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PREFACE.

The c h ie f  p a r t  (P a r t  1 .)  o f t h i s  th e s is  i s  

d iv id ed  in to  th re e  s e c t io n s .  In  the  f i r s t  s e c tio n  a  s h o r t 

h i s t o r i c a l  survey o f th e o r ie s  o f  th e  s t r u c tu re s  o f  s a l t  

h y d ra te s  i s  g iven , and the  reaso n s fo r  u n d ertak in g  the 

p re se n t work a re  o u tl in e d . The r e s u l t s  o f t h i s  work a re  

summarized and considered  from v a rio u s  p o in ts  o f view in  

S ection  11. F u ll  experim en ta l d e t a i l s  and measurements 

a re  g iven in  the  experim en ta l s e c tio n .

The a d d i t io n a l  paper (P a r t  11 .) i s  in  two p a r ts  : 

an h i s t o r i c a l  and th e o r e t ic a l  se c tio n , and the d e s c r ip t io n  

of the experim en ta l work w ith  d e ta i le d  r e s u l t s .

P a r ts  o f the  work d esc rib ed  in  th i s  th e s is  have 

been pub lish ed  in  N ature, in  the  T ran sac tio n s o f the  Faraday 

S o c ie ty , and in  the  Jo u rn a l o f th e  Chemical S o c ie ty .

I  d e s ire  to  express my g ra t i tu d e  to  P ro fe sso r  

G-.Q-.Henderson, F .R .S ., fo r  a f fo rd in g  me o p p o r tu n it ie s  o f 

ca rry in g  ou t the  work d esc rib ed  in  P a r t  1, and fo r  h is

in t e r e s t  and encouragem ent. My thanks a re  a lso  due to  the

Chemical S ocie ty  fo r  a g ra n t which defrayed  p a r t  o f  the c o s t

of the  work, and to  Im p eria l Chemical I n d u s tr ie s ,  L td .,  fo r

a g i f t  o f heavy w a te r. I  am a ls o  g r a te fu l  to  the  Carnegie 

T rustees fo r  the award o f a  Teaching Fellow ship  du rin g  the 

tenu re  o f which the  g re a te r  p a r t  o f th i s  work was perform ed.



The work d esc rib e d  in  th e  a d d i t io n a l  paper was 

c a r r ie d  o u t in  the  S ir  W illiam  Ramsay L a b o ra to rie s  o f 

Ino rgan ic  and P h y s ica l Chem istry, U n iv e rs ity  C o llege , London, 

d u rin g  the  ten u re  o f a Ramsay Memorial F ellow sh ip . I  am 

g r a te f u l  to  the  T ru stees  fo r  the  award o f t h i s  F ellow sh ip , 

and to  P ro fe sso r  F.G.Donnan, F .R .S ., fo r  h i s  i n t e r e s t  and 

fo r  h is  v a lu ab le  adv ice  and suggestions*

Glasgow. 

A p ril, 1937*
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PART • I*

HEAVY WATER and th e  STRUCTURE 

o f CRYSTALLINE HYDRATES*



HISTORICAL and THEORETICAL

The f i r s t  a ttem p t to  d ev ise  s t r u c tu r e s  fo r  

c r y s ta l l i n e  s a l t  h y d ra te s  was made by Werner (1) who 

suggested  th a t  they m ight be considered  as  c o -o rd in a tio n  

compounds* As i s  w e ll known, Werner had accounted  fo r  the  

fo rm ation  o f the  ammines and o th e r  complex compounds by the  

p o s tu la t io n  o f a  su b s id ia ry  o r c o -o rd in a tio n  valency  fo r  

the  m e ta llic  r a d ic le ,  and th a t  i t  was by the  s a t i s f a c t io n  

o f such c o -o rd in a tio n  v a le n c ie s  th a t  th e se  complexes were 

formed. I t  was by th i s  means a ls o ,  acco rd ing  to  Werner, 

th a t  s a l t  h y d ra te s  were formed, th e se  being  c o -o rd in a tio n  

compounds in  which the  w ater m olecules w ere, in  g e n e ra l, 

a tta c h e d  to  the  m e ta l lic  ra d ic le *  Thus, fo r  example, 

n ic k e l su lp h a te  hexahydrate was considered  as  NiCl^O)^ ,S04 , 

and b e ry lliu m  su lp h a te  te tra h y d ra te  a s  Be(H20 )4 ,S04 *

Werner was a b le , in  c e r ta in  c a se s , to  id e n t i f y  th e  number 

o f w ater m olecules in  the  hyd ra ted  s a l t  w ith  the  c o -o rd in a tio n  

number o f the  m eta l, b u t in  many o th e r  examples th i s  was n o t 

p o s s ib le , th e  number o f  w ater m olecules being  la rg e r  than  

the  c o -o rd in a tio n  number. This led  Werner to  make a 

h y p o th e tic a l a l lo c a t io n  o f the  w ater m olecules between the  

c a tio n  and the  an ion ; thus copper su lp h a te  p en tah y d ra te  was 

assumed to  have the s t ru c tu re  Cu(H20 )4 ,80* (HgO) ; in  

s tro n tiu m  c h lo rid e  hexahydrate the  w ater was assumed to  

belong to  the  c a tio n , and in  lith iu m  su lp h a te  monohydrate 

th e  w ater m olecule was a s so c ia te d  w ith  the  anion*



In  c e r t a in  s a l t s ,  however, th e  number o f  w ater m olecules 

was found to  be in  excess o f  th e  c o -o rd in a tio n  number o f  th e  

m e ta l l ic  r a d ic le  even a f t e r  allow ance had been made fo r  th e  

h y d ra tio n  o f th e  a c id  ra d ic le *  To ex p la in  t h i s ,  Werner 

suggested  two h y p o th eses , f i r s t ,  th a t  double w ater m olecules 

(H^OJa such a s  a re  known to  e x i s t  in  w ater i t s e l f  m ight tak e  

the  p lace  o f s in g le  w ater m olecu les, o r secondly , th a t  some 

o f  th e  w ater m olecules in  the  h y d ra te  m ight have no p a r t  in  

the  m olecular s t r u c tu r e ,  be ing  h e ld  only by th e  c r y s ta l l i n e  

fo rces*

W erner's views have been s a t i s f a c t o r i l y  in te rp r e te d  by 

Sldgwlck (2) by the  use o f th e  modem e le c t ro n ic  th eo ry  o f 

valency* On th i s  theo ry  the  c o -o rd in a tio n  valency  o f  Werner 

becomes a c o -o rd in a te  l in k ,  i* e* , a  c o v a len t l in k  in  which 

bo th  shared  e le c tro n s  a re  c o n tr ib u te d  by one atom o r group*

According to  Sidgwick, w ater m olecules can be co - 

-o rd in a te d  to  o th e r  atoms in  two ways, e i th e r  by th e  oxygen 

o f the  w ater a c t in g  a s  donor, o r the  hydrogen a c t in g  a s  

a c c e p to r!
/ H  B —

A « - 0  >
H IV

Since an atom i s  l ik e ly  to  a c t  as  a  donor when n e g a tiv e ly  

charged, and a s  an accep to r when p o s i t iv e ly  charged , i t  i s  

p robab le  th a t ,  in  h y d ra tio n , c a tio n s  w i l l  a c t  a s  a c c e p to rs  

and form the  l in k  w ith  the  oxygen o f the  w ate r, w hile  an ions 

^A ll form the  c o -o rd in a te  l ink  w ith  the  hydrogen o f the  w ate r.



Such a lin k ag e  th rough  th e  hydrogen i s  known a s  a  

"hydrogen bond" (3 )*

I / H  0 ^ / 0
- C m 4—  0 . B 0

I <K  N o —

Thus th e  h y d ra tio n  o f c a tio n s  and o f  an io n s can be 

accounted fo r  on an e le c t ro n ic  b as is*  I t  would ap p ea r, from 

s t a t i s t i c a l  evidence th a t  h y d ra tio n  o f c a tio n s  i s  more 

common than the  h y d ra tio n  o f  an io n s , a s  would be expected  

on th i s  e le c t ro n ic  exp lanation*  The d i f f i c u l t y  o f  ex p la in in g  

the  cases  o f  ex c e ss iv e ly  hydra ted  s a l t s  s t i l l  p e r s i s t s  u n le ss  

the  p o s s ib i l i t y  o f double w ater m olecules i s  assumed*

In  c o n tr a s t  to  t h i s  s t r u c tu r a l  view o f c r y s ta l l in e  

h y d ra te s , a  p h y s ic a l theo ry  o f h y d ra tio n  has been fo rm ulated  

by F ajans (4 ) , Born (5 ) ,  K ossel (6 ) ,  and G arrick  (7)#

This theory  i s  e l e c t r o s t a t i c ,  and acco rd ing  to  i t  the  

s t a b i l i t y  o f  s a l t  h y d ra te s  i s  due to  the  e l e c t r i c a l  d ip o le  

n a tu re  o f  th e  w ater m olecule -  an assum ption f i r s t  made by 

Debye (8 ) .  The p o la r  w ater m olecules a re  h e ld  sim ply by 

e l e c t r o s t a t i c  a t t r a c t i o n  and no bonds, a s  such, a re  formed* 

The theory  tak es  in to  account such m olecular p ro p e r t ie s  as  

s iz e ,  charge, and d ip o le  moment, and i t  i s  claim ed th a t  from 

th ese  the  e f f e c t iv e  c o -o rd in a tio n  number can be c a lc u la te d , 

the  r e s u l t s  being  in  good agreem ent w ith  g en e ra l experim en ta l 

ev id en ce .



4-

Ho such q u a n t i ta t iv e  co n c lu sio n s  can be reached  on the

s t r u c t u r a l  theory*

In  th e  l a s t  few y e a rs  th e  s t r u c tu re s  o f  a  number o f  

h y d ra te s  have been examined by X -ray methods and th e  r e s u l t s  

o f  th e se  in v e s t ig a t io n s  have le d  to  a  c le a r e r  id e a  o f the  

p a r t  p layed  by the  w ater o f c r y s ta l l i s a t io n *  In  g e n e ra l, 

the  h y p o th e s is  o f Werner has been j u s t i f i e d  by th e  X-ray 

work; thus in  b e ry lliu m  su lp h a te  te t r a h y d ra te ,  i t  has been 

shown (9 ) th a t  each b e ry lliu m  atom i s  surrounded by a 

te tra h e d ro n  o f fo u r w ater m olecu les, th e  whole form ing a 

com posite p o s i t iv e  io n , such as  was p o s tu la te d  by Werner 

in  w r i t in g  the  form ula fo r  th i s  h y d ra te  a s  Befl^O)^ ,S04 * 

Again, each copper atom in  copper su lp h a te  p en tah y d ra te , 

acco rd ing  to  Beevers and Lipson ( t o ) ,  i s  surrounded by an 

octahedron o f fou r w ater m olecules and two oxygen atoms 

(from  the su lp h a te  io n ) , w hile the  f i f t h  w ater m olecule 

i s  n o t co -o rd in a te d  to  th e  copper, b u t seems to  p lay  some 

p a r t  in  h o ld in g  the  s t r u c tu re  together*

The d isco v ery  o f heavy hydrogen (deuterium ) and the  

consequent a v a i l a b i l i t y  o f heavy w ater (deu terium  oxide) 

have suggested  the  p o s s ib i l i t y  o f o b ta in in g  new experim en ta l 

evidence o f value  in  study ing  the  h y d ra tio n  o f  s a l ts *

The view has been expressed  by Lewis and Schutz (11) 

th a t  “hydrogen bonds11 (p. 3 ) co n ta in in g  deuterium  a re  more 

s ta b le  than those co n ta in in g  o rd in ary  l i g h t  hydrogen*

This view re c e iv e s  co n s id e rab le  support from a com parison



5

o f the  vapour p re s su re s  o f deu terium  compounds w ith  those 

o f th e  co rrespond ing  hydrogen compounds. Thus, th e  vapour 

p re s su re s  o f deu terium  o x ide , Da0 , and deutero-am m onla,- 

ND3 , a re  co n s id e rab ly  lower than  those o f o rd in a ry  w ater 

and ammonia: th ese  compounds a re  g e n e ra lly  b e lie v e d  to  be

la rg e ly  a s s o c ia te d  in  th e  l iq u id  s t a t e ,  due to  th e  fo rm ation  

o f such hydrogen bonds.

On th e  o th e r  hand, the vapour p re s su re s  o f d e u to c h lo r lc  

a c id , DC1, and h y d ro ch lo ric  a c id , where th e re  a re  supposed 

to  be few, i f  any, hydrogen bonds, show l i t t l e  d if f e r e n c e .

I t  has been p o in ted  o u t th a t  S idgw ick 's views on the 

h y d ra tio n  o f cationB  and an ions (p. 2 ) n e c e s s i ta te  the  

fo rm ation  o f "hydrogen bonds11 in  one case  o n ly ; the  w ater 

a s so c ia te d  w ith  an ions i s  bound by a co -o rd in a te  l in k  w ith  

th e  hydrogen o f th e  w a te r. Ho "hydrogen bondsM a re  formed 

in  c a tio n ic  h y d ra tio n . In  the  fo llo w in g  i l l u s t r a t i o n  which 

was used e a r l i e r  the  hydrogen bonds a re  shown in  r e d .

H \
H -H H — N

° x

0 X  x 0 —

S h o rtly  a f t e r  th e  d iscovery  o f heavy w ater th e re  were 

many u n su ccessfu l a ttem p ts  to  o b ta in  an enrichm ent o f  the  

heavy hydrogen iso to p e  in  o rd in ary  w ater by th e  c r y s ta l l i s a t i o n



©f v a r io u s  s a l t s ,  th e  c r y s ta l  w ater and the  w ater from the  

mother l iq u o r  be ing  examined fo r  the  deuterium  con ten t#

In  g e n e ra l, th e re  was l i t t l e  o r no th e o r e t ic a l  J u s t i f i c a t i o n  

co n s id ered , th e  experim ents seemed only to  r e p re s e n t  a ttem p ts  

to  p rocure  a  sim ple method o f p rep a rin g  more co n cen tra ted  

so lu tio n s  o f  heavy water#

Day, Hughes9 Ingold  and W ilson (1 2 ), however, made a 

reasoned  a ttem p t to  dem onstrate is o to p ic  d is c r im in a tio n  

d u rin g  the  c r y s t a l l i s a t i o n  o f c e r ta in  hydra tes#  These 

w orkers, on c o n s id e ra tio n  o f th e  r e l a t iv e  s tre n g th s  o f the 

hydrogen and deuterium  bonds, concluded th a t  i f  S idgw lck 's  

views on th e  h y d ra tio n  o f c a tio n s  and an ions (a s  i l l u s t r a t e d  

above) were c o r r e c t ,  and th a t  i f  hydrogen bonds were formed 

only in  th e  case o f an io n -h y d ra tio n , then  a  c e r ta in  is o to p ic  

d is c r im in a tio n  should occur* They considered  th a t  on 

c r y s t a l l i s a t i o n  from a m ixture o f  l i g h t  and heavy w ate r, 

a  s a l t  whose w ater o f c r y s t a l l i s a t i o n  was co n sid ered  to  be 

a tta c h e d  to  the  c a tio n  should d isc r im in a te  in  favour o f  the 

l i g h t  w ate r, s in ce  in  th i s  case the  hydrogen o f the  w ater 

has no d i r e c t  e f f e c t ,  the  f a c to r  causing  the  d is c r im in a tio n  

being  the r e l a t iv e ly  g re a te r  ease  o f  removing the l i g h t  

w ater from the  s o lu t io n , a  conc lu sion  reached  by c o n s id e ra tio n  

o f the lower vapour p re ssu re  o f  deuterium  oxide# On the  

o th e r  hand, c r y s ta l l i s a t i o n  under s im ila r  co n d itio n s  o f an 

an ion -hydra ted  s a l t ,  r e q u ir in g  the  form ation  o f hydrogen



bonds, should  lead  to  a r e l a t i v e  d is c r im in a tio n  in  favou r 

o f  heavy water*

Ingo ld  and h i s  c o l la b o ra to r s  th e re fo re  c r y s t a l l i s e d  

a number o f  s a l t s  such as s tro n tiu m  c h lo r id e , l i th iu m  

su lp h a te  and copper su lp h a te  from a very  d i lu t e  s o lu t io n  

o f heavy w ater in  o rd in a ry  w ater and examined, by d e n s ity  

measurements, bo th  the  c r y s ta l  w ater and the  s o lu t io n  w ater 

f o r  the  deuterium  content*  No evidence o f  any d is c r im in a tio n  

was found,however, and they concluded th a t  any s t r u c tu re  

a r i s in g  o u t o f the  h y d ra tio n  o f s a l t s  must be o f  a  lo o se  

natu re*

I t  was f e l t ,  however, t h a t  th ese  r e s u l t s  were n o t 

e n t i r e ly  co n c lu s iv e !  th e  s o lu t io n  o f heavy w ater used was 

exceed ing ly  d i lu t e ,  being  abou t 2# , and w hile  the  d e n s ity  

measurements were made w ith  a  h ig h  degree o f accu racy , the  

d e n s ity  d if fe re n c e  to  be expected , i f  d is c r im in a tio n  took 

p la c e , was very  small*

The p re s e n t work, th e re fo re , ta k in g  advantage o f the  

r e c e n t  a c c e s s ib i l i ty  o f pure deu terium  ox ide , r e p re s e n ts  a 

Study o f the problem from an o th er angle* I t  was considered  

th a t  a  study o f th e  p ro p e r t ie s  o f  th e  pure d e u te ra te s ,  such 

as CuS0^,5D&0, e tc * , and a  com parison w ith  those  o f  the  

corresponding  h y d ra te s  might lead  to  evidence a p p lic a b le  to  

the  q u es tio n  of the  s t r u c tu re  o f c r y s ta l l in e  hydrates*

I t  was decided  to  in v e s t ig a te  the  d is s o c ia t io n  p re ssu re  

r e la t io n s h ip s  of th e  pure d e u te ra te s :  i t  has been sa id  by



Lembert (13) th a t  th e  d is s o c ia t io n  p re ssu re  o f  a  c r y s ta l l i n e  

h y d ra te  i s  the  only  r e a l  measure o f the  s t r e n g th  o f th e  

lin k ag e  which b in d s the  w ater m olecules* From a  knowledge 

o f th e  d is s o c ia t io n  p re s su re s  th e  h e a ts  o f  d is s o c ia t io n  o f 

the  h y d ra te s  and d e u te ra te s  may be c a lc u la te d , and th e se  

should be o f v a lue  in  c o n s id e ra tio n  o f th e  s t r u c tu re s  o f 

s a l t  h y d ra te s  s in c e  they  may g ive  some in d ic a t io n  o f the  

r e l a t i v e  s t a b i l i t i e s *

The o b je c t  o f th i s  th e s i s ,  th e re fo re , i s  to  show th a t  

f u r th e r  experim en ta l exam ination o f the  problem o f the  

s tru c tu re  o f c r y s ta l l i n e  s a l t  h y d ra te s  i s  now p o s s ib le  by 

comparison o f  the  h y d ra te s  w ith  th e  co rrespond ing  d e u te ra te s  

and th a t  th e  r e s u l t s  o f such in v e s t ig a t io n s  a re  o f  i n t e r e s t  

in  view o f  s t r u c tu re s  proposed fo r  c e r ta in  types o f  h y d ra te s



DISCUSSION o f RESULTS.

(a) D isso c ia tio n  P re s s u re s .

I t  was d e s ire d  to  examine the  d is s o c ia t io n  

p re ssu re s  o f two groups o f s a l t s ,  one group b e lie v e d  to  be 

c a t io n ic a l ly  hyd ra ted  and the  o th e r  a n io n ic a l ly  h y d ra te d , 

and in  the  s e le c t io n  o f s u i ta b le  s a l t s  the  e le c tro n ic  

concep tion  o f the s t ru c tu re  o f h y d ra te s  was found to  be a 

convenien t guide* The s im p les t and most a c c e s s ib le  

examples o f s a l t s  showing th e  two types o f  h y d ra tio n  were 

found in  th e  c h lo r id e s  and su lphates*

At the  o u ts e t ,  the  su lp h a te s  were th e re fo re  chosen in  

such a  way th a t  each has been assumed to  have a t  l e a s t  one 

w ater m olecule a s s o c ia te d  w ith  th e  an ion , and th e  c h lo r id e s  

s e le c te d  fo r  exam ination were considered  to  have th e  w ater 

o f c r y s ta l l i s a t i o n  a tta c h e d  to  the  c a t io n . Thus, fo r  

example, c o b a lt  su lp h a te  h ep tah y d ra te , CoS04 ,7Ha0, on th i s  

concep tion , has s ix  o f the w ater m olecules bound by 

co -o rd in a te  lin k ag es  to  the c o b a lt  atom, and the  seventh  

lin k ed  to  the  su lp h a te  io n , w hile in  c o b a lt  c h lo rid e  

hexahydrate , CoC12,6HzO, the  s ix  w ater m olecules form the  

co -o rd in a tio n  group around the  c o b a lt  atom*

I f ,  now, i t  i s  assumed th a t  hydrogen bonds a re  formed 

du rin g  an io n -h y d ra tio n  (as shown in  the i l l u s t r a t i o n  on p. 3 ) 

then deuterium  oxide o f c r y s t a l l i s a t i o n  a tta c h e d  to  an an ion



should he r e l a t i v e l y  more s tro n g ly  hound, s in c e  th e  deu terium  

bond i s  s tro n g e r  than  th e  hydrogen bond. In  th e  fo reg o in g  

example o f c o b a lt  su lp h a te  and c o b a lt  c h lo r id e , a  com parison 

o f the  h ep tah y d ra te  and h e p ta d e u te ra te  o f the  su lp h a te , and 

th e  hexahydrated and h ex ad eu te ra ted  c h lo rid e  should  in d ic a te  

th a t  the  deuterium  oxide o f c r y s t a l l i s a t i o n  i s  more d i f f i c u l t  

to  remove from th e  su lp h a te  than  from the  c h lo r id e .

Ho hydrogen o r deu terium  bonds a re  formed in  th e  c o -o rd in a tio n  

group o f s ix  w ater m olecules round the c o b a lt  atom, b u t in  

the  su lp h a te  the  seventh  w ater m olecule i s  lin k e d  by hydrogen 

bonds to  the  su lp h a te  r a d ic le ,  hence the  e f f e c t  o f  th e  

in tro d u c tio n  o f deu terium  oxide in  p la ce  o f w ater in  th i s  

case means the  form ation  o f the  s tro n g e r  deu terium  bonds 

and consequently  the  deuterium  oxide i s  more s tro n g ly  h e ld .

I f  th e  d is s o c ia t io n  p re ssu re  o f a h y d ra te  i s  a  measure o f 

th e  s tre n g th  o f the  lin k ag e  o f th e  w ater m olecules, th en  

comparison o f the  d is s o c ia t io n  p re s su re s  o f h y d ra te s  and 

d e u te ra te s  should show g re a te r  d if fe re n c e s  o f p re ssu re  in  

cases  where an io n -h y d ra tio n  has taken  p la c e .

In  Table I  a re  shown the  v a lu es  fo r  th e  r a t i o  o f  the 

d is s o c ia t io n  p re ssu re  o f each o f the  d e u te ra te s  examined t© th a t  

o f the  corresponding  h y d ra te , the  v alue  fo r  t h i s  r a t i o  being  

th e  mean v alue  over the  range o f tem pera tu re , u su a lly  25 —40* C, 

in  which the  d is s o c ia t io n  p re s su re s  were determ ined .



II

Sodium bromide d ih y d ra te  and d id e u te ra te  a re  in c lu d ed  in  

t h i s  ta b le  s in ce  th e se  s a l t s  were examined owing to  th e  

im p o s s ib il i ty  o f  o b ta in in g  h y d ra ted  sodium c h lo r id e  a t  

o rd in a ry  tem p era tu res .

m m , ,
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Cu804 ,5D20 

CuS04 ,5H20

U&>2 S04 1 tODgO 

Na2SG4 , 10H20

CoS04 ,7B20

CoS04 ,7H20

HiS04 ,7Dg0

N1S04 ,7H20

ZnS04 ,7Da0 

ZnS04 ,7H2G

lfeS04 ,7D2G

Mg804 ,7H2G

Table 1#

P^/Ph

0.844

0.802

0.834

0.816

0.885

0.832

CuC1 2,2D 20 

GuGXg.2 HjO

NaBr, 2D20 

HaBr, 2H20

CoCX2 ,6D20

CoC12,6H 20

NiCla ,6D20

N1C12 ,6H20

SrCX2,6D20

SrCl2 ,6H20

BaCX2,2D20

BaCX2.2H20

Pj, /P h

0.929

0.916

0 .869

0.817

0 .948

0.965



In  c o n s id e ra tio n  o f th e se  r e s u l t s  i t  must he rem enhered 

th a t  th e  vapour p re s su re  o f  deu terium  oxide i s  l e s s  than  

th a t  o f o rd in a ry  water* The v a lu es  fo r  the  r a t i o  o f  the  

two vapour p re s su re s  have been g iven  by Farkas (1 4 ), and, 

fo r  the  tem pera tu res a p p lic a b le  to  t h i s  work, a re  a s  

fo llow s t

The f ig u re s  shown in  Table 1 in d ic a te  c le a r ly  th a t  

d if fe re n c e s  in  th e  r e l a t i v e  d is s o c ia t io n  p re s su re s  o f 

h y d ra te s  and d e u te ra te s  e x i s t ,  and th a t  th e se  appear to  

correspond to  the  d i f f e r e n t  types o f h y d ra tio n . The r a t i o  

o f the  d is s o c ia t io n  p re ssu re  o f the  d e u te ra te  to  th a t  o f 

the  h yd ra te  i s  co n s id e rab ly  lower f o r  the  su lp h a te s  than  

fo r  the  c h lo r id e s . This d if fe re n c e  i s  i l l u s t r a t e d  w e ll 

in  Fig* 1*, which shows the d is s o c ia t io n  p re ssu re  curves 

f o r  the h y d ra te  and d e u te ra te  o f  th ree  o f th e  s a l t s ,  

sodium su lp h a te , magnesium su lp h a te , and c o b a lt  ch lo rid e*

20

t

Mean v a lu e  0 .885

50
40 0.89

0.90
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The r e l a t i v e l y  low er d is s o c ia t io n  p re s su re s  o f  the

d e u te ra te d  su lp h a te s  i s  in  agreem ent w ith  th e  view th a t

in  th ese  su lp h a te s  p a r t ,  a t  l e a s t ,  o f th e  deu terium  oxide
by

o f c r y s t a l l i s a t i o n  i s  f irm ly  held^deu terium  bonds*

Two f u r th e r  exam ples, o f  a  more c r i t i c a l  n a tu re , 

namely b e ry lliu m  su lp h a te  te tra h y d ra te  and po tassium  

f lu o r id e  d ih y d ra te , a re  th e re fo re  o f p a r t i c u la r  in te r e s t#

In  the  form er s a l t  a l l  fo u r w ater m olecules a re  consid ered  

to  be co -o rd in a te d  to  the  b e ry lliu m  atom, so th a t  t h i s  

su lp h a te  d i f f e r s  from the  o th e rs  in  having no w ater 

m olecule a tta c h e d  to  the  anion* Potassium  f lu o r id e  

d ih y d ra te , on the  o th e r  hand, i s  b e liev ed  to  fu rn is h  an 

example o f the  h y d ra tio n  o f  the  f lu o r in e  io n  (Sidgwick : 

E lec tro n ic  Theory o f V alency, p 196)# The r a t i o s  o f  the  

d is s o c ia t io n  p re s su re s  o f the  d e u te ra te s  and h y d ra te s  o f 

th ese  two s a l t s  a re  a s  fo llow s :

BeS04 ,4Da0 KP,8D,0
0.899 0.735

BeS04>4Ha0 KP,2H20

I t  w i l l  be seen th a t  the  v alue  fo r  b e ry lliu m  su lp h a te  

i s  c lo s e r  to  the  c h lo rid e  f ig u re s  than  to  those fo r  the  

o th e r  su lp h a te s  in  Table 1 . ,  a s  would be expected*

Potassium  F lu o rid e , however, g iv e s  the  low est v a lu e  y e t  

ob ta ined  fo r  th e  r a t i o  p  ̂/p H • This s a l t  w i l l  be considered

more f u l ly  in  the  n ex t s e c tio n , in  which the  h e a ts  o f

d is s o c ia t io n  a re  d iscussed*
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(b) H eats o f D is s o c ia t io n #

The d is s o c ia t io n  p re s su re s  o f  h y d ra ted  s a l t s  a re  

connected w ith  the  h e a t o f d is s o c ia t io n ,  Q, by th e  r e l a t i o n

■AiteS-E =  -SL2d T R f

On In te g ra t io n , t h i s  can be o b ta in ed  in  the  form 

1 _  J L  . io s  P +  C
T ^  Q

Thus, i f  the  r e c ip ro c a l  o f the a b so lu te  tem pera tu re  i s  

p lo t te d  a g a in s t  the lo garithm  o f the  d is s o c ia t io n  p re ssu re  

a s t r a ig h t  l in e  i s  o b ta in ed , the  slope o f th i s  l in e  being  

a measure o f R/Q.

The v a lu es  o f log p have been p lo t te d  a g a in s t  10 x t/T  

fo r  the d e u te ra te s  and the  corresponding  h y d ra te s , and the 

s lo p es o f th e  l in e s  determ ined . As the  slope o f the  h y d ra te  

l in e  g ives a measure o f  R/Qh, and th a t  o f the  d e u te ra te ,

R/Q*, by d iv is io n  a  va lue  i s  o b ta in ed  fo r  Q ^ /^ ,

i . e .  the  r a t i o  o f the  h e a t o f d is s o c ia t io n  o f th e  d e u te ra te  

to  the  h e a t o f  d is s o c ia t io n  o f the  h y d ra te .

Table 11 shows the  v a lu es fo r
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CuS04 ,5D20

CuS04 ,5H20

Na2S04 ,l0D 20 

Na2B04 , 10H20

CoS04 ,7D20

CoS04 ,7H20

NiS04 ,7D20

NiS04,7H20

ZnS04 , 7D20

ZnSO^^H^O

MgS04 ,7D20

VgS04 »7H20

Table 11.

Qi/Qw
1.096

1.086

1.089

1.369

1.086

1.091

GuGlg j2tD*>0 

CuC12 ,2H20

HaBr , 2B20 

NaBr ,2H20

CoCl2, 6Dt O 

CoCl2f6H20

N1C12 ,6D20

NiCle ,6H20

SrC l2,6D20

SrC l2,6H20

BaCl2 ,2Da0

BaCl2,2He0

1.013

1.032

1.053

1.316

0.992

0.997
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The r e s u l t s  in  Table 11 ag a in  show th e  d if fe re n c e  

between th e  two groups o f s a l t s ,  th e  v a lu es  o f Qjj/Qh *o r 

the c h lo r id e s  being  lower th an  th e  su lp h a te  value* With 

the excep tion  o f n ic k e l  su lp h a te , which has a  v a lu e  abou t 

20# above th e  mean, fo r  the  su lp h a te s  i s  rem arkably

constant*  The agreem ent among the  c h lo r id e s  i s  n o t so

good ; n ic k e l  c h lo r id e , ag a in , i s  an  e x c e p tio n a l c a se ,
%

having a r a t i o  30# above the  mean v a lu e .

S trontium  C hloride and barium  c h lo rid e  g ive  v a lu es  

which agree c lo s e ly  to  one an o th er b u t which a re  r a th e r  

lower than  the  o th e r  c h lo rid e  values* I t  has been 

estim ated  th a t  th e  experim en ta l e r ro r  in  th e  d e te rm in a tio n  

o f the  r e s u l t s  in  Table 11 i s  abou t 2# : th e  d if fe re n c e

between the  mean v a lu es  fo r  the  two groups o f s a l t s ,  

excluding th e  n ic k e l  s a l t s  in  bo th  ca se s , i s  abou t 8 -

From the  measurements o f  the  vapour p re s su re s  o f  w ater 

and deuterium  oxide (15) a s im ila r  r a t i o  can be o b ta in ed  fo r  

the two liq u id s*  In  th i s  case Q^/Qh re p re s e n ts  the  r a t i o  

p f  the  h e a ts  o f v a p o r iz a tio n  o f heavy and l i g h t  water*

The r e s u l t  o b ta in ed  by th i s  g ra p h ic a l method i s  1*015, a  

value which i s  c lo s e r  to  the  mean value  o f Qj>/Qh f o r  the

ch lo rid e s  than  fo r  th e  su lphates*

An e f f e c t  such as  th i s  would be expected i f  the

assum ption th a t  a d d i t io n a l  hydrogen o r deuterium  bonds a re

formed in  an io n ic  h y d ra tio n  i s  co rrec t*  Where th e re  a re



no hydrogen bonds, a s  in  c a t io n ic  h y d ra tio n , i t  may be 

le g it im a te ly  expected  th a t  the  r a t i o  o f the  h e a ts  o f  

d is s o c ia t io n  o f th e  d e u te ra te  and h y d ra te  w i l l  have 

p r a c t ic a l ly  the  same v a lu e  as  th e  r a t i o  o f  the  h e a ts  o f 

v a p o r iz a tio n  o f deu terium  oxide and o rd in a ry  l i g h t  water#

The value may even be sm a lle r , i f  the  a s s o c ia t io n  o f  l iq u id  

deuterium  ox ide , and l iq u id  w ate r, i s  due to  the  fo rm ation  

o f such deuterium  or hydrogen bonds# On th e  o th e r  hand, 

where hydrogen bonds a re  formed in  h y d ra tio n , th e  e f f e c t  

o f the  g re a te r  s tre n g th  o f th e  bond to  the  deu terium  atom 

should be dem onstrated by a r e l a t i v e l y  g re a te r  h e a t  o f 

d is s o c ia t io n , a s  has been found in  the  case o f the  su lp h a te s  

examined#

The cases  o f b e ry lliu m  su lp h a te  and po tassium  f lu o r id e  

may now be co n s id ered . For b e ry lliu m  su lp h a te , has

been found to  be 1*002, so th a t  i t  can be sa id  th a t  the  

w ater o f c r y s t a l l i s a t i o n  in  the  te tra h y d ra te  i s  bound in  a 

manner simi l a r  to  th a t  o ccu rrin g  in  the m a jo rity  o f  the  

c h lo r id e s  examined# This i s  in  agreem ent w ith  the  e le c tro n ic  

view on which all fou r w ater m olecules a re  co -o rd in a te d  to  

th e  b ery lliu m  atom#

The v alue  o f Q^/Qh fo r  po tassium  f lu o r id e ,  however, 

i s  1. 132, a  v a lue  h ig h e r than  th a t  ob ta ined  fo r  any o f the  

o th e r  s a l t s ,  w ith  the excep tion  o f n ic k e l su lp h a te  and 

ch lo ride#  On the e le c tro n ic  theory  th i s  d ih y d ra te  i s  a



c le a r  case  o f  an io n ic  h y d ra tio n  s in c e  po tassium  s a l t s  a re  

norm ally  anhydrous* I t  i s  argued , on the  same th eo ry  th a t  

th e  h y d ra tio n  o f the  f lu o r in e  ion  may be due to  the  unusual 

s tre n g th  o f the  co v a len t link; between f lu o r in e  and hydrogen, 

which accounts fo r  th e  occurrence o f h y d ro flu o r ic  a c id  a s  

H2F* and i t s  behaviour a s  H(F2H)* The h y d ra tio n  o f  the  

f lu o r in e  ion  may th e re fo re  be i l l u s t r a t e d  as  fo llow s

F — »H — 0 — H analogous to  F — >H — F

where the  c o -o rd in a te  l in k  to  th e  hydrogen i s  u n u su a lly  

s ta b le  *

N a tu ra lly , in  potassium  f lu o r id e  d id e u te ra te  a 

p ro p o rtio n a te ly  s tro n g e r  deuterium  bond would be formed, so 

th a t  the e le c tro n ic  a sp e c t a f fo rd s  some ex p lan a tio n  o f  the 

la rg e r  d if fe re n c e s  in  the h e a ts  o f  d is s o c ia t io n  and 

d is s o c ia t io n  p re ssu re s  o f the h y d ra te  and .deu tera te*

A fu r th e r  p o s s ib i l i t y  rem ains to  be co n sid ered  : i t  may 

be th a t  in  c e r ta in  h y d ra te s  the  w ater o f c r y s t a l l i s a t i o n  i s  

simply accommodated in  the  i n t e r s t i c e s  o f  the  c r y s ta l  l a t t i c e  

and thus h e ld  only by the  c r y s ta l  fo rces*  In  a case  o f  th i s  

type , where no s t r u c tu r a l  bonds a re  p o s tu la te d , i t  would be 

expected th a t  the  r a t i o  o f the  h e a ts  o f d is s o c ia t io n  o f the 

d e u te ra te  and h y d ra te  would aga in  have the  same value  a s  the  

r a t i o  o f the  h e a ts  o f v a p o riz a tio n  o f deuterium  oxide and 

water* In  c e r ta in  ca se s , some d i s to r t io n  o f the  c r y s ta l
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l a t t i c e  m ight occu r, owing to  th e  g r e a te r  m olecu lar volume 

o f  the  deu terium  ox ide , and i t  would th e re fo re  he o f  

in t e r e s t  i f  th e  l a t t i c e  dim ensions o f  h y d ra te s  and 

d e u te ra te s  were determ ined by th e  u su a l X-Ray methods*

: j ^ . Vv? Oa^ a■ vaaAv ' •' • , ■ ■ - ;• ■ ■"
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(c) H eats o f  H ydra tion*

From a knowledge o f th e  d is s o c ia t io n  p re s su re  o f  a  

h y d ra te , the  h e a t o f  com bination o f the d is s o c ia t io n  

p roduct w ith  l iq u id  w ater can he c a lc u la te d  from the  

C lausius -  C lapeyron E quation  in  the  form

,    _Ta T, , p2 /7Ta=  4.576 x Tf log  p ’ / tp’

where p, and pa a re  th e  d is s o c ia t io n  p re s su re s  o f  the  

h yd ra te  a t  th e  tem pera tu res T, and T2, 7T, and 7r2 he lng  the  

vapour p re ssu re s  o f w ater a t  the same tem peratures*

For example, in  the  case o f copper su lp h a te , i f  the  

d is s o c ia t io n  p re s su re s  o f  the  p en tah y d ra te  a re  m easured, 

th i s  form ula g iv es  the  h e a t o f  com bination, in  gm* c a l . ,  

fo r  the r e a c t io n

CuS04 ,3H20 + 2H20 ( l iq )  —> CuSO^HaO

The form ula can, o f cou rse , a ls o  be a p p lie d  to  the  

d e u te ra te s , s in ce  the  vapour p re ssu re s  o f deuterium  oxide 

a t  d i f f e r e n t  tem peratu res a re  known* The h e a ts  o f 

com bination o f the  h y d ra te s  and d e u te ra te s  have th e re fo re  

been c a lc u la te d , and the  mean v a lu es  a re  shown in  Table 111*



Table 111

Qc
CuS04 , 3Ha0 -1- SH20 8998

CuS0+ ,3D20 -+- 2Dg0 3778

HaaS04-!rl0Hj0 838t

Na2S04+10D20 8404

UgS04 ,6Ha0 +  HgO 3641

llgS04 >6Qeo -t- D80 4760

CoS04 ,6 h 80 -1- HjO 8804

CoS04 ,6 d20 +  D20 8916

NiS04 ,6Ha0 4- Ha0 1095

N1S04 ,6 d20 — D20 44t0

ZnS04 ,6H20 +- H20 3805

Z11SO4., 6D20 +  DjO 4871

BeS04 , 3Ha0 +  H20 4877

BeS04 ,3Da0 +  D20 4650

d l f f .

780

83

1119

718

3315

1066

373
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Zable 111 ( c o n t . )

Q d l f f .
CuCla ,HaO 4- Ha0 2759

CuClg.DjO +  Dt O 2793 34

N&Br, 2HaO 3302

NaBr, + 2D20 3333 31

CoCla,2Ha0 +  4HS0 3053

CoCla ,2Da0 4Da0 3676 623

NlCla,4Ha0 + 2Ha0 1654

NlCla,4Da0 +  2Da0 4463 2809

SrCla ,2Ha0 + 4Ha0 3147

SrCla ,2Da0 + 4D20 2597 -550

BaCl2,Ha0 + H20 1912

BaCl2 ,D20 + Da0 1449 -463

KF, Ha0 + H20 3410

KF, Da0 +• Da0 4201 791
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No g e n e ra l is a t io n  can be made from th e  f ig u re s  in  

Table 111, a s  co n s id e rab le  v a r ia t io n  i s  u su a lly  o b ta in M  

in  the  v a lu es  fo r  th e  h e a ts  o f com bination c a lc u la te d  by 

th i s  method* The most in te r e s t in g  f e a tu re  i s  a g a in  the  

behaviour o f the  n ic k e l  s a l t s ,  bo th  the  c h lo r id e  and th e  

su lp h a te  showing a la rg e  d if fe re n c e  in  th e  h e a ts  o f 

com bination w ith  o rd in a ry  w ater and w ith  heavy w ater*
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(d) T ra n s itio n  P o in ts *

The d is s o c ia t io n  p re ssu re  curve o f  a  h y d ra te  

o r d e u te ra te  shows a break  where t r a n s i t io n  to  a  low er 

h y d ra te  o r d e u te ra te ,  o r  to  anhydrous s a l t ,  o cc u rs .

T ra n s itio n  p o in ts  canno t, however, be determ ined a c c u ra te ly  

w ith  these  cu rv es , b u t a  more a c c u ra te  d e te rm in a tio n  can be 

made by f in d in g  th e  p o in t  a t  which the s t r a ig h t  l in e  

ob ta ined  by p lo t t in g  log  p a g a in s t  l /T  changes i t s  d i r e c t io n .

Table IV shows th e  t r a n s i t io n  p o in ts  o f  s e v e ra l o f 

the  d e u te ra te s  examined, to g e th e r  w ith  the  accep ted  f ig u re s  

fo r  the  t r a n s i t io n  p o in ts  o f the corresponding  h y d ra te s .

Taylor (1.6) has determ ined the  t r a n s i t io n  p o in t  o f 

sodium su lp h a te  d ecad e u te ra te  by a therm om etric method 

and found i t  to  occur a t  34.48°C. This i s  th e  only 

example, so f a r ,  o f  a  d e u te ra te  which has a h ig h e r  t r a n s i t io n  

tem perature than  the  corresponding  h y d ra te .
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Table IV.

T ra n s itio n  P o in ts*
°G.

Nae SO^,10D20 — > Na2SO  ̂ 34 .5

NaaS04 ,t0H 20 — > Na2SO* 32*4

MgS04,7Da.0 ----» MgS04 .6D20 4 6 .8

UgSOf.>7H20 — > MgS04 ,6Ha0 48 .4

CoS04 ,7Da0 — > CoS04 ,6D20 48 .6

CoS04 ,7H20 — > CoS04 ,6H20 45.1

N1S04 ,7D20 — > N1S04 ,6D20 86 .9

N1S04 ,7H20 — > HlS04 ,6Ha0 3 0 .5

2nS04 ,7Da0 — * 2xiS04 .6 0 a0 38 .7

ZnS04 ,7H20 — » ZnS04 ,6H20 39 .0

NaBr, 2Da0 — > NaBr 47 .7

NaBr, 2Ha0 — > NaBr 50.7

0oCl2,6Da0 — s CoCla ,2Da0 51 .8

CoCla ,6Ha0 — > CoCl2 ,2H20 52.85

NiCl2,6D20 — > NiCla ,4D20 

NiCl2,6H20 — > NlCla ,4HaQ

35.4

36.85



(e) Structures Suggested by X-Ray In v estig a tio n s .

The r e s u l t s  o b ta in ed  fo r  th e  r a t i o s  o f  th e  d is s o c ia t io n  

p re ssu re s  and the  h e a ts  o f d is s o c ia t io n  o f th e  d e u te ra te s  

and h y d ra te s  a re  o f i n t e r e s t  when co n sid ered  in  co n ju n c tio n  

w ith  the r e s u l t s  o f the  re c e n t  X-Ray in v e s t ig a t io n s  o f the  

s t ru c tu re s  o f c e r ta in  h y d ra te s . These in v e s t ig a t io n s ,  

which have so f a r  been confined  to  a few h y d ra te s , have 

shown d e f in i t e  d if fe re n c e s  in  the  p o s i t io n s  and arrangem ents 

o f the w ater m olecules in  d i f f e r e n t  types o f h y d ra te s .

Hermann (17) has g iven  a d e ta i le d  s t r u c tu re  fo r  

stro n tiu m  c h lo rid e  hexahydra te , in  which th e  s ix  w ater 

m olecules form a h ig h ly  deformed octahedron  around the  

s tro n tiu m  atom. S im ila r ly , the  arrangem ent o f  w ater 

m olecules in  n ic k e l su lp h a te  hexahydra te , acco rd in g  to  

Beevers and Lipson (18) i s  o c ta h e d ra l around the  n ic k e l  

atom, and in  b ery lliu m  su lp h a te  te t r a h y d ra te ,  which has 

been the  su b je c t o f a  com plete exam ination by the  same 

workers (9 ) , the fo u r w ater m olecules a re  arranged  t e t r a -  

h e d ra l ly  around the  b ery lliu m  atom. These s t r u c tu re s  a re  

in  complete agreem ent w ith  the a l lo c a t io n  o f th e  w ater 

m olecules to  the c a tio n  as  suggested  by Werner, 

e lab o ra te d  on the e le c tro n ic  theo ry  o f v a len cy .

In copper su lp h a te  p en tah y d ra te , however, th e  w ater 

m olecules a re  arranged  d i f f e r e n t ly .  I t  has been found by



Beevers and Lipson (10) th a t  fo u r w ater m olecules a re  

s i tu a te d  round the  copper atom, form ing the  c o -o rd in a tio n  

group, w hile the  f i f t h  i s  n o t co -o rd in a te d  to  the  copper 

a t  a l l .  The fu n c tio n  o f the  f i f t h  w ater m olecule does n o t 

appear to  he c le a r ,  h u t i t  has been shown th a t ,  w hile  the  

fo u r c o -o rd in a te d  w ater m olecules each form th re e  bonds, 

the  f i f t h  p o ssesses  fo u r bonds form ing a te tra h e d ro n .

The s t ru c tu re  o f n ic k e l  su lp h a te  h ep tah y d ra te  i s  a 

most in te r e s t in g  one. According to  Beevers and Schwartz 

( 19) . who have made a  very  com plete in v e s t ig a t io n  o f t h i s  

s a l t ,  the s t r u c tu re  c o n s is ts  o f o c ta h e d ra l groups o f s ix  

w ater m olecules around the  n ic k e l  atom and an e x tra  w ater 

m olecule. The p o sse ss io n  o f th i s  e x tra  w ater m olecule 

which i s  n o t co -o rd in a te d  to  the  n ic k e l  i s  a p o in t  q f 

s im ila r i ty  w ith  copper su lp h a te  p en tah y d ra te , and i t  seems 

reaso n ab le  to  assume th a t  the  o th e r  examples o f h e p ta -  

hydra ted  su lp h a te s  w i l l  have s im ila r  arrangem ents o f w ater 

m olecules, i . e .  a  c o -o rd in a tio n  group o f 6Ha0 and one 

e x tra  w ater m olecule.

Although few h y d ra te s  o f th i s  type have been examined 

com pletely by X-Hay methods, the  r e s u l t s  o f  the  p re s e n t 

in v e s t ig a t io n  seem to  in d ic a te  th a t  in  s a l t s  which co n ta in  

an e x tra  w ater m olecule, the  deuterium  oxide o f c r y s t a l l 

i s a t io n  i s  r e la t iv e ly  more firm ly  bound than  in  s a l t s  such 

as s tro n tiu m  c h lo rid e  hexahydrate (o r h e x a d e u te ra te ) which



po ssess  no w ater m olecules o u ts id e  the  c o -o rd in a tio n  g roup .

I t  has a ls o  been shown by Beevers and Schwartz t h a t  the  

w ater m olecules form ing the  c o -o rd in a tio n  group in  n ic k e l  

su lp h a te  h ep tah y d ra te  a re  o f  two ty p e s . Pour o f  th e  s ix  

w ater m olecules make two c o n ta c ts  e x te rn a l  to  the  

c o -o rd in a tio n  group and each o f th ese  m olecules has i t s  

th ree  bonds roughly  in  one p la n e . The rem aining  two 

co -o rd in a ted  w ater m olecules, which a re  a t  o p p o s ite  co rn e rs  

o f the octahedron , make th re e  e x te rn a l  bonds, and in  each 

case these  th re e  bonds to g e th e r  w ith  th a t  to  the  n ic k e l  

form a te tra h e d ro n . The seventh  w ater m olecule (n o t 

co -o rd in a ted  to  the  n ic k e l atom) a ls o  makes fo u r bonds 

arranged  te t r a h e d r a l ly ,  and i s  th e re fo re  s im ila r  to  the  

unco -o rd inated  w ater m olecule in  copper su lp h a te  p e n ta -  

h y d ra te . These workers have a ls o  shown th a t  the 

co -o rd in a tio n  group in  n ic k e l su lp h a te  hexahydrate  i s  

s im ila r ly  co n s tru c te d , two w ater m olecules being  ag a in  o f 

the te t r a h e d ra l  k in d .

I t  i s  u n fo rtu n a te  th a t  a com plete exam ination such as  

th i s  has n o t y e t  been c a r r ie d  o u t on the  o th e r  h e p ta -  

hydrated  su lp h a tes  as i t  would be o f i n t e r e s t  to  see i f  

such an arrangem ent o f d i f f e r e n t  types o f  w ater m olecules 

in s id e  the  co -o rd in a tio n  group occurs in  o th e r  h y d ra te s .

I f  th i s  arrangem ent i s  p e c u lia r  to  th e  n ic k e l s a l t  i t  may, 

in  some way, account fo r  the  much la rg e r  v a lu e  fo r  Q /d2D - * n
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fo r  n ic k e l  su lp h a te  which has been found in  the  p re s e n t 

work. R eference to  Table 11 (p.17 ) w i l l  show th a t  fo r  

n ic k e l  su lp h a te  h e p ta d e u te ra te  and h e p ta h y d ra te , Q^/Qh ifl 

1. 37, w hile  the mean v alue  fo r  th e  o th e r  su lp h a te s  i s  1*09« 

I t  w i l l  be seen a lso  th a t  a  s im ila r ly  h ig h e r  v a lu e  has been 

found fo r  th e  r a t i o  o f  the  h e a ts  o f d is s o c ia t io n  o f n ic k e l  

c h lo rid e  h ex a d eu te ra te  and hexahydrate  ; th e  r e s u l t s  o f  an 

X-Ray exam ination o f th i s  hexahydrate  would th e re fo re  be o f  

p a r t ic u la r  va lue  as i t  would be in te r e s t in g  to  know i f  the 

same arrangem ent o f  the  two types o f w ater m olecule o ccu rred  

in  th i s  case  also*

U n til  a d d i t io n a l  evidence i s  o b ta in ed , the  co n c lu sio n  

th a t  the  r e l a t iv e l y  g re a te r  d if fe re n c e s  in  d is s o c ia t io n  

p re ssu re  and h e a t o f d is s o c ia t io n  o f c e r ta in  d e u te ra te s  and 

h y d ra te s  a re  due to  the  occurrence o f te t r a h e d r a l ly  lin k e d  

w ater m olecules i s  sc a rc e ly  ju s t i f ie d *
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SUMMARY

I t  has been shown th a t  by com parison o f  the  

d is s o c ia t io n  p re s su re s  and th e  h e a ts  o f  d is s o c ia t io n  o f  

h y d ra te s  and d e u te ra te s  f u r th e r  evidence o f th e  e x is te n c e  

o f d i f f e r e n t  types o f h y d ra ted  s a l t s  can be obtained*

The d if fe re n c e s  in  the  r e l a t i v e  d is s o c ia t io n  p re s su re s  and 

h e a ts  o f d is s o c ia t io n  in d ic a te  th a t  the  w ater m olecules may 

be bound by d i f f e r e n t  types o f lin k a g e , and a t  p re s e n t  th e se  

d if fe re n c e s  appear to  be in  agreem ent w ith  W ernerf s 

conception  o f h y d ra tio n  as  in te rp r e te d  by the  e le c t ro n ic  

theory  o f valency# R ecent X-Ray exam ination o f h y d ra te s  

has a lso  shown th a t  d i f f e r e n t  types and arrangem ents o f 

w ater m olecules e x i s t ,  and i t  has been shown th a t  the  r e s u l t s  

o f the p re se n t work a re  in  conform ity  w ith  the  s t r u c tu re s  

suggested  by the  r e s u l t s  o f  the X-Ray in v e s tig a tio n s *

Whether th i s  in te r p r e ta t io n  o f the d if fe re n c e s  between 

th e  v a rio u s  h y d ra te s  and d e u te ra te s  i s  c o r r e c t  o r n o t,  i t  

i s  n o t p o s s ib le  to  say a t  p re se n t, b u t the  r e s u l t s  have 

shown th a t  an in te r e s t in g  f i e ld  fo r  fu r th e r  in v e s t ig a t io n  

i s  opened up# I t  i s  proposed to  ca rry  o u t in v e s t ig a t io n s  

o f th i s  k ind  on o th e r  h y d ra te s  and d e u te ra te s ,  fo r  example, 

n i t r a t e s ,  as  th e re  i s  some evidence o f h y d ra tio n  o f the  

n i t r a t e  ion  in  a manner s im ila r  to  the h y d ra tio n  o f the  

su lp h a te  ion#
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More I n te r e s t in g  examples which i t  i s  a l s o ,proposed to  

examine a re  the  s a l t s  which g ive  a s e r ie s  o f  hyd ra tes*

The exam ination o f a s e r ie s  o f  h y d ra te s  and d e u te ra te s  such 

as

MgSO* , 7Ha0 MgS04 , 6h20 MgS04 , 2H*0

MgS04 ,7D20 MgS04 , 6D20 MgS04 ,2D20 .

may fu rn is h  in fo rm atio n  as  to  the  r e l a t i v e  s tre n g th s  o f  the  

lin k ag es  o f  the  v a rio u s  w ater m olecules* Such a  com plete 

exam ination i s  obv iously  d e s ira b le  b efo re  d e f in i t e  

g e n e ra l is a t io n s  a re  made*



i l l # EXPERIMENTAL*

The deu terium  oxide used in  th e se  experim ents was 

o b ta ined  from the  Norsk H ydro© lektrisk  K v a e ls to fa k tle s e ls k a b , 

and in  g en e ra l was o f d e n s ity  d* = t#1054, co rresp o n d in g  to  

a  deuterium  oxide c o n te n t o f 99*95$« l a  & few c a se s ,

99*4# deuterium  oxide was used , th i s  hav ing  a  d e n s ity  

dj°= 1.1049.

P rep ara tio n  o f D eutera tes*

In  g e n e ra l, the  d e u te ra te s  were p rep ared  by 

d is so lv in g  the anhydrous s a l t  in  h o t deu terium  oxide and 

allow ing the  so lu t io n  to  c r y s ta l l i s e *  As the  volume o f 

so lu tio n  in  each c r y s t a l l i s a t i o n  was, a s  a  r u l e ,  abou t \ c . c .

i t  was necessary  to  use sm all s c a le  apparatus*

The c r y s ta l l i s a t io n s  were c a r r ie d  o u t in  sm all f l a s k s ,  o f  

cap ac ity  4 * 5  c*c*, f i t t e d  w ith  ground g la s s  stoppers*

During the c r y s t a l l i s a t i o n s ,  th e se  sm all f la s k s  were allow ed 

to  stand  in  a la rg e  d e s ic c a to r ,  w ith o u t a  d ry in g  a g e n t, which 

was used fo r  th i s  purpose only * s o lu t io n s  in  o rd in a ry  w ater 

were never c r y s ta l l i s e d  in  the  same d e s icc a to r*  The c r y s ta l s  

were f i l t e r e d  o f f ,  under su c tio n  on the u su a l type o f 

semi*micro funnel* In  a l l  o p e ra tio n s  ca re  was taken  th a t  

the  s a l t  o r s o lu tio n  was n o t exposed to  m oist a i r ,  so th a t  

contam ination  w ith  o rd in ary  l i g h t  w ater was avoided a s  f a r  

a s  possib le*



In  c e r t a in  ca ses  where c r y s t a l l i s a t i o n  d id  n o t  take  

p lace  r e a d i ly ,  th e  d e u te ra te  was p rep ared  by a llo w in g  th e  

so lu tio n  to  s tan d  over calcium  c h lo r id e  in  a sm all d e s ic c a to r  

which was co n s tru c te d  from a  sm all wide*mouthed b o t t l e  hav ing  

a  c l o s e - f i t t i n g  stopper* F resh ly  ig n i te d  calcium  c h lo r id e  

was used, so th a t  th e  deuterium  oxide absorbed could  be 

recovered  la te r*  I f  f r e s h ly  h ea ted  calcium  c h lo r id e  was n o t 

used, the recovered  deu terium  oxide was always found to  be 

considerab ly  d i lu te d  with; o rd in a ry  w a te r.

Where p o s s ib le , co n d itio n s  were such th a t  th e  d e u te ra te  

c r y s ta l l i s e d  in  sm all c r y s ta l s ,  b u t b efo re  measurements o f 

the d is s o c ia t io n  p re s su re s  were made, th e  s a l t s  were f in e ly  

ground, as  q u ick ly  a s  p o s s ib le , in  an ag a te  mortar*

The specimens o f th e  d e u te ra te s ,  i f  n o t used im m ediately 

fo r  d is s o c ia t io n  p re ssu re  measurements, were k e p t in  se a led  

g la s s  tubes*

Measurement o f D isso c ia tio n  P ressure*

P relim inary  a ttem p ts  were made to  c o n s tru c t  a  

d i f f e r e n t i a l  ten s im e te r  which would g ive  a  d i r e c t  re ad in g  

o f the  d if fe re n c e  in  the  d is s o c ia t io n  p re ssu re s  o f  the  

h yd ra te  and d eu te ra te*  These were u n su c ce ss fu l, the  c h ie f  

reaso n  being  the  d i f f i c u l t y  o f ev acu a tin g  both  s id e s  o f  the  

ten s im e te r to  the same e x te n t,  a s  i t  was n o t d e s ire d  to  have



the  bu lbs con ta in ing  the hydrate  and th e  d e u te ra te  i n  d i r e c t  

communication a t  any tim e, even d u rin g  evacuation*  One ©f 

s im p les t forms o f te n s im e te r  f o r  t h i s  purpose was o f  th e  

type shown in  Fig* 2 f

The bu lbs A and B con ta ined  th e  h y d ra te  and th e  d e u te ra te  

re sp e c tiv e ly *  Mercury was the  manometric l iq u id  and was 

fro zen  in  the  U~tube o f the  manometer by means o f  s o l id  

carbon d iox ide and ace to n e , w hile  the ap p a ra tu s  was evacuated  

through C and D* After evacuation  C and D were se a le d  o f f ,  

and the mercury allow ed to  liq u e fy *  In  a d d it io n  to  the 

difficulty of obtaining equal ev acu a tio n  o f bo th  s id e s ,  i t  

was found in  th i s  case  th a t  th e re  was a tendency fo r  w ater 

vapour to  condense on the  co ld  mercury su rfaces*  R eproducib le 

r e s u l t s  were n o t obtained*

Fig* a

C

■n\ f?
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The d is s o c ia t io n  p re ssu red  o f  the  h y d ra te s  and d e u te ra te s  

were th e re fo re  measured by the  s t a t i c  method, & m o d if ic a tio n  

o f the Bremer ~ Prowein te n s im e te r  being  used* Mercury was 

used as the  manometric l iq u id  a s  the  use o f  o i l s  was 

considered  to  in tro d u ce  a  p o s s ib le  source o f  e r r o r ,  owing to  

th e  p o s s ib i l i ty  o f in te rch an g e  o f  hydrogen atoms between the  

deuterium  oxide vapour and the  o i l ,  should  the  l a t t e r  c o n ta in  

any a e id ic  o r a lc o h o lic  hydrogen* The te n s im e te r  had th e  

form shown in  Fig* 3*

F ig . 3 .

B



The b u lb  A co n ta in ed  th e  d e u te ra te  o r h y d ra te  whose 

d is s o c ia t io n  p re ssu re  was being  m easured, and B co n ta in ed  

e i th e r  co n cen tra ted  su lp h u ric  a c id , deu t© su lphuric  a c id ,  o r  

f re s h ly  fu sed  and powdered potassium  hydroxide (20 ) .

The ten s im e te r was p laced  in  a  h o r iz o n ta l  p o s i t io n  so th a t  

the  mercury flowed in to  the  wide p a r t  o f  th e  tube a t  C, and 

th e  appara tu s was evacuated  by a mercury pump th rough  D 

which was se a led  a f t e r  ev acu a tio n  fo r  45 * 60 m inutes*

The app ara tu s was then  b rought back to  th e  v e r t i c a l  p o s i t io n ,  

causing  the mercury to  r e tu r n  to  the  manometer tu b e , and a 

m illim e te r sc a le  o f m irro r g la s s  was se cu re ly  s trap p e d  on to  

the manometer* I t  was then  p laced  in  the  th e rm o s ta t, being  

held  v e r t i c a l l y  by a m etal frame~work*

The th e rm o s ta t, 17 X 17 X 40 cm., co n ta in in g  abou t 

10 l i t r e s  o f w ate r, had a  g la s s  f r o n t  end back* I t  was gas 

hea ted  and c o n tro lle d  by the  u su a l form o f toluene**mercury 

re g u la to r ,  and was a c c u ra te  to  0*05 C*

In  a l l  measurements th e  te n s im e te r  was allow ed to  rem ain a t  

the  tem peratu re o f th e  th e rm o sta t f o r  a t  l e a s t  24 ho u rs  b efo re

the read in g  o f the  p re s su re  was made* For most s a l t s ,

eq u ilib riu m  was reached  in  24 h o u rs , b u t fo r  a  few a much 

longer tim e had to  be allowed*

In  the  ta b le s  o f measurements on the  succeeding  pages,

tem p era tu res , t ,  a re  g iven  on the  C entigrade s c a le ,  and th e  

d is s o c ia t io n  p re s su re s , p , in  m*m* o f  mercury* The



symbols, pD and pH re p re s e n t  the  d is s o c ia t io n  p re s s u re s  o f 

the  d e u te ra te  and h y d ra te  re sp e c tiv e ly *

Copper S ulphate P en tad eu te ra te*

P re p a ra tio n  : Anhydrous copper su lp h a te  (0#5 g*) was

added to  deuterium  oxide (1 c .c * )  and d is s o lv e d  hy warming 

the s o lu tio n  to  3o ** 90 C* On c o o lin g , th e  d e u te ra te  

c r y s ta l l i s e d  o u t slow ly and was f i l t e r e d  o f f  a f t e r  be ing  

allowed to  stan d  o v e rn ig h t. I t  was d r ie d  a s  q u ick ly  a s  

p o ss ib le  on porous p la te *

A nalysis : .1564 g# gave *0833 g* CuSO^

CuSO^ % =  61.1 

Calc* fo r  CuS04, , 5E20 , CufiO  ̂ $  — 61*5

* * CuSQ^, SHgO , CuSO .̂ % =  6 4 .0 .

The s o lu t io n  o f copper su lp h a te  in  deu terium  oxide was 

somewhat g reen er in  co lo u r than  a  s o lu t io n  in  o rd in a ry  w a te r ; 

th i s  d if fe re n c e  in  co lo u r was very  ap p a ren t in  the  s o l id  

s a l t s  CUSO4. , 5D2 0 and CuSO^, 5HZ0 , the form er b e in g  s l i g h t ly  

p a le r  and g reen er in  t in t*

As i t  was considered  p o s s ib le  th a t  the  d if fe re n c e  in  

co lou r might be due sim ply to  a d if fe re n c e  in  c r y s ta l  s iz e ,  

the  above p re p a ra tio n  o f copper su lp h a te  p e n ta d e u te ra te  was 

rep ea ted  and a p re p a ra tio n  o f the  p en tah y d ra te , under e x a c tly



s im ila r  c o n d itio n s , was c a r r ie d  o u t a t  th e  same time# Both 

so lu tio n s  were allow ed to  co o l a t  the  same r a t e ,  b u t  the  

d if fe re n c e  was s t i l l  apparent*

Two s o lu t io n s  o f copper su lp h a te  in  w ater were p rep ared  

co n ta in in g  0*45 g« and 0*55 g* CuS04 p e r  c*c* re s p e c tiv e ly *  

These were allow ed to  co o l slow ly ; the  s tro n g e r  s o lu t io n  

c r y s ta l l i s e d  more q u ic k ly , b u t th e re  was no d if fe re n c e  in  

co lou r in  the  two examples o f p en tah y d ra te  obtained*

As these  two so lu t io n s  co n ta in ed  re s p e c tiv e ly  l e s s  and 

10£ more copper su lp h a te  than  th e  s o lu t io n  in  deu terium  oxide 

th i s  showed th a t  th e  d if fe re n c e  in  co lo u r between the  

p e n ta d eu te ra te  and the  p en tah y d ra te  was n o t due to  a 

d if fe re n c e  in  c r y s ta l  s iz e  caused by a  v a r ia t io n  in  th e  r a t e  

o f c r y s t a l l i s a t i o n .

The co lo u rs  o f  equim olar so lu t io n s  o f copper su lp h a te  

in  w ater and in  deu terium  oxide were compared in  a  co lo rim e te r  

The so lu t io n s  were a s  fo llow s s

Soln. A : 0*083 g* CuS04 in  5 c*c* H20*

SoIn* B : 0*083 g* CuS04 in  5 c*c* D20*

I t  was found th a t  a  column o f 5cm* o f soln* B was 

balanced by a  column o f 4* 1cm* o f soln* A, a lth o u g h  com parison 

was r a th e r  d i f f i c u l t  owing to  the  g reen er t i n t  o f  th e  s o lu t io n  

in  deuterium  oxide*

An exam ination o f the  a b so rp tio n  sp e c tra  o f  th e  two 

so lu tio n s  was a ttem pted  b u t the  r e s u l t s  were n o t s a t is fa c to ry *
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No measurement o f  the  s h i f t  o f th e  a b so rp tio n  hand could  he 

made w ith  the  ap p a ra tu s  a v a ila b le *

D isso c ia tio n  P re ssu re s  : CuS04 ,5I>20*

t to /T P* le g  p

25 3356 6*5 0.813

30 3301 9*3 0 .969

35 3246 13.7 1.137

39 3205 19.4 1*288

The d is s o c ia t io n  p re ssu re  curves and th e  g raphs o f  lo g  p 

a g a in s t  1o6/T  fo r  th e  p e n ta d e u te ra te  and the  p en tah y d ra te  a re  

shown in  Fig* 4* The p en tah y d ra te  graphs a re  drawn from th e  

r e s u l t s  o f  C arpen ter and J e t t e  (21)*

F ig . 4 .
/0*/t 73003200 3400

Up p e r , C u r v e s  —  H y  h a t e  . 
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5030
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R atio  o f the  D is so c ia tio n  P re ssu re s  :

40

t P b / P h

0.633

0.809

0.830

0.905

Mean '  0*844

While t h i s  work was in  p ro g re ss , measurements o f  th e  

d is s o c ia t io n  p re s su re  o f  the  p e n ta d e u te ra te  were announced 

by P a r tin g to n  and S tra t to n  (22) and by S chacherl (23)*

The r e s u l t s  o f the  p re s e n t s e r ie s  o f measurements a re  in  

agreem ent w ith  the  v a lu es  found by th e se  workers*

The h e a ts  o f  com bination fo r  the  r e a c t io n s

a re  shown in  th e  fo llow ing  tab le*

These v a lu es  a re  c a lc u la te d  from th e  C lau siu s  *Clapeyron 

eq u a tio n  in  the  form

CuS04 ,3H.,0 h- 2Hj>0 ( l i q . )  — > CuS04 ,5 h 20

CuS04 *3D20 4* 2D20 ( l iq * )  — > CuS04 , 5D20
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Qc
Temp* Range H ydrate D eu te ra te

25 -  30 3453 1974

3 0 - 3 5  2920 3972

35 •  40 2602 5550

Mean Value 2992 3772

The r a t i o  o f  th e  h e a t o f  d is s o c ia t io n  o f the  d e u te ra te  

to  th a t  o f  th e  h y d ra te , determ ined from th e  r e l a t i v e  s lo p es  

o f  the g raphs o f  log  p a g a in s t  to 6/ ? ,  fc&s a v a lu e  o f  t«096*

Sodium S ulphate D ecadeuterate  *

P re p a ra tio n  : Anhydrous sodium su lp h a te  (0*5 6 *) was

d is so lv e d  In  deu terium  oxide (1 c * c .)  and th e  s o lu t io n  

allow ed to  c r y s ta l l i s e *  The c r y s ta ls  were f i l t e r e d  o f f  

and d r ie d  q u ick ly  on porous p la te*

A nalysis  : *0999 g* gave 0*0419 g» Na2S04

NaaS04 % = 4 1 . 9  

C alc , fo r  Na2S04 , 10D20 , Ha4S04 % ~  41 ,5

* * Ha2S04 ,10H20 ,  N*2804 $  = 4 4 .1



D isso c ia tio n P re ssu re : HaaS04 , IOD.,0

t to6/* P lo g  p .

25 3356 14.5 1.161

30 3301 21 .0 1.322

33 3268 26.2 i.4 1 8

34 3258 28.1 1.449

35 3246 30.0 1.477

36 3236 31.9 1.504

38 3215 35.7 1.553

40 3196 39.9 i .601

R atio  o f  the D isso c ia tio n  P re ssu re s  :

* I^/Ph 
25 0.797 

30 0.808
Mean 0.802

The d is s o c ia t io n  curves and the graphs o f  lo g  p a g a in s t  

106/T  a re  shown in  F ig»5f the  decahydrate  curves being  due 

to  Wuite (24)# The t r a n s i t io n  p o in t  o f  the  d eead eu te ra te  

was found to  occur a t  106/*  = 3254, corresponding  to  34.5°C#
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The ratio of the heats of dissociation of the decadeuterate 
and the decahydrate, determined from the log p “ 10 /T
graphs, has a value of 1*086*
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M agnesium  S u lp h a te  H e p ta d e u te r a t e *

P re p a ra tio n  : Anhydrous magnesium su lp h a te  was p repared

from th e  h ep tah y d ra te  by Ig n i t io n  a t  about 200°C*

The anhydrous su lp h a te  (0*5 6*) was d isso lv ed  in  deuterium  

oxide (1 c . c . )  and the  so lu t io n  allow ed to  c r y s t a l l i s e  a t  

room tem perature* The d e u te ra te  c r y s ta l l i s e d  w e ll, and the 

c r y s ta l s  were se p a ra ted  as p rev io u s ly  described*

A nalysis : *0868 g* gave *0471 g* D20.

D20 % = 54.2

C alc, fo r  MgSOq,,71)^0 , D20 % = 53.8

D isso c ia tio n  P re ssu re s  SJlgSO^DjO

t 10&/T P log  p .

25 3356 9 .9 0.996

30 3301 15.6 1.193

34.6 3251 22.7 1.356

40.5 3190 36.6 1.564

44 .9 3146 50.0 1.699

49.4 3101 67.1 1.827

51.5 3082 74.5 1.872

53.2 3066 81.0 1.909

The d is s o c ia t io n  p ressu re  curves o f the h e p ta d e u te ra te  

and h ep tah y d ra te  a re  shown in  Pig* 8* (nex t page), the  

h ep tah y d ra te  curve being  th a t  o f C arpenter and J e t t e  (2 1 ).
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The graphs o f log  p a g a in s t  10*/T  show the  t r a n s i t io n  p o in t  

MgSO^TI^O UgS0^#6Ba0 to  occur a t  1G6/T  = 3127 o r  

4 6 .8 #C*

R a tio  o f  th e  D isso c ia tio n  P re ssu re s  :

t

25

30

35

40

H eats o f  Combination :

Temp* Range 

25 -  30 

30 -  35 

35 •  40

Mean Value

Pi/p„
0.779

0.821

0.855

0.874

Hydrate

3982

3510

3432

3641

Mean 0 .832 .

<lc
D eutera te

5437

4937

3908

4760

From th e  cu rves o f  log  p a g a in s t  10 /T  fo r  th e  hepta*  

d e u te ra te  and h ep tah y d ra te , the  r a t i o  o f  the  h e a t  o f  

d is s o c ia t io n  o f  the d e u te ra te  to  th a t  o f  the  h y d ra te  i s  

1 .091.
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H ickel .Sulphate H ep tad eu te ra te .

P re p a ra tio n  : Anhydrous n ic k e l  su lpha te  was ob ta in ed

from a pure sample o f the  hep tahydra te  by d eh y d ra tio n  fo r  

s e v e ra l hours a t  270 «• 280° C* This gave the anhydrous s a l t  

in  the  form o f  a  y e llo w ish  g reen  powder*

The anhydrous s a l t  (0 .5  g») and deuterium  oxide (1 c*c«) 

were in tro d u ced  in to  a sm all tube which was then  sea led  off* 

This tube was then p laced  in s id e  a te s t- tu b e  immersed in  a  

w a te r-b a th  a t  95 «* 100°C* Anhydrous n ic k e l  su lp h a te  i s  

only  slow ly so lu b le , and about 8 hours a t  the  above 

tem peratu re  were necessary  b efo re  so lu tio n  was complete*

As was expected , a  su p e rsa tu ra te d  s o lu t io n  was ob ta in ed  

on co o lin g , b u t c r y s t a l l i s a t i o n  took p lace  r e a d i ly  when the 

tube was opened* The c r y s ta ls  were sep ara ted  in  the u su a l 

way.

D isso c ia tio n  P re ssu re s  : NiS04, 7D20 *

t 106/T P log  p

20 .5 3407 12 1.079

25 3356 17.7 1.248

29 .9 3302 25.1 1.400

34.7 3250 33.4 1.524

38.8 3207 4 J .0 1.634



No p rev io u s  d e te rm in a tio n s  o f  the d is s o c ia t io n  p re ssu re  o f 

n ic k e l su lp h a te  hep tah y d ra te  have been made above 25° C*, 

the v a lu e s , a t  th i s  te n d e ra tu re , ob ta ined  by o th e r  w orkers 

a re  20*69 Bum* by Schumb (25) and 21*15 m*m* by Bonnell 

and B urridge (2 6 ), u sing  a  dynamic method*

The d is s o c ia t io n  p re ssu re  o f the  h ep tah y d ra te  was 

th e re fo re  measured over a range o f tem perature fo r  

com parison w ith  the  h ep tad e u te ra te  values*

D is so c ia tio n  P re ssu res  5 NiSO^,7H20 .

t io6/ t P log p
25 3356 20.7 1.316

29*2 3309 26.6 1.425

33.5 3261 34.1 1.533

36.1 3235 39.2 i .593

Fig* 7 , shows the dissociation pressure curveB and

curves o f lo g  p a g a in s t  106/T*

The t r a n s i t io n  p o in ts  occur as  fo llow s :

io * A  *•

N1804 ,7H*0 — > H1S04>6E20 3294 30.5

NiS04 ,7D20 — > N1S04 , 65*0 3335 26 .9
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Fig. 7.

Ratio of the Dissociation Pressures :
t  P >/P h

20 0.777 Mean 0.816
25 0.855

Heats of Combination :
Qc

Temp. Range Hydrate Deuterate
20 - 25 1095 4410

From the slopes of the log p — 10 /T curves, the ratio of 
the heat of dissociation of the heptadeuterate to that of 
the heptahydrate has the value 1.369*
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C o b a l t  S u lp h a te  H e p ta d e u te r a te #

P re p a ra tio n  : Anhydrous c o b a lt su lpha te  was p repared

from th e  h y d ra ted  s a l t  by the method used in  the 

p re p a ra tio n  o f anhydrous n ic k e l sulphate* The d e u te ra te  

was a ls o  p rep ared  in  a s im ila r  manner, anhydrous c o b a lt 

su lp h a te  (0 ,5  g .)  being sea led  in  a  sm all tube w ith  

deuterium  oxide ( t  c * c .) .  S o lu tio n  took p lace  more 

q u ick ly  than  in  the  case o f the n ic k e l s a l t ,  being 

com plete a f t e r  about 5 hours a t  90°C. On co o lin g  and 

a llow ing  to  stan d  a t  o rd in ary  tem perature, c r y s ta ls  o f the 

h e p ta d e u te ra te  soon began to  separate*  These were 

removed and d r ie d  in  the  u su a l way*

D isso c ia tio n  P re ssu re s  ; CoS04 ,7D20

t io6/ t P log  p .

25 3356 13.7 1.137

30.5 3296 20.6 1,314

35.2 3244 29.5 1.470

40*5 3190 42.7 1.630

46 .0 3134 59.9 1.777

48 .5 3111 68.8 1.838

50.4 3092 75.4 1.877

On th e  fo llow ing  page (P ig .8*) a re  shown the 

d is s o c ia t io n  p re ssu re  curves f o r  the h ep tah y d ra te  and 

h e p ta d e u te ra te , and the  log  p —10 /T  curves*
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The h ep tah y d ra te  graphs a re  drawn from the r e s u l t s  o f 

C arpenter and J e t t e  (2 1 ).

The t r a n s i t io n  p o in t o f the  h e p ta d eu te ra te  occurs a t  

106/T  = 3168 , o r  42.6°C .

R a tio  o f  th e  D isso c ia tio n  P ressu res  '•

25

30

35

40

Pk /P h 
0.80  6 

0*8td 

0*841 

0.873

Mean 0.834

H eats o f  Combination s 

Temp* Range 

2 5  * 30 

30 35

35 •  40

Mean Value

Hydrate

2198

2357

2036

2204

4c
D eu tera te

2338

3222

3088

2916

The r a t i o  o f  the h e a t o f d is s o c ia t io n  o f the  

h e p ta d e u te ra te  to  th a t  o f the hep tahydrate  i s  1*089* 

determ ined  from the  log  p — 106/T  curves*
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Z in c  S u lp h a te  H e p ta d e u te r a te *

P re p a ra tio n  5 Anhydrous zinc su lpha te  was p repared  from 

the h y d ra ted  s a l t  by ig n i t io n  a t  about 250° 0.

The anhydrous s a l t  (0*8 g .)  was d isso lv ed  in  h o t deuterium  

oxide (2 c . c . )  and the so lu tio n  was allow ed to  s tan d  over 

calcium  c h lo rid e  in  a  sm all d es icca to r*  C ry s ta l l i s a t io n  

took p la ce  slow ly, and the  c ry s ta ls  were sep ara ted  as 

p re v io u s ly  described*

D isso c ia tio n  P ressu res  : 2^80^,70^0*

t io 6A P lo g  p*

25 3356 13.0 1.114

29 .8 3303 20.1 1.303

35.1 3245 30.0 1.477

39 .8 3197 39.2 1.593

44 .3 3152 49.4 1.694

47 .0 3125 56.8 1.754

The d is s o c ia t io n  p ressu res  of zinc su lp h a te  h ep ta 

h y d ra te  have been measured up to  35 C*, a s  no v a lu es  a re  

reco rd ed  above 25° C ., w ith  the excep tion  o f the  e a r ly  

work o f Itow eln  (27)*
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Dissociation Pressures : 2nfl04,7H20»
* 106/T  p log  p*

25 3356 15*3 1*185

30»5 3296 22*8 t *358

3 5 *5  3241 33.5 1.525

The d is s o c ia t io n  p re ssu re  curves, and the log  p —106/T  

curves f o r  the  hep tahydra te  and the h e p tad eu te ra te  a re  

shown in  Fig* 9 . The t r a n s i t io n  p o in t o f the  hepta*  

d e u te ra te  occurs a t  106/T  =• 3228 o r 36#7°C#
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R a t io  o f  t h e  D i s s o c i a t i o n  P r e s s u r e s  •

t

25

30

35

H eats o f  Combination ;

Temp. Range 

25 * 30 

30 -  35

Mean Value

Pd/P h

0.849

0.893

0.913

Hydrate

3362

3049

3205

Mean 0.885

D eutera te

4758

3784

4271

From th e  slopes o f the  log  p *— 106/T  cu rves, the  

r a t i o  o f  th e  h e a t o f d is s o c ia t io n  o f the  h ep tad eu te ra te  

to  th a t  o f  th e  hep tahydrate  i s  found to  be 1.086*

B ery llium  Sulphate T e trad e u te ra te .

P re p a ra tio n  s Te t r  ahydr a  ted  bery llium  su lp h a te  was 

p rep ared  from th e  oxide by the method used by Allmand (2 8 ). 

As th e  c r y s t a l l i s a t i o n  of th is  s a l t  invo lves the  a d d itio n  

o f a lc o h o l to  the  so lu tio n  i t  was th e re fo re  im possib le 

to  p rep a re  th e  te tra d e u te ra te  by th is  method owing to  the  

exchange re a c t io n  which would take p la c e . The anhydrous
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s a l t  was th e re fo re  d e u te ra te d  by allow ing  i t  to  s tand  in  

c o n ta c t w ith  deuterium  oxide vapour u n t i l  the  in c re a se  in  

w eight showed th a t  between th re e  and fo u r m olecules o f  D2O 

had been absorbed by each molecule o f BeS04 . For the  

d is s o c ia t io n  p re ssu re  measurements the hydrated  s a l t  was 

p repared  in  a s im ila r  manner by allow ing  the  anhydrous 

su lp h a te  to  stan d  in  co n ta c t w ith  w ater vapour#

The com positions o f the s a l t s  were as  fo llow s :

H20 Da0

Wt# BeS04 0.7373 g . 0.9010 g .

Wt# a f t e r  ab so rp tio n  t#1727 g# 1.4262 g .

Composition B*S04 ,3 .4H 20 . BeS04 ,3 .2D 20

D isso c ia tio n  P ressu res : B®S04.,4DaO.

t  \ o 6/ t P log  p .

25,2  3354 8 .3 0.919

35.0  3246 I t . 5 1.061

40 .0  3196 13.6 1.134

D is so c ia tio n  P re ssu re s : BeS04 ,4H20.

t  1q 6/ T P lo g  p .

2 5 .0  3356 9.2 0.964

36 .3  3232 13.5 1.130

4 0 .0  3)96 15.2 1.182

The d is s o c ia t io n  p re ssu re  curves and graphs o f log  p 

a g a in s t  10*/T a r e  shown in  Fig# 10#
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R a tio  o f  th e  D isso c ia tio n  P ressu res  :

t Pd/ p ,

25 0.902

30 0.899

35 0.899

40 0.895

Mean

S9

0*899



H eats o f  Combination :

Q»c
Temp, Range Hydrate D eu tera te

2 5 - 3 0 4440 4930

30 -  35 4220 4310

35 -  40 4170 4710

Kean Value 4277 4650

Erom th e  slopes o f  the  log  p — 106/T  l in e s  th e  ra ti©  

o f  th e  h e a t  o f  d is s o c ia t io n  o f  the  te tra d e u te ra te  to  th a t  

o f  th e  te tra h y d ra te  has a  value o f 1*002*



C opper C h lo r id e  D l d e u t e r a t e .

P re p a ra tio n  : Anhydrous copper ch lo rid e  (0*8 g .)  was

d is so lv e d  In  deuterium  oxide (1 c . c . ) and the  brownish 

green  s o lu t io n  allow ed to  c r y s ta l l i s e  over calcium  c h lo r id e . 

The c r y s ta l s  were sep ara ted  in  the u su a l manner, b u t were 

found to  be contam inated s l ig h t ly  w ith  d eu to ch lo rlc  a c id , 

DC1. This was s a t i s f a c to r i ly  removed by drawing a  c u r re n t 

o f thoroughly  d r ie d  a i r  over the  f in e ly  ground s a l t ,  

a lth o u g h  a  c e r ta in  amount o f dehydration  (de«-deuteration) 

a ls o  took p la c e .

D is so c ia tio n  P ressu res  * CuC3>2 j 2X}g 0«

t i o 6/ t P log  p

25 3356 6 .9 0.839

30.7 3294 10.1 1.004

34.9 3248 13.4 1.127

40 .0 3196 17.4 1.241

44*3 3152 22.2 1.346

The d is s o c ia t io n  p ressu re  curves o f copper c h lo rid e  

d id e u te ra te  and d ih y d ra te , and the graphs o f log  p a g a in s t  

1q6/T  a re  shown in  P ig . 11. d ih y d ra te  curve i s

from th e  r e s u l t s  o f Derby and Xngve (2 9 ).
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F ig . t t .

ioVt
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R atio  o f the  D isso c ia tio n  P ressu res  *

t

25

30

35

40

H eats o f  com bination : 

Temp. Range 

25 -  30

3>/p« 
0.932

0.944

0.924

0.915

Hydrate

2759

Mean 0.929

D euterate

2793

The r a t i o  o f  the h e a t o f d is s o c ia tio n  o f the d e u te ra te  to  th a t  

o f the  h y d ra te , found from the log  p —*10 /T  graphs i s  1*012*
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Sodium  B rom ide D id e u te r a t e .

P re p a ra tio n  : Anhydrous sodium bromide (1 .5  g .)  was

d is so lv e d  in  deuterium  oxide (1#5 c .c . )  and the so lu tio n  

allow ed to  c r y s ta l l i s e  slow ly. The c ry s ta ls  were f i l t e r e d  

o f f  and d r ie d  in  the u su a l way.

D is so c ia tio n  P ressu res  : RaBr,2D20.

t io4/ t P log  p

20 3413 4.25 0.628

25 3356 6 .9 0.839

30 3301 10.45 1.019

35 3246 15.1 1.179

40 3196 21.6 1.335

44 .5 3149 30.2 1.480

49*8 3097 41.8 1.621

51 #3 3084 45.0 1.653

53 .8 3060 51.4 1.711

The d is s o c ia t io n  p ressu res o f d ihydrated  sodium 

bromide were a lso  measured fo r comparison# 

D isso c ia tio n  P ressu res  : NaBr, SHgO#

t 10 V® P log  p .

20 3413 4 .9 0.690

25 3356 7 .5 0.875

30 3301 11.3 1.053

35 3246 16.4 1.215

40 3196 22.9 1.360



The dissociation pressure curves and the log p — 106/T 
curves are shown in Pig. 12• The transition point of the 
dideuterate is found at 10V ?  = 3117,or 47.7°C.

Pig* 12.
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R atio  o f  the  D is so c ia tio n  P re ssu re s  :

t

20

25

30

35

40

H eats o f Combination :

Temp* Range

25 * 30

30 -  35 

35 -  40

Mean Value

P * /P h

0.867

0.920

0.929

0.921

0.9+3

Hydrate

4231

3339

2337

3302

Mean 0*916

D eu te ra te

4015

3083

2902

3333

The r e l a t i v e  s lo p e s  o f  th e  log  p — 106/T  graphs 

g iv e  1*032 a s  th e  r a t i o  o f  th e  h e a t  o f  d is s o c ia t io n  o f 

th e  d id e u te ra te  to  th e  h e a t o f  d is s o c ia t io n  o f th e  

d ih y d ra te*



u

N ic k e l  C h lo r id e  H e x a d e u te r a te .

P re p a ra tio n  : Anhydrous n ic k e l  c h lo r id e  was p rep ared  by

th e  method o f R ichards (30)* The h y d ra ted  s a l t  was f i r s t  

dehydrated  abou t 150°C*, and, a f t e r  most o f  the  w ater had 

been removed, the  s a l t  was f u r th e r  h ea te d , when a  c e r t a in  

amount o f anhydrous n ic k e l  c h lo r id e  sublim ed.

The anhydrous s a l t  (0*5 6*} was d is s o lv e d  in  h o t 

deu terium  oxide (1 c . c . )  and th e  s o lu t io n  allow ed to  

c r y s t a l l i s e  over calcium  ch lo rid e*  The c r y s ta l s  were 

se p a ra te d  and d r ie d  in  the  uisual manner*

A n aly sis  :

*1738 g . gave *0913 g* N1C12 *

NlClg % *  51.2 

G ale, fo r  NiCl2 ,6D20 , N iC l2 % = 51*95* 

D is so c ia tio n  P re ssu re s  : NiCl2,6 p 2o*

t 10*/T P lo g  p

2 4 .8 3357 7 .8 0.892

30 .0 3301 12.2 1.086

34 .3 3255 17.4 1.241

38 .0 3215 2 1 .8 1.339

42 .3 3172 2 6 .4 1.422

46 .2 3132 30.9 1.490
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The d is s o c ia t io n  p re s su re  cu rves f o r  th e  hexa

d e u te ra te  and th e  hexahydrate  and th e  graphs o f  lo g  p 

a g a in s t  106/T  a re  shown in  Fig* 13* The t r a n s i t i o n

p o in t ,  NiCle,6D20 —* NiCl2,4Da0 occu rs a t  10*/T *  3242, 
0

o r  35*4 C. The hexahydrate  curves a re  due to  Derby 

and Yngve (29) •

F ig . 13.
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R a t io  o f  t h e  D i s s o c i a t i o n  P r e s s u r e s  :

t

25

39

35

H eats o f Combination :

Temp* Range 

25 * 30

30 -  35

Mean Value

Pi>/Ph

0.7+8

0.819

0 .885

H ydrate

1405

1904

1654

He an 0 .817

<%c
D eu te ra te

4263

4463

4463

The r a t i o  o f  th e  h e a t o f  d is s o c ia t io n  o f  th e  

h e x a d e u te ra te  to  th a t  o f  th e  h exahydra te , d e te n iin e d  

f ro *  th e  s lo p es  o f  the  lo g  p — 106/T  cu rv es , h a s  th e  

v a lu e  1 .316.



C o b a l t  C h lo r id e  H e x a d e u te r a te  .

P re p a ra tio n  : Anhydrous c o b a lt  c h lo r id e  was p rep ared

from th e  h y d ra ted  s a l t  by ig n i t io n  a t  160 •  170° C ., 

acco rd in g  to  C lark  (31)• The anhydrous c h lo r id e  (0 .5  g .)  

was d is so lv e d  in  h o t deu terium  oxide ( l  c . c . )  and th e  

s o lu t io n  allow ed to  c r y s t a l l i s e  over calcium  ch lo rid e*

A n aly sis  :

•3312 g . gave .1732 g . C©C12 # 

CoCl2 $  ■= 52.3  

C a lc , fo r  CoC12,6D20 , CoCl2 % *  5 2 .0 .

D is so c ia tio n  P re ssu re  : CoC12,6 d20 .

4 0 .0

25«0

45.1

49 .9

54 .5

56.6

30.0

34.9

t io6/ t

3356

3301

3248

3196

3145

3096

3054

3034

5 .8

9.1

13.1

18.7

26 .7  

37 .0

48 .5

54 .5

P log  p . 

0 .763 

0 .959 

1.117 

1.272 

1.427 

1.568 

1.686 

1.736



Pig# 14. shows the dissociation pressure curves and the 
graphs of log p against 106/T for the hexahydrate and the 
hexadeuterate, the hexahydrate curves being drawn from 
the results of Derby and Yhgve (29). The transition 
point of the hexadeuterate was found to occur at 
1C6/T « 3079, or 51.8°C..

P ig . 14.
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R a t i o  o f  th e  D i s s o c i a t i o n  P r e s s u r e s  :

t

25

30

35

40

H eats o f Combination ;

Temp* Range*

25 m 30 

30 -  35 

35 -  40

Mean Value

Pd/P h

0.817

0.892

0*886

0*882

Mean

H ydrate

2520

3587

3053

3053

0.869

D eu te ra te

5279

3228

2523

3676

The s lo p es  o f th e  log  p —10 /T  cu rves g iv e  a  v a lu e  

o f  1*058 f o r  th e  r a t i o  o f  the  h e a t  o f  d is s o c ia t io n  o f 

th e  h ex a d eu te ra te  to  th a t  o f  th e  hexahydrate*



S tr o n t iu m  C h lo r id e  H e x a d e u te ra te #

P re p a ra tio n  I Anhydrous s tro n tiu m  c h lo r id e  was p rep ared  

hy ig n i t io n  o f th e  hexahydrate* The anhydrous s a l t  

(0*8 g .)  was d is so lv e d  in  deu terium  oxide (1 c .c * )  and th e  

s o lu t io n  allow ed to  cool* The h ex a d eu te ra te  c r y s t a l l i s e d  

w e ll in  long n e e d le s .

A n aly sis  *

•1607 g . s a l t  re q u ire d  12*9 c . c .  AgN03 (.0882N) 

Cl $  =  25.2

C a lc , fo r  S rC l2,6D20 , C l % =• 2 5 .4 .

D is so c ia tio n P re ssu re s  : SrCX2>6D20.

t t0 6/T P lo g  p .

25 .0 3356 6 .9 0 .839

30*0 3301 10.7 1.029

35 .0 3246 14.9 1.173

40*0 3196 20.4 1.310

The d is s o c ia t io n  p re ssu re s  o f s tro n tiu m  c h lo r id e  

hexahydrate  were a ls o  determ ined owing to  th e  d iv e r s i ty  

o f  r e s u l t s  reco rd ed  in  the  l i t e r a tu r e *



7 3

D i s s o c i a t i o n  P r e s s u r e s  : S r C l2 , 6 H2 0 .

t io 6/ t P lo g  p .
25 .0 3356 7 .3 0.863
30.2 3298 11.0 1.041

35.0 3246 15.7 1.196

4 0 .0 3196 2 2 .0 1.342

F ig . 15 shows the  d is s o c ia t io n  p re ssu re  cu rves and 

th e  graphs o f log  p a g a in s t  106/T

F ig . 15.
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R a ti®  o f  th e  D i s s o c i a t i o n  P r e s s u r e s  :

Pj, /P m 
0,945  

0.973
Mean

0.949 

0*927

H eats o f Combination :

Temp* Range 

25 * 30 

30 -  35 

35 * 40

Mean Value

Qc
Hydrate

4247

2725

2471

3147

t

25

30

35
40

0*948

D eu te ra te

4866

1708

1217

2597

From th e  s lo p es  o f  the  lo g  p — 106/T  l in e s  th e  r a t i o  

o f  the  h e a ts  o f  d is s o c ia t io n  o f th e  h ex a d eu te ra te  and 

hexahydra te  i s  0*992*



B ariu m  C h lo r id e  D l d e u t e r a t e .

P re p a ra tio n  • H ydrated barium  c h lo r id e  was dehydra ted  

by h e a tin g  to  c o n s ta n t weight# The anhydrous c h lo r id e  

(0#6 g .)  was d is so lv e d  in  deuterium  oxide (1 c . c . )  and 

th e  s o lu t io n  allow ed to  c r y s ta l l i s e #  The c r y s ta l s  were 

se p a ra te d  a s  before*

D is so c ia tio n P re ssu re s  5 BaCX2,2D20 .

t t0 6/T P lo g  p

25 .5 3350 5 .9 0.771

30#0 3301 8.2 0.914

35# 7 3238 11.4 1.057

41 .3 3182 16.7 1.223

The d is s o c ia t io n  p re s su re  cu rves and the  lo g  p — 106/T  

cu rves fo r  the  d ld e u te ra te  and th e  d ih y d ra te  a re  shown 

in  Fig# 16. The d ih y d ra te  cu rves a re  froffi the  r e s u l t s  

o f  B axter and Cooper (32)#
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Fig* 16.
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H e a ts  o f  C o m b in a tio n  :

Qc
Temp* Range H ydrate D eu te ra te

25 -  30 1950 826

30 -  35 2400 2041

35 * 40 1386 1482

Mean Value 1912 1449

The r a t i o  o f  th e  h e a ts  o f  d is s o c ia t io n  o f  th e  

d id e u te ra te  and d ih y d ra te , from th e  s lo p e s  o f  th e  

lo g  p — 10* /T  l in e s ,  i s  0*998#

Rotasslum  F lu o rid e  B ih y d ra te  and D ideu terate*

P re p a ra tio n  : S a tu ra te d  so lu t io n s  o f  pu re  anhydrous

po tassium  f lu o r id e  (n e u tr a l)  in  w ater and in  deu terium  oxide 

were allow ed  to  s tan d  in  d e s ic c a to r s  oyer calcium  ch lo rid e*  

W ell formed c r y s ta l s  o f the  d ih y d ra te  and th e  d id e u te ra te  

se p a ra te d  o u t ; These were removed and d r ie d  a s  q u ick ly  a s  

p o s s ib le  in  the  u su a l way* 

d is s o c ia t io n  P re ssu re s  s KF,2H20* 

t  10*/T  p log  p .

25*0 3356 3*5 0.544

29*7 3304 5 .2  0.716

34.5  3253 7*3 0.863



.

D i s s o c i a t i o n  P r e s s u r e s  : KF, 2D20 .

t  106/T  p lo g  p .

2 4 .9  3357 2 .4  0 .380

2 9 .8  3303 3 .7  0 .568

34 .3  3255 5 .5  0 .740

The d is s o c ia t io n  p re ssu re  cu rves a re  shown in  F ig . 17.

P ig . 17

ioVt
^,0° 52.0 5"5o o 54.00

2.0*4,
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Temp.

FuLL C u tv e s — h e u  re*  a  t e  .
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H a ^ io  o f  th e  D i s s o c i a t i o n  P r e s s u r e s  :

t

25

30

35

H eats o f  Combination*

Temp* Range 

25 -  30

30 -  35

Mean Value

p* / ph

0.714

0.717

0.773

Hydrate

4403

2417

3410

Mean 0.735

Qc
D eu te ra te

4148

4253

4201

© .
From th e  s lo p es  o f  the  graphs o f log  p a g a in s t  10 /T , 

th e  r a t i o  o f  th e  h e a t o f  d is s o c ia t io n  o f  th e  d e u te ra te  

to  th a t  o f  th e  h y d ra te  was found to  he 1.152.
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PART 11*

A d d itio n a l Paper*

The PHOTOSYNTHESIS o f  CARBOHYDRATES 

in  v i t r o  w ith  VISIBLE LIGHT."



X. HISTORICAL and THEORETICAL*

The problem  o f the  mechanism o f  the  a s s im ila t io n  

o f carbon d io x id e  by g reen  p la n ts  and th e  subsequent 

p ro d u c tio n  o f ca rb o h y d ra tes  has a t t r a c te d  th e  a t t e n t io n  o f 

numerous chem ists and b o ta n is ts ,  c h ie f ly  on accoun t o f  the  

fundam ental n a tu re  o f the  r e a c t io n  and i t s  im portance in  

the  study o f  p la n t  physiology# On the  chem ical s id e , 

many in v e s t ig a to r s  have examined the  p o s s i b i l i t y  o f  

rep ro d u c in g , in  v i t r o ,  th e  photochem ical re d u c tio n  o f 

carbon d io x id e  to  formaldehyde o r ca rb o h y d ra tes , b u t the  

r e s u l t s  have been c o n f lic tin g *

The g r e a te r  p a r t  o f  the  e a r ly  work on th i s  s u b je c t  was 

c a r r ie d  o u t u sin g  u l t r a - v i o l e t  l i g h t ,  b u t u n t i l  1921 few 

experim ents o f  a sy stem atic  n a tu re  had been made* Since 

th a t  d a te ,  however, sy stem atic  in v e s t ig a t io n s  o f  s e v e ra l 

a s p e c ts  o f  the  problem  o f the  p h o to sy n th es is  o f  carbo

h y d ra te s  have been undertaken  by Baly and h i s  c o l la b o ra to r s ,  

and i t  i s  w ith  an exam ination o f p a r t  o f  th a t  work th a t  

t h i s  paper dea ls*

The o r ig in a l  experim ents o f  Baly, H eilb ron , and Barker

(1) on the  re d u c tio n  o f  carbon d io x id e  in  aqueous s o lu t io n  

to  form aldehyde by i l lu m in a tio n  w ith  u l t r a - v i o l e t  l i g h t  were 

su b je c te d  to  co n s id e rab le  c r i t i c i s m  by P o r te r  and Ramsperger

(2 ) , Spoehr (3 ) , Bauer (4) and o th e rs , who suggested  th a t



th e  form aldehyde d e te c te d  by Baly owed i t s  o r ig in  to  tr a c e s  

o f  o rg an ic  im p u r it ie s  in  the  r e a c t in g  substances#

On c o n s id e ra tio n  o f Warburg* s view ( 5 ) th a t  p h o to sy n th e s is  

in  v ivo  i s  a su rfa ce  r e a c t io n ,  Baly suggested  th a t  the  

photochem ical re d u c tio n  o f carbon ic  a c id  in  v i t r o  m ight 

a ls o  be a su rfa c e  r e a c t io n ,  and in  l a t e r  experim ents (6) 

he i l lu m in a te d , w ith  u l t r a - v i o l e t  l i g h t ,  aqueous 

suspensions o f w hite  powders on which carbon d io x id e  was 

s tro n g ly  adsorbed# I t  was claim ed th a t  under th e se  

c o n d itio n s  th e  p h o to sy n th es ised  p ro d u c t c o n s is te d  o f 

ca rbohydra te  compounds in s te a d  o f formaldehyde#

While the experim ents w ith  u l t r a - v i o l e t  l i g h t  were 

undoubtedly o f im portance, i t  was im possib le  to  apply  any 

o f th e  r e s u l t s  d i r e c t ly  to  the  e lu c id a tio n  o f the  problem 

o f p h o to sy n th e s is  a s  i t  occurs in  g reen  p la n ts ,  s in c e  i t  

was known th a t  the  l iv in g  p la n t  d id  n o t re q u ire  u l t r a 

v i o l e t  l i g h t  fo r  photo sy n th e tic  purposes# Thus the 

achievem ent o f  p h o to sy n th es is  in  v i t r o  by means o f  v i s ib le  

l i g h t  by B aly, S tephen, and Hood (7) in  1927 re p re se n te d  

a  most in te r e s t in g  advance in  th e  study o f t h i s  re a c tio n #

I t  was s ta te d  by th e se  workers th a t ,  by the  use o f  v i s ib ly  

co loured  powders capab le  of adso rb ing  carbon d io x id e , such 

a s  n ic k e l  end c o b a lt  ca rb o n a tes , the  p h o to sy n th e s is  could  

be e f fe c te d  by means o f ordineny v i s ib le  l i g h t ,  complex 

compounds resem bling  ca rbohydrates being  o b ta in e d .



The r e a c t io n  now approxim ated more c lo s e ly  to  th a t  o cc u rr in g  

In  th e  l iv in g  p la n t ,  and i t  appeared  p robab le  th a t  f u r th e r  

in v e s t ig a t io n  m ight y ie ld  in fo rm atio n  a p p lic a b le  to  the  

problem  o f carbon a s s im ila t io n  and the  p h o to sy n th e s is  o f 

ca rb o h y d ra tes  in  vivo#

The experim ents w ith  n ic k e l  carbonate  appeared  to  

g ive  th e  most s a t i s f a c to r y  r e s u l t s ,  th e  y ie ld  being  0#07 g . 

ca rb o h y d ra tes  p er hour u sin g  50g . o f  the n ic k e l  ca rbona te  

c a t a l y s t .  An e s s e n t i a l  p a r t  o f  the experim en ta l procedure 

was the  a c t iv a t io n  o f th e  n ic k e l  carbonate  b e fo re  use ; 

t h i s  could be ach ieved  by exposing th e  carbonate  to  u l t r a 

v io l e t  l i g h t  fo r  i  -  1 hour, o r  by i r r a d ia t io n  w ith  w h ite  

l i g h t  fo r  a t  l e a s t  s ix  h o u rs .

S im ila r experim ents were perform ed by Dhar (8 ) u sin g  

t r o p ic a l  s u n lig h t a s  th e  i l lu m in a tio n , p o s i t iv e  r e s u l t s  

showing the  p resence  o f form aldehyde o r ca rb o h y d ra tes being  

o b ta in ed  in  most c a s e s . Dhar used a  wide v a r ie ty  o f 

su b stan ces a s  the  c a ta ly s t  powder, In c lu d in g  s e v e ra l ,  such 

a s  o rgan ic  d y e s tu f f s ,  which m ight be suspected  o f  under

going decom position  under the  s tro n g  i l lu m in a tio n  used#

Doubt has been c a s t  on the  accuracy o f Dhar*s o b se rv a tio n s  

by Burk (9 ) who consid ered  th a t  c r i t i c a l  b lank experim ents 

had n o t been perform ed. This c r i t i c i s m  seemed to  be w ell 

founded.

In  1930, Baly (10) claim ed th a t  very  s a t i s f a c to r y  

y ie ld s  o f ca rbohydrates could be ob ta ined  u sin g  a com posite



c a ta ly s t  c o n s is t in g  o f  f e r r i c  oxide supported  on k ie se lg u h r  

which had been p rev io u s ly  coa ted  w ith  alumina# The 

a c t i v i t y  o f th i s  c a ta ly s t  was in c re a se d  toy the  a d d i t io n , 

to  the  f e r r i c  ox ide , o f  sm all q u a n t i t ie s  o f  thorium  dioxide# 

Such a supported  f e r r i c  oxide c a ta ly s t  p ossessed  a  g re a te r  

photo s y n th e tic  a c t i v i t y  than  n ic k e l  ca rb o n a te , the  y ie ld  

o f  ca rb o h y d ra tes  being  s l i g h t ly  more than  0.1 g . p e r hour 

u sing  50 g# o f c a ta ly s t#

The work now d esc rib ed  was undertaken  as a c r i t i c a l  

exam ination o f the  experim ents in  which v i s i b le  l i g h t  had 

been used, and in  the  hope th a t ,  i f  p o s i t iv e  r e s u l t s  were 

e s ta b l is h e d , in fo rm atio n  concerning  the  mechanism and energy 

c o n s id e ra tio n s  o f the r e a c t io n  m ight be o b ta in ed  by the 

a p p l ic a t io n  o f more ex a c t methods than  those  h i th e r to  

employed.

In  th e  f i r s t  p a r t  o f  the In v e s t ig a t io n  supported  

f e r r i c  oxide c a ta ly s ts  o f  the type d esc rib ed  by Baly were 

used s in c e  t h e i r  p h o to sy n th e tic  a c t i v i t y  was claim ed to  be 

g r e a te r  than  th a t  o f n ic k e l  o r c o b a lt  carbonate#

The p re p a ra tio n  o f such c a ta ly s ts  was te d io u s  and 

troublesom e ; p re lim in a ry  experim ents showed th a t  th e  main 

d i f f i c u l t i e s  were the  rem oval o f  calcium  from the  k ie se lg u h r , 

and the  rem oval o f adsorbed s a l t s  and the  l a s t  t r a c e s  o f 

n i t r i c  oxide from the c a ta ly s t .  This l a s t  d i f f i c u l t y  was 

In troduced  on account o f the  f a c t  th a t  the  f e r r i c  oxide was
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produced on th e  c a ta ly s t  by ev ap o ra tio n  w ith  a s o lu t io n  o f 

f e r r i c  n i t r a t e  and subsequent ig n it io n *  The rem oval o f 

calcium  from the k ie se lg u h r  was by no means a sim ple m atter*  

I t  was found th a t  even a f t e r  th e  k ie se lg u h r  had been t r e a te d  

fo r  e ig h t  hours w ith  n i t r i c  a c id  (50 %.) and washed fo r  

fo u r days some calcium  s t i l l  went in to  s o lu t io n  a s  the 

b ic a rb o n a te  when the  c a ta ly s t  was suspended in  w ater through 

which a  stream  o f carbon d io x id e  p assed . This c o n s t i tu te d  

a  d e f in i t e  o b je c tio n  to  th e  use o f  k ie se lg u h r  a s  a  su p p o rt 

fo r  th e  c a t a ly s t .  The methods used fo r  washing the  c a ta ly s t  

and fo r  removing the  l a s t  t r a c e s  o f n i t r i c  oxide were those 

adopted by Baly (p r iv a te  communication) and a re  d e sc r ib e d  

in  th e  experim en ta l s e c tio n  (p .9* )•

Using such supported  c a ta ly s t s ,  Baly claim ed to  have 

o b ta in ed  a  y ie ld  o f  ca rbohydrates amounting to  0 #t3 g . p e r 

h o u r. This r e s u l t  was n o t confirm ed by the  p re s e n t work, 

no p h o to sy n th esised  o rgan ic  m atte r being  o b ta in e d , th e  

f i r s t  experim ents gave hop efu l r e s u l t s ,  to  -  20 m.g. o f 

o rg an ic  m a tte r  being  o b ta in ed , b u t th i s  was subsequen tly  

found to  be dueto o rgah ic  Im purity  in  the  d i s t i l l e d  w ater 

used . Using s p e c ia l ly  p u r i f ie d  w ater, and carbon d io x id e  

c a re fu l ly  f re e d  from o rgan ic  im p u r it ie s  no p h o to sy n th es is  

could  be d e te c te d .

Experim ents were c a r r ie d  o u t u sing  sources o f 

i l lu m in a tio n  o f  w idely vary ing  in t e n s i t i e s  » the  d u ra tio n



of i l lu m in a tio n  was a ls o  v a r ie d . In  a l l  c a se s , the  amount 

o f  alum ina con ta ined  in  the  alum inated  k ie se lg u h r  was 22$,

s in c e  t h i s  was b e liev e d  to  be the  optimum amount, b u t

c a ta ly s t s  were p repared  co n ta in in g  1, 4 .7 , 10, 14, and 26$ 

o f  f e r r i c  o x id e . The f e r r i c  oxide always co n ta in ed  0 .64$  d f 

thorium  d io x id e  as prom oter. No evidence o f p h o to sy n th e s is  

was o b ta in ed  u sing  any o f th e se  c a ta ly s t s ,  a lth o u g h  

c a ta p h o re s ls  measurements showed th a t  th e se  powders, when 

in  suspension  in  an aqueous s o lu t io n  o f carbon d io x id e , 

assumed an e le c t ro p o s i t iv e  charge . The c a rry in g  o f such a

charge has been claim ed a s  an in d ic a t io n  o f a  pho to -

s y n th e t ic a l ly  a c t iv e  c a ta ly s t  (1 0 ).

While th i s  work was in  p ro g re ss , Baly (10) adm itted  th a t  

k ie se lg u h r  was a h ig h ly  u n s a tis f a c to ry  substance fo r  use a s  

a sup p o rt fo r  the  c a ta l y s t .  He found th a t ,  in  a d d it io n  to  

th e  d i f f i c u l t y  o f  removing the  calcium  com pletely , dependable 

r e s u l t s  were n o t always o b ta in ed , in  f a c t ,  th e  r e s u l t s  

appeared  to  depend e n t i r e ly  on the  type o f  k ie se lg u h r  used .

During the  in v e s t ig a t io n  o f th ese  supported  c a ta ly s t s

i t  was thought th a t  the method o f p re p a ra tio n  employed was

n o t l ik e ly  to  y ie ld  a f i n a l  c a ta ly s t  which was quit©

homogeneous. Experim ents were th e re fo re  perform ed on

sam ples o f one o f the  c a ta ly s ts  and d e f in i t e  evidence was

o b ta in ed  th a t  th ese  powders were n o t homogeneous, d i f f e r e n t  
%

f r a c t io n s  o f the  powder, sep a ra ted  by sed im en ta tio n , being



found to  co n ta in  d i f f e r e n t  amounts o f f e r r i c  o x id e .

In  a p r iv a te  communication Baly suggested  th e  use o f 

a c a ta ly s t ,  supported  on barium  su lp h a te , which he claim ed 

to  be p h o to s y n th e tic a l ly  a c t iv e .  The p re p a ra t io n  o f  t h i s  

c a ta ly s t  c o n s is te d  in  p r e c ip i ta t in g  barium  su lp h a te  in  a 

s o lu t io n  co n ta in in g  iro n  alum, aluminium su lp h a te , and 

thorium  n i t r a t e ,  the  iro n , aluminium, and thorium  being  

a f te rw a rd s  p r e c ip i ta te d  on th e  barium  su lp h a te  a s  hyd rox ides, 

and converted  to  th e  ox ides by ig n i t io n .  A t e s t  c a r r ie d  

o u t w ith  t h i s  c a ta ly s t  y ie ld e d  a  sm all q u a n tity  o f  a  yellow  

sy rup , so lu b le  in  a lc o h o l. Exam ination showed, however, 

t h a t  t h i s  syrup was in o rg an ic  in  n a tu re , co n ta in in g  f e r r i c  

c h lo r id e , ammonium c h lo r id e , and h y d ro ch lo ric  a c id .  The 

p resence  o f th ese  substances was no doubt due to  the  

in e f f ic ie n c y  o f the  method o f washing the  f re s h ly  

p r e c ip i ta te d  c a t a ly s t .

A fte r  th e  f a i lu r e  o f  th ese  experim ents w ith  supported  

f e r r i c  oxide c a ta ly s t s ,  i t  was decided  to  re-exam ine the  

e a r l i e r  work in  which n ic k e l  carbonate  was used a s  the  

c a ta ly s t*

The n ic k e l  carbonate  was p rep ared  e l e c t r o ly t i c a l l y  to  

avo id  con tam ination  by a l k a l i ,  s in ce  i t  had been s ta te d  (7) 

th a t  even the  s l i g h t e s t  tra c e  o f  a l k a l i  in  the  n ic k e l  

ca rb o n a te  was f a t a l  to  i t s  a c t iv i ty  a s  a  c a ta ly s t .  Before 

being  used in  p h o to sy n th es is  t e s t s ,  the  carbonate  was always



a c t iv a te d  as p rev io u s ly  m entioned (p. ) e i th e r  by

prolonged exposure to  w hite  l i g h t  o r  by s h o r te r  i r r a d ia t io n  

w ith  u l t r a - v i o l e t  l i g h t .

Owing to  the  d i f f i c u l t y  o f d ec id in g  w hether o r  n o t 

any s l i g h t  p h o to sy n th es is  o f o rgan ic  m a tte r had taken  p la c e , 

the  r e s u l t s  o f a l l  the  p h o to sy n th es is  t e s t s  were determ ined 

by e s tim a tio n  o f o rgan ic  carbon in  the  re s id u e s  a f t e r  

i l lu m in a tio n , f i l t r a t i o n ,  and subsequent ev ap o ra tio n  o f the  

s o lu t io n s .  The method o f e s tim a tio n  was a  Hw etM o x id a tio n  

method, and t e s t s  showed th a t  i t  was capable o f  d e te c t in g , 

w ith  accuracy , q u a n t i t ie s  o f carbon p re s e n t a s  carbo

h y d ra te s , a s  sm all as  1 m.g*.

P h o to sy n th esis  t e s t s  were c a r r ie d  o u t u sin g  

approxim ately  5, 10, 30, and 50 g . o f n ic k e l  ca rb o n a te  in  

1500 c .c*  o f w a te r. No v i s ib le  evidence o f photo

sy n th e s ise d  carbohydrate  syrup was ever o b ta in ed , and t e s t s  

fo r  formaldehyde in  the  aqueous d i s t i l l a t e s  gave n eg a tiv e  

r e s u l t s .  Blank experim ents were c a r r ie d  o u t under the  

same co n d itio n s  as the  p h o to sy n th es is  t e s t s  excep t th a t  the 

r e a c t io n  v e s s e l  was k ep t in  darkness du rin g  the  experim ent.

The r e s u l t s  o f  the  carbon e s tim a tio n s  showed as  much 

organ ic  carbon o ccu rrin g  in  the  b lank experim ents as  in  the  

p h o to sy n th es is  t e s t s .  The ta b le  o f  r e s u l t s  o f th e se  

e s tim a tio n s  g iven  in  the  experim en ta l s e c tio n  (p.lo?) 

in d ic a te s  c le a r ly  th a t  no photo sy n th e tic  conversion  o f  the
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carbon d io x id e  to  ca rb o h y d ra tes  had taken  place*

Since th e  com pletion  o f  th i s  work, Z sch e ile  (11) 

announced h is  f a i lu r e  to  r e p e a t  the  experim ents o f  Baly 

w ith  n ic k e l  carbonate* In  a d d i t io n , Z sch e ile  made a ttem p ts  

to  ach ieve  the  p h o to sy n th es is  u sing  o th e r  c a ta ly s t s  such as 

p la tin u m  b la ck , carbon, and f e r r i c  hydrox ide, b u t th e se  

were u n su c c ess fu l.

I t  would appear, th e re fo re , th a t ,  i f  the p h o to sy n th es is  

o f  ca rbohydra tes in  v i t r o  has been achieved in  the  e a r l i e r  

work, th e  n ecessa ry  co n d itio n s  fo r  the r e a c t io n  have n o t 

been a p p re c ia te d  o r observed* U n til  the  n ecessary  co n d itio n s  

a re  reco g n ised  i t  i s  u n lik e ly  th a t  su c c e s s fu l experim ents w i l l  

r e c e iv e  th e  co n firm atio n  which i s  d e s ira b le  in  work o f th i s  

na tu re*
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11. EXPERIMENTAL.

A few p re lim in a ry  experim ents were c a r r ie d  ou t 

u sing  the  carbon d io x id e  as su p p lied  in  c y l in d e rs .  As th i s  

carbon d io x id e  i s  f re q u e n tly  o b ta in ed  from the  fe rm en ta tio n  

in d u s try , i t  c o n s t i tu te d  a p o s s ib le  source o f o rgan ic  

im p u rity , consequently  a l l  f u r th e r  experim ents were perform ed 

u sin g  carbon d io x id e  p repared  by the  a c tio n  o f h y d ro ch lo ric  

a c id  on m arble. For p u r i f i c a t io n  the  gas was passed  f i r s t  

through a tube IS in s .  long co n ta in in g  copper oxide h ea ted  

to  red n ess  in  an e l e c t r i c  fu rn ace , then  through a wash- 

b o t t l e  co n ta in in g  chromic a c id  and co n cen tra ted  su lp h u ric  

acid# A fte r  p ass in g  through a  second w ash -b o ttle  co n ta in in g  

w ater the  gas passed  in to  a tube 10 ins# long packed w ith  

s o l id  sodium b ic a rb o n a te , and f in a l ly  in to  a th i r d  wash- 

b o t t l e  co n ta in in g  d i s t i l l e d  w ate r, from which the  gas 

en te red  the  r e a c t io n  v e s s e l .  From the time the gas e n te red  

the  combustion tube i t  d id  n o t come in  c o n ta c t w ith  any 

ru b b er tub ing  o r g reased  jo in t s  ; a  ground jo in t ,  lu b r ic a te d  

w ith  phosphoric a c id , connected the  combustion tube to  the 

r e s t  o f  the  p u r i f ic a t io n  t r a in ,  and a l l  o th e r  jo in t s  were 

sealed# The p u r i f ic a t io n  ap p a ra tu s  i s  shown d la g ra m a tic a lly  

in  F ig . 1#



F ig . 1

CO'
■vy/fv  '̂ Y/C " "■ "v* x>=
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C onsiderab le d i f f i c u l t y  was experienced  in  o b ta in in g  

a s a t i s f a c to r y  b lank  r e s u l t .  I t  was found th a t  the o rgan ic 

m a tte r  o ccu rrin g  in  th e  b lank  experim ents was co n ta in ed  in  

th e  d i s t i l l e d  w ater used 5 t h i s  was s a t i s f a c to r i l y  removed 

by su b je c tin g  the w ater to  d i s t i l l a t i o n  from potassium  

permanganate in  a q u a rtz  f la s k  connected by a ground jo in t  

to  a q u a rtz  condenser. The w ater thus p u r if ie d  was s to re d  

in  w ell-seasoned  Fyrex f la s k s  o f  21. c a p a c ity .

The r e a c t io n  v e s s e l  was a  re c ta n g u la r  g la s s  c e l l  

14 x 17 x 7*5 cm., having p o lish ed  s id e s , and the  

fo llow ing  method was employed in  ca rry in g  o u t th e  photo

sy n th e s is  t e s t s .

The re q u ire d  w eight o f the c a ta ly s t  was suspended in

1.5 1# o f d i s t i l l e d  w ater in  the r e a c t io n  v e s s e l  and a  

f a i r l y  ra p id  stream  o f carbon d io x id e  (3 bubbles p er s e c .)



was passed through the suspension. The gas was, as a rule, 
allowed to pass for \  - 1 hour “before illumination of the 
vessel took place, and a steady stream was maintained 
throughout the entire period of illumination which varied 
in different experiments, from three to eight hours*
After illumination, the catalyst was allowed to settle out 
overnight. In some cases the suspension was more stable and 
flocculation was assisted by warming the mixture to 60 - 70°C. 
After filtration from the catalyst, the water was distilled 
off under reduced pressure, and any residue was carefully 
extracted with purified absolute alcohol. The first 
runnings of the aqueous distillate were tested for the 
presence of formaldehyde by means of Schryver*s test.
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Kleselguhr Supported Catalysts*

preparation s Before being used for the preparation of the 
catalyst, the kleselguhr was treated with a considerable 
excess of nitric acid (50$). The kleselguhr (50 g#) and 
acid (l litre) were heated together to 80 -  90 C#, and kept 
at that temperature for 7 - 8  hours# The greater part of 
the acid was removed by washing by decantation, and the 
kleselguhr was then transferred to a 12 inch Buchner funnel 
and washed with water until the washings were free from acid. 
This process generally took about four days# The kleselguhr 
was then dried at 100 C#

The preparation of the catalysts consisted in precipitat
ing aluminium hydroxide on the kleselguhr ; after ignition 
to convert the hydroxide to the oxide, the powder was added 
to a solution of ferric nitrate containing thorium nitrate 
and the pasty mass evaporated to dryness# It was then 
ignited to produce the ferric and thorium oxides# Thereafter 
it was finely ground and once more ignited# The details of 
the method finally adopted were suggested by Baly (private 
communication) and were as follows#

75 s* Kleselguhr were suspended in 370 c#c. of a 
solution of aluminium nitrate containing 50 g# of the hexa~ 
hydrate per 100 c#c.# The suspension was stirred vigorously 
by means of an electrically driven stirrer, and ammonia
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(approx. 6N ) was added drop by drop until the suspension 
set to a semi-solid mass. The addition of ammonia was 
then stopped and the stirring continued until the mass 
became liquid again. Ammonia was once more added until the 
mixture became very slightly alkaline. It was then 
separated into three portions and filtered on three large 
Buchner funnels. For washing, the cake from each funnel 
was suspended in about 2 litres of distilled water, 
disintegration of the cake being brought about by vigorous 
stirring. The suspension was flocculated by the addition 
of 4 c.c. of strong ammonia, allowed to settle, the clear 
liquid decanted off, and the residue filtered. This process 
was repeated, and then the material was dried in the steam 
oven at 100° C.« When thoroughly dry, the alumina ted 
kleselguhr was roughly powdered and heated in a porwelain 
basin on the sand-bath for one hour. It was then transferred 
to a quartz tube and heated for a further half-hour at

o480 - 490 C. in an electric furnace. After cooling it was 
finely ground in a porcelain ba11-mi11.

For coating with ferric oxide, a stock solution of 
ferric nitrate was used. This solution was accurately 
standardised and contained 0.0831 g. Fe203 per c.c..
9he alumina ted kleselguhr was evaporated to dryness with 
the required volume of this solution containing the 
calculated amount (0.6# of the Fe203) of thorium oxide in 
the form of the nitrate. By ignition at 475°C. for half an



hour in the electric furnace the nitrates were converted 
to the oxides. After being again finely ground in the 
ball-mill, the catalyst was transferred to a quartz tube 
closed at one end, and heated slowly to 4oo°C«.
The pressure was then slowly reduced by means of a Hyvac 
pump until the highest vacuum was obtained. Heating was 
continued for a further thirty minutes. The vacuum pump 
was then cut off and carbon dioxide was admitted to the 
tube which was then allowed to cool.

In all preparations the amount of aluminium oxide 
precipitated on the kleselguhr was 22$ and the ferric 
oxide always contained 0.6$ of thorium dioxide.

Table 1 shows the range of catalysts used, the 
intensity of the light sources and their distances from 
the illuminated side of the reaction vessel, and the 
duration of the illumination.
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Table 1#

w t.
c a ta ly s t Fe203 L ig h t source*

D istance 
from c e l l Sxp O B U T

«• ins* hours

5 1 1000 c*p* 8 5 .5

10 4 .7 9 7

20 4 .7 250 w a tt lamp 9 7

10 7 .5  . 9 7

4 .5 10 1000 c .p . 8 5

20 14 250 w a tt lamp 12 6 .5

46 14 60 H w 14 7

50 14 100 w ” 24 8

7 .5 25
v o lta g e )  

1000 c.p* 8 3

For an Intensity of 1000 c.p. a Pointolite lamp was 
used ; In the other experiments ordinary filament lamps were 
used*

No evidence of the photosynthesis of organic compounds 
was obtained in any of these experiments*

In view of the possibility that the product of photo* 
synthesis might remain adsorbed on the catalyst surface at 
the end of the experiment, the catalysts were always thoroughly 
extracted with hot absolute alcohol after filtration from the
aqueous solution* In no experiment was any carbohydrate 
syrup obtained by evaporation of the alcoholic extract*
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Fractionation of Catalyst by Sedimentation*

Samples of a catalyst believed to contain approximately 
14# ferric oxide were separated into two extreme fractions 
by sedimentation.

The catalyst (30 g.) was shaken in a tall cylinder 
with about 500 c.c. water. It was allowed to settle for a 
few minutes and then the suspension was poured off, leaving 
behind the particles which had settled out first. This 
procedure was repeated on the residue. The suspension 
which had been poured off first was allowed to stand for 
about three-quarters of an hour, and then a convenient 
volume was pipetted off from the top. This on evaporation 
gave the lighter fraction of the powder.

Samples of both fractions were treated with concentrated 
hydrochloric acid and nitric acid, and the iron determined 
with standard potassium dichrornate. The lighter fraction 
contained 13*2# of ferric oxide, and the heavier 13*96#, 
indicating that these powders are not homogeneous.
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Cataphoretic Velocities.

Baly (10) stated that a powder which was photo* 
synthetically active assumed a positive charge when in 
suspension in a saturated solution of carbonic acid, and 
that the cataphoretic velocity was therefore a measure of 
photosynthetic activity, the most active powders showing 
a velocity of 0*00041 cm* per sec., Experiments carried 
out on a kleselguhr supported catalyst containing 14$ 
ferric oxide (believed by Baly to be the optimum amount) 
showed that this powder carried an electro-positive charge, 
and while measurements were not obtained with a high 
degree of accuracy, the cataphoretic velocities were found 
to be of the order of 0.00025 * 0*00035 cm. per sec., 
although it had already been shown that this powder was 
photosynthetically inactive. The velocities were measured 
in the usual manner using a potential difference of 220 
volts.



Barium Sulphate Supported Catalyst*

Preparation : 100 g. Barium chloride were dissolved in
200 c.c* of hot water. 50 g. Iron alum and 50 g. ammonium 
alum were also dissolved in 200 c.c. of hot water and to 
this were added 2.6 g. thorium nitrate (hexa-hydrate)•
The two solutions were mixed with vigorous stirring and 
then boiled for about 15 minutes. Sodium carbonate 
(approx. 5N) was added slowly until twice the theoretical 
amount (370 c.c.) required for the precipitation of the 
iron and aluminium hydroxides had been added. The mixture 
was again boiled for 15 minutes, and filtered. The 
precipitate was washed by heating almost to the boiling 
point with about 2 litres of distilled water. This 
suspension was flocculated by the addition of 4 c.c. of 
strong ammonia, the supernatant liquor decanted off after 
settling had taken place, and the precipitate filtered.
This was repeated four times, but in the final washing 
ammonia was not added for flocculation. The precipitate 
was then dried in the steam oven at 100° C for 24 hours.
The ignition of the catalyst was carried out in a quartz 
tube, under high vacuum, the temperature being slowly 
raised to 300° C and maintained there for one hour. This 
method gave a barium sulphate supported catalyst containing 
1 * 3 %  ferric oxide, 3 % aluminium oxide, and 1 % thorium 
dioxide.
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Photosynthesis using Barium Sulphate Supported Catalyst*

50 g. of this catalyst were suspended in 1*5 litres 
of water and the photosynthesis test carried out as 
previously described (p. 93)* The cell was illuminated for 
7 hours by the light of a 100 watt lamp (at half-voltage) 
placed 24 ins* from the cell*

The residue after evaporation was extracted with 
absolute alcohol, and the alcohol distilled off. A small 
quantity of a yellow syrup, which charred on heating with 
concentrated sulphuric acid, was obtained. No charring 
was noticeable on heating the syrup alone, and no test 
for carbohydrates could be obtained. Qualitative analysis 
showed that the ttsyrup* contained ferric chloride, ammonium 
chloride, and hydrochloric acid. The charring with hot 
sulphuric acid was due to a trace of alcohol which could 
not be removed on the water-bath owing to the high solubility 
of ferric chloride in alcohol, but which could be removed 
on heating to 110 - 120° C..

i



Nickel Carbonate Catalyst*

Preparation : The nickel carbonate was prepared
electrolytically as described by Baly (12)* Three nickel 
plates 20 x 7 x 0*3 cm. were suspended in a large cylindrical 
vessel containing distilled water saturated with carbon 
dioxide. The plates were connected to a 220 volt circuit, 
the two outer plates being made kathodes. Two cooling coils, 
through which water was circulated, were suspended on either 
side of the central plate. By means of a variable external 
resistance the current was kept at 1 - 1.5 amp., and during 
the whole period of electrolysis, a stream of carbon dioxide 
was passed through the solution. The nickel carbonate, 
deposited from the negative plates, collected at the bottom 
of the cell and was filtered off, dried at 100° C., and 
finely powdered* It was then ready for activation*

Activation : (1) By white light.
The finely ground nickel carbonate was heated to 130 -

0140 C* for three-quarters of an hour and was then spread in 
a thin layer on a glass plate covered by a second plate to 
prevent contamination by dust. This was illuminated for 
seven hours by a 100 watt lamp placed immediately above the 
plate. The catalyst was always activated just before being 
used in a photosynthesis test*
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(2) By Ultra-violet light :
oThe nickel carbonate, after being heated to 130 - 140 C* 

as before, was spread in a thin layer on a glass plate and 
illuminated for three-quarters of an hour by the direct 
light of a mercury arc lamp placed about 9 ins. distant, 
the powder being stirred at intervals to expose fresh 
surfaces# The catalyst was used immediately after activation.

Photosynthesis Tests : For the photosynthesis tests with
nickel carbonate, the following method was used. The 
required weight of the catalyst was suspended in 1.5 litres 
of distilled water and a fairly rapid stream of carbon 
dioxide passed in, while the cell was illuminated by the 
light of a 100 watt lamp at a distance of 9 ins#.
Illumination was continued for two to two and a half hours#
At the end of that time the undissolved nickel carbonate 
was removed by filtration, and the green solution, containing 
nickel in the form of the bicarbonate, was evaporated to 
dryness under reduced pressure. The solution was filtered 
from precipitated nickel carbonate at intervals during the 
evaporation. The first runnings of the aqueous distillate 
were in every case tested for formaldehyde.

Estimation of organic carbon in the residue was carried 
out by the method developed by Mills (13), a similar form 
of apparatus being used. The residue from the evaporation
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which always contained nickel carbonate was dissolved in 
50 c.c. of very dilute sulphuric acid (approx. 2N), and the 
solution transferred to the oxidation flask and warmed to 
30 • 35°G * for about half an hour while it was evacuated 
by the water pump# Tests made with nickel carbonate 
showed that this treatment effectively removed carbon 
dioxide arising from inorganic carbonates.

A#H# concentrated sulphuric acid (lOOc.c.) was added 
to the solution and the oxidation carried out with chromic 
acid solution (10 c.c#) as described by Mills. The absorption 
train for the carbon dioxide was on a much smaller scale, 
consisting of three conical flasks of 50 c.c. capacity, and 
the total volume of baryta solution used was 35 c.c..
Instead of weighing the precipitated barium carbonate the 
excess baryta was estimated by titration with standard acid, 
phenolphthalein being used as indicator. Blank estimations 
were carried out on the reagents, including the distilled 
water used in the photosynthesis tests. The accuracy of 
the method was tested by dissolving weighed amounts of 
sucrose in 50 c.c. of the dilute sulphuric acid and treating 
this solution exactly as described above.

Table 11 gives examples of the accuracy attained in 
these estimations.
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Table 11.

Sucrose added n/IOHCl equiv. Carbon
S* to CO2 formed 

c.c.
Found. Theor.

.0149 11.35 •0062 • 0062

.0079 6.45 .0032 .0033

.0137 9.9 .0057 .0058

Photosynthesis tests were carried out using approximately 
5 $ 10, 30, and 50 g. of nickel carbonate in 1500 c.c. water.
No evidence of photosynthesised carbohydrate syrup was ever 
obtained, and tests for formaldehyde in the aqueous 
distillates gave negative results.

The blank experiments were carried out using nickel 
carbonate suspended in the same volume of water (1500 c.c.) 
and carbon dioxide was passed through for the same length of 
time as in the photosynthesis tests, the reaction vessel 
being kept in darkness.

The results of the carbon estimations in the residues 
from the blank experiments and from one series of the 
photosynthesis tests are shown in Table 111.



Total organic Reagent Nett organic
Experiment carbon found blank carbon

g* (mean) g*

bark blank
with NiC03 .0016 .0007 (4) .0008 (6)

tt .0 0 t7  (9) .0007 (4) .0010 (5)
it .0014 (3) .0007 (4) .0006 (9)

Pho to syn the sis
wt» catalyst 

g.
5 .0018 .0007 (4) .0010 (6)

to .0015 (5) .0007 (4) .0008 (1)

30 .0014 (8) ,0007 (4) .0007 (4)

50 .0014 (2) ♦0007 (4) .0006 (8)

The fact that there was no difference between the 
amounts of carbon found in the dark blanks and the photo** 
synthesis tests indicated that this carbon was due to 
impurity in the water, nickel carbonate or carbon dioxide used 
It is quite possible that the whole of the carbon was 
contained in the distilled water used, as the value found 
represented an organic carbon content of less than one part 
per million.
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AN EXPERIMENTAL INVESTIGATION CON
CERNING THE PHOTOSYNTHESIS OF 
CARBOHYDRATES IN VITRO.

By J ames B ell .

R e c e iv e d  6th  O ctob er , 1931.

The original experiments of Baly and his co-workers 1 on the re
duction of carbon dioxide in aqueous solution to formaldehyde by 
illumination with ultra-violet light were subjected to considerable

1 Baly, Heilbron and Barker, J .C .S ., 119, 1025, 1921.
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criticism by Porter and Ramsperger,2 Spoehr,3 Bauer,4 and others, who 
suggested tha t the formaldehyde owed its origin to traces of organic 
impurities. Applying W arburg’s view 5 th a t photosynthesis in  v iv o  is 
a surface reaction, Baly la te r6 illuminated aqueous suspensions of 
powders on which carbon dioxide was strongly adsorbed. Under these 
conditions he claimed th a t the product of the photosynthesis consisted 
of carbohydrate compounds instead of formaldehyde.

A most interesting advance was described in 1927, when it was stated 7 
that, by the use of visibly coloured powders, such as nickel and cobalt 
carbonates, the photosynthesis could be effected by means of visible 
light. The reaction now approximated more closely to th a t occurring 
in the living plant, and it appeared probable th a t further investigations 
might lead to the elucidation of the problem of carbon assimilation and 
the photosynthesis of carbohydrates i n  v iv o .

Experiments on similar lines have been described by Mezzadroli 8 
and by Dhar.9

The work now described was undertaken in the hope that, by the 
application of more exact methods than those hitherto employed, in
formation concerning the mechanism and energetics of the reaction would 
be obtained.

In a recent publication 10 Baly claimed th a t very satisfactory yields 
of carbohydrates could be obtained using a catalyst consisting of ferriq 
oxide supported on kieselguhr which had been previously coated with 
alumina. Increased activity of the catalyst was obtained by the addition 
of small quantities of thorium dioxide to the ferric oxide. Such sup
ported ferric oxide catalysts of varying composition have been used in 
the present work.

Experiments were carried out using sources of illumination of widely 
varying in tensities; the duration of illumination was also varied. In 
all cases, the am ount of alumina in the aluminated kieselguhr was 22 
per cent., but catalysts were prepared with ferric oxide contents of 
1, 4-7, 10, 14̂  and 26 per cent., the ferric oxide always containing 0-64 
per cent, of thorium dioxide. No evidence of photosynthesis was ob
tained using any of these catalysts, although cataphoresis measurements 
showed th a t these powders, when in suspension in an aqueous solution 
of carbon dioxide, assumed an electropositive charge. The carrying 
of such a charge has been claimed as an indication of a photosynthetically 
active catalyst.

As a support for catalysts in work of this type, kieselguhr is un
satisfactory on account of the large calcium content. Complete removal 
of the calcium is difficult, and where mineral acid is employed for this
purpose, the removal of the last traces of acid from the kieselguhr presents
a further difficulty.

After the failure of these experiments with supported ferric oxide

* Porter and Ramsperger, J .A .C .S ., 47, 79, 1925.
8 Spoehr, J .A .C .S ., 45, 1184, 1923.
4 Baur and Rebmann, H elv. Chim . A cta , 5 , 828, 1922 ; Baur and Biichi, i b i d . ,  

6, 959, 1923-
6 Warburg, Biochem . Z., 166, 386, 1925.
6 Baly, Davies, Johnson and Shanassy, Proc. R oy. Soc., 116 A, 197, 1927.
7 Baly, Stephen and Hood, ib id ., 116 A, 212, 1927.
8 Mezzadroli and Gardano, A tti A ccad. L in cei [6], 6 , 160, 1927.
9 Dhar and Sanyal, J . physic . Chem., 29, 926, 1925 ; Gopala Rao and Dhar, 

ib id ., 3 5 ,  1418, 1931.
10 Baly, N ature, 126, 666, 1930. T rans. F ar. Soc., 27, 545, 1931. Discussion 

on Photosynthesis.
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catalysts, the original work in which nickel carbonate was used as catalyst 
was re-examined. Electrolytically prepared nickel carbonate,11 acti
vated as described, was used. The experimental conditions outlined 
by Baly were followed as closely as his description allowed, but the 
results were determined by estimation of organic carbon in the residues 
obtained after illumination and subsequent evaporation. The method 
of estimation (described in experimental section) was a “ wet ” oxidation 
method, and tests showed that it was capable of detecting quantities 
of carbon, present as carbohydrate, as small as I mg.

The results indicated quite definitely that no photosynthesis of or
ganic m atter had taken place.

Experimental.
As the carbon dioxide supplied in cylinders is often obtained from 

the fermentation industry and therefore constitutes a possible source 
of organic impurity, all experiments were performed using carbon di
oxide prepared from marble and hydrochloric acid. For purification 
the gas was passed first through a tube 12 ins. long containing copper 
oxide heated to redness, then through a bubbler containing chromic 
and sulphuric acids. After passing through a bubbler with distilled 
water, the gas passed into a tube 10 ins. long packed with solid sodium 
bicarbonate, and finally into another distilled water bubbler from which 
the gas entered the reaction vessel.

The reaction vessel used was a rectangular glass cell 14 X  17 X  715 
cm., open at the top, and having polished sides ; a glass plate formed 
a convenient cover. The method of carrying out the photosynthesis 
tests was as follows. The required weight of the catalyst was sus
pended in 1^ litres of specially distilled water in the reaction vessel and 
a fairly rapid stream of carbon dioxide (3 bubbles/sec.) was passed through 
the suspension. The gas was, as a rule, allowed to pass for half-an-hour 
to one hour before illumination of the vessel took place, and a steady 
stream was maintained throughout the period of illumination. After 
illumination, the catalyst suspension was allowed to settle. In some 
cases the suspension was more stable, and flocculation was assisted by 
warming to 6o°-70°. After filtration from the catalyst, the water was 
distilled off under reduced pressure, the aqueous distillate being tested 
for the presence of formaldehyde by means of Schryver’s test. The 
residues appeared to consist largely of catalyst which filtration had 
failed to remove. In the earlier experiments, this residue was extracted 
with carefully purified absolute alcohol, but this procedure was later 
abandoned, owing to the difficulty of removing the last traces of the 
alcohol, apparently adsorbed on the catalyst. The traces of alcohol 
gave charring with concentrated sulphuric acid, and so led to erroneous 
results.

Kieselguhr-Supported Catalysts.
Before being used for the preparation of the catalyst, the kieselguhr. 

was heated for seven to eight hours with a considerable excess of nitric 
acid (50 per cent.) to remove the calcium. The greater part of the acid 
was removed by washing by decantation ; the kieselguhr was then 
transferred to a 12-in. Buchner funnel and washed with water until

11 Baly and Hood, Proc. R oy. Soc.,, 122 A, 393, 1929.
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the washings were entirely free from acid, this operation generally occupy
ing about four days. The kieselguhr was then dried.

The method of preparing the supported ferric oxide catalysts was th a t 
adopted by Baly.

The coating of the kieselguhr with aluminium hydroxide was carried 
out by the addition of ammonium hydroxide to a suspension of kieselguhr 
in aluminium nitrate solution ; the resulting aluminated kieselguhr was 
washed with cold water, and after being thoroughly dried, was ignited a t 
450° to 480°. I t  was then finely ground in a porcelain ball-mill, and 
coated with ferric oxide by evaporation with a solution of ferric n itrate 
as described by Baly. Before the final ignition in a vacuum, the catalyst 
was once more ground in the ball-mill. In all preparations, the ferric 
oxide contained 0-64 per cent, thorium dioxide, this being added in the 
form of the n itra te  to the ferric n itrate solution.

Table I. gives examples of the catalysts used, the light sources, and 
the duration of illumination.

TABLE I.

wt.
Catalyst.

g-
Fea0 3 %. Light Source.

Distance 
from Cell. 

Ins.
Exposure

Hours.

5 I 1000 c.p. 8 3-5
10 4 -7 '! 9 7
20 4-7 [ 250 watt lamp 9 7
10 7-57 9 7

4*5 10 1000 c.p. 8 5
20 14 250 watt lamp 12 6-5
46 14 60 „ ,, 14 7
5° 14 100 ,, ,, 24 8

(i voltage)

7-5 26 1000 c.p. 8 3

No evidence was ever obtained th a t any photosynthesis had taken 
place. Specific tests for carbohydrates, such as the Molisch reaction, 
gave negative results, and the residue (if completely free from alcohol) 
gave no charring w ith concentrated sulphuric acid.

The catalysts prepared exhibited an electropositive charge when 
suspended in a saturated aqueous solution of carbon dioxide, and while 
measurements were not obtained with a high degree of accuracy, the 
cataphoretic velocities were found to be of the order of 0-00025 to 0-00035 
cm. per sec. According to Baly 10 the most active powders show a 
velocity of 0-0004 cm. per sec.

Nickel Carbonate Catalyst.
The nickel carbonate was prepared electrolytically as described by 

Baly.11 Three nickel plates 20 X 7 X 0-3 cm. were suspended in a 
large cylindrical vessel containing distilled water saturated with carbon 
dioxide. The plates were connected to a 220 volt circuit, in such a way 
th a t the two outer plates were made cathodes. Two cooling coils, through 
which water was circulated, were suspended on either side of the central 
plate. By means of a variable external resistance, the current was 
kept a t I to 1-5 amp., and during the whole period of electrolysis a 
stream of pure carbon dioxide was passed through the solution. The
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nickel carbonate deposited a t the negative plates, collected at the bottom 
of the cell, and was filtered off and dried at 100°. After being ground, 
it was heated at 130° to 140° for half an hour and once more very finely 
ground.

According to Baly and his collaborators,7’ 11 the nickel carbonate 
must be subjected to a process of activation before use as a catalyst. 
This may be carried out by illumination with ordinary white light, or 
with ultraviolet light. The nickel carbonate used in the present work 
was always activated by one of these methods before being used.

(a ) B y  W h ite  L ig h t .—The finely ground nickel carbonate was spread 
in a thin layer on a large glass plate covered by a second plate to prevent 
contamination by dust. This was illuminated for seven hours by a 100 
w att metal filament lamp placed immediately above the plate. The 
catalyst was always activated just before being used in a photosynthesis 
test.

(b) B y  U ltr a -v io le t  L ig h t .—Nickel carbonate was spread in a thin 
layer on a glass plate and illuminated for three-quarters to one hour by 
the direct light of a mercury arc lamp placed about 9 ins. distant, the 
powder being stirred a t intervals to expose fresh surfaces. The catalyst 
was used immediately after activation.

For the photosynthesis tests with nickel carbonate, the following 
method was used. The required weight of the catalyst was suspended 
in 1500 c.c. of distilled water and a fairly rapid stream of carbon dioxide 
passed in, while the cell was illuminated by the light of a 100 w att lamp 
a t a distance of 9 ins. Illumination was continued for two to two and a 
half hours. At the end of tha t time the undissolved nickel carbonate 
was removed by filtration, and the green solution, containing nickel in 
the form of the bicarbonate, was evaporated to dryness under reduced 
pressure. The solution was filtered from precipitated nickel carbonate 
a t intervals during the evaporation.

Estimation of organic carbon in the residue was carried out by the 
method developed by Mills,12 a similar form of apparatus being used. 
The residue from the evaporation which always contained nickel car
bonate was dissolved in 50 c.c. of very dilute sulphuric acid, and the solu
tion transferred to the oxidation flask and warmed to 30° to 350 for 
twenty to thirty  minutes, while it was evacuated by the water pump. 
Tests showed that this effectively removed carbon dioxide arising from 
inorganic carbonate.

A. R. concentrated sulphuric acid (100 c.c.) was added to the solution 
and the oxidation carried out with chromic acid (10 c.c.) as described by 
Mills. The absorption train for the carbon dioxide was on a much 
smaller scale, consisting of conical flasks of 50 c.c. capacity, and the total 
volume of baryta solution was 35 c.c. Instead of weighing the precipi
tated barium carbonate the excess baryta was determined by titration 
with standard acid, phenolphthalein being used as indicator. Blank 
experiments were carried out on the reagents, including the distilled water 
used in the photosynthesis experiments. The accuracy of the method 
was tested by dissolving weighed amounts of sucrose in 50 c.c. of the 
dilute sulphuric acid and treating this solution exactly as described. 
Table II. gives an example of the accuracy attainable.

Photosynthesis tests were carried out using approximately 5, 10, 30, 
and 50 g. of nickel carbonate in 1500 c.c. water. No visible evidence of

12 Mills, T, Soc. Chem. In d ., 50, 375, 1931-
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TABLE II.

Sucrose Added 
g-

Nl 10 HC1 equiv. 
to C02 Formed 

c.c.

Carbon.

Found. Theor.

0 - 0 1 4 9 n - 3 5 0 - 0 0 6 2 0 - 0 0 6 2
• 0 0 7 9 6-45 • 0 0 3 2 •OO 33
•O I 3 7 9 . 9 • 0 0 5 7 • 0 0 5 8

photosynthesised carbohydrate syrup was ever obtained, and tests for 
formaldehyde in the aqueous distillates gave negative results.

Blank experiments were carried out using nickel carbonate sus
pended in the same volume of water (1500 c.c.), and carbon dioxide 
passed through for the same length of time as in the photosynthesis 
tests, the reaction vessel being kept in darkness throughout this period.

The results of the carbon estimations in the residues from the blank 
experiments and from the photosynthesis tests are given in Table III.

TABLE III.

Experiment. 
Wt. Cataiyst, g.

Total Organic 
Carbon Found, 

g-

Reagent
Blank

(mean).

N e tt Organi 
Carbon, 

g-

D ark blank w ith  N iC O a 0 - 0 0 1 6

■0 0 1 7 *
• 0 0 1 4 3

0 -0 0 0 7 4

• 0 0 0 7 4

• 0 0 0 7 4

o-ooo86 
• 0 0 1  o B 
•ooo6g

Photo synthetic Tests.
5 0 - 0 0 1 8 0 - 0 0 0 7 4 o-oo IOe

1 0 • 0 0 1 5 5 • 0 0 0 7 4 • 0 0 0 8 4

30 • 0 0 1 4 8 •OOO74 • 0 0 0 7 4

50 • o o i 4 2 •OOO74 •ooo6g

The fact tha t there is no difference betweeen the amounts of carbon 
found in the dark blanks and the photosynthesis tests indicates th a t this 
carbon is due to im purity in the water, nickel carbonate, or the carbon 
dioxide used. It is quite possible th a t the whole of this carbon is con
tained in the distilled water used, as the value found represents an organic 
carbon content of less than one part per million.

The results indicate quite clearly th a t no conversion of the carbon 
dioxide to carbohydrate compounds had taken place.

S u m m a r y .

The work of Baly and his co-workers on the photosynthesis of carbo
hydrates in visible light has been repeated, but no evidence of such photo
synthesis has been found, nor the production of any formaldehyde detected.

Ferric oxide photocatalysts, supported on kieselguhr, have been used 
with negative results. The catalysts were found to bear an electropositive 
cnarge when in suspension in water saturated with carbon dioxide. Accord
ing to Baly this is an indication of photosynthetic activity.
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Nickel carbonate has also been employed as catalyst without success, 
the results of these experiments being determined by estimations of organic 
carbon in the residues.

In conclusion, I desire to thank Professor F. G. Donnan, F.R.S., for 
his continued interest and advice during the course of this investigation, 
and Mr. C. F. Goodeve for his criticism and suggestions. I wish also to 
record my gratitude to the Ramsay Memorial Trustees for the award of a 
Glasgow Fellowship.
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PHOTOSYNTHESIS OF 
CARBOHYDRATES IN  VITRO

In  a recent paper on this subject,1 unsuccessful 
attem pts by me to repeat the work of Baly 2 were 
described. It  was not mentioned, however, that con
sideration had been given to the possibility of the 
failure to detect any photosynthetical sugars being 
due to the adsorption of these sugars on the large 
surfaces exposed by the catalyst powders. The 
catalysts were, in fact, repeatedly examined for the 
presence of any organic matter. The kieselguhr sup
ported catalysts and the nickel carbonate were, after 
use in the photosynthetic tests, heated for some hours 
with water, and also with absolute alcohol, under 
reflux. On subsequent evaporation of the water or 
alcohol, no organic residue was obtained. Tests for 
charring with concentrated sulphuric acid on the 
catalysts gave negative results.

In addition, estimations of organic carbon were 
made, by the method described, on the nickel car
bonate after use as a catalyst, but no trace of organic 
matter was found. Control experiments in which 
sucrose was estimated in presence of nickel carbonate 
showed that the latter did not interfere with the car
bon estimation even if present to the extent of 4 0 -5 0  
times the weight of carbohydrate.

J a m e s  B e l l .
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