and 45°C.

3. 3 . T ransference Numbers Measurements.

, 49,75Dawson and co-workers determ ined tran sfe ren ce

numbers of sev e ra l e le c tro ly te s  in  formamide by th e  H it to r f  
75

method and a lso  estim ated  tra n sfe ren c e  numbers from

measurements of th e  equ ivalen t conductance of trim e th y l phenyl
f9

ammonium benzene sulphonate (assuming th a t  th e  l im itin g  io n ic

conductance of very la rg e  ca tio n s  and anions are approximately

eq u a l). The two methods showed s a tis fa c to ry  agreement, i . e . ,

the  lim itin g  tran sfe ren ce  number of potassium ion  in  potassium
,75 49

ch lo rid e  in  formamide was O.4O6' and O.415 a t  25°C. The 

tran sfe ren ce  numbers of and K"*" ions decrease on passing 

from w ater to  formamide, thus suggesting th a t  th e  ca tio n s  are 

more s tro n g ly  so lv a ted  in  formamide than in  w ater.

76
Using th e  H it to r f  method, Gopal e t  a l  found th a t  the  

tran sfe ren ce  numbers of the potassium  ion  in  potassium 

ch lo rid e  in  formamide show th e  opposite tem perature and 

concen tra tion  dependence to  th a t  in  w ater. The tem perature 

v a r ia tio n  of the  tran sfe ren ce  number was exp la ined  by supposing 

th a t  th e  secondary so lv a tio n  s h e l l  must be involved in  the 

tra n sp o rt p rocess . Their l im itin g  tran sfe ren ce  number o f
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the potassium ion in  formamide i s  s l ig h t ly  h igher than Dawson's.

77
Notley and o p iro  measured ca tio n  and anion tran sfe ren ce  

numbers of potassium  ch lo rid e  a t  25°C a t  5 concen tra tions 

ranging from 0.01 to  0 ,1  M using the  moving boundary method.

They analysed th e i r  r e s u l t s  using the Debye -  Huckel -  Onsager 

theory and i t s  ex tension . Their value o f th e  lim itin g  c a tio n ic  

tran sfe ren ce  number of potassium  ch lo rid e  was 0.427* This 

value i s  considerab ly  higher than  p rev iously  mentioned v a lu es , 

and i s  undoubtedly the most r e l ia b le .

3 .4 . E.M.F. Measurements and Thermodynamic P ro p e rtie s .

78
Pavlopoulos and R treb lw / found th a t  both  the calomel and 

the s i lv e r I  s i lv e r  ch lo ride  e lec tro d e  d id  not function  re v e rs ib ly  

in  formamide since mercurous and s i lv e r  ions ox id ise  the solvent* 

In s te a d , they  found th a t th e  cadmium|cadmium ch lo rid e  e lec tro d e  

functioned  s a t i s f a c to r i ly  as an e lec tro d e  of th e  second k ind , 

since cadmium ch lo rid e  has a low s o lu b i l i ty  in  formamide. The 

hydrogen e lec tro d e  was used to  obtain  th e  standard  p o te n tia l  of 

the  cadmium I cadmium ch lo rid e  e le c tro d e , and th e  values obtained 

(on the molar sca le) a re -0 .619 -  0.004 v o lts  and -0.617 -  0.004 

v o lts  a t 18° and 25°C re sp e c tiv e ly . The 6d e lec tro d e  was

then used as a re fe ren ce  e lec tro d e  in  determ ining the s tandard  

p o te n tia l  of o ther e lec tro d es . The order of e lec tro d e  

p o te n tia ls  was found to  be th e  same as in  w ater.
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Man del and Decroly^ and l a t e r  Agarwal and Nayak^

measured the  emf of th e  c e l l  P t;  Hg| HCl in  formamide | AgOl|Ag

( a t  various HOI concen tra tions) from which th e  standard

p o te n tia l  of th e  s i l v e r j s i l v e r  ch lo rid e  in  formamide was
79obtained by using H itchcock 's  method . Values from th ese  two 

groups d if fe re d  by 6 mV i . e . ,  0.204 -  0.002 v o lts^  as compared 

w ith 0.1986 1 0.0005 v o lts ^ . Both groups of workers found i t  

necessary  to  e x trap o la te  th e i r  emf values to  zero tim e. The 

measurements of Agarwal and Nayak appear to  be th e  more r e l ia b le  

and they  used th e i r  r e s u l t s  to  c a lc u la te  molal a c t iv i ty  

c o e f f ic ie n ts  of hydrochlorio  ac id  in  formamide in  the  

co n cen tra tio n  range of 0,002 to  0.12 m, the  values varying from

0.9725 to  0 . 8917* S im ila r data  were rep o rted  by Povarov o t al^O

fo r th e  a c t iv i ty  c o e f f ic ie n ts  of sodium ch lo rid e  and potassium  

c h lo rid e  in  formamide and N-methyl formamide a t 25°C and a t 

various co n cen tra tio n s, from emf measurements.

81Mandel and Decroly measured the  d is so c ia tio n  co n stan ts  

of form ic and a c e tic  acids in  formamide by means of th e  c e l l  

P t; H2|aH(„^)^ |AgCl jig .

Where AH rep re se n ts  th e  weak acid  and Aĵ a i t s  sodium s a l t .
82They used the  method of Harned and h is  co-workers , and found 

th a t  th ese  acids a re  markedly weaker in  formamide than in  w ater. 

Dawson and G riff ith ^ ^  however, suggest th a t  the  ex te n t of
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d isso c ia tio n  of a c e tic ,  benzoic and p rop ion ic  acids i s  g re a te r  

in  formamide than in  w ater. This discrepancy i s  not y e t reso lved .

The emf of the  c e l l  P t; Hg HCl/ \ in  N-methyl lAgCJlAg was
acetamide

measured over the tem p era tu re rrange 35° to  70°C a t 5°C in te rv a ls  

by Dawson, Zuber and EckstronA'^ The standard  p o te n tia l  of 

the s i lv e r  s i lv e r  ch lo rid e  e lec tro d e  a t  each tem perature was 

c a lcu la te d  as w ell as the values ofAG®,/iH® and^AS® fo r  th e  

c e l l  re a c tio n . At each tem perature th e  s tan d ard  p o te n tia l  of 

the s i lv e r  I s i lv e r  ch lo ride  e lec tro d e  in  N-methyl acetamide i s  

le s s  than in  w ater but g re a te r  than in  formamide. The a c t iv i ty  

c o e f f ic ie n ts  of HCl are c lo se r  to  1 in  N-methyl acetamide than 

in  w ater.

3. 5. Heats of S o lu tion

The heats of so lu tio n  in  formamide of a l l  th e  a lk a l i  m etal

h a lid es except lith ium  f lu o rid e ' and sodium flu o r id e  have been
%

determ ined by Somsen and Coops \  The measurements were

c a rr ie d  out a t  25 -  0,05°C and a t concen tra tions up to  0.01

yno£aA‘f using an ad iab a tic  ca lo rim e te r. The heats of so lu tio n

were co rrec ted  to  in f in i t e  d ilu tio n  by adding the enthalpy of
86

d ilu tio n  as c a lcu la te d  from the  Debye-Huckel theory . The 

values of th e  heats of so lu tio n  a t i n f in i t e  d i lu tio n  thus 

obtained range from -76*39 kj/m ole fo r  lith iu m  iod ide to  +3*429 

k;/m ole fo r  potassium c h lo rid e . In te g ra l  heats of so lu tio n  are
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more exothermic than in  w ater. They used th e i r  r e s u l t s  to
87

te s t  a theory  of io n ic  so lv a tio n  due to  van Eck \  Since t h i s  

theory  i s  re le v a n t to  th e  p resen t measurements of the heat of 

p r e c ip i ta t io n  of s i lv e r  c h lo rid e , i t  i s  o u tlin ed  below

van Eck suggested th a t  enthalpy o f so lv a tio n  of an ion 

(AHg) c o n s is ts  of 3 terms i . e . ,

+ AHh

Where AHq i s  the  en thalpy co n trib u tio n  as a r e s u l t  of the  

charge on ion ,

AH jjq i s  the  enthalpy  c o n trib u tio n  which does not 

depend on the  charge,

and i s  th e  enthalpy  req u ired  to  make a hole in  th e

so lven t in  order to  accommodate the ion .

van Eck has shown th a t  the  values of -A H q of in e r t  gas 

■type ca tio n s  can be put equal to th e  sum o f io n isa tio n  p o te n t ia l  

( l )  and e le c tro n  a f f in i ty  (e ) of th e  corresponding m etal ions*

I f  th e  assumption i s  made th a t  th i s  theory i s  v a lid  fo r  

formamide and w ater, the  en thalpy  of so lv a tio n  of a s a l t  i s  

b u i l t  up a d d itiv e ly  from the in d iv id u a l values of th e  ions in  

the  follow ing way

in  w ater : = ÛH^(lf+) +AHg(x")

= -(1%, + Em) (x~)



29

in  farmamide: AH? (m )  = Ah|  (M+) + A h|  (%-)

= - ( I m  + Em) + + A H | + A H f(x " )  

Then since  -AHs^Èc) "  '^ H % o lu tio n ( '^ ) '

combination of these  equations g iv es ,

- Ĉlutî S°"™2) =̂ H?o +

AH™ (X-) - A h| ( x- )

For s a l t s  having th e  same anion, th e  r ig h t  hand s ide  of 

th is  equation  has a constan t value assuming th a taH ^ g  and^H^ 

are constan t fo r  the d if f e re n t  ions. In  consequence, th e  l a s t  

equation p re d ic ts  a n early  constan t and ca tio n  independent 

d iffe ren ce  in  the heat of so lu tio n  in  w ater and in  formamide fo r  

s a l t s  w ith  a common anion. Table IV shows the  d iffe ren ce  in  

heat of so lu tio n  of a lk a l i  metal h a lid es in  formamide and in  

w ater in  k caü/mole. The d a ta  seem to  confirm  th is  p re d ic tio n  

except in  th e  case of the  lith iu m  h a lid es . Somsen and Coops 

have explained  th is  by suggesting thatAHg fo r  lith iu m  ion i s  

d if fe re n t in  w ater and formamide.
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Cation
F Cl Br I

L i - +0.54 +1.66 +3.13

Na - +3.03 +4.26 +5.62

K -1.07 +3.29 +4.56 +5.92

Rb -1 .06 +3.30 +4.48 +5.97

Gs -1 .00 +3.15 +4.39 +5.7

S im ila r measurements were c a rr ie d  out fo r  some a lk a l i  m etal
88

h alid e  in  anhydrous N-methyl formamide, by Weeda and Somsen • 

The heats of so lu tio n  of these  s a l t s  a t  i n f in i t e  d ilu tio n  range 

from -88.34 -  0.208 kj/m ole fo r  lith iu m  iod ide  to  + 2.96 -  0.042 

kj/m ole fo r  caesium io d id e .

3 .6  S o lu b il i ty  Measurements.

S o lu b il i ty  data fo r  e le c tro ly te s  in  th i s  c la s s  of so lv en t 

are r a re .  The data  rep o rted  are mostly f o r  so lu b le  s a l t s ,  and
S9

some o f th e  data |uw not r e l ia b le .  Colton and Brooker used 

crude formamide as a so lven t in  studying th e  s o lu b i l i t i e s  a t

25^0 of calcium , magnesium, potassium and sodiuta s a l t s .  Gopal 
90

and Hussain in v e s tig a te d  th e  s o lu b i l i t i e s  of many e le c tro ly te s  

in  pure formamide from 25° to  50°C a t  5^0 in te rv a ls .  The 

a n a ly s is  of the sa tu ra te d  so lu tio n  was c a r r ie d  out by e i th e r
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evaporation of weighed samples èn“ in  th e  case of h a lid es  and 

su lp h a te s , by p r e c ip i ta t io n .  A ll determ inations were made in  

t r i p l i c a t e  and th e i r  r e s u l t s  appear to  be r e l ia b le .  There are 

however, marked d isc rep an c ies  between th e  data of Colton and 

Brooker and of Copal and Hussain, The l a t t e r  workers found 

th a t  the s o lu b i l i t i e s  of d if fe re n t e le c tro ly te s  are in  g eneral 

g re a te r  in  w ater than in  formamide, except the h a lid es  and n i t r a te  

of lead . The tem perature c o e f f ic ie n t  of s o lu b i l i ty  in  most 

cases i s  sm aller in  formamide than in  v/ater. This c o e f f ic ie n t  

i s  negative fo r  sodium ch lo ride  in  c o n tra s t to  th a t  in  w ater, 

in d ica tin g  the  ev o lu tio n  of heat on so lu tio n . In  g en e ra l, the 

s o lu b il i ty  of th e  h a lid es  follow  the same p a tte rn  of behaviour 

as in  water i . e . ,  io d id e^  brom ide^ ch lo rid e .

921Povarov and co-workerff  ̂ using a radiochem ical technique 

determined th e  s o lu b i l i ty  of s i lv e r  ch lo ride  la b e lle d  with 

silver-llO m  in  pure formamide, pure N-methyl formamide and in  

so lu tio n s  of sodium ch lo rid e  and caesium ch lo rid e . No 

tem perature c o n tro l was ex ercised , the  measurements being made 

a t room tem perature (18 1 2“C). They found a s o lu b i l i ty  product 

fo r  s i lv e r  ch lo rid e  in  formamide o f 5*3 % 10"^ and in  N-methyl 

formamide of 4 .1 .x  10**^^. T heir value in  formamide i s  

s u b s ta n tia lly  h igher than the  value rep o rted  in  th i s  th e s is .

S o lu b i l i t ie s  of bo th  ino rgan ic  and organic compounds such 

as the ch lo rid e , bromide, and iod ide  of ammonium and potassium .
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and dioxane y cyclohexane, to luene e t c . ,  in  NHnethyl acetamide 

were measured by Dawson and co-w orkers^- a t  40°C. S im ilar 

measurements, b u t confined to  the ch lo rid e  and bromide of 

sodium, potassium  and ammonium, in  N-methyl formamide were 

c a rr ie d  out by S track  and co-workersr- - over the  tem perature 

range 0° to  35°C. The l a t t e r  group of workers compared th e i r  

r e s u l ts  wi#$ those in  N-methyl acetamide, w ater, ammonia and 

formamide frg a  which th ey  concluded th a t  s o lu b i l i t i e s  are 

q u ite  s p e c if ic  in  nature and must depend upon s p e c if ic  

in te ra c tio n  between so lven t and s o lu te , r a th e r  than on bulk  

d ie le c t r ic  # o nstan t e f fe c ts .
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C H A P T E R I V  

Experim ental Technique fo r  Determining S o lu b il i ty

Radiochemical methods have been used w idely in  the study 

of two phase e q u i l ib r ia ,  p a r t ic u la r ly  s o lid  l iq u id  eq u ilib ria*  

S o lu b il i ty  s tu d ie s  of sp arin g ly  so lub le  s a l t s  need s e n s itiv e  

methods which are capable of de tec tin g  even th e  small q u an tity  

of so lu te  th a t  passes in to  so lu tio n . R ad io tracers  seem to  be 

almost id e a l ly  su ite d  fo r  such work since la rg e  n ipbers of 

almost ro u tin e  analyses are u su a lly  req u ired  which, w ith t h e i r  

a id  may be achieved ra p id ly  and w ith  reasonable s e n s i t iv i ty  and
3 94 95

p re c is io n . Jon te  and M artin , L ie se r  and Kraus are among

workers who employed radiochem ical techniques in  determ ining 

s o lu b i l i t i e s  of sparing ly  so lub le  s a l t s  in  aqueous so lu tio n .
3

Jonte and M artin measured th e  s o lu b i l i ty  of s i lv e r  ch lo rid e  

la b e lle d  w ith  silver-110m  a t f a i r l y  high s p e c if ic  a c t iv i ty ,  i . e . ,

0.088 mCi/mg. In  order to  prepare standard  la b e lle d  so lu tio n , 

they e le c tro p la te d  ra d io ac tiv e  s i lv e r  onto a platinum  d isc  and 

subsequently d isso lved  the weighed d ep o sits  in  a minimum 

quan tity  of d ilu te d  n i t r i c  ac id . P e rch lo ric  ac id  was then 

added and a f t e r  a few r e p e t i t io n s  of evaporation , th e  resid u e  

was d isso lved  in  d i s t i l l e d  w ater. The equ ilib rium  m ixtures 

were prepared  by mixing th e  standard  so lu tio n  of s i lv e r  n i t r a t e  

with a s tandard  so lu tio n  of sodium ch lo rid e ; assays of the
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sa tu ra ted  so lu tio n s  were c a r r ie d  out by evapoi^ tion  and counting, 

using an end window G-.M. coun ter, fo r  th e  a c t iv i ty  of silver-110m* 

The amounts of d isso lved  s i lv e r  ch lo ride  were c a lc u la te d  by 

comparirg th e  count r a te s  obtained w ith  th a t  of an evaporated 

a liq u o t from one o f the s tandard  s i lv e r  n i t r a t e  so lu tions*
94 95

This method and also  those of L ie se r , and Kraus , w i l l  be 

termed here the "comparison method".

94
L ie se r  has performed an ex tensive  in v e s tig a tio n  of th e  

s o lu b i l i t i e s  and complex form ations o f s i l v e r  h a lid es  in  

appropria te  h a lid e  so lu tio n s  in  water a t  18°C. S ilver-llO m  

was used as the  t r a c e r  in  s i lv e r  ch lo rid e  and s i lv e r  bromide 

s tu d ies  bu t s ilv er-1 1 1  in  s i lv e r  iodide experim ents, because 

s i lv e r  iodide i s  th e  le a s t  so lub le  s a l t  among the th ree  and 

th e re fo re  the more en e rg e tic  p a r t ic le s  from s ilv er-1 1 1  were 

needed to  r a is e  the  e f f ic ie n c y  of counting. The counting o f 

samples was achieved by using a l iq u id  G-.M. counter* The 

sp e c if ic  a c t iv i t i e s  of s i lv e r  iso topes v a ried  from 2 to  12 mCi/g.

A re fe ren ce  curve was construc ted  r e la t in g  known q u a n tit ie s  of 

s i lv e r  h a lid e s , d isso lved  in  sodium th io su lp h a te  so lu tio n , w ith  

count r a t e .  Hence, by comparison w ith  the re fe ren ce  curve.

The q u a n titie s  of d isso lved  s i lv e r  h a lides in  the equilibrium  

so lu tio n s  were obtained.

95A f in a l  example i s  th e  work of Kraus who suggested th e  use 

of a "packed bed" method fo r  th e  measurement o f s o lu b i l i ty .  A
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packed bed of* c ry s ta ls  of s i lv e r  ch lo rid e  ( con tain ing  a known 

amount of t r a c e r  w ith  s u f f ic ie n t ly  high a c t iv i ty  to  y ie ld  an 

e ff lu e n t of convenient count ra te )  was prepared  in  a column a t  

c o n tro lled  tem perature; th e  so lven t o r so lu tio n  o f in t e r e s t  was 

passed through th i s  bed and th e  e f f lu e n t counted by means of a 

s c in t i l l a t io n  counter housed a t th e  end of th e  column.

Extremely rap id  equilibrium  occurs i f  the  d is t r ib u t io n  

c o e f f ic ie n t D (amount p e r kilogramme solid/am ount p e r l i t r e

so lu tio n ) i s  high i . e . ,  the m a te ria ls  a re  extrem ely in so lu b le .

In  order to  ob ta in  th e  s o lu b i l i ty ,  the count r a te  o f th e  

e ff lu e n t was compared w ith  th a t  of a s tandard  so lu tio n .

Silver-llO m  i s  a lso  used as t r a c e r ,  in  th e  p re sen t work, 

fo r  the study of the  s o lu b i l i ty  of s i lv e r  chloii.de in  w ater, 

heavy water and formamide, bu t the p rep ara tio n  o f re fe ren ce  

counting sources, and those from equilib rium  s o lu tio n s , i s  

d if f e re n t  from those  in  the work summarised above. D e ta ils  are 

given in  the follow ing sec tio n s .

4.1* P relim inary  C onsidera tions.

The nature and energy of r a d ia tio n s , the  h a lf  l i f e ,  the 

method and the cost of production of rad io n u c lid e  are a l l  

im portant fa c to rs  in  choosing a su ita b le  iso to p e  f o r  a t r a c e r  

study. Table I  summarises various da ta  r e la t in g  to  th e  

ra d io ac tiv e  decay of the various s i lv e r  iso to p e s .
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Table I .  P hysical Data of S ilv e r  Iso to p es .

Iso tope H a lf - l i f e Type of Decay and 
P a r t ic le  energies 

MeV

energ ies (  Y) 
MeV

In te rn a l  
conversion
(I.e.)

P r ic e , l i s t  
in  RCG c a t .
1965-66
(m in .cost)

S ilv e r -105 40 d. E.C 100^ 0 ,0 6 4  -  9. 8^

0.280 - 32. 4 ^ 

0 .3 1 9  -  U f

0.331 -  4 ^ 

0.344 - 35. 6^ 

0.393 -  2 f

0.443 -  9. 3^ 

0.618 - I f

0 .6 4 4  -  8, 4 f

others of 
le s s  than I f  
in te n s i ty

S ilver-108 2.4  ra.

S ilver-llO m 253 d.

1.02 -  2 f  

1.65 -% f- 

E.C. 4 ^

IéT.2<^

0.085-65?^

0. 530- 33^

0.63 -  2 of

0.116 - 0 ;

0.45 -  1

0.62 -  1

0.66 -93

0.68 -13 fc

11.2^

0.6^5

erf0.4?

O . l f

£30 f o r  
200 Ci

£  7 fo r  
1 mCi
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Cnnt. Table 1 P h y sica l Data of S ilv e r  Iso to p es

Iso to p e H a lf - l i f e Type of Decay and 
P a r t ic le  energ ies 

MeV

e n e rg ie s ( V) 
MeV

In te rn a l  
conversion
(i.e.)

R rice l i s t  
in  RCG cat. 
1965-66 
(m in .cost)

S ilver-110

S ilver-111

24 s.

7 .5  d.

2.21-<5^ 

2.87-ÿ5/^ 

0,69" 6^

0 .79- I f  

1 .0 4 -9 3 f j

0 .69 -10 ?

0.71 -17 %

0.74 -  2

0.76 -23

0.82 -  7

0.89 -72

0.94 -34

1.38 -24

1.48 -  5

1.51 -12

1.56 -  2

0.66 -<5

0 .247- 1 f  

0.340- 6 f

£40 fo r  
5 mCi

Although s ilv e r-1 1 1  em its f a i r l y  en e rg e tic  ^  p a r t ic le s  which 

w i l l  f a c i l i t a t e  th e  use of the sim p lest form of ra d ia tio n  d e te c to r
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i . e . ,  a G.M. courrter a t  a reasonab ly  high e f f ic ie n c y , i t  a lso  

has a short h a l f - l i f e  and i s ,  in  ad d itio n , r e la t iv e ly  expensive.

On the o th er hand silver-llO m  has a com paratively long h a l f - l i f e

i . e . ,  253 days and can be purchased a t  a much lovrer p r ic e .

Although the decay scheme i s  r a th e r  com plicated, i t  i s  s t i l l  

p o ssib le  to  measure th e  le v e l  of i t s  a c t iv i ty  w ith  adequate 

e f f ic ie n c y  by means o f a sim ple s c in t i l l a t i o n  counting technique. 

With th ese  f a c to rs  in  mind, s ilv er-llO m  was chosen as a rad io a c tiv e  

t r a c e r  in  the work re p o rted  here.

Chlorine-36  whose h a l f - l i f e  i s  3 x 10^ years and i s  a ^  

e m itte r  (Emax = 0.714 MeV) was used in  a few experim ents where 

attem pts were made to  determ ine rad iochem ically , th e  concen tra tion  

of the  added ch lo rid e  io n s. This method i s  described  in  

sec tio n  4*S*

4. 2,  S e lec tio n  of Method of Counting and Counting Technique

This involves co n sid e ra tio n  of the  form of the  counting 

source and th e  type of ra d ia tio n  d e te c to r . S o lid  counting 

sources were used in  th e  p re se n t work, fo r  two reasons. F i r s t ly ,  

the  s i lv e r  ch lo rid e  re fe re n c e  counting source was the a c tu a l 

sample from which the s a tu ra te d  so lu tio n  was prepared , so th a t  

the  inaccuracy was sm aller than  w ith  the "comparison method" 

used by previous w orkers. Secondly, a higher counting e f f ic ie n c y  

can be obtained w ith  s o l id  sources than w ith  s o lu tio n s . Hence, 

th e  sp e c if ic  a c t iv i ty  of th e  la b e l le d  s i lv e r  can be kept qu ite
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low in  order to  avoid th e  p o ssib le  e f f e c t  o f th i s  param eter on 

th e  s o lu b i l i t i e s  (see  sec tio n  if*}!)

Since silver-llO m  i s  bo th  a ̂  and e m itte r , th e  oo%nt r a te  

of a source may be measured by means of ayS p a r t ic le  d e te c to r  

( e .g .  a G-.M. counter) or a d e te c to r  ( e .g .  a s c in t i l l a t io n  

co u n te r). A s c in t i l l a t io n  counting technique was employed 

here fo r the  fo llow ing reasons.

1. The observed count r a te  fo r  a s i lv e r  ch lo rid e  counting 

source w ith  a s c in t i l l a t io n  counter (lÿ^ diam eter x 1" Nal ( t1) 

c ry s ta l)  was approxim ately double th a t  f o r  th e  same source w ith 

an end window G.M. counter (M ullard M 123). However, ag a in s t 

th i s  in c reased  e f f ic ie n c y  of the  s c in t i l l a t io n  coun ter, th e  

background count r a te  f o r  the  G.M. counter was considerably  

low er.

2. Higher counting r a te s  are p o ssib le  w ith  a s c in t i l l a t io n  

coun ter than w ith  a G.M. counter as th e  reso lv in g  time of th e  

former i s  of th e  order of only a few microseconds. This i s  

va luab le  in  the counting o f re fe ren ce  sources where count r a te  

as high as 60,000 to  80,000 counts per minute were encountered.

3. There i s  no problem of s e l f  absorp tion  w ith /-c o u n tin g , 

whereas a s o lid  source of a few milligrammes prepared  fo r

^  -oo ü n tirg  w ith  an end window G.M. tube, has to  be of a uniform 

th ick n ess  to  ensure uniform absorp tion  of ra d ia tio n  by the
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sample i t s e l f ,  and a correction fo r th is  s e lf  absorption i s  

necessary in  comparing one sample with another. S elf 

absorption can vary with the physical form of the sample (e .g . 

p a r tic le  size and d istribu tion ) and i t  i s  very d if f ic u l t  to 

reproduce th is  p recise ly  from one sample of s ilv e r  chloride to 

another. This i s  perhaps the ch ief consideration in  the 

se lection  of the  s c in ti l la t io n  method fo r these experiments.

4. The overall s ta b i l i ty  of the s c in t i l la t io n  counter i s  ra th er 

b e tte r  than th a t of the G.M. counter, over the long period of 

time involved in  th is  p ro ject.

Thus, throughout th is  work, unless otherwise mentioned, a 

s c in ti l la t io n  counting system was used. I t  consisted of an 

electronic sca ler (Philips type P.¥.4052), a high voltage unit 

(P h ilips type P.W.4022), a wideband am plifier (isotope 

Development lim ited  type 652) ,  a s c in ti l la t io n  counter head 

(isotope Development lim ited  type 653/A), a sodium iodide (T1) 

c ry s ta l lÿ ' x 1" (Ekco). A block diagram is  shown in  Pig.4#l#

The performance of the counter was checked regu larly  by 

several methods.

1. P lo ttin g  a c h a ra c te r is tic  curve* This i s  a graph of the 

count ra te  due to  the source, including background, as a function 

of applied E.H.T voltages a t various discrim inator b ias voltages 

(usually  5, 15 and 20 v o lts ) . In  P ig .4 .2 , the typ ical
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c h a r a c te r is t ic  curve o f t h i s  p a r t ic u la r  s c in t i l l a t io n  counting 

system, using s ilver-llO m  as a source, i s  shown to g e th er w ith 

th a t  fo r  background ra d ia t io n  under the  same co n d itio n s. The 

o perating  E.H.T vo ltage  was s e le c te d  as th a t  corresponding to  a 

high n e t count r a te  due to  th e  source and a reasonably  low 

background along th e  p a r t  of the curve where a r e la t iv e ly  àow 

change in  count r a te  w ith  E.H.T v o ltag e  occured. The curve a t 

20 v o lts  d isc rim in a to r b ia s  was p re fe rre d  to  those a t  3 and 15 

v o l ts .

2. T esting  fo r  non-random e rro rs  by e i th e r  t - t e s t  or Chi squared 

t e s t  (see  sec tio n  4*3 * l )

3. Measuring th e  decay of a s tandard  silver-llO m  source, and 

comparing the h a l f - l i f e  obtained w ith  the accepted value.

The counting time fo r  background r a d ia tio n  was u su a lly  one 

hour and fo r  th e  sample, long enough to  ob tain  about 10,000 

counts in  order to  m aintain an approximately constan t random 

e r ro r  (see  se c tio n  4 *3 * l ) " In  some experiments when very  low 

count ra te s  were involved, the  source p lus background and 

background alone were a l te rn a te ly  counted fo r  a c e r ta in  p erio d  

(20  minutes or h a lf  an hour) u n t i l  about 10 readings of each 

were obtained; the t - t e s t  was then  used to  estim ate  the 

s ig n if ic a n c e  of the d iffe ren ce  ( i . e . ,  the  count r a te  due to  th e  

source a lo n e).
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The count r a te s  were co rre c ted  fo r  background and decay of 

s ilver-llO m  during th e  course of each experiment# Background 

was u su a lly  approximately 198 -  2 counts per minute#

4# 3* Accuracy of Measurements.

4*3* I  S t a t i s t i c a l  Accuracy in  th e  Measurement of 

R ad io ac tiv ity .

Since th e  decay of a rad io n u c lid e  i s  a random p rocess , a 

Poisson d is t r ib u t io n  can be app lied  in  th e  measurement of 

r a d io a c t iv ity .  However i f  th e  average number o f recorded 

counts i s  la rg e ,  i t  i s  p o ssib le  to  approximate the Poisson 

d is t r ib u tio n  to  th e  Gaussian or Normal d is t r ib u tio n . I f  ”ra** i s  

the  average count of many d e term ina tions, the  chance of any 

p a r t ic u la r  observation , being w ith in  given l im its  may be 

estim ated  from the  so -c a lle d  "stan d ard  dev iation" (</)m This 

i s  th e  square ro o t of the a r ith m e tic  mean of th e  squares of a l l  

the dev ia tio n s from th e  mean value . When a normal d is t r ib u t io n  

i s  assumed, ( /  i s  a lso  equal to  th e  square ro o t  o f  th e  mean count. 

I f  a very  la rg e  number of determ inations o f a s e t  of random 

events i s  made, i t  may be shown th a t  32*7^  of these  w i l l  d ev ia te  

from th e  mean by an amount g re a te r  than , and 4*5^  by an 

amount g re a te r  than  2<T’. There i s  then 68 .3^  chance th a t  a 

s in g le  measurement w il l  d i f f e r  from th e  mean count by le s s  than 

(7^and a 95*5^  chance th a t  i t  w i l l  be w ith in  2 ( /  of the mean.

I t  i s  necessary  to  reco rd  a t o t a l  of 10,000 counts in  order to
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reduce the  r e la t iv e  standard  d ev ia tio n  to If^, and th e re  i s  s t i l l  

about one chance in  th ree  th a t  any p a r t ic u la r  observation  w il l  

d i f f e r  from the h y p o th e tica l mean by more than th is  1^

Test fo r  non-random e r ro r s . I t  i s  of in te r e s t  to  know i f  

the observed v a r ia tio n s  are reasonably  co n s is te n t w ith  

expecta tion . The t - t e s t  and Chi squared t e s t  are simple to  use 

and have a wide a p p lica tio n .

t - t e s t . I f  a sample i s  counted, many tim es, and i f  a se t 

of sev e ra l successive readings d i f f e r s  from th e  mean by more 

than 1. 96C^(Ciis standard  d e v ia tio n ) , a non-random d ev ia tio n  may 

be assumed to  be in fluenc ing  the  r e s u l t s .  In  order to  t e s t  by 

th is  method, two s e ts  of read ings of th e  same sample under the  

same condition  are taken . Normally each s e t  con ta ins f iv e  

read ings, and each read ing  i s  of about 10,000 counts. The mean 

of the  f i r s t  f iv e  i s  denoted by x and of th e  second by Ÿ. I f  

the t o t a l  tim e involved in  counting i s  T, then

t  = (X -  Y) T
2 v n r ? T y

and i f  t  i s  g re a te r  than 1. 96, i t  may be suspected  th a t  a non- 

random e r ro r  i s  p resen t. This may be confirmed by sev era l 

r e p e t i t io n s  of th e  t e s t ;  i f  t  c o n s is te n tly  exceeds 1. 96, then 

a non-random e r ro r  i s  almost c e r ta in ly  p re se n t.

Chi squared t e s t . This i s  a measure of the  correspondence
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between th e  d is t r ib u t io n  assumed, and th a t  observed* Chi-square 

7^^, involved the tru iv a r ia n c e  ( th e  average of the  squares o f 

the d ev ia tio n s  from th e  tru e  mean). For a la rg e  number of 

o b serv a tio n s , th i s  t r i e  variance approaches the normal variance 

(which can be defined s im ila r ly  to  tru sv a ria n c e , but th e  

d ev ia tio n s  i s  taken from th e  a r ith m e tic  mean, and can be shown 

to  be equal to  the mean co un t). For the  case o f a normal 

d is t r ib u t io n  th is  assumes th e  formula

(Xj -  x )^

X

Where Xj_ = read ings taken 

X = a rith m e tic  mean.

o
) (  i t s e l f  has a frequency o f d is tr ib u tio n . Assuming th e  

observations to  be t ru e ly  rep re sen ted  by a normal d is t r ib u t io n ,

P i s  the  p ro b a b ili ty  of a s im ila r  s e t  of observations g iv ing  a 

value of /V^as g re a t a s , or g re a te r  th an , th a t  obtained from the  

s e t  used to  compute P i s  a sso c ia ted  w ith  the area under th e

d is t r ib u t io n  curve. In  most s tandard  te x t  books of S t a t i s t i c s ,

values o f P have been c a lc u la te d  and ta b u la te d  fo r  various 

values o f and e i th e r  the number o f degrees o f freedom or the  

number of measured v a lu es . In  p r a c t ic e ,  i f  P l i e s  between 5 

and 95^» th e  d iffe ren ce  between the th e o re t ic a l  and observed 

d is t r ib u t io n  (and consequently th e  d iffe ren ce  between th e  standard  

d ev ia tio n s) may be regarded as reasonab le . I f  P i s  unreasonably
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sm all. I . e . ,  le s s  than  5 ^  i t  i s  evidence th a t  oomo f a u l t  in  th e  

counting assembly i s  causing th e  d is tr ib u tio n  of th e  counts 

obtained to  be o ther than th a t  expected from the law of 

rad io ac tiv e  decay. I f  P i s  g re a te r  than 95% a system atic 

v a r ia t io n  in  counting r a te  throughout the experiment i s  

suggested. Again, the t e s t  should be rep ea ted  sev e ra l tim es to  

confirm th a t  non-random e r ro rs  are p re sen t.

4.3*2. Accuracy in  volume and weight measurements.

The consis tency  of th e  e f f ic ie n c y  of measuring and 

tra n s fe r r in g  a q u an tity  of so lu tio n  by means of a 1 ml. 

graduated p ip e t te ,  was checked. Five 1 ml. q u a n titie s  of 

standard  so lu tio n  o f s i lv e r  n i t r a te  were p ip e tte d  in to  5 p re­

weighed weighing b o t t le s  and each was weighed to  obtain  the 

weight of 1 ml. of s i lv e r  n i t r a t e  so lu tio n . The weighings 

wore c a r r ie d  out w ith  a M etier semimiorobalance type B.6 w ith 

-  0.02 mg accuracy.

R esu lts  are  shown on th e  next page.
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Table H

No.
weight of weighing 

b o t t le  (gm.)
weight of weighing 
b o t t le  + s i lv e r  
n i t r a te  (gm)

net w eight of 
1 ml. of s i lv e r  

: n i t r a te  (gm)

1 4,52712 4.53359 1.00647

2 4.57315 4.57985 1.00670

5 4.46683 4.47326 1.00643

4 • 4.29310 5.20955 1.00645

5 4.22481 5.23124 1.00643

These r e s u l t s  in d ic a te  th e  re p ro d u c ib il i ty  of th e  weighing 

and of the  volume measurement, which are  im portant in  the 

experim ents rep o rted  here.

4 . 3. 3, Thermostat Baths

Two types of re g u la to r  were used. At low tem perature 

work, the tem perature o f the bath  was c o n tro lle d  by a co n tac t 

thermometer whereas a t h igher tem peratu res, a mercury to luene 

type was employed. The tem perature of the  b a th  using co n tac t 

thermometer was c o n tro lle d  to  w ith in  -  0 .0 1 % , while th a t  o f the  

m ercury-toluene re g u la to r  b a th  could be m aintained to  w ith in  

^ .0 2 % .  In  a l l  cases the  tem peratures were measured w ith  

thermometer^ c a lib ra te d  ag a in st N.P.L. c e r t i f i e d  mercury in  

g la ss  thermometers.
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4# 4* P rep ara tio n  of Labelled S ilv e r  Chloride

0 .1  to  0 .5  ml. of ra d io a c tiv e  s i lv e r  ( in  th e  form of 

s i lv e r  n i t r a te  so lu tio n  and con ta in ing  a n e g lig ib le  amount of 

in a c tiv e  s i lv e r  n i t r a t e ,  d e ta i ls  are given in  Chapter 5) was 

added to  a c en trifu g e  tube con tain ing  1 ml. of a standard  

so lu tio n  of 0 .1  m s i lv e r  n i t r a t e .  The tube was wrapped in  

b lack  paper to  avoid excessive exposure to  l i g h t .  A fter 

standing fo r  a few minutes to  ensure complete equilibrium  

between ra d io ac tiv e  s i lv e r  and the  in a c tiv e  s i lv e r  in  the 

standard  so lu tio n , an eq u iva len t amount of sodium ch lo rid e  i . e . ,

0.25 ml of 0.4 m s o lu tio n , was added and a p r e c ip i ta te  of 

s i lv e r  ch lo rid e  was formed. Heating was found unnecessary 

since the volume o f the " p re c ip ita t in g  mixture" was u su a lly  

kept sm all i . e . ,  le s s  than  or about 1 .5  mis. and a w ell formed 

p re c ip i ta te  was always obtained. The p re c ip i ta te  was then  

sub jec ted  to  cen trifu g in g  and the  supernate decanted; th i s  

was followed by sev e ra l washings of p re c ip i ta te  w ith double 

de-ion ised  water (see  Chapter 5) or heavy water or formamide 

depending on which so lv en t was being studied* Each tim e th e  

supernate was removed by d écan ta tion .

4*5* P rep ara tio n  of th e  Counting Source

At th e  beginning of th i s  re sea rch , attem pts were made to  

prepare th e  counting source by tra n s fe r r in g  th e  p r e c ip i ta te  of
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s i lv e r  ch lo rid e  d i r e c t ly  in to  a sm all aluminium p lan ch e tte  and 

allow ing i t  to  dry under an in f ra re d  lamp, bu t th i s  method 

y ie ld ed  a poor source since  the su rface  was cracked, and 

decomposition of s i lv e r  ch lo rid e  took p lace . F i l te r in g  of 

th e  p r e c ip i ta te  through a p re -d r ie d  and weighed sm all f i l t e r  

paper (Whatman No.42) mounted on a de-mountable buchner funnel 

of 1 cm. diam eter proved to  be a much more s a t is fa c to ry  procedure 

f o r  making a good s i lv e r  ch lo rid e  counting source. The 

p r e c ip i ta te  was l e f t  in  the funnel under th e  app lied  suc tion  

from a vacuum pump fo r  h a lf  an hour. The p re c ip i ta te  and 

f i l t e r  paper were c a re fu lly  removed from the  funnel and kept in  

a d e s ic c a to r  overnight befo re  the chem ical y ie ld  was determ ined. 

I t  was found th a t  drying th e  source in  the oven a t  150% did  

not a l t e r  the value obtained fo r  th e  y ie ld  of s i lv e r  ch lo rid e .

The th e o re t ic a l  y ie ld  of s i lv e r  ch lo rid e  was 16.6 mg. and in  

most cases about 16.0 mg. y ie ld  was obtained. The f i l t e r  

paper which^in tu rn  supported the p r e c ip i ta te  was mounted on an 

aluminium p lan c h e tte , uncovered, and was counted fo r  th e  

a c t iv i ty  le v e l o f silver-llO m  in  s i lv e r  chloride* For th e  

re fe re n c e  source, the  normal count r a te  was between 60,000 to  

80,000 counts p e r minute above background.

4 .6 . D eterm ination of S o lu b il i ty

Tbis sec tio n  describes the  b a s ic  technique which was 

developed and used fo r  a l l  th e  s o lu b i l i ty  determ inations.
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A weighed sample of s i lv e r  ch lo rid e  re fe ren ce  sample was 

counted in  o rder to  obtain  th e  c o r re la tio n  fa c to r  between the  

count r a te  and th e  weight of th e  sample* This fa c to r  i s  termed 

" th e  s p e c if ic  count ra te "  and i s  expressed in  counts p e r minute 

p e r  gramme. This re fe ren ce  source was then tra n s fe r re d  to  the 

ap p ro p ria te  so lv e n t, contained in  a volum etric f la s k  or a g la ss  

ampoule, and th e  l a t t e r  then sea led  o ff . Samples were l e f t  in  

a therm ostat b a th  which m aintained the  d es ired  tem perature and 

were shaken fre q u e n tly . S ince th i s  was c a r r ie d  out manually, 

the  time taken to  reach  equ ilib rium , which was e s ta b lish ed  

ex perim en tally , was u su a lly  between 7 and 10 days* The 

equ ilib rium  so lu tio n  was then withdrawn in to  a preweighed 

weighing b o t t le  con tain ing  th e  same quan tity  of the same standard  

so lu tio n  of u n lab e lled  s i lv e r  n i t r a t e  as was used in  the 

p rep a ra tio n  of th e  refe ren ce  sample, The apparatus was 

designed in  such a way th a t  the  sampling of the equilibrium  

so lu tio n  was c a r r ie d  out by f i l t r a t i o n  through a s in te re d  g la s s  

d isc  w hile th e  whole apparatus was immersed in  the  therm ostat 

b a th . D e ta ils  are d iscussed under 4 .%  The weight of the eq­

u ilib riu m  so lu tio n  was then determ ined, a f te r  which an app ropria te  

s o lu tio n  of sodium ch lo rid e  was added, and the p re c ip i ta te  

formed was f i l t e r e d  through a pre-weighed f i l t e r  paper ( in  

sep a ra te  experim ents i t  was a sce rta in ed  th a t  the  weight of a 

f i l t e r  paper was unchanged by carry ing  out "dummy" f i l t r a t i o n s  

w ithout p r e c ip i ta te ) .  The chem ical y ie ld  of th e  p re c ip i ta te
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as w ell as i t s  count r a te ,  were determ ined. By comparing th e  

sp e c if ic  count r a te  of th e  f in a l  source w ith  th a t  o f the  

reference  sample the  amount of s i lv e r  ch lo rid e  in  the 

equilibrium  so lu tio n  was c a lcu la te d .

Example S o lu b il i ty  of s i lv e r  ch lo rid e  in  heavy w ater a t  45% .

Weight of re fe ren ce  s i lv e r  ch lo rid e  source ( so i^e l )  = 15«9 mg

C orrected counting r a te  of re fe ren ce  source = 82456 counts/min

Weight of equilibrium  so lu tio n  taken = 24.1813 gm

Weight o f p re c ip i ta te  of s i lv e r  ch lo rid e  prepared 

from th e  equ ilib rium  so lu tio n  (source I I )  = 16.55 mg

C orrected counting r a te  of source I I  = 459*6 counts/min

Taken in to  account decay of s ilver-llO m  (c o rre c tio n  fa c to r

= 10:9*7 fo r  10

days) and a lso  fo r  incom plete p re c ip i ta tio n ;  the f in a l  counting

r a te  of source H  = 459.6 x 10 x 16.6 = 475*2 counts/m in
9.7 X l é .  55

T herefore , th e  d isso lv ed  s i lv e r  ch lo rid e  in  24*1813 gm of equilibrium

so lu tio n  = 15*9 x 475*2 mg*
24.1813 X 82456

i . e . ,  = 15*9 X 475.2 x 10^ x 10^gm of s ilv e rc h lo r id e /
24.1813 X 82456 of heavy w a te r

~ 15*9 X 475*2 X lO ^xlQ  mole of s ilv e rc h lo r id e /o f  heavy
24*1813 X 82456 x 143*5 /  w ater

= 26.4 X 10 ^mole of s ilv e rc h lo r id e /k g  of heavy w ater



Pig# 4.3# Sampling Apparatus*
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4-7 Sampling Technique

The apparatus designed fo r  th ese  expeiriments i s  i l l u s t r a t e d  

in  P ig . 4-3* I t  c o n s is ts  o f two compartments, one la b e l le d  

"compartment I"  i s  fo r  the equilibrium  so lu tio n . Compartment I I  

i s  a f la sk  contain ing  a weighing b o t t le  which in  tu rn  co n ta in s  a 

pre-weighed q u an tity  of a standard  so lu tio n  of s i lv e r  n i t r a t e ,

A g la ss  tu b e , which i s  th e  p a r t  o f th e  stopper of compartment I ,  

i s  connected to  a vacuum l in e .  These two compartments are  

connected v ia  a g la ss  U tube one end w ith  a s in te re d  g la s s  d isc  

of p o ro u sity  grade 4 dipping underneath the su rface  le v e l  of the  

sa tu ra te d  so lu tio n . Compartment I , H  and the g la s s  U tube can 

be taken a p a r t ,  bu t when th ey  are assembled and com pletely 

immersed in  the therm ostat b a th , the  jo in ts  are a i r  t i g h t ,  

w aterproof and leakproof.

The sampling apparatus was l e f t  in  th e  same therm ostat 

b a th , as the  sample fo r  one hour befo re  the sampling o f th e  

equ ilib rium  so lu tio n  took p lace (an equ ilib rium  so lu tio n  was 

produced according to  se c tio n  4*6)* The g la ss  ampoule or the 

volum etric f la sk  con ta in ing  th e  equ ilib rium  so lu tio n  was opened 

in  the  b a th , bu t vdth  care  to  avoid in g re ss  of w ater, th e  

contents were quickly tra n s fe r re d  in to  compartment I ,  and the 

whole apparatus was l e f t  fo r  5 to  10 minutes in  the b a th  befo re  

f i l t e r i n g ,  to  allow th e  equ ilib rium  so lu tio n  to  reg a in  i t s  

previous tem perature. The time involved in  t ra n s fe r r in g  was
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normally le s s  than  2 minutes and th e  change in  tem perature was 

very  sm all, A su c tio n  was then ap p lied  and the so lu tio n  was 

f i l t e r e d  through the s in te re d  g la ss  d isc  in to  a weighing b o t t le ;  

th e  tim e involved in  th is  process was between 5 and 10 minutes 

depending on the v is c o s i ty  of the so lv en t. By employing th is  

technique, various problems which otherw ise may have a r ise n  were 

e lim in a ted , i , e , ,  the s in te re d  g la ss  d isc  prevented s o lid  

s i lv e r  ch lo rid e  from en tering  in to  compartment I I ;  th e re fo re  

th e re  was no question  as to  whether sm all amounts of so lid  

s i lv e r  ch lo rid e  were m istakenly included w ith  the  equilibrium  

so lu tio n  and since th e  tem perature during the  sampling process 

was th a t  of the therm ostat b a th , th e re  was no p o s s ib i l i ty  of 

r e -p re c ip i ta t io n  due to  tem perature depression or in o reased - 

d is so lu tio n  of s i lv e r  ch lo rid e  due to  tem perature e lev a tio n .

The sampling process was c a rr ie d  out a t  room tem perature when 

th is  was very near to  the tem perature of th e  equilibrium  

so lu tio n , and r e s u l t s  were com pletely rep roducib le ,

4 , 8, Method Employed in  the D eterm ination of th e  C oncentration

of Added C hloride Io n s ,

4 ,6 ,1  D irec t Weighing. Jon te  and M artin^ c a lc u la te d  the 

ch lo rid e  concen tra tion  by su b trac tin g  the  amount p re c ip i ta te d  

as s i lv e r  ch lo rid e  from th a t  added as sodium ch lo rid e  in  the 

standard  so lu tio n , b u t a p a r t ic u la r  e f f ic ie n c y  of p re c ip i ta tio n  

had to  be assumed. The method used in  t h i s  work was simply to
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prepare a s o lu tio n  of known sodium ch lo rid e  co n cen tra tio n , 

e i th e r  by d i r e c t  weighing or by d ilu tio n  of a standard  so lu tio n . 

Since the  concen tra tion  o f sodium ch lo rid e  was, in  most cases 

very  sm all, a semimicrobalance was used, and fo r  the more d i lu te  

so lu tio n s  c a re fu l d ilu tio n  by weighing was c a r r ie d  out.

However, the weighing technique was discarded  in  favour of th e  

d ilu tio n  since a c a re fu lly  prepared  so lu tio n  could be used fo r  

many experim ents. In  the high concen tra tion  reg io n , d ire c t  

weighing was used and each weighed qu an tity  of sodium ch lo rid e  

was d isso lved  in  u su a lly  25 ml. of th e  so lv en t in  question .

In  the case of th e  so lv en t being  heavy w ater, th e  volume of the 

samples was kep t as low as p o s s ib le , co n s is te n t w ith accuracy, 

in  order to  conserve heavy w ater. The m anipulation described  

above, was c a r r ie d  out in  a glove box in  an atmosphere of dry 

a i r  or in e r t  gas such as n itro g en , except in  th e  case when w ater 

was used as a so lv en t.

4*8.2 Double L abelling

Since the  determ ination o f ch lo rid e  ion  concen tra tions in  

th e  very  d i lu te  reg ion  i s  r a th e r  d i f f i c u l t  to  achieve w ith high 

degree of accuracy by simple a n a ly tic a l  techn iques, a "double 

la b e llin g "  technique i . e . ,  one in  which th e  ch lo rin e  was a lso  

la b e lle d , was th e re fo re  employed in  the  determ ination  of 

ch lo rid e  ion  concen tra tions in  the  f i r s t  few experiments where 

w ater was used as a so lv en t. B r ie f ly , doubly la b e lle d  s i lv e r
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ch lo rid e  was prepared by mixing a so lu tio n  o f s i lv e r  n i t r a te  

la b e lle d  w ith  silver-llO m  and a sodium ch lo rid e  so lu tio n  

la b e lle d  w ith  c h lo rin e -36. The count r a te  of silver-llO m  in  

the sample could be measured w ithout in te rfe re n c e  from th a t  of 

ch lo rin e -36  by using a s c in t i l l a t io n  co u n te r, provided th a t  

the a c t iv i ty  of ch lo rin e -36  was not s u f f ic ie n t ly  high to  induce 

brem sstrahlung ra d ia tio n . (This i s  s im ila r  in  p ro p e rtie s  to  

X-rays and i s  de tec tab le  by a s c in t i l l a t io n  counter. ) The 

Count r a te  due to  ch lo rin e -36  in  th e  s i lv e r  ch lo rid e  source was 

then determ ined by using an end window G-.M. counter. 

U nfortunately , however, the G .M . counter a lso  counts and 

ra d ia tio n s  em itted  by s ilv e r-llO m , bu t s in ce  the r e la t iv e  

e ff ic ie n c y  of counting fo r  s ilver-llO m  by a s c in t i l l a t io n  

counter ( in s e n s it iv e  to  c h lo rin e -36 , a p u r e ^  em itte r) and a 

G .M . tube was known, the  G .M . count r a te  due to  s ilver-llO m  and, 

hence, th e  n e t count r a te  due to  ch lo rin e -36  could be computed. 

The double la b e lle d  sample was then  tra n s fe rre d  in to  an 

app rop ria te  co n ta in e r, the  same la b e lle d  sodium ch lo rid e  

so lu tio n  as was used as a p re c ip i ta tin g  agent e a r l i e r ,  was 

added to  g iv e  an excess of sodium ch lo rid e . The so lven t under 

in v e s tig a tio n  was then added in  s u f f ic ie n t  amount to g ive the  

d esired  concen tra tion  of ch lo rid e  ion . A fter the whole system 

had reached equ ilib rium , two a liq u o ts  of th e  equilibrium  

so lu tio n  were withdrawn, one added to  a s tandard  so lu tio n  of 

s i lv e r  n i t r a t e  ( in a c t iv e ) ,  and the o ther to  an in a c tiv e  s tandard
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sodium ch lo rid e  so lu tio n . The p r e c ip i ta te s  o f s i lv e r  ch lo rid e  

in  bo th  so lu tio n s  were obtained by adding th e  app ropria te  

p r e c ip i ta tin g  agent. The p re c ip i ta te  from the f i r s t  a liq u o t 

con tain ing  a l l  o f the  silver-llO m  was counted by a 

s c in t i l l a t i o n  counter w hile th e  second, con tain ing  a l l  o f the  

ch lo rin e -36  was counted by bo th  s c in t i l l a t io n  and G.M. coun ter. 

The s o lu b i l i ty  of s i lv e r  ch lo rid e  was estim ated  in  th e  f i r s t  

a l iq u o t,  based on the  count r a te  of s ilv er-llO m . In  th e  second 

a liq u o t,  th e  s o lu b i l i ty  of s i lv e r  ch lo rid e  was c a lcu la te d  from 

th e  count r a te  fo r  ch lo rin e -36  a f te r  c o rre c tio n  fo r  in te rfe re n c e  

from silv er-llO m . The value found in  th e  l a t t e r  case was, of 

course , h igher than th a t  found from th e  f i r s t  a liq u o t, s in ce  the 

count r a te  o f ch lo rin e -36  included th a t  p resen t in  the so lu tio n  

in  excess. I t  follow ed th a t  th e  d iffe ren ce  in  s o lu b i l i t i e s  

between th e  two samples rep resen ted  th e  amount o f s i lv e r  ch lo rid e  

which was formed w ith  th e  excess c h lo r in e -36; thus the  amount 

of added c h lo rid e  was estim ated . This technique was abandoned 

because i t  could be used only in  a very d i lu te  so lu tio n , 

otherw ise th e  ch lo rin e -36  in te r f e re d  w ith  the counting of 

s ilv er-llO m ; Also, two a liq u o ts  of an equ ilib rium  so lu tio n  

were needed in  each determ ination . In  a d d itio n , i t  was found 

th a t  th e  experim entally  determined co n cen tra tions of ch lo rid e  

ions were in  accord w ith the  "ca lcu la ted "  r e s u l t s  from d ilu tio n  

and hence th e re  was no reason  to  continue experim ental 

d eterm inations.
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4 * 9 *  R ep ro d u c ib ility  o f  Techniques

The techniques described  above were thoroughly te s te d  fo r  

re p ro d u c ib il i ty  by measuring th e  s o lu b i l i ty  of s i lv e r  ch lo ride  

in  w ater a t  5°, 25^, and 45°C. A fter some improvements in  

sampling and analysing techniques had been made, th e  r e s u l ts  

obtained  were s l ig h t ly  h igher than those rep o rted  p rev iously
96such as those of Owen and B rin k ley  who used emf measurements*

The d iffe ren ce  probably a r ise s  from the  f a c t  th a t  w ith  the

radiochem ical technique, to t a l  s i lv e r  in  the sa tu ra te d  so lu tio n

i s  measured, r a th e r  than only s i lv e r  io n s , as in  the  emf work.

A fter th i s  f a c to r  had been taken in to  account th e  p resen t

s o lu b i l i ty  data  i s  in  good agreement w ith  the  most p rec ise

previous estim ations of s o lu b i l i ty  of s i lv e r  ch lo rid e  in  w ater
96

a t various tem peratures R esu lts  are tab u la ted  in  t a b le lU .
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T ab leH I S o lu b i l i t ie s  o f  S i lv e r  C hloride in  Water a t  5°, 25° 

45°C

Temperature S olubilitie§A*giq/kg [S o lu b il i t ie s  (s) x 10^ 
; ( moles/kff)

S o lu b i l i t ie s  from 
x e f (96)mole/kgxlo5

Average

5 789.7 , 0.550 0.506

25 1901.0 1.322

1906.0 1.324

1928.0 1.343 j

1921.5 ■ 1.338 I 1.348 1.340

1955.0 1.365 )

45 4377.0 3.0501)

4384.0 3.055 ) 3.075 3.030

4417.2

-

3.120)

The next s tep  was to  study th e  behaviour of s i lv e r  ch lo rid e  

as an e le c t ro ly te ,  i . e . ,  the chemical e q u il ib r ia  in  the  presence 

of c h lo rid e  io n s . A ll of th i s  work was c a r r ie d  out in  double 

d e -io n ised  w ater. Although th e re  i s  considerab le  l i t e r a tu r e  

concerning s i lv e r  ch lo rid e  complexés, e .g ." th o se  p resen ted  by 

F o rb e s ^  Forbes and C ole^f Ledeii^^ Mirono^^J F om in^Jtiesef'^^and
3

Jonte and M artin^, the l a s t  mentioned au th o r’s work was chosen 

to  be rep ea ted , and s p e c ia l a t te n tio n  was pa id  to  a very  low 

co n cen tra tio n  of ch lo rid e  io n s . I t  was thought s u f f ic ie n t  to
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l im it  th e  work, a t  th is  s ta g e , to  25°C# As th i s  work was

confined to  a reg ion  of low ch lo rid e  ion co n cen tra tio n s, high 

complexes were not expected to  be p resen t. There was no o th er 

s a l t  added to  th e  system ap a rt from sodium ch lo rid e ; th e re fo re  

io n ic  s tre rg th s  were low, and taken as th e  t o t a l  

ch lo rid e  concen tra tions in  the  equilibrium  so lu tio n . From 

io n ic  s tre n g th s , mean io n ic  a c t iv i ty  c o e f f ic ie n ts  were 

c a lc u la te d , using the Debye-Huckel L im iting Law i . e . .

log .  -A v r
7+- /X

where A = Debye-Huokel constan t = 0'5mole-^kg ?
fo r  w ater a t  25°C

/ +* -  = mean io n ic  a c t iv i ty  c o e f f ic ie n t

I  = io n ic  s tre n g th

R esu lts  a re  shown in  Table TUT.
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Table IV  a i dHoYfûU Jai v^cà^r ôn rnc>ù.s! od

S X 10& io 3[c i“3

0.608 1.680 0.9558 652.7

0.770 1.077 0.9855 1069.0

0.210 1.021 0.9682 1066.0

0.701 0.3916 0.9780 2670.0

1.365 0.1750 0.9852 5888.0

2.120 0.0970 0.9890 10545.0

5.240 0.0360 0.9932 28160.0

5.300 0.0349 0.9934 29040.0

11.31 0.1618 0.9954 62380.0

13.48  average 
in  pure 
w ater

0.01348 0.9960 74700.0

N.B. *  in d ic a te  the r e s u l t s  from double la b e llin g  method.

Treatment of the data was s im ila r  to  th a t  g iven in  

r e f e r e n o i ^ ^  and i s  summarised below.

4* 10. Treatment of th e  Data

At low ch lo rid e  co n cen tra tio n s, th e  assumption i s  made th a t  

higher complexes of th e  form AgClJ are not formed and th a t only 

two chemical e q u il ib r ia  may be considered
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+ 01-  (1)

4S+ + Cl- solution) ( 2)

Equilibrium  constan t fo r  equation ( l )  i s  th e  s o lu b i l i ty  

product Kg and i s  given by

Ks = p g * 3  [ C l - J  Y !

where[Ag"*"] i s  th e  m o la lity  of the  s i l v e r  ions

[ c i  1 i s  th e  m o la lity  of the  ch lo rid e  ions

V i i s  the  mean io n ic  a c t iv i ty  c o e f f ic ie n t of 

s i lv e r  io n  and ch lo rid e  ion 

The a s so c ia tio n  co n stan t K^, from equation  (2) i s  g iven  by

K  ̂ = Cak C l3 Yo

vf
fjig c ii (3)

%

Where [AgCl} i s  the  m o la lity  of und isso c ia ted  s i lv e r  

ch lo rid e  and YT i s  th e  a c t iv i ty  c o e f f ic ie n t  of

un d isso c ia ted  s i lv e r  ch lo rid e  and have a value c lo se  to  u n ity  

a t  the  low io n ic  s tren g th s  employed^ Hence equation (3) becomes 

%  = fAgClJ

Ks (4)

The to ta l  s i lv e r  concen tra tion  S as measured by the  

s o lu b i l i ty  measurements i s  g iven , on s u b s t i tu t io n , by
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= + D g c iJ

= 3 ----------  ^ (5)

Hence a p lo t  of t o t a l  s o lu b i l i ty  S a g a in s t 1_____ should

[ c i i  Y i

y ie ld  a s t r a ig h t  l in e  of slope Kg and in te rc e p t  K^K  ̂ and th i s  i s  

shown in  F ig .4 .4 . %Kg and % are 0.35 x 10"^ mole/kg and 

1.77 X 10 mole^/kg^ re sp e c tiv e ly , in  good agreement w ith  

Jon te  and M artin is  bu t the  p resen t in v e s tig a tio n  was extended to  

a much lower concen tra tions of added ch lo rid e  io n s.

4 .1 1 . E ffe c t o f R a d io a c tiv itie s  on S o lu b i l i t ie s

103
S pitsyn  e t  a l ’- were the  f i r s t  group to  begin an ex tensive

in v e s tig a tio n  of th e  in flu en ce  of ra d ia tio n  in  heterogeneous

chemical p ro cesses, and rep o rted  the  changes in  behaviour when

rad io ac tiv e  m a te ria ls  are used a t the t r a c e r  le v e ls .  A
104

subsequent re p o rt of Ramette and Anderson f a i le d  to  confirm

any n o ticeab le  e f fe c t  o f s p e c if ic  a c t iv i ty  o f sulphur-35 on th e

s o lu b i l i t i e s  of barium su lp h a te  and lead  su lphate  la b e lle d  w ith

sulphur-35. However, in  th e  same a r t i c le  the authors have
105

mentioned th e  unpublished work of Hoffer ,yho found th a t  the 

s o lu b i l i t ie s  of s i lv e r  io d a te  samples la b e lle d  w ith  s ilv e r-1 1 0  

in  the  s p e c if ic  a c t iv i ty  range 0.04 -  6 .0  mCi/g. were higher than 

the  accepted v a lu e , th a t  the  time f o r  the system to  reach
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eguilibidum  was a lso  longer than  th e  time req u ire d  by the  

non-rad ioactive s a l t ,  and th a t  the s iz e  of th e  p r e c ip i ta te  of 

la b e lle d  s i lv e r  io d ate  was too small fo r  o rd inary  f i l t r a t i o n .  

Bovington, in  a recen t p u b lic a tio n  ^ ^ a s  concluded th a t ,  in  h is  

in v e s tig a tio n  of th e  e f fe c t  of ra d ia tio n  on s o lu b i l i t i e s ,  th e  

s o lu b i l i ty  of lead  su lphate  in  w ater i s  in  good agreement w ith  

Ramette*s bu t th a t  of barium su lphate  i s  10^ higher than the  

normal va lue . E lec tro n  microscopy revea led  damage on the  

c ry s ta l  l a t t i c e  of th ese  s a l t s  and th i s  was thought to  be due 

to  s e l f  i r r a d ia t io n .  I t  i s  of in te r e s t  to  note th a t  these  

workers use a considerab ly  higher s p e c if ic  a c t iv i ty  than  was 

used in  the presen t work; th e i r  lowest le v e l was 0.04 raCi/g, 

whereas only 0.005 mCi/g was the  normal le v e l  of th e  a c t iv i ty  

involved in  the  work p resen ted  in  th is  th e s is .  There was no 

evidence of any e f fe c t  of s p e c if ic  a c t iv i ty  on th e  observed 

s o lu b i l i t i e s ,  th e  p a r t ic le s  s iz e  of s i lv e r  c h lo rid e  was found to  

be normal, and th e  f i l t r a t i o n  was c a r r ie d  out w ithout d i f f ic u l ty .

4# 12. E ffe c t of Adsorption on the  Surface of C ontainer.

107
R ecently  West e t a i  have e s ta b lish e d  the adsorp tion  

c h a ra c te r is t ic s  of s i lv e r  on v arious common s to rag e  con ta iners  

by using a rad iochem ical technique; silver-llO m  and s i l v e r - i l l  

were used as t r a c e r s .  They found th a t  th e  maximum adsorp tion  

fo r  a l l  m a te ria ls  s tud ied  ( i . e . ,  b o ro s iH c a te  g la s s ,  f l i n t ,  

po lyethylene and s il ic o n e  coated co n ta in ers) was approached in
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between 10 and 30 days. R esu lts  from the  p resen t study show no 

e f fe c t  of adsorp tion  on the su rface  of th e  co n ta in e r. This may 

be due to  th e  fa c t  th a t  a t th e  time of an a ly s is  fo r  the  

s o lu b i l i t i e s  in  the  equ ilib rium  so lu tio n , th e  adsorp tion  had 

already  reached the s ta te  of equ ilib rium . A s e r ie s  of 

experiments on the  s o lu b i l i ty  of s i lv e r  c h lo rid e  in  w ater a t  

25^0 has been c a r r ie d  out using ord inary  pyrex, po lyethy lene, 

P .T .F .E . coated f la sk s ;  r e s u l t s  did not show any d iffe ren ce  

beyond normal experim ental e r ro r ,  and they  were c lose  to  what 

was considered as the b e s t  l i t e r a tu r e  va lue . The r e s u l t s ,  

tab u la ted  in  Table H I ,  were obtained, in  o rd e r, using 

po lyethy lene, P .T .F .E . coated  f la sk s  and fo r the l a s t  th re e  

r e s u l ts  pyrex f la sk s  were used*
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C H A P T E R  V

M ateria ls

This ch ap te r i s  concerned w ith  the sources and p u r if ic a t io n  

of a l l  the  m a te r ia ls  used in  th is  work, to g e th e r  w ith  c r i t e r i a  

o f p u r ity . In  p a r t ic u la r ,  th e  p rep ara tio n  o f pure formamide i s  

d e a lt  w ith in  d e ta i l .

5*1. Solvents

Double de ion ised  w ater was prepared  by d e io n sa tio n  o f ta p  

w ater, by successive  passage through two "E lg as ta t"  u n its .

The second u n it always contained an almost f re sh  c a r tr id g e  of 

r e s in .  The so c a lle d  "double deion ised  w ater" gave a s p e c if ic  

conductance of 9 .5  x 10*^ ohm"*^cm7^

"Norsk Hydro" heavy w ater (99*7^ minimum) supp lied  by

I . e . I .  was used w ithout fu r th e r  p u r if ic a t io n . The w ater (HgO) 

conten t was shown by NiM.R to  be le s s  than 0 .5 ^

The p u r if ic a t io n  of formamide i s  described  in  sec tio n  5*4*

5 .2 . S tandard S o lu tio n s

The standard  so lu tio n s  o f  s i lv e r  n i t r a te  and sodium 

ch lo ride  were made from A.R. grade reag en ts . S i lv e r  n i t r a te  

was used w ithout fu r th e r  p u r if ic a t io n .  Sodium ch lo rid e  was



65

p u r if ie d  by re -c iy s ta lld -sa ti 'o n  few tim es from water+ ethanol 

so lu tio n . The f in a l  crop of c ry s ta ls  was d rie d  in  th e  oven a t 

140°c fo r  48 hours and was k ep t, p r io r  to  use, in  a d e s ic c a to r. 

S tandard so lu tio n s  were made up in  double de ion ised  w ater, 

except fo r  th e  work involving heavy w ater, in  which case the 

standard  so lu tio n s  were made up in  heavy w ater.

5*3* R adioactive M a te ria ls .

S ilver-llO m  was obtained from the Radiochemical C entre, 

Amersham, in  the  form of s i lv e r  n i t r a te  in  n i t r i c  ac id  so lu tio n . 

The t o t a l  amount of s i lv e r  p resen t was very  low, i . e . ,  0.001 mg 

of A gy^C i. The stock  so lu tio n  was made up by in je c tin g  the

silver-llO m  tra c e r  so lu tio n  from th e  m ultidose g la ss  v i a l ,  

using a hypodermic sy rin g e , in to  a f la s k  con tain ing  double 

deion ised  w ater, and th i s  was used in  th e  measurements of the 

s o lu b i l i t i e s  o f s i lv e r  Chloride throughout th is  research . This 

stock so lu tio n  was of r e la t iv e ly  high a c t iv i ty  and only a very 

small volume of i t  was needed in  each measurement, hence an 

in crease  of th e  volume of the " p re c ip ita tin g  m ixture", which 

can cause th e  form ation of a c o llo id , was avoided. Furtherm ore, 

the  amount of the in a c tiv e  s i lv e r  n i t r a te  or so c a lle d  " s i lv e r  

n i t r a te  carrier"w hich  was asso c ia ted  w ith  th e  ra d io ac tiv e  

t r a c e r ,  could be kept to  such a low value th a t  i t  could be 

regarded as n e g lig ib le . S ilver-llO m  has a h a l f - l i f e  of 253 days; 

thus th e  a c t iv i ty  w il l  decrease appreciably  in  th e  course of one
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month and th i s  must be taken in to  account when making a stock  

so lu tio n  which maybe used throughout such a p erio d . In  a l l  

cases the  a c t iv i ty  in  th e  stock  so lu tio n  a t  the tim e of 

p rep a ra tio n  was between 0 .2  -  0.5/<Cd/m l. and u su a lly  only  0 .1  

to  0.5  ml. were taken fo r  la b e llin g  the s i lv e r  n i t r a te  c a r r i e r  

so lu tio n .

C hlnrine-56 was obtained from th e  Radiochemical C entre in  

the form of 2 .2nhydrochloric ac id . The standard  so lu tio n  of 

sodium ch lo rid e  was la b e l le d  w ith ch lo rin e -36 by the method 

already  described  fo r  silver-llO m . This la b e lle d  so lu tio n  was 

used only when th e  double la b e ll in g  technique was employed.

5 . 4 , P u r if ic a tio n  of Formamide

Formamide i s  a r a th e r  viscous hygroscopic l iq u id  which 

undergoes hydro lysis r e a d ily ,  y ie ld in g  decomposition products 

such as ammonia, form ic acid  and ammonium formate?*Q6 i t  

d isso lv es  many drying agents such as magnesium p e rc h lo ra te , 

anhydrous sodium su lp h a te , calcium ch lo rid e  and re a c ts  w ith  

o th ers  such as phosphorous pentoxide and calcium oxide*

S i l ic a  g e l i s  a lso  in e f fe c t iv e  as a d iying agent. Formamide

decomposes on heating as follow s ; -

HCO NHg---- --------- ^ HCN + H2O

and HCO NHg..... -.............. > NHt + CO
109

oB-aa Ram Chaad Paul Molhotro o t q1 hove auggootod th a t  th e
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Q utoionioatien  o f formomido i a

aiiociiiiig^__:±(iiooini)~ » (iiookii,)'*'

The décomposition of formamide i s  a lso  b e liev ed  to  be 

c a ta ly s te d  by acids and a lk a l i s ,  and may a lso  be brought about 

by the ac tio n  of l ig h t .  Because of i t s  r e a c t iv i ty  and 

in s t a b i l i t y  th e  p u r if ic a t io n  i s  d i f f i c u l t ,  and pure formamide 

should not be allowed to  s tan d  fo r  an extended perio d  of tim e 

befo re  being  used.

5. 5, Summary of Previous Methods Used in  P u r if ic a t io n  of 

Formamide.

I t  i s  obvious th a t th e  p u r if ic a t io n  of formamide should 

involve drying and sep ara tin g  th i s  compound from i t s  decomposition 

products and o ther im p u ritie s . The whole process has to  be 

c a rr ie d  out a t a low tem perature to  avoid therm al decomposition 

and care has to be taken to  avoid exposing i t  to  m oist a i r .  

P hysical p ro p e rtie s  of pure formamide are given in  Table I  of 

Chapter H I .

Previous workers s ta r te d  from th e  ad d itio n  to formamide of 

drying agen ts such as sodium su lphate  or calcium oxide, follow ed 

by f r a c t io n a l  d i s t i l l a t i o n  under reduced p ressu re . S everal 

workers a lso  u t i l i s e d  f ra c t io n a l  c r y s ta l l i s a t io n  e i th e r  befo re  

or a f te r  d i s t i l l a t i o n .  The whole process was always performed 

in  an atmosphere freed  from carbondioxide and w ater. The
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qu an tity  of pure formamide produced by th e  above conventional 

method was u su a lly  sm all. Most e a r ly  workers used th e  freez in g  

p o in t as a c r i te r io n  of p u r ity . More rec en t workers measured 

conductance as w ell and a l im ite d  number measured the  w ater 

co n ten t. An o u tlin e  of the procedure used by some of the  

e a r l i e r  workers i s  given below.

Formamide has been a su b jec t of in te r e s t  s ince  the 

beginning of the  century. In  1914 E nglish  and Turner^^^, 1915 

Davis and Putnam ^^ and 1918 Bran^^^ p u r if ie d  formamide by 

f ra c t io n a l  d i s t i l l a t i o n  under reduced p re ssu re , the  m elting po in t 

of the  f in a l  product being between 2 .2  to  2.25°C. Merry and 

Turner^^^ in troduced  f ra c t io n a l  freez in g  and found th a t  th e  m elting 

p o in t o f crude formamide was r a is e d  from 0 . 6°C to  0,68°C a f te r  

6 successive f re e z in g s . E nglish  and Turner^^^, by 20 successive 

freez in g s  were able to  r a i s e  th e  m elting p o in t to  1°C. Smith^^ 

m odified th ese  methods and claimed th a t  ev en tu a lly  formamide 

w ith a freez in g  p o in t o f  2.55°C and w ith  sp e c if ic  conductance a t 

20°C of 1 .9  X 10~^ohm"^om"l was obtained . Smith continued 

p u r if ic a t io n  by d i s t i l l a t i o n  u n t i l  a f ra c tio n  freez in g  a t  2.25°C 

was ob ta ined . This m oderately pure formamide was then  frozen  

sev e ra l tim es, th e  freez in g  p o in t being r a is e d  by about 0 .2 °  -  

0.5°C a f te r  each freez in g . The conductance continued to  decrease

a f te r  th e  freez in g  p o in t had reached i t s  maximum.
108In  1936, Verhosk n e u tra lis e d  crude formamide w ith  sodium
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hydroxide b e fo re  p u r if ic a t io n  by d i s t i l l a t i o n  and f ra c t io n a l  

c ry s ta l l is a t io n *  A f in a l  product w ith  s p e c if ic  conductance 

( l - 2 )  X 10 ^ ohm~^cra’*  ̂ was obtained* Verhoek a lso  followed 

th e  decomposition of pure formamide and found th a t  i t s  sp e c if ic  

conductance in c reased  by a fa c to r  of 8 to  10 in  10 days or 2 

weeks* There was also  a gain  in  the  weight of formamide, when 

i t  was exposed to  th e  atmosphere, of 0*2^  in  1 hour, 1^  in  

5^ hours and lOfo in  li+O hours, presumably due to  th e  uptake of 

m oisture.

By f r a c t io n a l  d i s t i l l a t i o n  a t  very low p ressu re  (O .l mm)

and consequent low tem perature (51-58°C), Dawson and Co-warkef§®

obtained formamide of conductance ( l - 3) x lO^^Q^m'lcm”^ w ithout
49

th e  a id  of f r a c t io n  freez in g , Dawson and Co-workers a lso  used 

f ra c t io n a l  d i s t i l l a t i o n  a t  1 mm. p ressu re  follow ed by f ra c t io n a l  

f reez in g . No freez in g  p o in ts  were quoted, b u t o ther p trysical 

constan ts  are  given in  Table I .

U 4
A lbright and Costing ' using f ra c t io n a l  d i s t i l l a t i o n  and 

fre e z in g , obtained  formamide o f f re e z irg  p o in t 2*4°C and 

s p e c if ic  conductance of (6 .5  x 10““̂ ) ohm~^om"l. charge in

s p e c if ic  conductance was found to  be le s s  than  IC^^ohm"^om"^hr"^. 

They follow ed the  decomposition of formamide over a perio d  of 

one year and concluded th a t  th e  decomposition to  io n isa b le  

p roducts co n trib u ted  le s s  than  0.05  equ ivalen t litre ""^  or le s s  

than 0. 3/^by weight on the  assumption th a t  th e  decomposition
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CaJlctLÛu.itcL th a t  th eproduct was amraordirai fo rm ate. They a lso  

freez in g  p o in t of 2 ,4%  corresponded to  le s s  than  0. 1^  by weight 

i f  th e  im purity  i s  w ater.

(5,69,73,85,91115),.
Other workers p u r if ie d formamide by th e  aforem entioned 

methods, w ith  d iffe ren ces  in  drying agents and tem peratures and 

p ressu res  of d i s t i l l a t i o n .  Mandel and Decroly ^ claimed a 

freez in g  p o in t of 2. 9% which seems very  high in  comparison w ith

the  norm ally accepted value of about 2.55°C. Jo h ari and
.69 66

Tewari l ik e  Dawson ’'f r a c t io n a l ly  d i s t i l l e d  a t a very  low

p ressu re  ( 0.1mm) and tem perature (54° -  56°). Pavlopoulous 
78

and S trehlow  appear to  be th e  f i r s t  workers to  quote the w ater 

content o f the  f in a l  p roduct.

116
N otley and SpirP  have developed a new method of 

p u r if ic a t io n  which i s  le s s  troublesome and i s  capable of 

producing pure formamide in  l i t r e  q u a n ti t ie s .  The method i s  

based on d e io n isa tio n  o f formamide by means of ion  exchange 

r e s in s .  They removed w ater by passing formamide slowly through 

a column packed w ith  1 kilogramme of 3 A m olecular sieve  in  the  

form of 1 p e lle ts*  The column was e le c t r i c a l ly  heated to
ÏS

about 60°C to  speed up th e  r a t e  of w ater removal. The d r ie d  

sample was then  tre a te d  w ith  a mixed bed of ion-exchange r e s in s ,

( Ambsrlite IR-120  ca tio n  exchange re s in  in  th e  sodium form and 

Amberlite IRA 400 anion exchange re s in  in  th e  ch lo rid e  form)
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loaded rospecrtively  w ith  IT*" and HC0T3H to  remove io n ic  im purities*  

This procedure re g u la r ly  produced formamide o f s p e c if ic  

conductance as good as , or b e t t e r  than , 2 x 10““7ohm“^cm“'^.

This value increased  by about 2 x 10"? each day th e  de ion ised  

formamide stood unused. However, the freez in g  p o in t i s  2 .5  -  

2.35%  which i s  s u b s ta n tia l ly  lower than th e  g en e ra lly  accepted 

value o f about 2 .55% , and in d ic a te s  the  presence o f non-ionic 

im p u ritie s .

Table I . P hysical Constants of P u r if ie d  Formamide a t  25% 

(unless otherw ise state<^

Workers freezing  
point °C

S p e c if ic
conductance
ohm^^cm"!

D ie le c tr ic
constant

V ise.
po ise

Density
giq/cm

Water
ponten
m olari

S m ith ^  

Verhoôîc'^^

2.55 1.5x10"^ 
a t  20°C

(1- 2)x 10-6

- - - -

68Dawson e ta l
49

Dawson e ta l -

(1- 3)x 10-5
a t 20°C
(0 .9 -1 .5 )  
xlO-5

109.6 0.0331 1.1296 -

A lbright and. 
Costing

2.4 6.5x10-6 - — — —

Copal and
S riv as tav â  *

- 10-5 - - - -

Mandel and _ ; . 
Decroly^

2 .9 - 109.5 - - -

Povarov e t . a l^ l- - 4x10-5 - - - -

Jo h ari and 
Tewari®^

■ - (2-4)x 10-6 - - - -

Pavlopoulos and
Strehlow  78

2.55 7x10-6 - - 0.016
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Table 1 c o n t..

Workers Freezing 
p o in t %

S p ec if ic
conductance
ohm“^cm~

D ie lec tric
constan t

V ise.
po ise

D ensity
gn/om

Water
conten t
m olarity

Somsen an^ 
Coop^

2 .56-
2.58

- - - - 0.011

11
N otley and S p ircr

6
"2*3-2.35 (1-2)x 10“7 - - - 0 .008-

0.01

P resen t work 2 .45-
2.55

in  th e  order 
o f 10“® 
e .g .5x10-6

0 .002-
0.004

5* 6. P resen t Method Used in  P u r if ic a t io n  o f Formamide.

The p re sen t work n e c e s s ita te s  th e  p u r if ic a t io n  of la rg e  

q u a n ti t ie s  of pure formamide, which would be d i f f i c u l t  by 

f r a c t io n a l  freez in g  techniques* The method of N otley and Spiro* 

i s  a t t r a c t iv e ,  bu t has not been used s in ce  the  p resen t method was 

developed b efo re  t h e i r  work became known to  us and a lso  because 

we were not s a t i s f i e d  w ith  a freez in g  p o in t of 2*3 -  2*4°0.

The formamide used here was p u r if ie d  e n t i re ly  by f ra c t io n a l ly  

d i s t i l l i z ^  tw ice and as low a tem perature and p ressu re  as was 

obtainable* By th is  means, formamide w ith  a freez in g  p o in t of 

2*45 -  2*55% and s p e c if ic  conductance of about (5 -  8)xlO*^ 

ohro^ ĉffl”^ , w ater con ten t of between (0*002 -  6 , 004) molar was 

obtained w ithou t th e  a id  of any drying agents* The pure 

formamide once obtained  was s to re d  in  th e  dark and in  a cold  room

116
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at -10°C.

The a c tu a l d i s t i l l a t i o n  procedure can he summarised as 

fo llow s. Technical grade formamide (o b ta in ed  from 

Messrs. B.D.H.^Pison, and Hopkin and W illiam s) was d i s t i l l e d  

under a reduced p ressu re  between 0 .3  -  0 .1  mm. of mercury and a t 

a tem perature of about 60°C through a m odified column of the  

type described  by Ray-^V These columns are 1 centim etre  in  

diam eter and 1 metre long and are each equipped w ith a sm all 

re flu x  head and an e l e c t r i c a l l y  heated ja c k e t. The d i s t i l l a t e  

was c o lle c te d  in  a re c e iv e r  c o d e d  w ith  ’’D rikold” in  acetone.

The two columns were assembled as shown in  F ig .5 .1 , both  being 

joined to  the  same vacuum l in e .  One column was kept 

ex c lu siv e ly  fo r  th e  f i r s t  d i s t i l l a t i o n  and fo u r 100-200 ml. 

f ra c tio n s  were co lle c te d  from a s ta r t in g  sample of 500 ml. 

crude formamide. The second, th i r d  and fo u rth  f ra c tio n s  were 

re ta in e d  and were combined and r e - d i s t i l l e d  through a second 

column. Again only the l a s t  th re e  f ra c tio n s  were used through 

out th is  work. The second f ra c t io n  was combined w ith th e  

second, th i rd  and fo u rth  f ra c tio n s  from the  f i r s t  d i s t i l l a t i o n ,  

to  be r e - d i s t i l l e d .  U sually about 200-250 ml. of pure 

formamide were obtained w ith in  16-20 hours. Attempts were 

made to  d i s t i l l  formamide a th i r d  tim e, b u t th e  w ater con ten t 

was found to  in c rease . Shakipg crude formamide w ith charcoal 

befo re  d i s t i l l a t i o n ^ ^ a s  a lso  been t r i e d  bu t no marked
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improvement was found* Karl F isch er  water determ inations were 

carr ied  out on each fr a c t io n  togeth er  w ith  freez in g  poin t and 

conductance measurements. The th ir d  and th e  fourth  fr a c tio n s  

from the second d i s t i l l a t i o n  were c o n s is te n t  in  g iv in g  a 

freez in g  po in t betv/een 2 .45  -  2.55^0, a water content between 

0.002 -  0 ,004 molar and a s p e c if ic  conductance of the order of 

10"^ ohm" ĉra“^. T ypical r e s u lt s  are g iven  below.

Table I I

P rop erties i Crude

formamide
1 st

1 st  d i s t i l l a t ion  
2nd ! 3rd

2nd d i s t i l l a t io n
4th  I 1 s t

fra c . fra c , r fr a c . fr a c , i fra c .
2nd
fr a c .

3rd 4th  
fra c . ft*ac.

Freezing p o in tée  ! 1 .9 -2
I

Water content
(m olarity ) i^O.02

2,35  2 .35  2 .4

S p e c if ic  
conductance 
( ohm"^Gm“^)

6.69
xlO -4

0̂.01 0,01

5x1o4  2 ,07  
xlO -4

0.007

2 .45  I 2 ,45

0 .004: 0.004

2 .45  1 2 .50  2 .55  

0.002O.OOjd 0.003

8 .95 ,1  8x10-^ Ê.Sbc, 
xlO-5| I 10-5

4.6
x lO -9 1 .29

xlO-5|
.

10-0

5.7* Determ ination o f P h ysica l Constants*

5 . 7. 1 . Karl F isch er  T itra tio n .

A Townsen and Mercer Karl F isch er  t i t r a t io n  apparatus type 

M 35 was used to  measure the water content o f formamide samples. 

T his apparatus uses the "dead stop" method fo r  determ ining the 

end poin t o f  the t i t r a t io n .  In  t h i s  method, a constan t p o te n t ia l



V
T r i p l e  p o in t  

c e l l

P i g .  5 . 2 .  F r e e z i n g  P o in t  Apparatus,
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d iffe ren ce  of 10 -  25 mV i s  ap p lied  to  a p a i r  of platinum 

e lec tro d es  immersed in  the so lu tio n . The end p o in t o f th e  

t i t r a t i o n  i s  in d ic a ted  by th e  sudden change in  cu rre n t. The 

so lu tio n  was s t i r r e d  by bubbling through dry a i r .  A back 

t i t r a t i o n ,  in  wtdch an excess of reagen t was added to  the sample 

and back t i t r a t e d  w ith  w ater in  methanol s o lu tio n , was used ,' 

s ince th is  i s  more s a tis fa c to ry  than th e  d i r e c t  t i t r a t io i J ^ ^  

During th e  back t i t r a t i o n ,  c u rren t flows through the 

galvanometer when th e  so lu tio n  con tains excess F isch er reagent 

and drops to  zero when the  equivalence p o in t i s  reached owing to  

the  e le c tro d es  becoming p o la rise d .

The K arl F isch er reagent was s tan d ard ised  w ith a s tandard

so lu tio n  o f w ater in  methanol obtained from M essrs. B.D.H.,

con tain ing  5 mg. of w ater/m l. err a l te rn a t iv e ly  w ith  a s tandard

w ater in  methanol so lu tio n  prepared by drying methanol using
12Q

the method of Vogel '■-end addipg a known weight of w ater. The

t o t a l  w ater content of th i s  so lu tio n  was then  determ ined by
121

back t i t r a t i o n  ag a in s t K arl F isch er reagent . The s tandard  

w ater in  methanol so lu tio n  was s ta b le  over a period  of se v e ra l 

months, i f  p ro te c ted  from evaporation .

5.7*2. F reezing  Poin t D eterm inations

The freez in g  p o in ts  were determ ined using th e  apparatus 

shown in  F ig ,5 .2 . Temperatures were measured w ith  a copper -
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Constanta# thermocouple, one ju n c tio n  of which was immersed in  

o i l  in  th e  g la ss  tube. The tube was surrounded by the 

formamide sample in  the v esse l X. The o ther ju n c tio n , a lso  

immersed in  o i l  in  a second g la ss  tube , was in  the  cen tre  w ell 

of th e  t r i p l e  p o in t c e l l  which has ic e ,  l iq u id  w ater and w ater 

vapour in  equ ilib rium . The t r i p l e  po in t c e l l  was prepared in  

th is  lab o ra to ry  according to th e  method described  in  re fe ren ce  

The freez in g  po in t v e sse l X, was cooled w ith  D rikold in  

acetone. The emf was measured using a T insley  v e rn ie r  

po tentiom eter type 45635 coupled w ith  a T insley  type ÎÆR 4 

galvanom eter. The emf of th e  freez in g  po in t assembly decreased 

ra p id ly  from about 60ÇAV and w ith pure formamide th e  value 

became steady a t  95 -9 6 ^ V , corresponding to  a freez in g  p o in t of 

2 .55°C from th e  thermocouple c a lib ra tio n  curve. The t r i p l e  

p o in t tem perature (O.Ol^c) has to  be su b trac te d  from th e  apparent 

value in  order to  g e t the r e a l  freez in g  p o in t of the  sample.

The thermocouple was k ind ly  provided by Dr. J.M .Pollock of 

the  Regional College of Technology, L e ic e s te r . I t  has been 

c a lib ra te d  a t  the  N.P.L. by D r.Pollock , using an N.P.L. c e r t i f i e d  

platinum  re s is ta n c e  thermometer and a M ueller B ridge. The emf 

of th e  thermocouple over the  tem perature range 0° -  120° 0 i s  

given by

E = a t  + b t^  + c t^

Using a computer, the equation  fo r  t h i s  p a r t ic u la r
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thermocouple was found to  be

E = 5 8 .l6 9 6 t + 4.54788 x 10“2 ^  - 5. 5290I  x 10“^

Where t  i s  tem perature in  °C

Measurements were a lso  c a r r ie d  out using a pure ic e  b a th  

in s te a d  of a t r ip le  po in t c e l l  bu t the time involved in  

ob tain ing  a constant tem perature was found to  be longer than 

when using the  t r i p l e  po in t c e l l .  The t r i p l e  po in t c e l l  was 

found to  m aintain a constan t tem perature fo r  sev era l hours, more 

than long enough fo r  each freez in g  p o in t determ ination .

5. 7. 3* Conductance Measurements.

Each s p e c if ic  conductance measurement was c a r r ie d  out a t  

25°C using a co n d u c tiv ity  c e l l  w ith  a c e l l  constan t of 1 .1  a t  

25^C and volume of about 10 ml. to g e th er w ith  a U niversal Bridge 

type B 221 manufactured by M essrs. Wayne K err.
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C H A P T E R  VI 

O ther Experim ental S tud ies

6 .1 . C alo rim etrio  Measurements

Although s i lv e r  ch lo rid e  i s  more so lub le  in  formamide than 

in  w ater, i t s  s o lu b i l i ty  i s  s t i l l  much too low f o r  i t s  heat of 

so lu tio n  to  be measured d ire c t ly .  The heat of so lu tio n  o f th i s  

s a l t  in  formamide was th e re fo re  obtained  in d ir e c t ly  by 

measuring th e  heat of p r e c ip i ta t io n  of s i lv e r  ch lo rid e  formed by 

mixing s i lv e r  n i t r a t e  and potassium  ch lo rid e  so lu tio n s , a t 15 

and 25°C.

6 .1 .1 . P repara tion  of S ilv e r  N itra te  S o lu tio n  in  

Formamide.

I t  was obviously necessary , during the course of th is  work 

to  prepare s i lv e r  n i t r a te  so lu tio n . However, i t  was found 

experim entally  th a t  a so lu tio n  of s i lv e r  n i t r a t e  in  formamide 

tu rn s  b lack  w ith in  a few minutes a f te r  p re p a ra tio n , producing a 

s i lv e r  m irro r. The r a te  of re a c tio n  in c reases  w ith  in creasin g  

s i lv e r  ion co n cen tra tio n , b u t i s  almost com pletely in h ib ite d  in  

the  presence of a few drops of an aqueous so lu tio n  of n i t r i c  

ac id  or p e rch lo ric  ac id . In  t h i s  work, fh ir ly  d i lu te  s i lv e r  

n i t r a te  so lu tio n s  were used and were s ta b i l i s e d  by a sm all amount



Therm ostat

P i g .  6 . 1 .  S k e tc h  o f  c a l o r i m e t e r .
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of concen tra ted  aqueous n i t r i c  ac id  (10 drops of concen tra ted  

n i t r i c  ac id  in  120 ml. of formamide). I t  i s  d i f f i c u l t  to  

assess  th e  e f fe c t  on th e  heat of p r e c ip i ta t io n ,  of th e  added 

im p u ritie s  i . e . ,  w ater, and io n s , bu t as they are p resen t 

in  so sm all a q u an tity , th e  e r ro r  i s  probably le s s  than  th e  

experim ental e r ro r  in  each measurement. Excess s i lv e r  n i t r a te  

so lu tio n  was used in  every ru n , and the r e s u l t s  based on th e  

known amount of potassium ch lo rid e .

6 .1 .2 . Apparatus

The ca lo rim e te r i s  shown in  P ig .6 .1  and c o n s is ts  o f a

c y l in d r ic a l  Dewar f la s k  of about 150 ml. capacity . In to  th i s

f i t s  e\jc-j£on. stopper B, a ttached  to  an iso therm al b ra ss  sh ie ld

C. The stopper c a r r ie s  a g la ss  s t i r r i n g  rod D, a h ea te r E,

and a th e rm is to r  P. A th in  w alled g la ss  bulb 0 of about 5 ml*

c ap ac ity , contain ing  the  potassium  c h lo rid e  so lu tio n , i s  fused

onto th e  g la s s  s t i r r in g  ro d . The heating  c o i l  i s  wound ft*om a

38 s .w .g . "Eureka” re s is ta n c e  w ire and tem perature changes are

measured by a s in g le  th e rm is to r type F of re s is ta n c e  200 ohms

a t 20^0 (su p p lied  by M essrs. S tandard Telephones and Cables L td .) .

The heating and th e rm is to r c i r c u i t s  are shown in  F ig . 6.2- and
123,124

have been described  thoroughly elsew here ,

The heating  c u rren t i s  c o n tro lle d  by a decade box, R^, and 

i s  measured by measuring th e  p o te n tia l  across a s tandard  1 ohm
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re s is ta n c e  (T in sley  type 1659)• The s-witch connecting the 

ca lo rim eter au thom atically  a c tu a te s  an e le c tro n ic a l ly  operated 

stop  Tzatch (M essrs. Camera Cuss & C o.).

The th e rm is to r  forms one arm of a Wheatstone b rid g e , two 

o thers arms being fix ed  re s is ta n c e s . The b ridge i s  balanced by 

means of a decade box and R^ in  s e r ie s  w ith  th e  galvanometer 

Gr̂  co n tro ls  the  s e n s i t iv i ty  of th e  b ridge . The galvanom eter Gj 

i s  a T insley  type 4500 IS having a maximum s e n s i t iv i ty  o f 1200 

mm^A, w ith  a sca le  a t 1 m etre.

6.1.3» Experimental Procedure

2 to  3 mis. of potassium ch lo rid e  so lu tio n  in  formamide a t  

a r e la t iv e ly  high concen tra tion  i . e . ,  0 .4  m were in troduced  in to  

the  g la ss  bulb G by means of a hypodermic sy ringe. The 

so lu tio n  was then  frozen in  acetone -  D rikold m ixture befo re  

sea lin g  o ff  th e  bu lb . Since formamide e a s i ly  decomposes on 

h ea tin g , care  was taken in  sea lin g  o ff  the  g la s s  bulb and a lso  

in  fu sing  i t  onto the g la ss  s t i r r in g  rod . The weight o f th e  

so lu tio n  in  th e  bulb was obtained from the  d iffe re n c e  in  th e  

weight of the bulb before and a f te r  f i l l i n g .  120 mis. of 0. 04m 

s ta b i l i s e d  s i lv e r  n i t r a te  so lu tio n  in  formamide were p laced  in  

th e  Dewar f la s k  and the  assembled calo rim eter was l e f t  in  the 

therm ostat ba th  fo r  about 24 hours before commencing a 

measurement. When th e  two so lu tio n s  were to  be mixed, th e  bulb
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was broken ag a in s t the  bottom of the  f la s k  by pushing down the 

g la ss  s t i r r i n g  rod during th e  ro ta tio n . The change in  th e  

tem perature of th e  ca lo rim e te r caused by th e  form ation of th e  

s i lv e r  ch lo rid e  p re c ip i ta te  was measured by th e  deflex ion  of 

the  galvanometer Readings were taken a t  ^  minute in te rv a ls  

befo re  mixing and were continued fo r  about 20 minutes a f te r

mixing.

 ̂ heating c a lib ra tio n  was then c a r r ie d  ou t, whereby a known 

amount of heat (comparable to  th e  amount of heat l ib e ra te d  by 

the  p re c ip i ta tio n )  was in troduced  e l e c t r i c a l ly .  An example of 

the c a lc u la tio n  i s  given in  6.1.4* and th e  r e s u l t s  are  

ta b u la ted  in  Chapter V II.

The re p ro d u c ib ili ty  of the measurement was te s te d  by 

measuring th e  heat of p r e c ip i ta t io n  of s i lv e r  ch lo rid e  in  w ater 

a t 25°C. These r e s u l ts  are a lso  given in  Chapter VII and the  

mean va lu e , 15.67 -  0.187 kcal/m ole i s  in  good agreement w ith  the 

l i t e r a tu r e  v a lu es , 15.74 k c a l /n o le ^ ^  Attempts to  measure the 

heat of d ilu tio n  of 0.4m potassium ch lo rid e  in  formamide were 

a lso  made, bu t i t  was too  small to  be measured accu ra te ly  w ith 

the p re se n t ca lo rim e te r. The value l i e s  below 0 .1  kcal/mol* 

and no c o rre c tio n s  fo r  d i lu t io n  were made, and th e  measured 

heats of p re c ip i ta t io n  w ith  sig n  changed, are th e re fo re  regarded 

as being standard  heats of so lu tio n  of s i lv e r  ch lo rid e  in  

formamide. The o v e ra ll accuracy of the measurements i s  probably
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w ith in  0 ,3  kcal/m ole.

6.1.4* A Typical Run

The graphs of galvanom eter read ings ag a in s t tim e are shown 

fo r  b o th  the  mixing and c a l ib ra t io n  in  P ig .6 .3 . The follow ing

data  were recorded

Temperature o f measurement = 25°C

Concentration of potassium c h lo r id e  so lu tio n  in

formamide = 0.337 m

Weight of potassium  ch lo ride  so lu tio n  taken = 1.4728 gra.

H eater re s is ta n c e  ” r  " =30*638 ohms.

Heating c u rren t " i"  = 0,1746 amps

H eating time ” t ” =28.38 sec.

Galvanometer deflex ion  fo r  mixing = 7*9 om.

Galvanometer deflex ion  fo r  c a l ib ra t io n  = 9.0 cm.
2

S ince , heat d is s ip a te d  = i  r  t  c a lo r ie s
4-184

2Then, heat in troduced  e l e c t r i c a l ly  = (0.1746) x 30.638 x 28.38ca lo ries«
4.184

and heat l ib e ra te d  during p re c ip i ta tio n

= ( 0 . 1746) ^x 30.638 X 28.3 8 x 7 .Se a ls .
4.184 X 9*0

i t  follow s th a t  th e  heat of p r e c ip i ta t io n  of t h i s  re a c tio n

= ( 0 . 1746)^ X 30.638 X 28.38 X 7*9 kcals/m ole 
4.184 X 9.0 X 1.4728 x 0.337

= 11.20 koals/m ole.



8*2. P relim inary  E.M.F, Measurements.

The emf of th e  c e l l  P^^H2|HC1^ in  formamid©jAgCljAg has
c

been measured by Mandel and Decrolÿ and l a t e r  by Agar#al and 

Nayak^', Their values of the s tandard  p o te n tia l  E® fo r  s ilv e r j 

s i lv e r  ch lo rid e  e lec tro d e  d i f f e r  by 6 mV a t  25°C. E a r l ie r  the 

re p ro d u c ib i l i ty  of th e  s i l v e r |s i l v e r  ch lo rid e  e lec tro d e  in

hydrochloric ac id  in  formamide so lu tio n  was rep o rted  by
?;8

Pavlopoulos and Strehlo'ç^' to  be u n sa tis fa c to ry  whereas th e  emf

of the  c e l l  CdjcdClg^goiiaj HCl in  anhydrous formamidejh^; P t

was rep roducib le  to  a t  le a s t  -  1 mV. The behaviour o f th e

cadmiumI cadmium c h lo r id e , cadmium amalgam I cadmium ch lor id e  and

s ilv e r I  s i lv e r  ch lor id e  e lec tro d es  have been thoroughly
126

in v e s tig a te d  by M uju '. His fin d in g s  in d ic a te  th a t  these  

e le c tro d e s  fu n c tio n  reproducib ly  in  potassium c h lo r id e  in  

formamide so lu tio n  a t various tem peratures. I t  was th e re fo re  

thought worthv/hile to  examine the  re p ro d u c ib il i ty  of th ese  

e le c tro d e s  in  hydrochloric ac id  so lu tio n  in  anhydrous formamide 

and to  re-m easure th e  standard  e le c tro d e  p o te n tia ls  o f the 

s i l v e r j s i l v e r  c h lo rid e  and cadmiumjcadmium ch lo rid e  e lec tro d es  

in  th e  above mentioned so lu tio n . The follow ing experim ents 

were c a r r ie d  out jo in t ly  w ith  Muju.

Measurements were made sim ultaneously on the  3 c e l l s ,

Cd;HgICdCl2 jHCl^ in  formamidejAgCl Ug ( l )

P t ; H2 in  formamide j AgCl j Ag ( I I  )



Pt;Ha electrode

M

Ag/AgCl e lectrode

y
Cd;Hg electrode
À

sin tered  
^  j y  g lass  d iscs

P ig*6,4 , Triple c e l l .
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and ca;H a|caC l2 jHCl(uj in  formamideÎHg; P t ( i l l )

Using a pyrex g la ss  c e l l  v e s se l w ith  3 e lec tro d e  

compartments, as shown in  P ig .6,4* The middle compartment i s  

fo r  f i l l i n g  the  c e l l  w ith  so lu tio n . The s in te re d  g la ss  d isc  

were placed along each s ide  arm. About 110 mis. of so lu tio n  

were needed to  f i l l  th i s  t r i p l e  c e l l .

6 ,3 . P rep ara tio n  of E lec tro d es .

6.3*1* The hydrogen e le c tro d e s  These were prepared 

according to  H il ls  and Ives . The cy linder hydrogen gas was 

f re e d  from oxygen by passing through a Deoxo c a ta ly t ic  p u r if ie r  

(Engelhard In d u s tr ie s  L td .)  b efo re  bubbling through a 

p re sa tu ra to r  and th e  c e l l  so lu tio n .

6.3*2. The cadmium amalgamjcadmium ch lo rid e  e le c tro d e s .

10f' Cadmium in  mercury amalgam was used and prepared  by the
128

method recommended by La Mer . A b a r o f very pure cadmium 

(99*999/^ Koch-Light GN(z) Zone re fin ed ) was suspended in  a 

s a tu ra ted  s o lu tio n  of A.R. Cadmium sulphate  and was made the  

anode. A pre-weighed quan tity  of mercury formed th e  cathode 

a t th e  bottom o f the beaker. The quan tity  of cadmium th a t  

formed an amalgam w ith  mercury could be ad justed  by th e  amperage 

and du ra tion  of th e  cu rren t during e le c t r o ly s is .  The amalgam 

formed was then washed sev e ra l tim es w ith  de-ion ised  w ater and
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f in a l ly  was d ried  "by b lo t t in g  the w ater using f i l t e r  paper.

The amalgam was kept in  formamide, in  a f la sk  w ith  a ground 

g la s s  stopper and was d ried  in  a s im ila r  manner as described  

above befo re  tra n s fe r r in g  in to  a c e l l  compartment; i t s  su rface  

was then covered w ith  a very th in  la y e r  of pure anhydrous 

cadmium ch lo rid e .

6.3.3* The s i lv e r [ s i lv e r  ch lo rid e  e le c tro d e s . These were 

o f the  therm al e le c t r o ly t ic  type and were prepared  by the  method
leykrecommended by Janz • B r ie f ly ,  a c lean  th in  platinum  w ire

s p i r a l ,  sea led  in to  g la ss  tu b in g , was coated  w ith  a p a s te  of

pure s i lv e r  oxide. The s i lv e r  oxide was then  reduced to  s i lv e r

therm ally . The coating and reduction  o f th e  s i lv e r  oxide were

repeated  afterw hich  the  e le c tro d e  was o h lo rid ise d . The

c h lo r id is in g  was c a rr ie d  ou t, making the s i lv e r  e lec tro d e  the

anode and a platinum  e lec tro d e  the cathode, 1 m hydrochloric

ac id  being used as the  c h lo r id is in g  so lu tio n . The cu rren t and

the  time of e le c tro ly s is  were ca lcu la ted  f o r  the conversion of

20°^ o f th e  s i lv e r  to  s i lv e r  ch lo rid e . The e lec tro d es  prepared

by th is  method were tra n s fe r re d  immediately a f te r  ch lo rid is in g  
127c

to  a b ia s  c e l l  containing d i lu te  deoxygenated aqueous 

hydrochloric ac id  and were allowed to age f o r  a week and the  

b ia s  p o te n tia l  measured. Only those which showed a p o te n tia l  

d iffe ren ce  of 0 .1  raV o r l e s s ,  were used.

E lec tro d es  of a l l  types mentioned above were l e f t  in  pure
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foriDamide overn ight p r io r  to  use.

6 .4 . P rep ara tio n  of Hvdrochlorio Acid S o lu tion

Since the presence of t ra c e s  of m oisture can a f fe c t  emf 

measurements in  non-aqueous so lv e n ts , the  p rep a ra tio n  of 

hydrochloric ac id  so lu tio n  was c a r r ie d  out in  the  complete 

absence of m oisture, using th e  arrangement shown in  P ig .6.5*

The various components are of pyrex g la ss  and th e  ta p s  and 

q u ic k f it  jo in ts  were coated using a P ,T .F .E . spray.

Before assembling the  appara tus, dry sodium oGoride was 

p laced  in  f la sk  A, concen trated  su lp h u ric  ac id  in  the  sep ara tin g  

funnel B and pure formamide (p repared  as described  in  

Chapter V) was p laced  in  the  v e sse l D. The c e l l  E w ith  i t s  

e lec tro d es  in  p o s itio n  was connected to  th e  system v ia  the 

so lu tio n  f i l l i n g  compartment socket a t  the e x i t  P. A steady 

stream of dry n itro g en  gas was f i r s t  passed through the 

apparatus and was kept flowing throughout th e  p rep a ra tio n  of 

th e  so lu tio n . By ad ju stin g  th e  th ree  way stopcocks T^ and T2 

and th e  r a te  of flow o f dry n itro g en  gas, th e  hydrogen ch lo rid e  

gas produced on adding th e  su lphuric  ac id  to  th e  sodium ch lo rid e  

was passed through the  th ree  tubes la b e lle d  (packed w ith  

calcium su lphate  and asb esto s ), in to  the  formamide in  th e  

v e sse l D. When th e  formamide contained  a s u f f ic ie n t  amount of 

hydrochloric ac id , the gas g en era to r was then  d isconnected from
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the r e s t  of th e  system by means of the  stopcock T^. The 

prepared so lu tio n  was tra n s fe r re d  to  the  c e l l  v e sse l by in v e rtin g  

the v e sse l D and applying a s l ig h t  p ressu re  of n itrogen  gas v ia  

^2 * The v e sse l D could r o ta te  about th e  b a l l  and socket jo in ts  

Gr. The so lu tio n  was allowed to  flow  g en tly  in to  th e  c e l l  

v e sse l E so as not to  d is tu rb  the  e le c tro d e s .

The stock  so lu tio n  prepared  by th is  procedure was in  some 

cases used to  prepare a more d i lu te  so lu tio n . The d ilu t io n  

and th e  f i l l i n g  of the c e l l  were then c a r r ie d  out in  a glove box 

in  an atmosphere of dry n itro g en .

6.5* D eterm ination of C hloride C oncentrations in  Formamide.

In  th e  p resen t work, a p o ten tio rae tric  t i t r a t i o n  was used to  

determine the concen tra tion  of hydrochloric ac id  in  formamide,
6,129

although o ther workers employed F a ja n 's  method, o r  converted
78

formamide to  o ther compounds b e fo re  po ten tio m etric  t i t r a t i o n  

was c a r r ie d  out.

The formamide so lu tio n  of hydrochloric ac id  was t i t r a t e d  

ag a in st an aqueous standard  so lu tio n  o f s i lv e r  n i t r a t e  in  the 

presence o f a s i lv e r  e le c tro d e , using a s i lv e r  js i lv e r  chilorido

e lec tro d e  as a re fe ren ce . The s i l v e r |s i l v e r  ch lo rid e  e lec tro d e  

was immersed in  a sa tu ra ted  aqueous so lu tio n  of potassium 

ch lo rid e  and was th e  negative e lec tro d e . A potassium  n i t r a t e  

s a l t  b ridge  was used. The r e s u l t s  were uniform ly good and th e
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abrupt v e r t ic a l  change in  the  emf curve at the equivalence 

p o in t of the  t i t r a t i o n  was obtained in  every concen tra tion  used. 

The accuracy o f the  measurement was estim ated  to  be w ith in  

-  0 .0 5 ^ *   ̂ ty p ic a l  emf curve i s  shown in  F ig . 6 .6 .

6 .6 . Measurement o f P o te n tia ls

The emf measurements were made w ith  a T insley  type 4365E 

v e rn ie r  po tentiom eter in  conjunction w ith  a T insley  type MR4 

galvanometer and a T insley  type 1358 Weston standard  c e l l .  The 

measurements were made a t  25^0. Although p o la r iz a tio n  of th e  

e lec tro d es  in  some non aqueous so lven ts  has been rep o rted  no 

such e f f e c t  was observed in  th is  stucly. The galvanometer was 

found to  be as good, as a n u ll  p o in t in d ic a to r ,  as the  E le c tro n ic  

Instrum ents L td. type 33B-2 Vibron e lec tro m eter. The f i r s t  emf 

reading was taken 30 -  45 minutes a f te r  s tartir^g  the  hydrogen 

flow. The emf of the c e l l s  I I  and I I I  were found by 

e x trap o la tin g  to  zero tim e, a procedure which was a lso  used by 

Mandel and Deoroly* and Agarwal and Nayak^ • R esu lts  are  given 

in  Chapter V U .
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C H A P T E R  VII

R esu lts

7 .1 . S o lu b il i ty  of S ilv e r  C hloride in  D ouble-deionised Water 

Table I  S o lu b i l i ty  o f s i lv e r  ch lo rid e , in  moles/kg, in  pure w ater

5°C 25°C 45°C

0.550 xlO“5 1.343 X 10-5 3.050 xlO-5

1.338 X 10-5 3 .0& X 10-5

1.365 X 10-5 3.120 xlO-5

Mean 0.550 xlO"^ 1.348 X 10-5 3.075 xlO-5

2 g' 0.023 X 10-5 0.064 xlO-5

^  i s  standard  dev ia tion  from th e  mean and i s  th e  ro o t mean 

square d ev ia tio n .

Table I I  S o lu b il i ty  of s i lv e r  ch lo rid e  in  w ater in  th e  presence 

o f added sodium ch lo rid e  a t 25*̂ C.

{NaOl] xlo5(m oles/kg. ) S X lo5 (m olea/kg .)

167.94 0.061

107.62 0.077

102.08 0.021

39.08 0.070

17.36 0.136
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Table H  cent* • .

[NaCl] xlO^( moles/kg. ) S X lo5 (m oles/kg.)

15.05 1.131

9.486 0.212

3.076 0.524

2.960 0.530

7*2. S o lu b il i ty  of Silver* C hloride in  Heavy Water

Table I I I  S o lu b il i ty  of s i lv e r  c h lo r id e , in  moles/kg. in  pure 

heavy w ater.

25.1°C 45°C

1.161 xlO"5 2.62 xlO-5

1.176  xlO~5 2.64 xlO-5

Mean 1.168 xlO”5 2.63  xlO-5

^ 0 ' 0.015 xlO”5 0.02 xlO“5
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Table IV S o lu b i l i ty  of s i lv e r  ch lo rid e  in  heavy w ater in  the 

presence of added sodium ch lo rid e

25.1°C 45°C
[NaCl] xlO^( moles/kg) 8 X 10^(moles/kg) jNaClJx 105(moles/kg) S xlO^moles/kg

2340.0 0.470 2847.8 0.265

48.02 0.040 454.1 0.065

48.01 0.066 333.1 0.041

19.29 0.084 170.9 0.036

9.722 0.165 48.95 0.141

6.243 0.233 34.79 0.215

4.937 0.281 16.73 0.353

4.073 0.331 3.57 1.41

1.31 2.08

7 . 3 . S o lu b il i ty  of S ilv e r  Chloride in  Formamide.

Table V S o lu b il i ty  of s i lv e r  ch lo rid e , in  moles/kg in  pure 

formamide.

1 5 ° C 2 5 ° C 3 5 ° 0

6 ,50  x i 5 5 1 0 . 4  x l O " 5 2 2 . 8 1  x l O " 5

6 . 4 3  x l O “ 5 1 0 . 8  x l O " 5 22.23  x l O ” 5

2 2 . 2 8  x l O - 5  

2 2 . 1 2  x l O “ 5

Mean 6 .46  x l O 1 0 . 6  x l O “ 5 22.36  x l O - 5

2 0 ,071  x l O " 5 0 .04  x l O - 5 0 .53  x l O “ 5
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Table VI S o lu b il i ty  of s i lv e r  c h lo rid e  in  formamide in  the 

presence of added sodium ch lo rid e .

_______ 5°C....... _ _____  25°C . .. 3S°G
[NaCl] xlO~5 
(moles/kg)

S xl05 
( moles/kg)

[NaCl] xl05 
(moles/kg)

S xlo5 
(m oles/kg)

[NaCi)xl05
(moles/kg)

S xl05(m oles/kg)

3469.0 6.50 4814.0 13.04 940.2 12.36

2708.0 4.36 4516.0 10.33 741.6 13.12

822.7 2.56 3638.0 10.22 137.4 14.50

618.8 1.99 3365.0 9.15 119.1 15.30

472.2 1.76 1212.0 4.26 61.05 15.40

326.7 1.64 1153.0 4.49 54.94 14.34

254.0 1.77 735.0 3.38 32.64 14.90

104.5 1.79 670.8 3.34 30.53 16.88

30.12 2.40 359.1 3.55 21.37 18.62

14.13 3.35 165.8 3.62 3469.0 15.3

7.218 3.83 156.8 3.62 1781.4 14.1

72.95 4.18

31.55 4.75

9.076 7.50

3.026 9.05

1
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7*4. CoLlorimetrio Measurement of the  Heat of P re c ip ita t io n  of 

S ilv e r  C hloride.

Table VII Cal crime t r i e  measurement data  in  water a t

C o n c e n t r a t i o n  c f  K C l s o l u t i o n  

( m o l e s / k g )

W e i g h t  o f  K C l s o l u t i o n  

( g m . )

H e a t  o f  p r e c i p i t a t e  

^ H ^  ( k c a l / f f l o l e )

0.4019 2.1115 -  15.66

0.4019 2.6759 -  15.53

0.4019 1,6362 -  15.79

0.2000 2.7599 -  15.70

M e a n  -  15.67

2(T 0.187

Table V I I I  Cal crime t r i e  measurement data in  fcrmamide a t  25°C.

C cncentraticn  c f  KCl so lu tic n  

(m cles/kg)

W e i g h t  c f  K C l s c l u t i c n Heat of p re c ip ita to n  

/^H (kcal/fflole)

0.337

0.337

0.337

0.390

2.7669

2.6650

1.4728

3.3388

-  10.85

-  11.16 

-  11.21 

-  11.12

Mean -  11.08 

2(5' 0.2766
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Table IX Calorimetric measurement data in  formamide at 15 C

C oncentration of KCl so lu tio n Weight of KCl so lu tio n Heat of p recip ita tion

( moles/kg) (gm.) AH^ (kcal/m ole)

0.387 0.9452 -  11.18

0.351 1.9280 -  11.06

Mean -  11.12

0.12

N.B. In  every measurement, the  concen tra tion  o f s i lv e r  n i t r a te  

so lu tio n  was one-ten th  of th a t  of potassium ch lo rid e  

so lu tio n  used.

7 .5 . E.M.F. Measurements.

Table X The c e l l  P t; H2I HCl^Q^ in  formamide) AgCl[ Ag.

C o n c e n t r a t i o n  o f  H C l T im e e m f e m f  a t  z e r o  t i m e  ( e )

i n  f o r m a m id e  ( m o l e s / k g ) ( h o u r s ) ( v o l t s ) ( v o l t s )

0.008165 1.5 0.4489 )

2.5 0.4505 ) 0.4462

3.0 0.4515 1
3.5 0.4527 )

0.01633 1.0 0.4205 )

2 .6 0.4355 ) 0.4092

3.33 0.4406 )

: I
4 .0 0.4459  1

G o n t . ,
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Table X co n t..

C oncentration of HCl Time emf emf a t zero time (E)

in  formamide (m oles/kg) (hours) (v o lts ) (v o lts )

0.04651 2.33 0.3576 )

2.57 0.3578 j 0.3566

3.33 0.3582 )

3* 66 0.3583 )

0.0669 2.30 0.3386 1

3.0

3.5

4 .0

4 .5

0.3385 ) 

0.3384 ) 

0.3384 ) 

0.3384 )

0.3384

5*0 0.3384 )

5.5 0.3384 )



Table XI The c e l l  cd; Hg| CdCl2  j HCl̂  in  f  bnnatoide j H2  ; Pt

C oncentration  of SCI in  

formamide (moles/kg)

Time 

( hours)

.......... —"
emf

(v o lts )

---- '................
emf a t zero tim e (e )

(v o lts )

0.008165 1.5

2.5 

3 .0

3.5

0.3175 ) 

0.3160  )

0.3155 ) 

0.3145 )

0.3200

0.01633 1.0

2 .6

3.33

0.3405 ) 

0.3255 ) 

0.3204  )

0.3515

0.04651 2.33

2.60

3.35

3.66

0.4022 1 

0.4021 ) 

0.4021 j 
0.4019 )

0.4021

0.0669 2.35

3.05  

3.55

4.0

4.5

5.0

5.5
---------

0.4218 ) 

0.4218 ) 

0.4216 1 

0.4215 ) 

0.4214 ) 

0.4213 

0.4214

0.4216



Table XII The c e l l  Cd; Hg Cd Cl. HCl(jjj) in  formamide jAgCl)

97

Ag

Concentration of HCl in Time emf emf average (e )

formamide (moles/kg) (hours) (v o lts ) (v o lts )

0.008165 1.55 0.7690 )

2.55

3.05

0.7692 )

0.7695 I
0.7693

3.55 0.7695 )

0.01653 1.05

2.65

3.33

0.7605 ) 

0.7605 ) 

0.7608 )

0.7606

0.04651 2.35

2.60

3.35

0.7598 ) 

0.7600 ) 

0.7601 )

3.66 0.7600 1 0.7600

4 .0 0.7600 I

4 .5 0.7600 1

5 .0 0.7600 )

C ont.. . .
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Table XU c o n t .. .

C oncentration o f HCl in Time emf emf average (e )

formamide (moles/kg) ’hours) (v o lts ) (v o lts )

0.0699 2.35

3.05

0*7601 j 

0.7602 )

3.55

4.05

0.7599 ) 
)

0.7599 ) 0.7599

4 .6 0.7596 )

5.5 0.7599 1

6.0 0.7598 )

N.B. The hydrogen e le c tro d e  co n sis ted  of a p a ir  of platinum  

f o i l  squares and th e  b ia s  p o te n t ia l  between them was 

measured befo re  every reading and was found to  be 

between 0*0001 and 0.0002 V*
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C H A P T E R  V i n  

D iscussion

8 .1 . S o lu b il i ty  o f S ilv e r  C hloride in  Heavy W ater.

I t  can be seen from Chapter IV th a t  a t  low ch lo rid e  

concen tra tions th e  s o lu b i l i ty  of s i lv e r  ch lo rid e  in  heavy w ater 

can be described  by two chemical e q u il ib r ia

"«(DgO) + °1[ d20) (2)

The corresponding equilib rium  constan ts  a re  defined by

\  (3)

and Kj = |jgC  j  Vo (4)
^S

Where denotes th e  s o lu b i l i ty  p roduct, denotes the

a sso c ia tio n  co n stan t, f  3  denotes m o la lity , Y+ denotes the  

mean io n ic  a c t iv i ty  c o e f f ic ie n t  of th e  s i lv e r  and ch lo rid e  io n s , 

and Yo denotes th e  a c t iv i ty  c o e f f ic ie n t  of und issocia ted  

s i lv e r  c h lo rid e .

I f  Yo i s  taken as u n ity , the t o t a l  s i lv e r  concentration



2.7

2.5

2.3

2 . 1

1.9

1.7

1.5

1.3
oi—t

« l i i i
•—s
bO

^  0.9;
iH
O

^  0.7.^
CO

0.1

50000 7000010000 9000030000

-1
C c i - 3 < t

Pig. 8.1. Interpretation of solubility  data of silver
chloride in DgO at low Chlorldërmolalities at 

25.1®C and i+5®C.



100

s  i s  given by

R = + fAgCl]

= K.

[ o r ]  Y±

fi p lo t  of S ag a in st 1

2“  + K-ĵ  Kg (5)

should g ive a s tr a ig h t  l in e
[ c r j l ?

of slope Kg and in te rc e p t K^K^. The in te rc e p t  K^Kg th e re fo re  

rep re sen ts  the  amount of u n d isso c ia ted  s i lv e r  ch lo rid e  in  so lu tio n , 

and the  a c tu a l ch lo rid e  ion co n cen tra tio n , Lci**l was co rrec ted  

fo r  th is  i . e . ,  [c i“] = S -  K̂ Kg + [nsCI] (6)

The s o lu b i l i ty  o f s i lv e r  ch lo rid e  in  heavy w ater a t 25,1°C 

and 45:0°0 i s  shown p lo tte d  in  th is  way in  F ig .8 .1 ..  A ll of th e  

app ropria te  data are recorded in  ta b le s i  and I I .

Table I  S o lu b il i ty  o f s i lv e r  ch lo rid e  in  heavy w ater in  m oles/kg. 

a t  25.1°C.

8 X 105 
(mole/kg)

C c i^ i  105
(roole/kg) Y t id l']

(m ole/kg)"^

-lo g  [c i"^

0.47 2340.3 0.8475 59.50 1.63

0.040 47.91 0.9738 2201.0 3.32

0.066 47.93 0.9738 2199.0 3.32

0.084 19.23 0.9828 5382.0 3.71

0.165 » 9.737 0.9880 10520.0 4.01

0.233 1 6.326 0.9904 16120.0 4.20 Cont



101

Table 1 oon t,.

S X 10® 
(mole/kg)

6 1 6  X 10^
(mole/kg) i ± 1

Lcrj
(mole/kg)

- lo g  Cci*]

0.281 5.068 0.9912 20080.0 4.29

0.331 4.254 0.9920 23880.0 4.37

1.161 pure 1.161 0.9959 85710.0 4.93

1.176 pure 1.176 

..... ____

0.9959 86830.0 4.93

Table I I  S o lu b il i ty  of s i lv e r  ch lo rid e  in  heavy w ater in  m oles/kg. 

a t  i,5-0°C.

S X 10^ 
(o o les/k g )

[ o i l  X 105 
(mole/kg) i t 1 - lo g  [ c i  ][c i- j

(m ole/kg)"

0.265 2848.0 0.8297 51 1.55

0.065 454.1 0.9226 260 2.34

0.041 353.1 0.9312 346 2.48

0.036 170.9 0.9500 649 2.23

0.141 49.04 0.9726 2155 3.31

0.215 34.96 0.9777 3176 3.45

0.353 17.03 0.9832 6074 3.77

1.41 4.93 0.9910 20550 4.31

2.08 3.34 0.9926 30420 4.47

2.62 2.62 0.9936 38660 4.58

2.64 2.64 0.9936
- - «

38300 4*58
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A c tiv ity  c o e f f ic ie n ts  were c a lc u la te d  from th e  exp ression ,

- lo g  V i  = A Vr , where I  i s  th e  io n ic  s tre n g th  s  l^Mj^ 2?.
1 + ^  2 ^

The io n ic  s tre n g th  i s  thus equal to  th e  a c tu a l ch lo rid e  

con cen tra tio n  as shown in  equation  (6 ) . A i s  th e  appropriate  

Debye-Huckel constan t fo r  heavy w ater and was c a lc u la te d  from th e  

expression

A (mole"? k g ^  = 1.823 % 10^ ^  (7)
 -------

Where ( ?  denotes d en s ity , D denotes d ie le c t r ic  co n stan t, 

and T denotes abso lu te  tem perature.

At 25.1°C A i s  0.5413 mole“^  kg^ and a t 45.0°C i s  0.5622 

mole"^ kg^.

I t  i s  seen from P ig .8 .1  th a t  a good s t r a ig h t  l in e  i s  

obtained (except fo r  some p o in ts  a t high c h lo rid e  concen tra tions 

where AgClg complexes are form ed). S o lu b i l i ty  products Kg 

and values of K  ̂ obtained from th e  slopes and in te rc e p ts  

re sp e c tiv e ly  are given in  ta b le  I I I  compared w ith those  in  w ater. 

The s t a t i s t i c a l  e r ro rs  were ob tained  ffcm the sim ple le a s t  

squares p lo t  and they  are expressed as 2c'(c '± s  the  ro o t mean 

square d ev ia tio n ).
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Table I I I

25.1°G

Water Heavy Water

45.0°C 

W ater(3) beavy Water

Ka(mole/kg)2

Kg(mole f ra c t io n  
sca le )

Ki ( mole/kg)

(I.77i0.035)xl0-10;i.33+o.026)xl0-10  

5 .73  xl<3^' c - to-14

(1.97Î0.05)x103

5.33 xlO

;i . i ±o.5 ) x1o5

9.234x10-10 

3.06 xlO"13

[1.4 X 103)

(6.82+0.05)1010 

2.74 xlO-13

(3 + 3) X 10^

The s o lu b i l i ty  products are  given in  mole f ra c t io n  u n its  as 

w e ll as in  m o la l i t ie s ,  because although th e  molar volume of th e  

twb so lven ts  are  sim ilar^^^ th e re  i s  about 10®̂  d iffe re n c e  in  the  

m olecular w eights of w ater and heavy water* A comparison of 

s o lu b i l i t i e s  in  w ater and heavy w ater should th e re fo re  be based 

on a given number of moles of solvent* Thus mole f ra c tio n  u n its  

o r aquam olality  are  g en e ra lly  used* The l a t t e r  u n it  i s  defined 

as the number of moles of so lu te  p er 55*51 moles of so lv en t. 

S o lu tio n  of th e  same aqualm olality  in  th e  two so lv en ts  are a t  very 

n early  the same volume c o n c e n t r a t i o n ^ T h e  s o lu b i l i ty  in  

heavy w ater a t 25°C i s  2.34 xlO"? whereas th a t in  w ater a t th e  

same tem perature i s  2.45 xlO“7 both  expressed in  mole f ra c tio n  

u n its .  I t  i s  ev iden t th a t because th e  values of th ese  

s o lu b i l i t i e s  depend on th e  con cen tra tio n  u n it used, the  

re la t io n s h ip  involv ing  the f re e  energy of so lu tio n  i . e . .
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solutions in DgO at 45*0.
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^ ^ so lu tio ii"  "RTln Kg w i l l  a lso  vary w ith  th e  p a r t lo u la r  u n it used 

in  computing them.

The in te rc e p ts  in  P ig .8 .1  cannot he  determined w ith  high 

accuracy and la rg e  u n c e r ta in tie s  have been assigned to  the  values 

of K^. S ince th e re  i s  e x c e lle n t agreement between the p re sen t 

data in  w ater and th a t of Jo n te  and M artin^ ( i l l u s t r a t e d  in  

P ig .4 .4) ,  th e  value of K  ̂ in  heavy w ater a t  25.1°C i s  compared 

w ith th a t  in  w ater obtained from th i s  re sea rch . The value a t  

45*0°C in  heavy w ater i s  compared w ith th a t  in  w ater derived  by 

e x tra p o la tin g  the  s o lu b i l i ty  data  a t  15°, 25° and 55% o f Jon te  

and M artin , s ince th e re  i s  no such d a ta  a t 45°C av a ila b le  in  w ater. 

I t  can be  seen from ta b le  I I I  th a t  a t  25.1°C, K]_ in  heavy w ater i s  

about h a lf  the  value in  w ater and a t  45»0°C ra th e r  le s s  than h a lf . 

S i lv e r  ch lo rid e  i s  thus a s tronger e le c tro ly te  in  heavy w ater than 

in  w ater.

The s o lu b i l i t ie s  of s i lv e r  ch lo rid e  a t  25.1° and 45.0°C as 

a fu n c tio n  of -  log lj3lf] are shown g ra p h ic a lly  in  P ig s .8 .2  and

8.5 re sp e c tiv e ly . The s o lu b i l i ty  f i r s t  decreases w ith in creasin g  

con cen tra tio n  of c h lo rid e  ions because of th e  conraon ion  e f f e c t ,

u n t i l  th e  minimum s o lu b i l i ty  as a fu n c tio n  of ch lo rid e  

co n cen tra tio n  i s  reached. At th i s  p o in t the e f f e c t  of complex 

form ation has in c reased  s u f f ic ie n t ly  to  ju s t  balance th e  common 

ion  e f f e c t ,  afterw hich th e  complex form ation tendency becomes
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g re a te r  and th e  s o lu b i l i ty  continues to  in c rea se  w ith in creasin g  

c h lo rid e  ion  in  th e  solution* D e ta iled  measurements were not 

made a t h igher ch lo rid e  co n cen tra tio n s , owing to  th e  lim ite d  tim e 

a v a ila b le  and, e s p e c ia lly , the expense of heavy water#

8, lX,.fem peratur0 dependence.

I f  th e  assumption i s  made th a t  th e  heat of so lu tio n  AH of 

s i lv e r  ch lo rid e  in  heavy w ater i s  constan t over the  tem perature 

range under in v e s tig a tio n  ( th i s  assumption i s  of course not 

s t r i c t l y  tru e  s in ce  A in  w ater v a r ie s  from 16.026 kcal/m ole a t  

I 50C to  15.313 kcal/m ole a t  35°(ÿ^, then AH® can be c a lc u la te d  

from the r e la t io n s h ip ,

loR Kg = AH° f i  -  l l  (8)
%  2.303r LTi  TgJ

The heat o f so lu tio n  ca lcu la ted  from th e  above formula i s

15.5 kcal/m ole a t  35°C, although th e  u n certa in ty  i s  probably a t 

le a s t  0 .1  koal w ith  such a la rg e  tem perature in te rv a l.  The heat 

of t r a n s f e r  A Ht of s i l v e r  ch lo rid e  from w ater to  heavy w ater i s  

eva luated  from the  d iffe re n c e  between th e  heat of s o lu tio n  in  

w ater of 15.31 kcal/m ole obtained by Owen and B r i n k l e y f r o m  emf 

measurements a t  35°C and the above value in  heavy w ater. I t  i s  

reasonably  c o n s is te n t ,  in  view of th e  u n c e r ta in tie s  involved, m th  

th e  value of 0.49 kcal/m ole fo r  the heat of t r a n s fe r  a t  25°C as 

c a lc u la te d  by Lange and M artirP^ and th u s  confirms the r e l i a b i l i t y  

of the  s o lu b i l i ty  d a ta . The l a t t e r  workers c a r r ie d  out
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ex tensive measurements of th e  d iffe re n c es  in  th e  in te g ra l  beats  

o f so lu tio n  o f many e le c tro ly te s  in  heavy w ater and w ater. They 

showed th a t  the  d iffe ren ces  in  iso tope  e f f e c ts  of two s im ila r ly  

charged ions e .g . Cl and Bn*" ions are  independent o f th e  common 

opposite ly  charged ion .

8 8 
The hea t of so lu tio n  Ah ,  th e  heat o f t r a n s f e r  A and th e

fre e  energy of t ra n s fe r  A fo r  th e  p rocess;

^^^(inH 20) ■̂̂ ’̂̂ ^(iriDgO) ta b u la ted  in  ta b le  IV. The f fe e

energy o f t r a n s fe r ,  A G®, of s i lv e r  c h lo rid e  a t  25.1°C i s  somewhat 

sm aller than the  values fo r  a lk a l i  m etal h a lid es  (110, I 40 and 

180 ca lo ries/m o le  fo r lith iu m  c h lo rid e , sodium ch lo rid e  and 

potassium  ch lo rid e  re sp ec tiv e ly ^ ^ , and about 210 -  220 c a lo r ie s /  

ch lo rid e  ion  fo r  the  c h lo rid e s  nf lith iu m , sodium, potassium  and 

cadmium^^). This in d ic a te s  th a t  s i lv e r  ch lo rid e  does not cause 

s ig n if ic a n t  d istu rbance in  th e  surrounding w ater s tru c tu re .

According to  Frank and Evans^^^, c a tio n s  sm aller or more highly 

charged than the potassium  io n  such as lith iu m , sodium and 

magnesium ions are net s tru c tu re  form ers, w hile the potassium  ion  

( io n ic  rad iu s  1.35 A°) i s  s l ig h t ly  s tru c tu re  break ing . However, 

the  s i l v e r  io n , whose io n ic  rad iu s  i s  1.26A°, can be regarded  as 

g iv ing  a very  small co n tr ib u tio n  to  e i th e r  e f f e c t ,  whereas the 

ch lo rid e  ion  i s  s l ig h t ly  s tru c tu re  -  breaking  (th e  entropy of 

so lu tio n  of potassium and c h lo rid e  ions in  w ater i s  -25 .3  and

26.6 c a l deg"^ mole*^ r e s p e c t i v e l y ) a s  a r e s u l t  s i lv e r  ch lo ride
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w il l  adapt i t s e l f  p roperly  in to  th e  surrounding w ater s tru c tu re s  

and cause only s l ig h t  d iffe ren ces  in  the s tru c tu re  of w ater and 

heavy w ater. A sm all value of th e  f re e  energy of t ra n s fe r  i s  

th e re fo re  observed in  th is  case.

Table IV ^^ t>  fo r  the p rocess AgOl^g^Q)—»

and AH

25.1°C 35.0°C 45.0*0

Free energy of t r a n s f e r  A G ^ c a l 47 37

(mole f ra c tio n  sca le )

Heat of t r a n s f e r ,  A H ^kcal 0.2

Heat of so lu tio n  AH® (kcal/m ole) 15.5

The c e l l  P t; jDCl in  D2O (AgCl k g  has been s tu d ied  by

Gary, B ates and Robinson^^ and a lso  by L ie tzke  and Stoughton^® 

th e  r e s u l t s  o f whom d i f f e r  s l ig h t ly .  The thermodynamic da ta  o f 

Gary, B ates and Robinson fo r  the c e l l  re a c tio n

1  ®2(g) + l'gC l(a) + Cl(DgO) (9)

are  combined w ith  equation ( l )  to  y ie ld  the follow ing equation

I  % (g) +  ^ tl)20) + % (s, (10)

Hence the  values o f AG? andAbP fo r  re a c tio n  (lO) can be 

evaluated  from th e  sum of th e  corresponding q u a n titie s  fo r
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equation  ( l )  end (9)* The values o f 60^ are  -1B.3& and“17*90 koal

a t  25 .1° and 45. °C re sp e c tiv e ly , w hile A i f , c a lc u la te d  from th e

tem perature dependence ofA (f  i s  -2 5 .6  k o a l. The values of

are  of course r e la te d  to  th e  s tandard  p o te n t ia l ,  s jg  of the

o ®s i lv e r  e lec tro d e  on th e  deuterium sc a le  b y 4 G = I t  may

be noted th a t  in  th is  case the values are  independent of th e  

choice of concen tra tion  sca le .

8 .2 . S o lu b il i ty  and R elated  S tud ies  of S ilv e r  Chloride in  

Formamide.

Although th e  s o lu b i l i t i e s  of s i lv e r  ch lo rid e  in  formamide are 

much h igher than in  w ater, the g en era l form of th e  s o lu b i l i ty  

curve in  Pigk 8 .4 , 8 .5  and 8 .6  shows th e  same decrease in  

s o lu b i l i ty  followed by an in c rea se , as th e  ch lo rid e  concen tra tion  

in c re a se s . Hence i t  appears th a t  complex form ation occurs in  

formamide, and th e  assumption can then be  made th a t  a t  low 

c h lo rid e  co n cen tra tio n s, the same e q u i l ib r ia  as in  aqueous 

so lu tio n  (equations 1 and 2) apply. Since the amount of 

u n d isso c ia ted  s i lv e r  ch lo rid e  in  formamide i s  so h igh, i t  was 

necessary  to use a successive approximation treatm ent in  order to 

c a lc u la te  the a c tu a l c h lo rid e  ion oonoen tra tion tC l*^  , An 

approximate value of the  amount o f und issoc ia ted  s i lv e r  ch lo rid e  

in  so lu tio n  was obtained i n i t i a l l y ,  using the t o t a l  ch lo rid e  in  

so lu tio n  in  the  p lo t  of S ag a in st 1 . The approximate value
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was then used to  c a lc u la te  the ac tu a l ch lo rid e  ion co n cen tra tio n  

[ci"^ more accu ra te ly , using equation (6 ) .  This procedure was 

repeated  u n t i l  a co n stan t value of th e  in te rc e p t  of the  graph was 

obtained# Three cycles  of th i s  treatm ent were needed a t  15° and 

25°0 whereas four cycles  were c a rr ie d  out a t  35°C. The le a s t  

squares method was app lied  in  f i t t i n g  th e  s tr a ig h t  l in e  through 

the p o in ts . Tables V, VI and VII show th e  co rrec ted  values of 

the re le v a n t q u a n titie s  of S against 1 # F ig s . 8 .7 , 8 .8 ,

and 8 .9 , show the  app rop ria te  p lo ts ,  from which i t  can be seen 

th a t  the experim ental s c a t te r  i s  markedly h igher, p a r t ic u la r ly  a t 

35°C, than in  w ater or heavy w ater. This may be due to  p a r t i a l  

therm al decomposition o f formamide a t 35°C, since such behaviour 

was not observed to  th e  same ex ten t a t th e  lower tem peratures. 

This p o s s ib i l i ty  i s  d iscussed  in  se c tio n  8 .2 .2 .

The values of th e  in te rc e p t (%Kg) and the  slope (Kg), and 

the  a sso c ia tio n  co n stan t Kĵ  are given in  Table V III in  comparison 

w ith those  in  w ater. The r e s u l t s  are  quoted to g e th e r  w ith th e  

s t a t i s t i c a l  e r ro rs  obtained from th e  simple le a s t  squares p lo ts .
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Table V C orrected s o lu b i l i ty  data  o f s i lv e r  ch lo rid e  in  

formamide a t  15°C,

S x1q5 
(mole/kg)

[cii xlo5
( mole/kg)

1

( mole/kg)~

6^305 4.955 0.9947 20010

6.43 4.88 0.9947 20200

3.83 9.45 0.9929 10740

3,35 16.88 0.9907 6039

2.40 30.92 0.9872 3318

1.79 104.7 0.9766 1002

1.77 254.2 0.9661 421

1.64 326.7 0.9616 331

1.76 472.4 0.9526 233

1.99 619.2 0.9464 180

Table VI C orrected  s o lu b i l i ty  data  of s i lv e r  ch lo rid e  in  

formamide a t 25°C.

S xlô  
(mole/kg)

[el'll xlo5
(mole/kg) 1 f i

10.8 7.5 0.9936 13510

10.4 7 .1 0.9939 14260

9.05 8.78 0.9929 11550

7.50 13.28 0.9915 7660

4.75
1

33.0 0.9868
i

3113 Cont
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Table VI cont*

S %lo5 
(mole/kg)

( o i l  xl05 
(mole/kg)

Y i

4.18 78.83 0.9802 1407

3.68 115.0 0.9757 913

3.62 157.0 0.9727 673

3.62 166.0 • 0.9709 639

3.55 359.0 . 0.9594 302

3.34 671.0 0.9462 166

3.38 735.0 0.9421 153

Table VII C orrected s o lu b i l i ty  data  o f  s i lv e r  ch lo rid e  in  

formamide a t  35°C

S xl05 
(mole/kg)

......... ...........................
[c i-1  xl05 
(mole/kg)

22.12 8.62 0.9931 11760

22.28 8.78 0.9931 11550

22.23 8.73 0.9931 11610

22.81 9.31 0.9929 10900

18.62 29.49 0.9880 3866

16.88 33.91 0.9865 3032

14.90 44.04 0.9846 2341

14.34 55.78 0.9828
1

I 856 cont
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Table VII oont.

S xlo5 
(mole/kg)

[ c i ^  xl05 
(mole/kg) Y i

15.40 62.95 0.9814 1648

15.30 120.9 0.9750 870

14.50 138.4 0.9732 763

13.12 741.2 0.9416 152

12.36 939.1 0.9354 122

Values of Kg in  (m ole/kg)^ Kg in  mole f ra c tio n  s c a le , 

Table V III in  (mole/kg) ^ and K^Kg in  (m ole/kg).

I5 °c 25°C 35°0

Formamide Water Formamide Water Formamide Water

1 (2.5±0.22)x10"9 7.02x10"^^ (5.2±0.3)x10-9 1.77x10"^° (8 .5 i2)x lO -5 4.15x10-1®

1̂
(

5.062 %10-12 
Dole f ra c t io n  sc

2.28x10-14
ale)

10.53 xlO-12 5 .7 5 x 1 0 "^ 1.72x10-11 13.48x10-14

h (6 .2 io .7 )x lO ^ 2.287x103 (6.4±0.8)x105 1.97x10^ ( I .5 i0 .5 )x l0 '‘ 1.688x10^

1.55±0,18)x10-5 1.6x10-7 (5 .3 i0 .3 )x l0 -5 3.0x10-7 ;i3 .5 i0 .7 )x lO ■5 7.0x107

K  ̂ i s  much g re a te r  in  formamide than in  w ater a t  a l l  th re e  

tem peratu res . However, the veiy  la rg e  amount of und isso c ia ted  

s i lv e r  c h lo rid e  in  formamide i s  due to  th e  much enhanced 

s o lu b i l i ty  o f s i lv e r  c h lo rid e  in  formamide, as w ell as to  th e  

la rg e r  va lu es  of K^,
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The s o lu b i l i ty  product o f s i l v e r  ch lo rid e  a t  each tem perature 

i s  considerab ly  h igher than  in  w ater. Various workers have 

measured the  s o lu b i l i t i e s  of so lu b le  s a l t s  in  formamide^^* 90,91 

and most e le c t r o ly te s ,  except the  h a lid es  and n i t r a t e  of le a d , are  

le s s  so lub le  in  formamide than  in  w ater. Povarov and co-workers^^ 

appear to  be the  only group of workers to  measure the  s o lu b i l i ty  

o f s i lv e r  ch lo rid e  in  formamide and th e i r  r e s u l t s  are higher than 

those  obtained from th is  study. L i t t l e  use can be made o f th e i r  

da ta  s ince t h e i r  measurements were made a t room tem perature 

(18 + 2°0) and th e  few measurements they  made in  the  presence of 

sodium ch lo rid e  were a l l  a t r a th e r  high c h lo rid e  ion co n cen tra tio n s. 

The trea tm en t of th e i r  da ta  i s  a lso  not made c le a r .

I f  the  high complex AgClJ i s  formed a t  h igher ch lo rid e

co n cen tra tio n s , th e  chemical e q u il ib r ia  in  the system can be 

rep resen ted  by

*gCl(g) * 01" (11)

+ C l- (12)

Ag+ + 2C1- ' AzOlô (13)

The oorreaponcling equ ilib rium  co n stan ts  of equation  ( l l ) ,

(12) and ( 13) are

= D'g'O [ o l ^  Y+2 (14)

Ki = DlgCll (15)

and Kg = O'gOlël (16)
[Ag+] [C l5  ^



•H

•H

r—I

H  *H

00

VD
•H

• (•Ss/oxom)  g O T  I

O
oin
+»cs
03
Q

rHCi
tH
O
G

*§
•HUO
fH

■g

S
■â

■p
ai



•H

•H

•H

•H

H

•H

rH

iH ü« B h

•H

rH
rH
GO

•H

(* 3 a /» to a i)  gOT X



114

Assuming th a t  th e  a c t iv i ty  c o e f f ic ie n ts  of s in g ly  charged 

ions are th e  same, and th a t  the  a c t iv i ty  c o e f f ic ie n t of s i lv e r  

ch lo rid e  in  so lu tio n  i s  u n ity .

The t o t a l  s i lv e r  co n cen tra tio n , S, measured as s o lu b i l i ty  i s  

rep resen ted  by

s = + [ftgci] + Cftgcî ]

o r S = Kg

Lcr] T -  V s  (17)

th e re fo re  S -  Kg
= KiKs + SgKs (18)[ci-] )Ç

Provided c o m p lie s  h igher than JlgCl^ are not p re se n t, the

p lo t of S -  Kg ag a in st [ c i l  should g ive a s tr a ig h t  l in e
[ C l i ^ 2

w ith  K^Kg as the  in te rc e p t and K2Kg. as the slope. Prom th e  

p lo ts  of the  data  a t 15° and 25°C in  P ig iS .lO , 8 .11 , the  p o in ts  

f a l l  on a s l ig h t  curve. This suggests th a t  th e  s o lu b i l i ty  

depends ( a t  le a s t  in  p a r t)  upon the  concen tra tion  of ch lo rid e  

ra is e d  to  a power h igher than u n ity . In  o ther words complexes

higher than  AgClJ are p re se n t. The data p lo tte d  in  P ig iS .lO , 

and 8 .11 , expressed in  moles/kg are given in  ta b le  IX.
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Table IX

15°0 25°C

SxlO^
xlCK (S-Ks )x lo 5

Sxl05

1
xlO^(8-Kg )x l0

1----------
Icî  xiol

r±2 ^ Cl J Xl0> Cciijv;̂ QciTi?)

6 .50 0.0091 6.49 3474.0 13.04 0.0140 13.026 4824

4.56 0.0114 4 .35 2711.0 10.22 0.0373 10.18 3645

2.56 0.0344 2 .53 823.7 9.15 0.0192 9.131 3371

1.99 0.0451 1.94 619.0 4 .26 0.0490 4 .211 1213

1.76 0.0583 1 .70 472.4 4 .49 0.0513 4.438 1154

1.64 0.0827 1 .56 326.7 3.55 0.0618 3.488 359

1.77 0.1054 1 .6 6 254.2 3.62 0.3281 3.292 l66

5.62 0.3456 3.27 157

4.18 0.7222 3.46 74

4.75 1 .5 9 3 .16

. . . . .

. 33

S tr a ig h t l in e s  wore drawn based on the .few p o in ts  in  the low 

ohZoride ion  concentration  reg ion  a t both 15° and 25°C and 

estim ated  va lues o f  Kg were obtained from the s lo p es (KgKg) No 

estim ate was made at 35°C owing to  th e  large  u n ce r ta in tie s  in  the  

s o lu b i l i t y  data. The estim ate  Kg a t 15°C i s  3 . 3xlo5(m ole/kg) 

and at 25°C i s  1 .7x1q5(m o l e / k g ) H o w e v e r  the u n ce r ta in tie s  are 

large and i t  i s  not b e lie v e d  th a t any s ig n if ic a n c e  can be attached  

to the temperature dependence o f Kg (se e  se c t io n  8 . 2 . 2 . ) .

Hence th e  s o lu b i l i t y  data at not too  high ch lor id e
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co n cen tra tio n s  can be rep re sen ted  a t  I 5® and 25°C by the  

equations

S (mole/kg) = 2 .5  x 10~^ + 1.55x10-5 + 8 . 3  [ci"^ xI qH

(19)’

a t 15°C and.

S (mole/kg) = 5 .2  x 10"9 + 3,3xlO"5 + 8 .5  [ c i1  xlO*"^
[C1-] y+ 2

( 20)

a t 25°C. The continuous curves drawn in  F ig^8.4 and 8 .5  are

c a lc u la te d  from equations ( l9 )  and (2 0 ). As expected th e  curves 

diverge from the experim ental values (d o tte d  l in e )  a t  th e  high 

ch lo rid e  co n cen tra tio n s, although th e  f i t  a t  15°C i s  r a th e r  

b e t te r  than  a t  25°C. I t  does not seem sen sib le  to  extend the  

an a ly s is  to  35°G and th e  d o tted  curve drawn through the p o in ts  in  

F ig .8 .6 . has no m athem atical s ig n if ic an ce .

8 .2 .1 . C o rre la tio n  w ith  oa lo rim etric  data

When the s o lu b i l i ty  product i s  measured over a range of 

tem peratu res, th e  standard  heat o f so lu tio n  4 can be computed 

using equation (8) or i t s  a l te rn a t iv e  form,

log Kg = -  Ah + c (21)
2.303RT

Hence, i f  log  Kg i s  p lo tte d  ag a in s t 1, a s tr a ig h t  l in e  w ith
T

slope -  AH should be obtained  from which the  s tandard  heat
2 . 303R
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of s o l u t i o n c a n  be derived . In  p ra c t ic e ,  th is  r e la tio n s h ip  

can g ive a s lig h t  d ev ia tio n  from l in e a r i ty  since the heat of 

so lu tio n  over a tem perature range may be not qu ite  co n s tan t.

The p lo t  of log Kg ag a in st 1 i s  shown in  P ig .8 .12 , from which i t  i s
T

seen th a t  a s l ig h t  curve i s  obtained. I t  i s  worth noting th a t  a p lo t

of log Kg ag ain st 1 fo r  s i l v e r ' ch lo rid e  in  w ater i s  a lso  s l ig h t ly  
?

curved in  the  same sense. However, i t  is -p o s s ib le  to  draw a s tr a ig h t

l in e  trhich f a l l s  w ell w ith in  th e  standard  dev ia tio n s quoted in  ta b le  

V III .
The standard  heat o f so lu tio n  o f s i lv e r  c h lo rid e  in  

formamide, measured c a lo r im e tr ic a lly  i s  11.1 kcal/m ole a t  bo th  

15° and 25°C. The s t r a ig h t  l in e  in  P ig .8.12 has been 

d e lib e ra te ly  drawn to  correspond w ith  th i s  v a lu e , and i s  in  

s a t is fa c to ry  agreement w ith  th e  experim ental p o in ts . This 

serves to  confirm th e  o v e ra ll r e l i a b i l i t y  of th e  s o lu b i l i ty  d a ta , 

d esp ite  the r a th e r  la rg e  u n c e r ta in tie s  in  the values of Kg and

K]̂ , The magnitude of th e  heat of so lu tio n  i s  a lso  near to  th a t  

p red ic ted  by the van Eck theory of io n ic  so lvation^? d iscussed  

in  Chapter I I I .  A consequence o f h is  theory  i s  th a t  f o r  s a l t s  

w ith th e  same anion the d iffe ren ces  between the s tandard  heats 

of so lu tio n  in  two so lv en ts  should be constan t and independent 

of the c a tio n . Somsen and Coops®^ have shown experim entally  

th a t  the  d iffe ren ce  in  th e  heat of so lu tio n  of the a lk a l i  m etal 

h a lid es  (except fo r  lith iu m ) in  w ater and formamide i s  

c o n s is te n tly  around the  value of + 3*3 koals/m ole. On th e  b a s is  

of th i s  theory  and on th e  heat o f so lu tio n  o f s i lv e r  ch lo rid e  in
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w ater a t  25 C (+ 15»74 k c a l / m o l e ) t h e  p re d ic ted  heat of 

so lu tio n  o f s i lv e r  ch lo rid e  in  formamide i s  ( 15*74 -  5 ,5 ) = 12,4 

kcal/m ole. Allowance, of course has to  be made fo r  th e  

d iffe ren ce  in  io n ic  co n fig u ra tio o  o f s i lv e r  ion  and a lk a l i  metal 

io n s. This theory i s  th e re fo re  u sefu l as a guide to  th e  magnitude 

of the  s tandard  heat of so lu tio n  of s i lv e r  ch lo rid e  in  formamide 

i f  not to  i t s  p rec ise  v a lu e . In  ta b le  X, the  heat of so lu tio n  

obtained from th e  o a lo rim e tr ic  measurements and the p re d ic te d  

value of th e  heat of s o lu tio n  by the van Eck theory  a re  l i s t e d .

Table X

Temperature Heat of so lu tio n  from P red ic ted  heat of

°C o a lo rim e tric  measurements so lu tio n  (kcal/m ole)

(kcal/m ole)

15 11.12 t  0.12

25 11.08 — 0.28 12.4

The heat of th e  re a c tio n  + Cl":— ^^^^(so lu tion) t e

determined from th e  tem perature dependence of th e  values o f K^,

i f  th ese  values are  s u f f ic ie n t ly  r e l i a b le .  However, a p lo t of

log  ag a in s t 1 i s  nowhere near l in e a r .  The e r ro rs  in  ®re 
T

la rg e , p a r t ic u la r ly  a t  35°C since depends on both  th e  slope
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and th e  in te rc e p t .  The values of suggest th a t  und issocia ted  

s i lv e r  ch lo rid e  may be formed endotherm ioally  from i t s  io n s .

This c o n tra s ts  w ith w ater where un d isso cia ted  s i lv e r  ch lo rid e  i s  

formed exotherm ically^ b u t n ev erth e less  seems reasonable s in ce  

th e  s i lv e r  ion and ch lo rid e  ion are  more s tro n g ly  so lv a ted  in  

formamide than  in  w ater.

8 .2 .2 . U n ce rta in tie s  in  experim ental data  in  formamide

I t  i s  ev iden t from the  r e s u l t s  th a t  d esp ite  the  higher 

s o lu b i l i ty  in  formamide the u n ce rta in ly  in  a l l  th e  measurements 

i s  considerab ly  g re a te r  than in  w ater or heavy w ater. The 

s c a t te r  in  th e  r e s u l t s  i s  g re a te r  than would be expected from a 

co n s id e ra tio n  o f e r ro rs  due to oountii^g and th e  volum etric and 

g rav im e tric  techniques involved. This i s  p a r t ic u la r ly  tru e  a t  

35°C, and i t  i s  b e liev ed  th a t  the  in c reased  s c a t te r  i s  p a r t ia l ly  

due to  therm al decomposition of formamide. In  view of t h i s  i t  

i s  necessary  to  consider how r e l ia b le  the s o lu b i l i ty  measurements 

in  formamide a re .

There a re  th re e  p o s s ib i l i t i e s  which need to  be considered

1. I t  has been po in ted  out e a r l i e r  th a t  a so lu tio n  of s i lv e r  

n i t r a t e  in  formamide ra p id ly  darkens, unless s ta b i l i s e d ,  w ith 

th e  red u c tio n  of s i lv e r  ion  to  s i lv e r .  I t  i s  th e re fo re  

reasonab le  to  suppose th a t  the  s i lv e r  ions in  th e  sa tu ra te d  

s i lv e r  c h lo rid e  so lu tio n  may be s im ila r ly  reduced. However,
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w ith the  very d i lu te  so lu tio n s  used, th e  re d u c tio n , i f  i t  occurs, 

must be very slow. No tra c e  of darkening was found w ith samples 

l e f t  in  the  therm ostat b a th  5-7 days, although i f  l e f t  fo r  much

longer p eriods some samples, a t  35°G only, became s l ig h t ly  tin g ed

and gave very  high r e s u l t s ,  which were d isregarded . Hence, 

provided the samples are not l e f t  too long in  th e  therm ostat the 

r e s u l t s  appear to  t>e s a t is fa c to ry .

2. Formamide w i l l  decompose on heating in  two ways, of which 

one i s

HCONHg > CO + NĤ  (22)

The presence o f tra c e s  of ammonia would probably cause the  

form ation o f complexes of the  type Ag (NH^)2'*', which would r e s u l t  

in  the s o lu b i l i t i e s  being too high.

3* The a l te rn a t iv e  way in  which formamide may decompose i s  

HOONHg sHgO + HCN (23)

Since s i lv e r  cyanide i s  le s s  so lu b le  than s i lv e r  ch lo rid e  in  

w ater, the p o s s ib i l i ty  e x is ts  th a t  cyanide ions could  be 

c o n tro llin g  th e  s o lu b i l i ty  of s i lv e r  ch lo rid e  in  formamide. In  

order to  t e s t  t h i s ,  2 measurements of the  s o lu b i l i ty  o f s i lv e r  

cyanide in  formamide were made a t 25°C; the  r e s u l t s  obtained are 

1.28 xlO*5 mole/kg and 1.32 xlO“‘5 mole/kg. Hence s i lv e r  cyanide 

i s  more so lub le  than s i lv e r  ch lo rid e  in  formamide and i t  seems 

u n lik e ly  th a t  the  presence of cyanide ions could co n tro l th e
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s o lu b i l i ty .

In  o rder to  t e s t  the  re p ro d u c ib il i ty  a t  35°C, 4 measurements 

o f th e  s o lu b i l i ty  of s i lv e r  ch lo rid e  in  pure formamide were made. 

The samples were l e f t  in  th e  te rm osta t b a th  fo r  varying len g th  of 

tim e, between 5 and 10 days and th e  r e s u l t s  a l l  l i e  in  the range 

22.1 xlO 5 mole/kg to  22.8 x 10"5 mole/kg (see  ta b le  V I l) .  

However, a f i f t h  sample, tre a te d  id e n t ic a l ly  to  the o th ers  and 

kep t in  th e  therm ostat bath  fo r  10 days became tinged  brown, and 

gave a s o lu b i l i ty  of roughly  twice the above f ig u re s .

I t  does seem p o ssib le  th a t  a system atic  e r ro r  could make the  

r e s u l t s  a t  35°C uniform ly high, and might cause th e  in te rc e p t to  

be too la rg e , w ithout a l te r in g  the slope of th e  p lo t on P ig .8 .9  

much. In  g en era l the  re p ro d u c ib il i ty  ob tained , to g e th e r w ith  

th e  s a t is f a c to ry  tem perature dependence of the  s o lu b i l i ty  

p roducts, suggest th a t the u n c e r ta in tie s  although ra th e r  la rg e , 

are  not too se rio u s .

8.2.3* Concluding i*emarks

There i s  considerab le  evidence ( e .g .  from tra n sfe ren ce  

number, conductance measurements and heats of so lu tio n ) th a t  

ion -  so lven t in te ra c tio n s  in  w ater and formamide are d i f f e r e n t .  

Formamide seems to  be held  more firm ly  by th e  ions than w ater; 

and th i s  g re a te r  ex ten t o f so lv a tio n  may be resp o n sib le  fo r  a 

h igher s o lu b i l i ty  of s i lv e r  ch lo rid e  in  formamide than in  w ater.
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In  ad d itio n , s i lv e r  normally has coord ination  number o f 2 b u t no 

l in e a r  complex of s i lv e r  involv ing  oxygen as lig an d  has been 

observed. This may explain  th e  high s o lu b i l i ty  o f s i lv e r  

ch lo rid e  in  formamide where coord ination  w ith the  so lven t may be 

through th e  n itrogen  atom. Almost complete lack  o f experim ental 

data  on the behaviour of s i lv e r  ch lo rid e  in  formamide except fo r  

a few measurements of th e  s tan d ard  e lec tro d e  p o te n tia l  of th e  

s ilv e i; [s ilv e r  ch lo rid e  e lec tro d e  in  formamide has r e s t r i c te d  th e  

d iscussion  of th e  r e s u l ts  obtained  here. S o lu b i l i t ie s  of 

a lk a l i  metal h a lid es  in  formamide are  w ell e s ta b lish e d  but i t  may 

be m isleading to  compare those w ith th a t  of s i lv e r  ch lo ride  since  

the  a lk a l i  m etal ions have d° whereas the  s i lv e r  ion  has d^® 

e le c tro n ic  co n fig u ra tio n . The d^® co n fig u ra tio n  has a 

considerab le  in flu en ce  on the  chem istry of th ese  elem ents, as 

shown fo r  example by the io n is a tio n  p o te n t ia ls .  P ig .8 .13 shows 

th e  io n isa tio n  p o te n tia ls  p lo t te d  against atomic numbers o f the  

d° and d^® elem ents^^^; from which the marked d iffe ren ce  between 

th o se  two groups o f elements can be seen. S i lv e r  halide  

c ry s ta ls  show more evidence o f P o la r iz a tio n , as in d ica ted  fo r  

example by th e  data  in  ta b le  XI r e la t in g  to  l a t t i c e  en e rg ies .
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T a b l e  X I  C r y s t a l  e n e r g i e s  o f  s o l i d s  ( i n  k c a l / m o l e )

S a l t
........................— .............................. .

C a l c u l a t e d  c r y s t a l  
e n e r g i e s

E x p e r i m e n t a l  
c r y s t a l  e n e r g i e s

KP 193 192

K O I 168 167

K B r 161 161

n 152 151

A gP 220 228

%C1 199 216

A g P r 195 214

A g i 186 211

T h i s  e f f e c t  i s  p a r a l l e l e d  b y  t h e  s h a r p  i n c r e a s e  i n  t h e  

s t a b i l i t y  o f  t h e  c o r r e s p o n d i n g  c o m p l e x e s ,  jAgX, i n  a q u e o u s  

s o l u t i o n ^ ^ ^ *  T h e r e  a r e  n o  c o m p a r a b l e  e f f e c t s  w i t h  t h e  a l k a l i  

m e t a l  h a l i d e s .

R e s u l t s  f r o m  t h e  p r e s e n t  w o r k  l e a d  t o  t h e  c o n c l u s i o n  t h a t  

s o l u b i l i t i e s  a r e  q u i t e  s p e c i f i c  i n  n a t u r e  a n d  m u s t  d e p e n d  o n  

q u i t e  s p e c i f i c  i n t e r a c t i o n s  b e t w e e n  s o l v e n t  a n d  s o l u t e .

8,3* P relim inary  Measurements*

T h e  m o s t  f u n d a m e n t a l  m e t h o d  o f  d e t e r m i n i n g  s t a n d a r d  

e l e c t r o d e  p o t e n t i a l  e m p l o y s  c e l l s  w i t h o u t  l i q u i d  j u n c t i o n s ,  

f o r m e d  f r o m  a  h y d r o g e n  e l e c t r o d e  a n d  a n  a n i o n  r e v e r s i b l e
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eleotrode* I f  the  s tandard  emf of th is  type o f c e l l  i s  found 

i t  can be id e n t i f ie d  "VTith the  s tandard  p o te n t ia l  of the e lec tro d e  

under in v e s tig a tio n .

In  th is  study the  emf of th e  follow ing c e l l s  were measured 

a t  25°G using th e  t r i p l e  c e l l  (d escrib ed  in  Chapter V l) .

in  formamide I AgCl^g^ I Ag I

Cd; Hg 

and Cd; Hg

CdCl

2 (s)

2 (s)  

CdCl

HCl/ \  in  formamide Vm;

(m)

H g ;  P t  I I

AgCl(g)|Ag in

The emf *3 of c e l l  I  and I I  were ex trap o la ted  to  zero time 

as i l l u s t r a t e d  in  PigS.8%14 and 8,15  re sp e c tiv e ly ,

8 . 5, 1 . C e ll I . P t; Hgj H C l ^ i n  formamidejAgCl^^jjAg 

The emf of C ell I  i s  given by

E = E® -  ^  In  m̂ Q2 '^ c i  (24)

sin ce  th e  co rre c tio n  f o r  th e  p a r t i a l  p ressu re  of hydrogen 

to  1 atmosphere was found to  be n eg lig ib le  in  comparison w ith 

the  experim ental e r ro r .

The mean io n ic  a c t iv i ty  c o e f f ic ie n t  V± may be expressed by 

log  ^  c -Aim + Bm (25)

Hence, on combining equations ( 24) and (25) the  follow ing 

equation i s  ob ta ined ,

E + (2RT X 2 . 505) ( log  -Afm) = E'=E* 2RT x 2,505Bm
—  (  ^ ^ ^  )  ”  .

( 26)
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Where E i s  th e  emf o f th e  c e l l  a t  zero tim e and m i s  th e  

co n cen tra tion  o f hydrochloric ac id  in  formamide, expressed in  

mole/kg# Eor formamide, tak in g  th e  d ie le c t r ic  constan t as 

109.5 and th e  d en s ity  as 1.1296 g/m l. a t 25°C, th e  value of

A i s  0.3286 mole"^ kg^.

I f  E" i s  p lo t te d  ag a in s t ra, a s t r a ig h t  l in e  should be

obtained  w ith th e  s tandard  e le c tro d e  p o te n tia l  (B®) as the

in te rc e p t  and-(2RT x 2.303) B as the s lope .
P

The summary of th e  emf d a ta  fo r  c e l l  I  i s  given in  Table XII* 

Table XII

m
( moles/kg)

S
(v o lts )

/
E

(v o lts )

P resen t Work O.OO8I 65 0.4462 0.1957

0.01633 0.4092 0.1929

0.04651 0.3566 O .I9O6

0.0669 0.3384 0.1893

Agarwal and Nayak’s^
re s u l t s 0.00927 0.4425 0.1983

0.029 0.3840 0.1955

0.045 0.3613 0.1937

0.055 0.3525 0.1943

0.0675 0.3410 0.1923

0.0821 ! 0.3322 1 0.1926 00]
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Table XU coût»

m
( moles/kg)

E
(v o lts )

E
(v o lts )

0.09149 0.3270 0.1924

0.1038 0.3210 0.1921

0.1185 0.3135 0.1905

0.1205 0.3132 0.1910

In  Pig* 8.16 values E' are  p lo t te d  ag a in st the

corresponding value of m. The standard  e lec tro d e  p o te n tia l

(E®) of th e  s i lv e r  s i lv e r  ch lo rid e  e lec tro d e  in  formamide a t

25°C was found on e x tra p o la tio n  to  zero m o la lity , to  be 0 .1%0

-  0.0002 v o l ts .  This value i s  lower than th e  values 0.204

v o lts  found by Mandel and Deoroly^ and 0.1986 v o lts  found by

Agarwal and Nayak^, Mandel and Decroly obtained  th e i r  E®

value (on the  m o la lity  sca le ) using a value of ( ZRT x 2 .303)A
F

in  equation  (26) given ( in c o rre c tly )  on th e  m o larity  s c a le , 

i . e . ,  3*65 xlO*^ in s te a d  of 3.888 xlO"^. They do not g ive  

s u f f ic ie n t  data  to  re -a n a ly se  th e i r  r e s u l t s .

Agarwal and Nayak, on th e  o ther hand, give the em f's of

c e l l  I  a t  each concen tra tion  b u t not the  value o f th e  constan t
/

A used in  th e i r  c a lc u la tio n  fo r  E •. For comparison Agarwal 

and Nayak*s data has been re -c a lc u la te d  using the same value o f 

A as was used in  th is  study and th e  r e s u l t s  are  given in  Table XII.
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I
The E values are p lo tte d  ag a in s t m and are shown in  P ig .8.16*

Their new E® valu e , found by the  le a s t  squares method i s

0*1975 v o lts  in s te a d  of 0.1986 v o lts  quoted by Agarwal and

Nayak^, This re -c a lc u la te d  value i s  in  f a i r  agreement w ith  th e

ra th e r  te n ta t iv e  value obtained  in  th e  p resen t work and

suggests th a t  Mandel and Decroly*s value i s  too high. Mandel

and Decroly are the  only workers to  extend t h e i r  measurements
filto  a range of tem peratures and in  view of th e  d iscrepancies  

between th e  various E® values a t 25°C, i t  i s  c le a r  th a t  a more

d e ta ile d  study i s  req u ire d  a t  25°C and a lso  a t  o ther

tem peratures*

By combining th e  s o lu b i l i ty  product of s i lv e r  ch lo rid e  in  

formamide a t 25°C with th e  s tandard  emf E® of c e l l  I ,  the  

s tandard  f re e  energy c h a n g e d o f  th e  re a c tio n

I  % (g ) + + i g ' (27)

in  formamide can be ob tained , using the same procedure as 

described  in  se c tio n  8 .1 . in  th e  case of heavy w ater. The

standard  emf of c e l l  I  was taken as 0.1937 v o l ts ,  th i s  being 

th e  mean of the  p re sen t E® value and th a t  o f  Agarwal and Nayak. 

The s ta n a rd  f re e  energy change i s  -  15*86 k c a ls . The 

s tandard  e lec tro d e  p o te n t ia l  o f s i lv e r  e lec tro d e  in  formamide
© © I .

i s  given b y 6 G = -Ej^^p and i s  found to  bej o.687g v o lts  a t  25 C.
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8 .3 .2 . C ell I I  Cd; Hg| CdC^^jj HClç^jin formaniide H2 ; P t 

The emf o f d e l l  H  i s  given by

E =E® + |T  (28)

However, the s o lu b i l i ty  o f cadmium ch lo rid e  in  formamide i s  

considerab ly  higher than s i lv e r  ch lo rid e  as shown by the data  o f 

Pavlopoulos and Strehlow^® and by Muju^^^. Pavlopoulos and 

Strehlow  c a lc u la te d  th e  s o lu b i l i ty  product from th e  s tandard  

e lec tro d e  p o te n tia ls  o f th e  cadmium and o f the cadmium1 cadmium

ch lo rid e  e lec tro d es  in  formamide a t  25°C, They ob tained  the  

value 5 xlO“® (m ole /l)^  which i s  equ ivalen t to  3*4 xlO ^(m ole/kg)^

These values in d ic a te  th a t  th e  ch lo rid e  ion  concen tra tion  in  the  

c e l l  so lu tio n , co n trib u ted  by th e  d isso lv ed  cadmium ch lo rid e  

cannot be ignored . Pavlopoulos and Strehlow  co rrec ted  fo r  the 

c h lo rid e  ions co n trib u ted  by the  cadmium c h lo rid e , assuming 

complete d is so c ia tio n . This assumption i s  not n e c e ssa r ily  v a l id ,  

b u t th e i r  trea tm en t was adopted here and i s  summarised below.

In  the  so lu tio n , l e t  = x and

“ cac ip  = “Ca2+ = y> then = * + 2y.

The s o lu b i l i ty  p roduct of cadmium ch lo rid e  i s  g iven by 

(a  ._ )2  ( th e  a c t iv i ty  c o e f f ic ie n ts  a re  assumed to  be

near o r equal to  u n ity ) .
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Hence, Kg = y  (x  + 2y)^ (29)

When y ^ x  equation ( i9 l reduces to  

^

I t  fo llow s th a t  y  = x ( -1  +1/1 + Kg ^
z \ k  m   ̂ ‘

In  o rder to  include th e  c h lo rid e  ion  concen tra tion  from the

d isso lved  cadmium ch lo rid e  in  th e  c e l l  so lu tio n  equation (28)

must be r e -w r it te n  as

E = E® + RT In  X (x + 2y) Y±^ (31)
P

^  can be evaluated  using equation  (25) except th a t

becomes rep laced  by io n ic  s tre n g th  I ,  where I  i s  given by

I  = 1 (4 y + X + X  + 2y) = x + 3y* The r e s u lt in g  equation i s
2

E -  (RT X 2 . 303) ( lo g  X (x+2y)-2A)(c!3y) = E' .

= E®+(2HTx2.303) (x+3y)B (32)
(“  )

The Kg value o f  3 .4  xlO (m ole/kg)^ as rep o rted  by 

Pavlopoulos and Strehlow  was used in  equation  ( 30) fo r  

determ ining the  value of y . The accuracy o f th is  value i s

open to  doubt and th e  s o lu b i l i ty  product o f cadmium c h lo rid e  i s

126a t  p re se n t being re-m easured by Muju whose r e s u l t  i s  no t y e t

availab le*  The emf data o f  G all I I  a re  recorded in  ta b le  X III .
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Table XIII

I E
(v o lts )

E^
( v o lts )

0*00946 0*3196 0.5675

0.0171 0.5521 0.5674

0,07204 0.4216 0.5679

0*0479 0.4021 0.5676

P ig .8*17 shows the  p lo t o f E" ag a in s t th e  io n ic  strength* 

The in te rc e p t o f  th e  s tr a ig h t  l in e  y ie ld s  th e  s tan d a rd  e lec tro d e  

p o te n tia l  E® o f th e  cadmium amalgamjcadmium ch lo rid e  e lec tro d e ; 

i t  i s  found to  be equal to  -  0*5672 volts*

IPftParks and LaMer have measured th e  emf o f th e  c e l l

Cd, phase amalgam)! ^ ^ ^ 4 ( 0 .5M) I m etal) degree

in te rv a ls  from 0-50°C. The emf o f  th e  c e l l  corresponds to  th e  

spontaneous process Cd(g)  ̂Od:Hg(g amalgam)* I "  o th e r

words the  measured emf i s  th e  c o rrec tio n  fa c to r  in  converting 

from th e  pure cadmium e lec tro d e  to  th e  cadmium amalgam, o r v ice

v ersa . The value a t  25°C was obtained  g ra p h ic a lly  from Parks 

and LàîÆer*s data and was found to  be 0*0505 volts*

As the s tandard  e lec tro d e  p o te n t ia l  of th e  cadmium 

amalgamI cadmium ch lo rid e  e lec tro d e  in  formamide a t  25°C i s
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-  0*5672 v o l ts ,  then th e  s tandard  e lec tro d e  p o te n t ia l  o f  the 

oadmiumj cadmium ch lo rid e  e lec tro d e  i s  therefo re-0*  6177 v o l ts .  

The only av a ilab le  l i t e r a tu r e  value of th e  s tandard  e lec tro d e  

p o te n t ia l  of th e  cadmium|cadmium ch lo rid e  e le c tro d e  i s  th a t  of 

Pavlopoulos and Streblow*^^ who rep o rted  th e  value -  0.617

-  0.004 v o lts  on th e  molar s c a le . This i s  eq u iva len t to 

-0 ,611 v o lts  on m o la lity  s c a le .

8.3.5* C e ll I I I  Cd; Hg|cdCl2 .̂  ̂| H C l ^ i n  formamidej 

AgCl(g)|iSg.

For the  purpose o f comparison, the  emf of c e l l  I I I ,  (u sing  

a cadmium amalgam elec trode) was a lso  co rrec ted  to  th a t  of the  

c e l l  using a pure cadmium|cadmium ch lo rid e  e lec tro d e  i . e . ,

Cd|CdCl2(s)IHCl^ in  formamide|AgCl(s)|Ag, by th e  ad d itio n  of 

0*0505 volts^^G to  th e  emf of Cx^ll I I I .  The r e s u l t s  a re  given 

in  Chapter VII and are a lso  tab u la te d  below.

Table XIV

emf of c e l l  I I I  
(v o lts )

emf of O ell I I I  co rrec te d  
fo r  Cd|CdCl2 e le c tro d e (v o lts )

0.009105

0.01702

0.07204

0.0479

0.7695

0.7606

0.7600

0.7599

0.8198

0.8111

0.8105

0.8104

The em f's o f th e  c e l l  except f o r  th e  value a t the  low est
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c h lo rid e  io n  concen tra tio n , i s  heirwoen 0.8104 and 0.8111 v o lts  

and i s  c o n s is ta n t ,  -within th e  experim ental e r ro r  -with th e  value 

o f 0.810 i  0.001 v o lts  f o r  emf of th e  c e l l ,

Cd| CdCl2(g ) | in  formamide| AgCl(s) l^g as s tu d ied  by

The c e l l  re a c tio n  can be -w ritten as follow s

Cd^gj + 2AgCl^^j——>CdCl2( s o lid  so lv a te ) + 2Ag^gj, from

which i t  can be seen th a t  th e  emf o f th i s  c e l l  i s  independent of 

the  co n cen tra tion  o f hydrochloric ac id  or o f potassium  ch lo rid e  

in  formamide. Hence, the emf o f th is  type of c e l l  should be 

equal to  th e  num erical sum o f th e  standard  e lec tro d e  p o te n tia ls  

o f the  cadmium 1cadmium ch lo rid e  and th e  s i lv e r } s i lv e r  ch lo rid e  

e le c tro d e s . The combination o f the  -two s tandard  e lec tro d e

p o te n tia ls  i . e . ,  E^gj^goi and y ie ld s  0.8117 v o lts  as

the  emf of th e  c e l l  CdjCdOlg^g^ (HCl̂ g^  ̂ in  formamide |AgCl^gj |Ag.

I f  allowance i s  made fo r  th e  u n certa in ty  o-wing to  the  sm all 

number o f measurements involved in  th is  work, t h i s  emf value 

compares s a t i s f a c to r i ly  w ith  the  value between 0.8104 and 0.8111 

v o lts  obtained  from the d i r e c t  measurement.

One of th e  advantages of using th e  t r i p l e  c e l l  i s  th a t  th e  

emf of th e  th re e  c e l ls  can be measured sim ultaneously  under 

id e n t ic a l  experim ental co n d itio n s. Owing to  the lim ite d  time 

a v a ila b le , only p re lim in ary  work could be p resen ted  in  th is  

th e s is ,  b u t i t  i s  hoped th a t  more ex tensive  s tu d ie s  w il l  be c a r r ie d
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out in  the fu tu re .

The v a l id i ty  o f e x trap o la tin g  to  zero tim e as used by 

previous workers and in  th e  p re sen t work, i s  questionab le , 

since i t  assumes th a t  equ ilib rium  i s  reached ra p id ly  and the  

subsequent d r i f t  in  emf read ings i s  due to  decomposition o f 

form amide in  th e  presence of hydrochloric  ac id . In  some cases 

p r a c t ic a l ly  s teady  values f o r  th e  emf, which remained constan t 

fo r  about 24 hours were obtained  in  le s s  than f  of an hour a f te r  

th e  assembled c e l l s  had been l e f t  in  the  therm ostat b a th . In  

o th er experim ents, d r i f t s  of th e  emf with tim e were observed, 

b u t the e x ten t o f th i s  behaviour i s  le s s  than th a t  observed by 

Agarwal and Nayak. I t  i s  p o ss ib le  th a t  th e  e q u il ib ra te d  emf 

may be e s ta b lish e d  more r e l ia b ly  by approaching th e  equ ilib rium  

ffom a high tem perature and by follow ing the emf o f th e  c e l l  fo r  

a longer p erio d  o f  tim e.

—oOo-
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A P P K N D I X

D eterm ination of S o lu b il i ty  of S ilv e r  Bromide in  Water

The s o lu b i l i ty  of s i lv e r  bromide in  w ater a t  various 

tem peratures has been measured using a s im ila r  technique to  th a t  

described  fo r  s i lv e r  ch lo rid e  (see  page 48 )• These measurements 

were made in  order to  t e s t  th e  technique on a m a te ria l of lower 

s o lu b i l i ty  than s i lv e r  ch lo rid e  and w ith  the  p o s s ib i l i ty  of 

studying the  s o lu b i l i ty  of s i lv e r  bromide in  so lv en ts  o th e r than 

water*

1 ml. of 4 m. s i lv e r  n i t r a te  s o lu tio n  was la b e lle d  w ith 

s ilver-llO m  and s i lv e r  bromide was p re c ip i ta te d  by the  add ition  of

0 .5  ml. of 4 m sodium bromide so lu tio n . About 17*3 mg. of s i lv e r  

bromide p r e c ip i ta te  were usually  obtained from th ese  q u a n ti t ie s ,

1 . e . ,  the  chemical y ie ld  was approximately 85^  The remainder 

of the  experim ental procedure was e s s e n t ia l ly  as described  in  

Chapter IV.

The d i f f i c u l ty  of dealing  w ith  th e  much le s s  so lub le  bromide 

may be overcome by e i th e r  using a higher s p e c if ic  a c t iv i ty  of th e  

la b e lle d  s i lv e r ,  or the  use of a much la rg e r  volume of equ ilib rium  

so lu tio n  fo r  the  p rep ara tio n  o f  the f in a l  counting source. The 

l a t t e r  procedure i s  com plicated by th e  f a c t  th a t  s i lv e r  bromide, 

p re c ip ita te d  Arom r e la t iv e ly  la rg e  so lu tio n  volumes, | €ocx<jM. Ja.ûs \ 

bad ly  and g ives a poor counting source. However, s ince  i t  i s
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r a d io - s i lv e r  r a th e r  than s i lv e r  bromide th a t  i s  being assayed, 

th ere  i s  no reason  why th e  f in a l  counting source should be in  

the  form of th e  bromide. Accordingly, counting sources were 

prepared from th e  equilibrium  so lu tio n s  as s i lv e r  c h lo rid e , 

ex ac tly  as described  in  C hapter IV.

The use o f h igher s p e c if ic  a c t iv i ty  r a d io - s i lv e r  in  the 

determ inations d id , of cou rse , provide counting sources (p repared  

from equ ilib rium  so lu tio n s) w ith count r a te s  s ig n if ic a n t ly  above 

background, b u t su ffe red  from the  disadvantages of needing a 

re ference  source w ith r a th e r  a high count r a te  (p o ss ib ly  

r e s u l t in g  in  " lo s t  coun ts", owing to  the lim ite d  re so lv in g  time 

of the  counting ap p a ra tu s) , and of p o ss ib ly  in troducing  

" ra d io a c t iv i ty  e ffec ts^^^"  on the s o lu b i l i ty  o f th e  m a te r ia l.

Y et, another approach to  the problem i s  to  la b e l  th e  

bromide ion  w ith bromine-82, r a th e r  than  the s i lv e r ;  however, 

the h a l f - l i f e  of th is  nuclide (34 hours) i s  inconven ien tly  sh o rt, 

and such la b e ll in g  was th e re fo re  not used. The r e s u l t s  are 

tab u la ted  to g e th e r w ith values rep o rted  in  the l i t e r a t u r e  from 

emf measurements^^ in  ta b le  I .
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Table I

T e m p e r a t u r e S o l u b i l i t y  i n  w a t e r  i n  

m o l e s / k g  ( t h i s  s t u d y ) .

S o l u b i l i t y  i n  w a t e r  i n  

m o l e s / k g  ( 9 6 )

25 0.732 X 10"^ 0.704  X 10-6

0.710 X 10-6

35 1.281 X 10"6 1.213 X 10-6

45 2.20 X 10"^ 1.997 X 10-6

2.25 X 10-6

T h e r e  i s  g o o d  a g r e e m e n t  b e t w e e n  t h e s e  tw o  s e t i  o f  d a t a ,  b u t  

a g a i n  t h e  r e s u l t s  o b t a i n e d  b y  t h e  t r a c e r  t e c h n i q u e  a r e  h i g h e r  t h a n  

t h o s e  f r o m  e m f  m e a s u r e m e n t .  T h i s  i s  o f  c o u r s e  t o  b e  e x p e c t e d  

s i n c e  i n  t h e  t r a c e r  t e c h n i q u e  t h e  t o t a l  d i s s o l v e d  s i l v e r  b r o m i d e  

i n  t h e  s o l u t i o n  i s  m e a s u r e d ,  w h e r e a s  t h e  s o l u b i l i t y  f r o m  e m f  w o r k  

i s  g i v e n  i n  t e r m s  o f  i o n i c  c o n c e n t r a t i o n s .  I t  i s  a l s o  w o r t h  

m e n t i o n i n g  t h a t  s i l v e r  b r o m i d e  w i l l  p r o b a b l y  b e  m o r e  a s s o c i a t e d  

t h a n  s i l v e r  c h l o r i d e  i n  w a t e r ,  o w in g  t o  t h e  h i g h e r  p o l a r i s a b i l i t y  

o f  t h e  b r o m i d e  i o n  t h a n  t h e  c h l o r i d e  i o n *  H e n c e  t h e  d i f f e r e n c e s  

b e t w e e n  t h e  s o l u b i l i t i e s  o f  s i l v e r  b r o m i d e  o b t a i n e d  f r o m  t h e  

t r a c e r  t e c h n i q u e  a n d  f r o m  t h e  e m f  m e a s u r e m e n t s  a r e  g r e a t e r  t h a n  

t h o s e  o b s e r v e d  i n  t h e  c a s e  o f  s i l v e r  c h l o r i d e .  S i n c e  t h e s e  

s t u d i e s  a p p e a r  p r o m i s i n g ,  i t  i s  h o p e d  t h a t  t h e y  m ay  b e  c o n t i n u e d .
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