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T H E  V IS C O S IT Y  OF S U S P E N S IO N S  IN  N O N - 
A Q U E O U S  L IQ U ID S .

B y  E . W . J . M a r d l e s .
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In  th is  In v e s t ig a t io n  th e  v is c o s ity  o f  su sp en sio n s  ov er  a  w id e  ra n g e  
o f  c o n c en tra tio n  o f  (a) a  f in e ly  p o w d ered  so lid  in  se v e ra l org a n ic  liq u id s ,  
a n d  (b) d ifferen t so lid s  in  o n e  liq u id , h a s b een  d e term in ed , a v o id in g  lo w  
r a te s  o f sh ear . In  th is  w a y  i t  h a s b een  fo u n d , a n d  so m e  resu lts  are  
record ed  in  th is  p ap er , th a t  th e  ra tio  77/770, w h ere  ij is  th e  v is c o s ity  o f  th e  
su sp e n s io n  a n d  tj0 th e  v is c o s ity  o f th e  d isp ersio n  m ed iu m , fo r  o n e  so lid  
a t  a n y  p a r ticu la r  c o n c en tra tio n  in  d ifferen t liq u id s , v a r ie s  c o n sid e r a b ly  
w ith  th e  v is c o s ity  o f th e  m ed iu m , b e in g  h ig h er  for th e  m ore v is c o u s  liq u id s .  
W h e n  th e  k in d  o f  th e  d isp ersed  so lid  w a s  v a r ie d  a n d  th e  d isp ersio n  
m ed iu m  k e p t  th e  sa m e  co n sid era b le  d ifferen ces in  th e  v is c o s ity  b e h a v io u r  
w ere  o b serv ed , th e  r a tio  b e in g  lo w , fo r  ex a m p le , w ith  g ra p h ite  a n d  h ig h  
fo r  s ilica , z in c  o x id e  or ca rb o n  b la ck .

T h e  c o n d it io n s  o f e x p e r im en t w ere  ch o sen  u n d er  w h ic h  lo w  ra tes  o f  
sh ea r  w ere  a v o id e d  a n d  th e  “ sh ea r in g  str e n g th  ” o f th e  s y s te m s  sm a ll  
i n  co m p a riso n  w ith  th e  a c t in g  force .

C ap illaries o f  b o re  le s s  th a n  o - i  cm . w ere  u s u a lly  a v o id e d  b eca u se  o f  
t h e  te n d e n c y  w ith  so m e  o f th e  su sp en s io n s  to  g iv e  h ig h  f lo w  rea d in g s if  
n o t  a c tu a l c h o k a g e , d u e  to  b r id g in g  o f th e  tu b e  b y  a g g r eg a te s  a n d  c lo ts .  
•One o f th e  ch a r a cte r istic  fe a tu re s  o f th ix o tr o p ic  sy s te m s  is  th e  r e la t io n ­
sh ip  w h ic h  e x is t s  b e tw e e n  th e ir  a p p a re n t se t t in g  t im e  a n d  th e  cross- 
s e c t io n  of th e  v e sse l in  w h ic h  th e y  are c o n ta in e d , b e in g  v e r y  ra p id  in  
sm a ll tu b es  b e c a u se  o f th e  sm a ller  d egree  o f s tru c tu re  req u ired .1

F o r  th e  sa k e  o f  s im p lic ity , th e  term  “ v is c o s ity  ” h a s b een  used , 
a lth o u g h  w ith  su sp en s io n s  o f  m ark ed  a n o m a lo u s  v is c o s ity  b e h a v io u r  
th e  term  “ c o n s is te n c y  ” is  so m e tim e s  used .

Experimental.
T h e  m eth od used, unless otherw ise stated , w as b y  th e  use of a  sim ple 

form  o f ca p illa ry  tu b e  p lasto m eter in  w hich  up  to  25 ml. o f th e  suspension 
w ere fo rced  b y  pressure th rou gh  a  c a p illa ry  from  0-5 m m . in  d iam eter and  
up to  10 cm . in  le n g th .2

T h e  ra te  o f flow  o f th e  suspensions w as k e p t a b o u t the sam e b y  using su it­
ab le  pressures ; w ith  a  tu b e  of 5 cm . len gth  and  d iam eter bore o f 0-165 cm ., 
for exam ple, rates o f flow  less th a n  0-3 m l./second w ere avo id ed  because, 
as show n in  F ig . i a , th e  a p p a ren t v isco s ity  o f several suspensions a t  low er 
rates o f flow  is high. W ith  increase in  th e  ra te  o f shear th e  ap p aren t 
v is c o s ity  falls to  a  m inim um . T h e  v isco s ity  va lu es for th e  d ifferent

1 J- Pryce Jones, / .  Oil Coir. Chetn. A ssn., 1934, 17, 305.
2 E. Mardles, ibid., 1935, 18, 26. 
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suspensions w ere obtain ed  in th is  region  o f m inim um  v is c o s it y ; unneces­
sarily  h igh  rates of shear w ere avoided . E irich , M argareth a  and B u n z l 3 
h a v e  shown w ith  glass ro d  suspensions th a t  w ith  in creasin g rates o f shear 
th e  v isco sity  goes th rou gh  a  m inim um .

In  F ig . IB are show n som e v is co s ity  results o btain ed  w ith  suspensions 
of kaolin  o f differen t co n cen tration s in  linseed oil a t  differen t ra tes of

O’ I cm . d iam eter bore un reliab le  results w ere o btain ed  w hen  th e  con cen ­
tra tio n  increased to  a  certain  p o in t due to  a  brid gew o rk stru ctu re  of solid 
p articles.

3 F. Eirich, H. Margaretha and M. Bunzl, Koll. Z ., 1936, 75, 20.
4 E. Hatschek, is t  Report on Colloid Chemistry, D .S .I .R ., 1917, 2.
5 E . Hatschek, Viscosity o f Liquids, Messrs. Bell & Sons, London, 1928.
c G. Scott Blair, Introduction to Industrial Rheology, J. & L. Churchill Ltd., 

London, 193S.
7 Wo. Ostwald, K oll. Z ., 1929, 47, 176.

shear, a n d  it  w ill b e  seen th a t  a t  th e  th ree  h igh er ra tes  th e  values fa ll on 
th e  sam e cu rve, w h ilst a t  th e  low  rate  th e  v isco s ity  coefficient is n ea rly  
doubled. Sum m aries of in vestigatio n s on th e  co m p lex  v isco s ity  beh avio u r 
o f suspensions are  g iven  in  th e  litera tu re .4. 5- 7

In  F ig . i c  are show n results obtain ed w ith  d ifferent sized capillaries 
usin g th e  sam e pressure, and  i t  w ill be seen th a t  w ith  capillaries below

F i g .  i b .— Viscosity coefficients at dif- F i g . i c .— Viscosity coefficients w ith d if­
ferent rates of flow for kaolin in ferent diameter capillaries for mica
linseed oil ; chain line — -q =  tj0 in alcohol.
(1 +  2-5 V), Einstein.

6-45% VOL. CARBON BLACK 

OXIOE

F i g . i a .— Apparent viscosity a t  different rates of shear of suspensions in linseed 
oil, using a tube of bone (diameter) 0-165 cm - and length 5 cm.

0-038 CM. BOR E 
0-069 -
o-1 e s 
0-188

10
V O L U M E  %  K A O L I N .

2
V O L U M E  % M I C A .

0-2 0-3 0-4
RATE OF FLOW ML./SEC.

0-06 ML/SEC
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It  w as foun d ad visab le , esp ecially  w ith  th e  use o f n arrow  bore tubin g, 
in  m easuring th e  flow  of suspensions to  m ake freq u en t ch eck  readings w ith  
th e  dispersion m edium  as o ccasio n ally  deposits on th e  w alls  o f th e  tu b e  
are liab le  to  co llect an d  a lter th e  tim e of flow  sligh tly .

T h e  procedure of o b tain in g v isco sity  d a ta  w as  to  use several capillaries 
a t  differen t pressures. In  th is w a y  th e  m inim um  valu es w ere obtain ed  
and accep ted  w hen rep eatable, using different capillaries.

Considerable differences w ere observed in th e  v isco sity  b eh avio u r o f th e  
suspensions ; thus, for exam ple, as show n in  F ig . ia ,  fo r linseed o il sus­
pensions, carbon  b la ck  of con cen tration  6-45 vo l. %  g a v e  a  m inim um  
v isco sity  of m ore th a n  6 poises, w h ile  w ith  28-5 vo l. %  u ltram arin e  i t  w as 
4-2. S im ilarly , i t  w ill b e  seen fro m  F ig s . I B  an d i c  th a t  th e  v isco sity  
values o btain ed  w ith  kaolin  in linseed oil a t  a  con cen tration  of 1 or 2 %  
volu m e are  a  lit t le  less th a n  tw ice  th e  E in ste in  th eo retica l values, w hile 
w ith  m ica in  e th y l alcoh ol th e y  are a b o u t three tim es as great.

T h e  suspensions w ere m ade b y  grind in g th e  pow ders in  a  b a ll m ill 
w ith  th e  liquid  to  fo rm  a th in  p aste  and  th e  con cen tration  w as va rie d  b y  
dilution. W ith  graphite, a lum inium  pow der, m ica, etc., w here grinding 
w as un n ecessary th e  pow ders w ere dispersed b y  using a  pestle  and m ortar. 
T h e  flow  m easurem ents w ere u su ally  m ade on th e  fresh ly  p repared sus­
pensions : va lu es o btain ed  a fter agein g u su a lly  show ed som e change
w ith in  ±  10 % .

U nless otherw ise stated , th e  v isco sity  m easurem ents w ere m ade a t  
20° C.

Lower Concentrations.
In v e s t ig a t io n s  h a v e  b een  carried  o u t  on  th e  flow  of su sp en sio n s  an d  

co llo id a l so lu tio n s  a t  lo w  c o n c en tra tio n s  from  th e  s ta n d p o in t  o f th e  
E in s te in  e q u a tio n  tj =  rj0 (1 -j- 2'$V), w h ere  V is  th e  v o lu m e  in  p a r ts  o f 
a  c .c . o f  th e  d isp ersed  so lid  in  th e  form  o f sp h e re s .8 T h e  e q u a tio n  w a s  
d ed u ced  s tr ic t ly  from  fu n d a m e n ta l e q u a tio n s  o f h y d ro d y n a m ics , an d  
a ssu m es th a t  th e  sp h eres do n o t  in flu en ce  o n e  a n o th er , and  so  is  true  
o n ly  fo r  lo w  co n c en tra tio n s . I t  h a s  b e e n  record ed  th a t  a t  lo w  c o n c e n ­
tr a tio n s  fa ir  a g r ee m en t h a s b e e n  o b ta in e d  w ith  d isp ersio n s o f g la ss  
sp h eres, g a m b o g e  a n d  su lp h u r ,9- 5 y e t  a  h ig h er  co n c en tra tio n  fu n c tio n  
th a n  th a t  in d ic a ted  b y  th e  E in s te in  e q u a tio n  is  o fte n  o b ta in e d  ; th u s ,  
fo r  e x a m p le , D u c la u x  a n d  S a c h s ,10 w o rk in g  w ith  ca rb o ru n d u m  o f  p a r tic le  
s ize  0-2 to  0-3 p., fo u n d  a  m ea n  v a lu e  o f 19-2 in ste a d  o f 2-5 o f  th e  E in s te in  
eq u a tio n , a n d  w ith  la m ella r  gra in s o f lea d  io d id e  a  v a lu e  of 4-6 to  5-9. 
S a c h s ,11 fo u n d  a  v a lu e  o f  35 fo r  th e  co effic ien t w ith  a  g o ld  h y d ro so l o f
c o n c en tra tio n  2-5 to  14-6 gram s p er  litre.

In  F ig . 2 are g iv e n  d a ta  a t  lo w  c o n c en tra tio n s  fo r  (a) k a o lin  in  a  l ig h t  
m in era l o il, (b) k a o lin  in  b e n z y l a lco h o l, (c) k a o lin  in  to lu en e , a n d  (d) 
g ra p h ite  in  a  m ix tu r e  o f eq u a l v o lu m e s  o f h e x a n e  a n d  o le ic  a c id . T h e
v is c o s ity  ra tio s  fo u n d  w ith  th e  su sp en sio n s  o f k a o lin  in  m in era l o il and
to lu e n e  w e re  r e la t iv e ly  h ig h , an d  w ith  k a o lin  in  b e n z y l a lc o h o l in te r ­
m e d ia te ly  so , co m p a red  w ith  th o se  for  th e  g ra p h ite  su sp en sio n .

I t  w ill  b e  seen  th a t  th e  rea d in g s a p p ea r  to  fa ll on  a  s tr a ig h t  lin e  a t  
lo w  co n c en tra tio n s , b u t  a ssu m e  a  d ec id ed  cu rv ilin ea r  form  a b o v e  1 %  
v o lu m e  c o n c en tra tio n  w h en  th e  m u tu a l in terferen ce  of th e  p a r tic les  
in crea ses p r o g ress iv e ly .

T h e  s lo p e  of th e  lin e  for k a o lin  in  to lu e n e  a t  lo w  c o n c en tra tio n s  is

8 H. Mark and R. Simha, Nature, 1940, 145, 571.
3 F. Eirich, M. Bunzl, and H. Margaretha, Koll. Z ., 1936, 74, 275.
10 J. Duclaux and D. Sachs, J . chim. physique, 1931, 28, 511.
11 D. Sachs, ibid., 1932, 29, 280.
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a p p r o x im a te ly  fo u r  tim es th a t  fo r  th e  E in s te in  e q u a tio n , a n d  th e  v a lu e  
i o  in ste a d  of 2-5 w a s  a b o u t th e  h ig h e s t  v a lu e  o b ta in e d  in  th is  in v e s t ig a tio n .

T h ese  d iv erg en c ies  a t  lo w  c o n c en tra tio n  from  v a lu e s  in  a ccord  w ith  
th e  th e o r e tica l e q u a tio n  o f  E in s te in  are o f  co n sid era b le  in te r e s t  in  th a t  
th e y  are so m e  so r t o f m ea su re  o f th e  d istu rb a n c e  o f la m in a r  flo w  b y  th e  
p recess io n a l m o tio n  o f  th e  d isp ersed  p a r tic les , 12>13 E ir ich  a n d  c o ­
w o rk ers h a v e  sh o w n  th a t  w ith  in c re a sin g  ra te  o f  sh ea r  m in im u m  
a p p a re n t v is c o s ity  occu rred  w h en  ro d -sh a p ed  p a r tic le s  w ere  ly in g  a lo n g  
th e  s tr ea m  lin es . L a w r e n c e 12 h a s  p o in te d  o u t  in  gen era l w ith  su sp e n ­
s io n s  o f r ig id  a n iso -d im e n s io n a l p a r tic les  th a t  th e  in crea se  in  ra te  o f

7, c+ 2 -5-v )j -

VOLUME / .
0-1 0-2  0-3 0-4  0-5 0-6  0 - 7  0-6  0-9

F ig . 2.— Viscosity ratios at low concentrations (inset— higher concentrations) for
(a) Kaolin in light mineral oil,
(b) Kaolin in benzyl alcohol,
(c) Kaolin in toluene,
{¿) Graphite in hexane (i vol.), oleic acid (i vol.).

sh ea r  in crea ses o r ie n ta tio n , th e r eb y  d ecrea sin g  th e  n u m b er  a t  a n y  
m o m en t ly in g  across th e  v e lo c ity  g r a d ien t a n d  th erefo re  th e  a p p a re n t  
v isc o s ity .  In  a  su sp en sio n  flo w in g  th ro u g h  a  tu b e  o r ie n ta tio n  occu rs  
o n ly  in  a n  a n n u la r  reg io n  w h o se  th ic k n e ss  in crea ses w ith  ra te  o f  flow  
b u t  n ev er  rea ch es th a t  o f  th e  ra d iu s o f th e  tu b e .

W ith  n o n -r ig id  p a r tic le s  a n d  c lo ts  w h ic h  ca n  be s tr e tc h e d  b y  flow  
th ere  ca n  b e  a  v e r y  large  e la s t ic  reco il. G o o d e v e ,14 h a s  d iscu ssed  a t

„ CI + 2-5V )...
_7"T> -  -  - "
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12 A. S. C. Lawrence, Proc. Roy. Soc., A , 1937, 163, 324.
13 J .  R. Robinson, ibid., 1939, 1 7 0 ,  519.
14 C. F. Goodeve, Trans. F araday Soc., 1939, 3 5 ,  342.
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so m e  len g th  th is  p h en o m en o n , first d escr ib ed  b y  L a w ren ce , a n d  h a s  
p o in te d  o u t  th a t  w h en  a  sy s te m  is  sh ea red  th e  lin k s in  a  c lo t  o f  a g g re ­
g a te d  p a r tic les  s tr e tc h , a n d  w h e n  b ro k en  g iv e  rise to  a  ser ies o f  im p u lses  
tra n sferr in g  m o m en tu m  from  a m o v in g  la y er  to  a  n e ig h b o u r in g  layer .

H ig h  v is c o s it ie s  a t  h ig h er  c o n c en tra tio n s  w ere  a lw a y s  o b ta in e d  w ith  
su sp en s io n s  w e ll k n o w n  fo r  e x h ib it in g  th ix o tr o p y  su ch  a s, for  ex a m p le ,  
w ith  z in c  o x id e  d isp ersed  in  to lu e n e , y e t  i t  w a s  fo u n d  th a t  a t  lo w er  c o n ­
c en tra tio n s , b e lo w  i  %  v o lu m e , w ith  th e se  th ix o tr o p ic  su sp en s io n s  th e  
v is c o s ity  w a s  n o t  u n u su a lly  h igh  a n d  w a s  p r a c tic a lly  a  lin ea r  fu n ctio n  
of c o n c en tra tio n . I t  w o u ld  a p p ea r  th a t  th e  str u c tu r a l v is c o s ity  e ffec t  
d o es  n o t  b e c o m e  p r e d o m in a n t u n til a  v o lu m e  c o n c en tra tio n  b e tw e en  i  
a n d  2 %  is  rea ch ed  : so m e  lig h t  is  th ro w n  o n  th e  p ro b lem  b y  a  s tu d y  o f  
th e  d ifferen ces fo u n d  in  th e  v is c o s ity  a n d  s e t t l in g  b e h a v io u r  w ith  (a) 
a  h ig h ly  th ix o tr o p ic  su sp en sio n  o f z in c  o x id e  in  to lu en e , a n d  (b) z in c  
o x id e  d isp ersed  in  a  m ix tu r e  o f eq u a l v o lu m e s  to lu e n e  a n d  lin seed  o il, 
th e  la t te r  sy s te m  r em a in in g  flu id  a t  h ig h  c o n c en tra tio n s .

In F ig . 3 th e  v is c o s ity  ra tio s  for  c o n c en tra tio n s  up to  4  %  v o lu m e

F ig. 3.— Viscosity and settling a t different concentrations of (a) thixotropic 
suspension of zinc oxide in toluene and (b) zinc oxide in equal volumes 
of toluene and linseed oil.

3A.— Viscosity. 3B.— Settling after 2 and 24 hours showing
boundary of supernatant liquid.

are g iv e n  : w ith  th e  th ix o tr o p ic  to lu e n e  su sp en sio n  th e  v a lu e s  o b ta in e d  
up to  I %  v o lu m e  c o n c en tra tio n  fa ll on  a  lin e  w ith  a  s lo p e  tw o  a n d  a  
h a lf t im es  th a t  o f  th e  E in s te in  e q u a tio n . D iv e rg e n c ie s  from  th e  lin ear  
r e la tio n sh ip  b e g a n  a t  a b o u t I % v o lu m e , a n d  b eca m e  m ark ed  w h en  
a b o u t  2 %  v o lu m e  w a s  reach ed .

W ith  th e  seco n d  su sp en sio n  e x h ib it in g  n o  o b v io u s  th ix o tr o p y , th e  
cu r v e  o b ta in e d  w a s  f la tter  a n d  d iv e rg e n c ie s  fro m  a  s tr a ig h t  lin e  o f s lo p e  
th r e e  a n d  a  h a lf  t im es  th a t  o f th e  E in s te in  e q u a tio n  b e g a n  a t  a  s lig h t ly  
h ig h er  c o n c en tra tio n , n a m e ly  a b o u t i |  %  in ste a d  o f I % .

T h e  ra te  o f s e t t l in g  o f th ix o tr o p ic  su sp en s io n s  is  sm a ll b e c a u se  of 
th e  str u c tu r e , and  w ith  c o n c en tra tio n s  a b o v e  2 %  v o lu m e  th e  ra te  o f  
se t t l in g  o f th e  th ix o tr o p ic  z in c  o x id e  su sp en sio n  in  tu b e s  o f d ia m e ter  
1-2 cm . is v e r y  sm a ll, as sh o w n  in  F ig . 3B, b u t  is  r e la t iv e ly  rap id  a t  
co n c e n tr a tio n s  b e lo w  2 %  a n d  in  th e  to lu e n e -lin se e d  o il m ed iu m .

L a w r e n c e ,12 in  h is  s tu d y  o f th e  p recessio n a l m o v e m e n t o f a  su sp en d ed  
a n iso -d im e n s io n a l p a r tic le , u se s  th e  su g g e s t io n  of S ta u d in g e r  th a t  th e  
p a r tic le  w h en  r o ta tin g  o c cu p ies  a n  e ffe c t iv e  v o lu m e  m u ch  larg er  th a n



1012 V I S C O S I T Y  O F  S U S P E N S I O N S

itse lf  a n d  eq u a l to  n (l/2 )2b, w h ere  I  is th e ir  le n g th  a n d  b b rea d th , an d  
p o in ts  o u t  th a t  th e  m ea n  sp a ce  o ccu p ied  b y  a n  o sc illa t in g  p a r tic le  is a  
d o u b le  co n e , th e  so lid  a n g le  o f  w h ic h  in crea ses w ith  o r ie n ta t io n  u n til it  
ap p ro a ch es i8 o ° .

If th e  to ta l e ffe c t iv e  v o lu m e  o f a ll th e  p a r tic les  is eq u a l to  th e  v o lu m e  
of th e  so lu tio n , th e n  a n y  fu r th er  a d d itio n  w ill ca u se  p a r tic le  in terferen ce  
and  th e  v is c o s ity -c o n c e n tr a t io n  c u rv e  b e c o m es s te ep  as fo u n d  w ith  
h ig h er  c o n c en tra tio n s . I t  w o u ld  a p p ea r  from  th e  d a ta  sh o w n  in F ig . 3A 
th a t  p a r tic le  in terferen ce  an d  th e  m u tu a l in ter feren ce  b e tw e e n  th e  fields  
of f lo w  a sso c ia te d  w ith  n e ig h b o u r in g  p a r tic les  beg in  a t  a  c o n c en tra tio n  
as lo w  a s 2 % , for i t  w ill b e  seen  th a t  w ith  th e  n o n -th ix o tr o p ic  su sp en sio n  
th e  c u rv e  re la tin g  v is c o s ity  an d  c o n c e n tr a tio n  b eg in s  to  b eco m e  steep  
a t  th is  p o in t.

Higher Concentrations.
T h e  v is c o s ity  d iv erg en c ies  o b serv ed  a t  lo w  c o n c en tra tio n s  b eca m e

in c re a sin g ly  e x a g g er a ted  w ith  r ise  o f c o n c e n tr a t io n ; th e  a d d itio n  of
I %  v o lu m e  of a 
p ow d ered  so lid  ra ises  
th e  v is c o s ity  o f th e  
d isp ersio n  m ed iu m  b y  
a  sm a ll p ercen ta g e , 
y e t  th e  v is c o s ity  can  
b e  d o u b led  b y  a  5 %  
a d d itio n  a n d  in crea sed  
to  th e  order o f  f i f t y ­
fo ld  w ith  a  15 %  a d ­
d itio n .

T h e  order of th e  
v a r ia t io n s  o b serv ed  a t  
l o w  c o n c en tra tio n s ,  
a c co rd in g  to  th e  so lid  
d isp ersed  a n d  th e  d is­
p ersio n  m ed iu m  u sed , 
w a s u su a lly  fo u n d  to  
b e  rep ea ted  a t  h igh er  
c o n c e n tr a t io n s ; th u s  
k a o l i n  i n  t o l u e n e  
w h ic h  a t  lo w  c o n ­
c e n tr a tio n s  y i e l d s  
a p p r o x im a te ly  fou r  
t im es th e  th e o r e tica l  
v is c o s ity  v a lu e s  b e ­
c o m es  v e r y  v isc o u s  a t  
c o n c en tra tio n s  a b o v e

F ig .  4 .— T h e  v i s c o s i ty  o f  s u s p e n s io n s  in  d i f f e r e n t  7 5 /o v o l u m e ,  w h i l e
l i q u i d s ; r e l a t i o n s h ip  b e tw e e n  lo g  (17/170 — *) an(i  k a o l i n  in  b e n z y l  a l -
lo g  p e r c e n t a g e  v o lu m e .  c o h o l  w h i c h  a t  l o w

c o n c en tra tio n s  g iv es
a b o u t tw ic e  th e  th e o r e tic a l v is c o s ity  v a lu e s  b e c o m es v isc o u s  n o t  u n t il  
a  co n c en tra tio n  w ell a b o v e  15 %  v o lu m e  w a s  reach ed .

A  m easu re  o f th e se  d iv erg en c ies  a t  h ig h er  c o n c en tra tio n s  a llo w s o f a 
s im p le  co m p a riso n  o f th e  flow  b e h a v io u r  o f  d ifferen t so lid s  in  o n e  d is­
persion  m ed iu m  or o n e  so lid  d isp ersed  in  v a r io u s  liq u id s .
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In  F ig . 4  are g iv e n  gra p h s r e la tin g  lo g  (17/170 — ¡0 a n ^ lo g  p ercen ta g e  
v o lu m e  for a lu m in iu m  p o w d er, g ra p h ite , m ica  a n d  s ilica , a t  d ifferen t  
c o n c e n tr a tio n s  in  v a r io u s  liq u id s , a n d  it  w ill b e  seen  a t  a  g la n c e  b y  th e  
p o s it io n  of th e  gra p h s th a t  th e  lo w e s t  v is c o s ity  ra tio s  h a v e  b e e n  o b ta in e d  
w ith  ea ch  o f th e  fo u r  so lid s  d isp ersed  in  th e  liq u id  o f lo w e s t  v is c o s ity ,  
n o rm a l h e x a n e , an d  h ig h e st  in  th e  liq u id s  o f h ig h  v is c o s ity ,  g ly ce ro l a n d  
lu b r ica t in g  o il, w h ile  in te rm e d ia te  v is c o s it ie s  w ere  o b ta in e d  w ith  s u s ­
p e n s io n s  in  liq u id s  o f  in te r m e d ia te  v is c o s ity  su ch  as b e n z y l  a lco h o l or  
tr ia c e t in . _ ■

In  F ig . 5 th e  r e la tio n sh ip  b e tw e e n  th e  v is c o s ity  ra tio  a n d  v is c o s ity  
o f  th e  d isp ersio n  m ed iu m  in  p o ise s  is  sh o w n  in  so m e  d e t a i l ; F ig . 5 I 
s h o w s  t h e  
v is c o s ity  ra tio  
f o r  sev era l 
so lid s  in  so m e  
d i s p e r s i o n  
m ed ia  o f d if-  
f e r e n t  v i s ­
c o s ity ,  w h ile  
in  F ig s . 5 II,
I I I , a n d  IV  
v i s c o s i t y  
r a t i o s  o f  
so lid s  in  on e  
l i q u i d  a r e  
s h o w n ,  t h e  
v a r ia t io n s  in  
v i s c o s i t y  o f  
th e  d isp ersio n  
m ed iu m  b e in g  
o b ta in e d  b y  
a lter in g  t h e  
t e m p e r a t u r e ,  
a s sh o w n , for  
e x a m p le , in  
T a b le  I for  
z in c  o x id e  in  
lin seed  oil.

I t  w ill be
seen  th a t  in  g en era l th e  s e n s it iv i ty  is large  b e lo w  a  v is c o s ity  o f  O-I p o ises,  
w h ile  a b o v e  1 p o ise  th e  e ffec t b e c o m es r e la t iv e ly  sm a ll a n d  o f n e g lig ib le  
v a lu e  w ith  v isc o u s  liq u id s.

T A B L E  I.— V isco sity  R atios for 5-1 %  v o l . Z nO in  L in seed  Oil .

r  (° c .)  . 17-5° 25°

00■*f 50° 60“

OO eOCO 93°
V 0-62 o-45 0-29 0-23 0-20 0*14 0*12 o - i i
v/vo ■ 2-66 2-6i 2-56 2-54 2-50 2*41 2*35 2*29

T h ere  a p p ea r  to  b e  e x c e p t io n s  to  th e  ru le  th a t  th e  v is c o s ity  ra tio s  
are  in  order o f  th e  v is c o s ity  o f  th e  d isp ersio n  m e d iu m  ; th u s , fo r  e x a m p le ,  
s il ic a  d isp ersed  in  r ic in o le ic  a c id  o f v is c o s ity  a t  2 0 ° C. o f 9 7 5  g a v e  lo w er  
ra tio s  th a n  in  lin se ed  oil o f  v is c o s ity  0 -5 2 . I t  w a s  th o u g h t  th a t  th is

F i g .  5.— Relationship between viscosity ratio ij/ij0 and the vis­
cosity of the dispersion medium :

I. (a) Mica (3-6 %  v o l.); (6) silica (2-3 %  v o l.) ; (c) aluminium 
powder (3-6 %  vol.) and (d) graphite (4-4 %  vol.) in various 
liquids.

II. (a) Ultram arine (28-5 %  vol.) in linseed o i l ; (6) kaolin 
(14-8 %  vol.) in m eta cresol; (c) silica (8-8 %  vol.) in 
mineral lubricating o i l ; (d) graphite (16 .7%  vol.) in mineral 
lubricating oil.

III. Zinc oxide (5-1 %  vol.) in linseed oil.
IV . Zinc oxide (4-0 %  vol.) in a m ixture of equal volumes of 

toluene and linseed oil.
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m ig h t p o s s ib ly  b e  d u e  in  so m e  w a y  to  th e  lu b r ica tin g  q u a lit ie s  o f th e  
r ic in o le ic  acid , b u t  i t  w a s  fo u n d  th a t  th e  v is c o s ity  r a tio s  o f s ilic a  in  a  se t  
o f lu b r ica tin g  o ils , in c lu d in g  c a sto r  o il, o f  d ifferen t “  o ilin e ss ,” ta k en  
u n d er  c o n d it io n s  o f eq u a l v is c o s ity ,  w ere  c lo s e ly  sim ila r . T h e  a n o m a ly  
is  to  b e  tra ced  to  th e  p o la r  ch a ra cter  o f th e  d isp ersio n  m ed iu m  a n d  th e  
s ta b ilisa t io n  o f th e  su sp en s io n  b y  a d so rp tio n  o f m o lec u les  o f  th e  d is ­
p ersio n  m ed iu m  b y  th e  so lid  p a rtic le .

C o n sid erab le  h e lp  in  e x p la in in g  th e  p h en o m en o n  o f th e  d ep en d en ce  
o f th e  v is c o s ity  r a tio  o f  a  su sp en sio n  on  th e  v is c o s ity  o f th e  d isp ersion  
m ed iu m  is  a fford ed  b y  a  s tu d y  o f v is c o s ity  r a tio s  o v e r  a  w id e  range  of 
c o n c en tra tio n  a n d  o f th e  a n o m a lo u s  v is c o s ity  o f th e  su sp en sio n s .

I t  w ill h a v e  b een  o b ser v e d  in  F ig . 3 th a t  th e  c u r v es  (a) a n d  (6) c u t  a t  
a  c o n c en tra tio n  o f a b o u t 3 %  th e  th ix o tr o p ic  z in c  o x id e  su sp en sio n  in  
to lu e n e , v is c o s ity ,  0 -0 0 5 4 , g iv in g  sm a ller  v is c o s ity  r a tio s  a n d  h igh er  
r a tio s  a b o v e  th is  c o n c e n tr a tio n , th a n  in  th e  m ix tu r e  o f eq u a l v o lu m e s  
to lu e n e  an d  lin se ed  o il, v is c o s ity ,  0 -0125 .

S o m e  fu r th er  e x a m p le s  o f  th is  in te rsec t io n  of c u r v es  for  su sp en sio n s  
in  liq u id s  o f lo w  v is c o s ity  w ith  th o se  in  m o re  v isc o u s  l iq u id s  are g iv en

PERCENTAGE VOLUME OF DISPERSED SOLID.
F ig . 6.— The viscosity ratios of I, aluminium pow der; II, graphite; III, mica, 

and IV , silica in liquids of high and low viscosity.

in  F ig . 6 . I t  w o u ld  ap p ea r  th a t  c o n s id e r a b ly  less  p a r tic le  in te r fe re n c e  
o ccu rs in  th e  v is c o u s  liq u id s  a t  h ig h er  c o n c e n tr a tio n s  th a n  in  th e  th in  
liq u id s .

T h is  is  b o rn e  o u t  b y  an  e x a m in a tio n  o f th e  a n o m a lo u s  v is c o s ity  
b e h a v io u r  o f su sp en sio n s  in v isc o u s  a n d  lo w  v is c o s ity  liq u id s  r e sp e c tiv e ly .

Anomalous Viscosity.
A  c o n v e n ie n t  m e th o d  o f e x a m in in g  th e  a n o m a lo u s  v is c o s ity  o f su s ­

p e n s io n s  is b y  th e  u se  o f th e  r o ta tin g  c y lin d er  v isc o m e te r , S to rm er  ty p e ,  
in  w h ic h  a  c y lin d er  is  s e t  in  m o tio n  in  a  cu p  h o ld in g  th e  su sp en sio n , b y  
a  w e ig h t  a c t in g  o v e r  a  p u lle y . I t  w a s  fo u n d  th a t  a n o m a lo u s  v is c o s ity  
o ccu rred  to  a  far  g rea ter  e x te n t  w ith  su sp en s io n s  in  liq u id s  o f lo w  v i s ­
c o s ity  th a n  in  v is c o u s  liq u id s  ; th u s , fo r  e x a m p le , a  s tr a ig h t  l in e  r e la t io n ­
sh ip  w a s  o b ta in e d  b e tw e e n  th e  fo rce  a c t in g  a n d  th e  r a te  o f  r ev o lu tio n  
fo r  su sp en sio n s  in  g ly ce ro l or m in era l lu b r ica tin g  o il, w h ile  in  w a te r  or 
b e n z y l a lco h o l th ere  w a s  a  d ec id ed  cu r v ilin e a r  r e la tio n sh ip  a n d  a  d ec id ed  
r ig id ity . In liq u id s  o f  in te r m e d ia te  v is c o s ity  f la t  c u r v es  w ere  o b ta in e d

16 is 20 224 6 a 10
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w h ich  p a ssed  th ro u g h  or near  th e  or ig in  ; th ese  d ifferen ces are sh o w n  in  

F ig- 7-
It w a s  fo u n d  p o ssib le  to  prep are  a  s e t  o f cu rv es  sh o w in g  a p ro g ressiv e  

c h a n g e  from  th e  s tr a ig h t  lin e  p a ss in g  th ro u g h  th e  or ig in  to  a  c u rv e  w ith  
a  “ y ie ld  v a lu e ,” s im p ly  b y  d ecrea sin g  th e  v is c o s ity  o f th e  d isp ersio n  
m ed iu m .

T h e  three  ch a r a cte r istic  d ifferen ces o b serv ed  in  th e  v is c o s ity  b eh a v io u r  
o f  su sp en sio n s  in v isc o u s  
a n d  lo w  v is c o s ity  liq u id s  
r e sp e c tiv e ly , n a m e ly  :

(a) sm a ller  d iv erg en c ies
from  th e  E in s te in  
coeffic ien t a t  low  
c o n c e n t r a t i o n s  
for l i q u i d s  of 
low er  v is c o s ity  ;

(b) h i g h e r  v is c o s ity
r a tio s  a t  h igh  
c o n c en tra tio n s  in  
liq u id s  o f low er  
v is c o s ity  ; and

( c) le s s  m ark ed  a n o m ­
a lo u s v is c o s ity  
b e h a v i o u r  i n  
v isc o u s  liq u id s ,

ap p ea r  to  b e  e x p lic a b le  011 
th e  sa m e  g ro u n d s o f th e  
m ore s lu g g ish  m o v e m e n t  
of th e  d isp ersed  p a rtic les  
in th e  m ore  v isc o u s  liq u id s .

A t  lo w  c o n c en tra tio n s ,  
sa y  b e lo w  1 % , th e  m u tu a l  
in terferen ce  o f p a r tic les  is 
sm a ll an d  th e  co n tr ib u tio n  
to  h ig h  v is c o s ity  is d u e  to  
th e  tu rb u len ce  ca u sed  b y  
p a rtic les  ly in g  across th e  
N e w to n ia n  la y er s  o f flow .
If w h en  flow  b eg in s  th e  
p a r tic les  ta k e  u p  q u ick ly  
p o s it io n s  of s trea m lin e  
flow , th e n  th e  v is c o s ity  te n d s to  a  m in im u m , b u t  if  a s  in  a  v isc o u s  m ed iu m  
th e  t im e  ta k en  b y  th e  p a r tic le  to  r o ta te  in to  a  s trea m lin e  p o s it io n  is 
co m p a ra b le  w ith  th e  t im e  ta k en  to  p a ss th ro u g h  th e  c a p illa ry  tu b e , a  
h igh er  v is c o s ity  resu lts .

O sb o rn e  R e y n o ld s  fo u n d  th a t  w ith  th e  m ore  v is c o u s  liq u id s  th ere  
w a s less  te n d e n c y  to  form  ed d ies d u rin g  flow  th a n  w ith  lo w  v is c o s ity  
liq u id s a n d  a  s im ila r  b eh a v io u r  is  fo u n d  w ith  su sp en sio n s  in  v isc o u s  
liq u id s , o n ly  m o re  so.

In v isc o u s  liq u id s , th e  m o v e m e n t o f th e  d isp ersed  p a r tic les  b e in g  . 
m ore s lu g g ish , th ere  is  a  c o n se q u en t d ecrea se  in  in terferen ce  a t  h igh er  
c o n c en tra tio n s  ; th is  w o u ld  a c c o u n t fo r  th e  f la tte r  c u r v es  o b ta in e d  in  
v isc o u s  m ed ia  r e la tin g  th e  v is c o s ity  ra tio s  a n d  c o n c en tra tio n  a n d  a lso

I. Suspensions m viscous liquids.

2 Suspensions in liquids of relatively low viscosity.

I. GRAPHITE IN OLEIC ACIO CONS 7S GRAMS./lOO ML.
t GRAPHITE IN TRIACCTIN CONS 71 CRAMS/ IOO ML.
3 SILICA IN WATER CON“. 35 CRAMS / IOO ML.
A SILICA IN BENZYL ALCOHOL CON* AS QRAMB/lOO ML.

F ig . 7.—Viscosity results obtained with the ro­
tating cylinder viscometer (Stormer type).
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fo r  th e  less  p ro n o u n ced  a n o m a lo u s v is c o s ity  o f su sp en sio n s  in  v isc o u s  
liq u id s .

Viscosity Ratios with Different Solids.
I t  h a s  a lrea d y  b een  sh o w n  in F ig . I th a t  ca rb o n  b la c k  a n d  z in c  o x id e  

su sp en sio n s  in  lin seed  o il g a v e  c o n sid e r a b ly  h ig h er  v is c o s ity  r a tio s  th a n  
d id  u ltra m a rin e . D u c la u x  a n d  S a c h s 10 fo u n d  a  c o n c en tra tio n  co effic ien t 
o f 19-2 for ca rb o ru n d u m  b u t  4-6  to  5-9 w ith  la m ella r  gra in s o f lea d  io d id e .

I t  w ill a lso  b e  se e n  from  F ig . 4  th a t  g ra p h ite  in  th e  v a r io u s  liq u id s  
g a v e  co n sid era b ly  low er  r a tio s  th a n  d id  m ica  or s ilica .

In F ig . 8  are g iv e n  d a ta  for sev era l w e ll-k n o w n  p ig m e n ts  in  a  resin-
h ard en ed  w o o l fa t  
v a r n ish  m ed iu m . Z inc  
o x id e  g a v e  th e  h ig h est  
a n d  u ltra m a rin e  th e  
lo w e s t  v is c o s ity  ra tios, 
and  i t  w ill b e  seen  th a t  
so m e  of th e  cu rv es  are  
s te ep er  th a n  o th ers  
an d  c u t  ea ch  oth er , 
in d ic a tin g  th a t  a t  
h igh er  c o n c en tra tio n s  
p a r tic le  in terferen ce  is 
greater  w ith  so m e  
so lid s . T h e  sa m e  or  
sim ila r  order o f v is ­
c o s it ie s  w a s  o b ta in e d  
w ith  th e  p ig m e n ts  
w h en  o th e r  d isp ersion  
m ed ia  w ere  tr ied .

T h e  w id e  v a r ia t io n s  
in  th e  v is c o s ity  ra tio s  
o b ta in e d  w ith  th e  d if­
fe re n t so lid s  are of  
c o n sid era b le  in te r e s t  
in  th a t  s in ce  th e y  are  
du e to  v a r io u s  d egrees  
o f a g g r eg a tio n  a n d  
m u tu a l p a r tic le  in te r ­
feren ce  an d  to  d iffer­
en ces in  th e  a m o u n t

o f d istu rb a n ce  to  th e  la m in a r  flow  b y  th e se  p a r tic les  tu rn in g  o v er  or 
ro ck in g , i t  sh o u ld  b e  p o ss ib le  to  o b ta in  so m e  id e a  o f th e  gen era l c o n ­
fig u ra tio n  o f th e  d isp ersed  p a r tic le  w h e n  o th e r  m ea n s fa il.

V isc o s ity  r a tio s  are h ig h e st  w ith  a n iso m etr ic  p a r tic les  w h ic h  ten d  to  
c lu ster  b y  reason  o f a g g r eg a tio n  a n d  e n ta n g le m e n t w h ile , on  th e  o th er  
h a n d , th e  ra tio s  a p p ro a ch  a  m in im u m  w ith  sp h eres a n d  lam ella r  gra in s, 
esp e c ia lly  a t  lo w  co n c en tra tio n s , w h e n  a g g r eg a tio n  a n d  in terferen ce  
b e c o m e  a  m in im u m . C arbon  b la ck  and  z in c  o x id e , w h ic h  a t  lo w  c o n ­
cen tra tio n s  g a v e  h ig h  v isc o s it ie s , a p p ea r  from  o p tic a l e x a m in a tio n  to  
c o n s is t  m a in ly  o f a n iso m e tr ic  p a r tic les , in c lu d in g  th ree lin g s  a n d  burr or 
sta r lik e  p a r tic les  a n d  c lu sters . M cD o w ell an d  U sh e r ,15 from  a  m icro-

15 C. M. M cD ow ell and J. Usher, Proc. R oy. Soc., A ,  1931, 131, 564.

F ig . 8.—The viscosity of suspensions of several pig­
ments at different concentrations in a medium 
of 24 % wool fat, 16 % gum dammar in a 
mixture of equal volumes of white spirit and 
solvent naphtha.
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sc o p ic  e x a m in a t io n  of ca rb o n  b la c k  d isp ersed  in  v a r io u s  o rg a n ic  liq u id s , 
c o n c lu d ed  th a t  th e  su sp en s io n s  w ere  h ig h ly  a g g r eg a te d , lo o se ly  p a c k e d  
arboriform  m a sses w ith  p a tc h e s  o f c lear  liq u id  p resen t. T h e  m ica  
su sp en s io n s  w h ic h  a lso  g iv e  h ig h  v is c o s it ie s  sh o w e d  s tr e a k s  o f  s i lk y  lu str e  
w h en  sh a k en , a  s ig n  th a t  th e  p a r tic le s  are d e c id e d ly  a n iso m e tr ic .16 
L a m ella r  gra in s o f  lea d  io d id e  a n d  g ra p h ite  fla k es w h ic h  g iv e  lo w  v i s ­
c o s ity  v a lu e s  a ssu m e  r e la t iv e ly  s ta b le  p o s it io n s  d u rin g  flo w  b y  rea so n  of  
th e ir  c o n fig u ra tio n , th e  lo n g er  a x is  c o in c id in g  w ith  th e  d ir ec tio n  of  
f l o w ; th e ir  th in  ed g es  are less  l ik e ly  to  d istu rb  la m in a r  f lo w  th a n  th e  
ed g es  o f  th ic k  p a r tic les  a n d  les s  l ik e ly  to  tu rn  o v er  or ro ck  th a n  th e  
th ick er  irregu lar p a r tic les . A lu m in iu m  p o w d er  in  th e  form  o f flak es  
g a v e  v is c o s ity  ra tio s  m u ch  h ig h er  th a n  g ra p h ite  b u t  a  l i t t le  less  th a n  
s il ic a  or m ica . W h e n  w a tc h e d  b e n e a th  th e  m icro sco p e  th e ir  p recessio n a l 
m o tio n  w a s  a c co m p a n ied  b y  c o n sid era b le  sp in n in g , e sp e c ia lly  in  th in  
liq u id s  su ch  a s tu r p e n tin e  ; in  lin seed  oil o f h ig h er  v is c o s ity  th e  ro ta tio n a l  
m o v e m e n t  w a s c o n sid e r a b ly  less  m ark ed . T h e  flak es w ere  ro u g h  and  
irregu lar, b u t  fo r  th e  m o st  p a r t m o v e d  s in g ly , o n ly  o c c a s io n a lly  co u ld  a 
sm a ll c lu ster  o f  p a r tic les  b e  seen . T h e  fla k es d u rin g  flo w  d id  n o t  seem  
to  b e  o r ie n ta te d  in  a n y  m ark ed  d egree , b u t  th e  sm a ller  en d s o f th e  
irregu lar  p a r tic le s  p o in te d  u p strea m  fo r  th e  m o st  p art, th is  b e in g  th e  
p o s it io n  o f g r ea te s t  s ta b il i ty  a g a in st  r o ta tio n  an d  rock in g .

Summary.
V isc o s ity  m easu rem en ts h a v e  b een  m ade, a v o id in g  lo w  ra tes o f shear, 

o f su sp en sion  o f kaolin , g ra p h ite  and  o th er  so lids, over  a  w id e  ran ge  of 
co n cen tra tio n , in  sev era l organ ic  liq u id s. I t  h as b een  fo u n d  t h a t :—

1. T h e  r a tio  -jj/ijo, w h ere  i) is  th e  v is c o s ity  o f th e  su sp en sio n  a n d  rj0 th e  
v isc o s ity  o f th e  d isp ersion  m ed iu m , w a s fo u n d  to  v a ry  w ith  th e  la tter  v a lu e , 
b ein g  r e la t iv e ly  h ig h  for v isc o u s  liq u id s su ch  as g lycero l, a n d  low  for  
liq u id s o f lo w  v isc o s ity , su ch  a s norm al h ex a n e . T he ra tio  w a s  fo u n d  to  
d ecrease  w ith  r is in g  tem p era tu re  an d  co n seq u en t fa ll in  th e  v is c o s ity  o f th e  
d isp ersion  m ed iu m .

2. A lth o u g h  w ith  gra p h ite  in  liq u id s o f low  v isc o s ity  th e  d a ta  o b ta in ed  
a t  lo w  c o n cen tra tio n s app roached  th o se  in  accord  w ith  th e  E in s te in  
eq u a tio n  ij =  i;0 (x +  2-5 V), y e t  w ith  k a o lin  in  a  l ig h t  m inera l o il or m ica  
in  a lcoh o l, for exa m p le , a p p ro x im a te ly  four tim es th e  th e o r etica l v a lu e s  
w ere  o b ta in ed  a t  low  co n cen tra tio n s .

3. A n o m a lo u s v isc o s ity  w a s fou n d  to  b e  less  p ron ou n ced  w ith  su sp en ­
sio n s in  v isco u s  liq u id s th a n  in  th o se  o f lo w  v isc o sity .

4 . W ith  d ifferen t so lid s in  on e  d isp ersion  m ed iu m  large v a r ia tio n s w ere  
foun d , th e  v isc o s ity  b e in g  lo w  for grap h ite  an d  h igh  for  silica .

V isco sit ie s  o f  su sp en sion s, h igh er th a n  th e  th eo retica l, ap p ear  to  b e  
due m a in ly  to  th e  d istu rb a n ce  o f lam in ar flow  b y  th e  p recession a l m o v e ­
m e n t and  th e  m u tu a l in terference  o f th e  d isp ersed  p a rtic les , a lo n e  or in  
agg reg a tes. D ifferences in  v isc o s ity  b eh a v io u r  o f su sp en sio n s in v isco u s  and  
th in  liq u id s are ascribed  to  th e  m ore s lu gg ish  r o ta tio n a l m o v e m e n t o f th e  
p a rtic les  in  v isco u s liq u id s th a n  in  liq u id s o f  lo w  v isc o s ity .

Royal Aircraft Establishment,
Farnborougk, Hants.

19 H. F reundlich  and F . Juliusburger, Trans. F ar. Soc., 1934, 3° .  333-
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In a  p rev io u s  c o m m u n ic a tio n  b y  th e  a u th o rs  1 i t  w a s  n o t  p o ss ib le  to  
d iscu ss  th e  str u c tu r es  o f a  la rg e  n u m b er  o f su lp h u r  co m p o u n d s , as th e  
n ecessa ry  th e o r e t ica l d a ta  for  th e  m e th o d  u s e d 2 w ere s t ill  la ck in g . 
T h e se  c o m p o u n d s w ere  p r in c ip a lly  th e  o x y -a c id s  o f su lp h u r, th e  p o ta s ­
s iu m  sa lts  o f a  n u m b er  of w h ic h  w ere  e x a m in ed  b y  F a rq u h a rso n  in  th is  
la b o r a to r y ,3 a n d  r e la ted  c o m p o u n d s su ch  as su lp h o x id e s , su lp h o n es , 
a n d  h a lo g e n  d e r iv a tiv e s  o f  su lp h u r. In  order to  e x te n d  th e  a b o v e  
m e th o d  o f in te r p r e ta tio n  to  th e se  c o m p o u n d s i t  is  n e c essa ry  to  k n o w  
th e  resid u a l ch a rg es d u e  to  th e  u n eq u a l sh a r in g  o f b o n d  e le c tr o n s  fo r  
su ch  lin k s  a s S— 0 , S = 0 , S - » 0 , S— Cl, e tc ., an d  th e  d ia m a g n e tic  b o n d  
d ep ressio n s A s—o  e tc ., for  th e se  lin k s . F o r  a  fu ll a c c o u n t o f th e  m e th o d  
of c a lc u la t in g  th e  d ia m a g n e tic  su sc e p t ib ilit ie s  o f  su lp h u r  c o m p o u n d s as  
w e ll as fo r  th e  n u m er ica l d a ta  co n cern ed , referen ce  sh o u ld  b e  m a d e  to  
th e  p rev io u s  c o m m u n ic a tio n  o f  th e  a u th o rs  on  o rg a n ic  su lp h u r  c o m ­
p o u n d s 1 o f  w h ic h  th is  is a n  e x te n s io n  to  a  w id e r  field .

F or ea se  o f referen ce  th e  in te r a to m ic  d is ta n c e s  in  A n g str o m  u n its  
d eterm in ed  in  th e  c la sse s o f c o m p o u n d s to  b e  d isc u sse d  a re  g iv e n  in  
T a b le  I.

T A B L E  I.

Bond. S0 3.i [S0 4] - 2.s M e^ O a .e ,T SC15.< S2C12.4 S0 C12.* SOsCl2.*

s — 0 1'43 1*50 1*43 _ _ 1*45 1*43
S — Cl — — — i -99 1*99 2 -0 1 1-99
C— s . — — 1 -8 2 ---- ■---

T h e  S— 0  d is ta n ce s  in  th e se  c o m p o u n d s are sh o rter  th a n  th e  su m  of 
th e  n orm al d o u b le  b o n d  radii w h ic h  is 1-52 a . T h is  is su rp risin g  in  
v ie w  o f th e  fo rm u læ  u su a lly  a ss ig n ed  to  th e se  c o m p o u n d s w h ic h  do n o t  
im p ly  d o u b le  b o n d s . A cco rd in g  to  P a lm e r  4 su ch  a  c o n tr a c tio n  in d ic a te s
th a t  e x c ite d  str u c tu r es  in v o lv in g  a  d eg ree  o f d o u b le  a n d  p erh a p s tr ip le
b o n d in g  m u st m a k e  a  c o n sid era b le  c o n tr ib u tio n  to  th e  n o rm a l s ta te  o f  
th e  m o lecu le  b e in g  m ore  im p o r ta n t in  S 0 C12 a n d  S 0 2C12 th a n  in  S 0 2 
an d  S0 3. T h e se  e ffec ts  w ill b e  co n sid ered  s e p a r a te ly  u n d er  e a ch  r e le v a n t

1 Clow and Thompson, Trans. F araday Soc., 1937, 33, 894.
2 Gray and Cruickshank, ibid., 1935, 31, 1491.
3 Farquharson, Phil. M ag., 1932, 14, 1003.
1 Palmer, J .A .C .S ., 193S, 60, 2360.
5 Pauling and Brockway, ibid., 1937, 59, 13 and 1223.
c Brockway and Jenkins, ibid., 1936, 58, 2056.
7 Lister and Sutton, Trans. Faraday Soc., 1939, 35, 495.
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Ph.SOs,8 Ph.SO.s Me2S0 2.9 s o 2ci2,« s o a 2.«

s — 0 2-6 2-5 2-l0
S— Cl o-bi

co m p o u n d . I t  is  s t i l l  d o u b tfu l if  th e  le n g th  o f a n y  p u re ly  c o -o r d in a te . 
b o n d  in  a  su lp h u r  c o n ta in in g  m o lec u le  is  k n o w n , a lth o u g h  d im e th y l  
su lp h o n e  h a s  b een  d iscu ssed  a s su ch  b y  L ister  a n d  S u t to n .7

A  su ffic ien t n u m b er  o f  b o n d  m o m e n ts  for  th e  b o n d s  in v o lv e d  h a v e  
n o w  b e e n  d e te rm in e d , a n d  a lth o u g h  th e ir  d e r iv a tio n  d ep en d s on  cer ta in  
n o t  e n tir e ly  v a lid  a ssu m p tio n s , th e y  c a n  b e  u sed  for  d e te rm in in g  th e  
res id u a l ch a rg es n e c essa ry  for c a lc u la t in g  th e  d ia m a g n e tic  su sc e p tib ilit ie s  
o f  th e se  co m p o u n d s ,
p ro v id e d  th e y  are T A B L E  II.
o f  th e  r ig h t order.
T h e se  b o n d  m o m en ts  
are g iv e n  in  T a b le  I f .

T h e  b o n d  m o ­
m e n ts  for S 0 2C12 an d  
SO C l2 d e p e n d  o n  th e  
a s s u m p t i o n  t h a t
th e se  m o lec u le s  are  regu lar  tc tr a h e d r a  a n d  th a t  th e  b o n d  m o m e n ts  
o f S — O a n d  S— Cl are th e  sa m e  in  SO C l2 and  S 0 2C12. T h e se  a ssu m p ­
tio n s  in tr o d u c e  a n  e le m e n t o f c r u d ity  in to  th e  d er iv ed  resu lts , b u t , as  
w ill b e  seen  la ter , if  th e  order o f th e  b o n d  m o m e n ts  is co rrect th e y  arc  
su ffic ien tly  a c cu ra te  to  y ie ld  u sa b le  d ia m a g n e tic  su sc e p tib ilit ie s .

Calculation of the Residual Charges in the S—O and S—Cl
Bonds.

A s th e  bo n d  m om ent for S— O bonds is kn o w n  to  be b etw een  2 - 2  d  
and 2 - 6  d , in  th e  sequel th e  m om ent w ill be ta k e n  as 2 - 4  d . S im ilarly , 
th e  S— O in terato m ic d istan ce  for th e  grea ter n um ber o f th e  com pounds 
in ve stig ated  is 1 - 4 3  A . T w o  chlorine com pounds g iv e  th e  S — C l m om ent 
o-6r d , an d th e  S — Cl in terato m ic d istan ce  in  several com poun ds lies 
betw een  1 - 9 9  an d 2 -0 1  a . U sin g these values, th e  residual charges fo r  th e  
S— O  and S— Cl bonds are ±  0 - 3 5 2  and ±  0 - 0 6 3  resp e ctive ly . T h e  m agn i­
tu d e  o f th e  errors in tro d u ced  b y  th e  use of th ese  a vera ge  va lu es w ill be 
considered later.

I t  now  rem ains to  decide th e  n atu re  of these bonds. S u b seq u en tly , it  
w ill becom e ev id e n t th a t  th e  va lu e  o f th e  d iam agn etic  bond depression 
determ ines w h eth er or n o t th e  SO  bonds in  differen t com pounds are  o f th e  
sam e n ature. M oreover, if  i t  w ere assum ed th a t  H sS 0 4 h ad  th e  stru ctu re  
(I), then, as m a y  be seen from  th e  ca lcu latio n  on p age  1021, no m a tte r  how  

w ide a  ran ge of p robable  residual charges be used, th e  
resu ltin g bond depressions for th e  S— O an d  S = 0  bonds are 
m uch sm aller th a n  w ou ld  be exp ected  b y  a n a lo gy  w ith  sim ilar 
bonds. T h u s th e  residual charge ±  0-35 ca n n o t correspond 
to  th a t  upon a double bond, b u t  if  th e  a b o v e  double  bonds 
are replaced b y  co-ord in ate bonds th e  w hole ran ge o f com ­
pounds considered becom es in terp rcta b lc . A n  a lte rn a tiv e  to  
co-ordin ate bonds w ou ld  be single bonds in  resonance w ith  

bonds of a  degree o f m u ltip lic ity  greater th a n  tw o . A s, how ever, an 
accu rate  estim ate  of th e  degree of such  m u ltip le  bo n d  fo rm ation  is n ot 
possible m a gn etica lly , or b y  a n y  o th er m eans, th e  bond on w h ich  th e  
residual charge is ±  0-35 w ill be regarded as a  co-ord in ate bond w ith  th e

o x yg en  ato m  a t  th e  n eg ative  end of th e  dipole. T h u s w e h a v e  S - 0 35~0  0 352 
for S - > 0 . T herefore th e  residual ch arge  in  an  o rd in a ry  co va len t bond
w ou ld  be S - ° -'.g.4?O +0-M8, and b y  a n a lo g y  w ith  o th er lin k s th e  residual.

 2 +2
ch arge  in  th e  double  bond w ou ld  be S= 0  ” .

8 H am pson, F arm er and Sutton , Proc. R oy. Soc., A ,  1933, 143, 147..
0 Coop and Sutton , Trans. Faraday Soc., 1939, 35, 505.

H — O  O

H -O
(I)

o
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T h is residual charge is h igher th a n  a n y  recorded value, b u t i t  m u st be 
borne in m ind th a t  even  th e  residual charges in th e  co va len t S— O bond 
exceed  a ll those in v o lv in g  carbon  atom s, th e  h ighest o-6r bein g th a t  for 
C =  N . T h is  m a y  result from  sulp h ur n o t  bein g su b jec t to  th e  o c te t rule 
a s  w ere a ll th e  atom s discussed b y  G ra y  and  C ruicksh an k, an d  th e  success 
resu ltin g fro m  th e  utilisatio n  o f th is residual charge in  th e  sequel confirm s 
th e  a cce p ta b ility  o f th is a p p a re n tly  u n u su ally  high value.

In  SO CK an d  S 0 2C12, th e  tw o  com pounds used to  o b tain  th e  con stan ts
for th e  S— Cl bond, th e  S— Cl

T A B L E  III. 

R e sid u a l  Ch ar ges.

bond is a lm ost in d u b ita b ly  a  
norm al co -valen cy , a lth ou gh  
V a ra d ach ari 10 has suggested  
other stru ctu res w hich w ill be 
exam in ed  in  d eta il la ter. In  
th is  bond th e  chlorine form s 
the n eg ative  end of th e  dipole.

I t  is im p o rtan t to  d eter­
m ine th e  influence w h ich  a l­
teratio n s in th e  bond m om ent 
and in terato m ic d istan ces h a v e  

upon th e  foregoing residual charges a n d  th e  con sequent degree of u n ­
ce rta in ty  in tro d u ced  in  th e  ato m ic su scep tib ility  con stants.

T h e  in terato m ic d istan ce  used for th e  S — O  bond w as 1-43 a , bein g 
th e  va lu e  observed  b y  P a lm e r 1 in  S 0 3, S O C l2 an d  S 0 2C 12, an d  b y  
o th er experim en ts in  M e2S 0 2, th e  corresponding residual charge bein g 

P a u lin g  and  B ro c k w a y ,5 how ever, in d icate  th a t  th e  in ter-

+ +
H— C 0-04 S-^O 0-35
H— S 0-13 o = s 2-0
c — s 0-15 S— Cl 0-064
0 — s 0-65 ---

c.+ 0-36q  —0-35

T h is  b ein g  so, th e  residual 

0 33j and  to  o b ta in  th e

T A B L E  IV.

Bond Bond Z  Susc. const.
Length. M oment. Charge. A tom s.

1*43 A 2*4 D ±  0 * 3 5 2 31*03
1*50 A 2 -4  D ±  0*335 3 1 - 0 6

ato m ic distan ce in  th e  su lp h ate  ion  is 1-5 a . 

charge on th e  S an d  O atom s w ou ld  be S +0335O 
influence of th is  charge on  th e  ca lcu la ted  su sce p tib ility  o f a  m olecule, it  
m u st be co n verted  in to  
th e  corresponding m olecu­
lar s u sce p tib ility  co n stan t 
(Table IV ).

T h u s an  a lteration  in the 
len gth  o f th e  bond o f th e  
order o f 5 %  resu lts in  a 
v a r ia tio n  in th e  ato m ic sus­
c e p tib ility  co n stan ts of the 
atom s in vo lved  o f abou t
o - i %  per S — O b o n d . Such 
sm all va ria tio n s in  th e  len gth  o f bonds h a v e  been w id e ly  in terp reted  b y  
P au lin g, Sutton , etc., as resu ltin g  fro m  differen t ty p e s  of bonding, b u t  i t  
is e v id e n t th a t  su ch  sm all chan ges in  su sce p tib ility  co n sta n ts  as  arise from  
differen t bonds len gth s are o f an  a lto g eth e r lesser order th a n  th a t  arising 
fro m  th e  d ifferen t depressions o f d iam agn etism  due to  th e  presence o f 
bonds o f differen t m u ltip lic ity . E v e n  a  sm all degree o f double  bo n d in g 
w ill low er th e  m o lecu lar su sce p tib ility  co n sta n t m ore th a n  a n  a lte ra tio n  
in  th e  bon d  len gth s o f an  e x te n t even g rea ter th a n  th e  va ria tio n s  betw een  
th e  bond len gth s d e riv ed  from  d ifferen t m olecules, or th e  exp erim en tal 
errors in volved .

A  second possible source o f error m igh t arise from  in accu racies in  th e  
bond m om ents. In th e  d eterm in atio n  o f th e  a b o v e  residual charges a  
m ean of 2-4 d  w as ta k e n  fo r th e  m om ent o f th e  S — O bond. T h e  m om ent 
in  su lphoxides and  sulphones is, how ever, co n sid era b ly  higher, and th a t  
in  S O C l2 and S 0 2C12 corresp on d in gly  low er. T a b le  V  com pares th e  upper 
v a lu e  w ith  th e  m ean.

T h is  variatio n  in  th e  final resu lt is n o t grea ter th a n  th e  exp erim en tal

10 V aradach ari and Subram anam , Proc. In d . Acad. Sci.,~A, 1936, 3, 428.



A . C L O W , H . M . K I R T O N  A N D  J .  M . C. T H O M P S O N  1021

error, in d icatin g  co n clu sive ly  th a t, p rovid ed  th e  in terato m ic distan ce and 
th e  bond m om ent are o f th e  co rrect order, th e y  can be relied upon to  y ie ld  
a to m ic su scep tib ility  con ­
stan ts  w hose u n ce rta in ty  
w ill be less th a n  th e  e x ­
p erim en tal error, th u s p er­
m ittin g  a  discussion of th e  
causes o f deviatio n s betw een  
m o l e c u l a r  su sce p tib ility  
co n stan ts  an d  exp erim en tal 
susceptib ilities. T h e  sam e 
is tru e  o f th e  S— Cl bond ; 
in b o th  cases th e  variatio n s 
a re  to o  sm all to  exp lain  a n y  d evia tio n  of th e  exp erim en tal su sceptib ilities 
from  those ca lcu lated  fo r sim ple L ew is structu res. W h ere d eviatio n s 
e x is t  th e y  m ust resu lt from  such  causes as q u a n tu m  m echanical resonance 
o r  a  v a ry in g  degree of m u ltip le  bonding.

T A B L E  V.

Bond
L ength.

Bond
M oment.

R esidual
Charge.

2  Susc. consts. 
for S a n d  0  

A tom s.

1-43 2 -4 ±  0 -3 5 2 31*03
1*43 2*6 ±  ° ‘374 30*97

Derivation of the Bond Depressions.
(a) T h e  S — O and S - > 0  B o n d  D ep re ssio n s.

U n like  th e  bond depressions w h ich  h a v e  been discussed p revio u sly , i t  
is n o t possible to  obtain  a  com pound in  w h ich  th e  o n ly  un kn ow n  facto r 
is A s—o- S evera l com pounds are know n, how ever, in  w h ich  S— O  and  
S -> O bonds occur togeth er, an d  fo llow in g G ra y  and C ruicksh an k, if  As-+o 

is assum ed to  be a b o u t one-fifth o f As—o, kn ow in g th e  
num ber of these bonds in  th e  m olecule and  th e  to ta l d e­
pression arisin g fro m  them , i t  is possible to  so lve  th e  eq u a ­
tio n  for A s—o, and hence also d erive  As->0- Such  com ­
pounds are H 2S0 4, M e2S0 4 and E t 2S 0 4. Consider H 2S 0 4 
first. I t  is p robable  th a t  pure LI2S 0 4 is represented b y  th e  
stru ctu re  (II), th e  tw o  H — O bonds b e in g  covalen cies. F o r 
th is  m olecule th e  residual charges and  P a u lin g  ato m ic sus­

c e p tib ility  con stants are as in  T ab le  V I.
F ro m  th is can  be d edncted  2 A h —o =  i ‘34 . w h ich  leaves 60-57 for th e  

su sce p tib ility  o f th e  m olecule neglecting th e  bond depressions in  th e  four

s u l p h u r - o x y g e n  T A B L E  V I.

H

H

-O  O
\ /

S
/ N  

- O  O 
(II)

bonds. Su b tractio n  
o f th e  experim en tal 
s u s c e p t i b i l i t y  of 
H 2S 0 4 from  th is 
la tte r  figure then 
leaves 21-57, w hich 
is equ al to  th e  sum  
o f th e  u n k n o w n  
b o n d  depressions, 
i .e .  2 A s—o +  2As->-o 
o r 2-4 A s—o. w hich 
g ives for As—o 8-96 
a n d  As-*o i ' 79- 
P au lin g  an d  B ro ck ­
w a y  5 g iv e  1-5 a  as 
th e  in teratom ic d is­
tan ce  for th e  S— O 
bonds of a  sulphate, 
a  d istan ce  less th a n  eith er th e  sum  of th e  single bo n d  ra d ii (1-70) or th e  
double bo n d  rad ii ( 1 -53), b u t th is  difference is n o t su fficien tly  large  to  change 
a p p recia b ly  th e  bond depressions derived  ab ove. A lte rn a tiv e ly , H 2S 0 4 
m igh t h a v e  been assum ed to  h a v e  th e  stru ctu re  (I), 2-4 n o w  bein g th e

N o. of A toms. F ractions of Tim e.
C orresponding Pauling 
A tom ic S usceptibility  

Constants.

2 Hydrogen . 31 %  in H +1\  
69 %  in H° / 3*27

2 Oxygen 34 %  in 0 +1 \  
66 %  in O 0 / 13-96

2 Oxygen 35 %  in O -1 \  
65 %  in 0 °  / 1 5 -7 8

1 Sulphur 60 %  in S-1 \
40 %  in S° /

T otal 61-91
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m om ent of th e  S = 0  bond, w hile  th e  in teratom ic distan ce and residual 
charge rem ain as before. T h e resu ltin g m olecular su sce p tib ility  con stan t, 
neglecting th e  depressions in  th e  SO  bonds, is 60-57, w hich  now  leaves, on 
su b tractin g  th e  exp erim en tal su scep tib ility  o f H 2S0 4, 21-57 to  represent 
2 As—o +  2 Â s=o, a  figure w hose sm allness m akes i t  e xtrem ely  im probable 
th a t  th e  a b o v e  is th e  stru ctu re  o f H 2S 0 4.

Sim ilar bond depressions can  be o btain ed  from  th e  exp erim en tal sus­
ceptib ilities of M e2S 0 4 and  E t 2S 0 4 an d  these, to geth er w ith  th e  va lu es 
from  H 2S 0 4, are show n in  T a b le  V I I .

T A B L E  V II.

Substance. E xperim en tal
Susceptibility .

£  Pauling Constants 
— £  K now n A x_ v. A s —0. A s —>0.

h 2s o 4 . 39-00 60-57 8-96 1-79
Me2S0 4 . 62*20 83-51 8-88 1-7S
E t 2S0 4 . 86-90 1 0 7 -3 5 8-53 1 -7 °

Mean 8-79 1*76

T h e  agreem ent o f th e  depressions derived  from  th e  three differen t 
substan ces is good, an d  justifies th e  assum ption  m ade earlier, th a t  th e  
H — O  bond in  pure H 2S0 4 is a  co valen cy . T h e  revised  co va len t rad ii 
w h ich  h a v e  been p ublish ed  b y  P a u lin g  an d  B ro c k w a y  5 since th e  C— S 
bo n d  depression w as determ ined b y  th e  a u th o rs ,1 do n o t h a v e  an  app reciable  
effect on  th e  C— S bond depression used in th e  calcu lation  of As— 0 from  
M e2S 0 4 and E t 2S0 4. T hese tw o  bond depressions are o f th e  utm ost 
im p ortan ce in  th e  discussion of a  w id e  ran ge of com pounds from  sulphur 
o x y-acid s to  organic sulphoxides an d  sulphones, and  it  is sa tis fa c to ry  th a t  
th e  bond depressions derived  from  different com pounds are in  excellen t 
agreem en t and  are n o t dependen t on th e  in d ivid u al n ature of th e  substan ces 
used for th e ir determ ination.

(b) The Bond Depression for the S = 0  Bond.
A cco rd in g to  Cross and  B ro c k w a y ,11 S 0 2 can  be represented b y  th e  

stru ctu re  0 = S - > 0 . E v e n  if  th ere  is resonance betw een th e  single and  
double bond, tak en  o ve r a  sufficien tly  long period, th e  result w ill be e q u iv a ­
le n t to  one co-ordinate co va len cy  and  one double  bond. I f  th is is correct, 
S 0 2 can  be used to  g iv e  th e  depression fo r th e  S =  0  bond, th a t  for th e  
S -> O  bond a lread y  h a vin g  been determ ined from  H 2S 0 4, etc.

T h e corresponding co n stan ts are given  in T a b le  V I I I  :—

T A B L E  V III

Substance. £  Pau ling  A tom ic 
Suscept. Consts.

£  K now n
A x - y

£  Pau ling  -  
£  K nown A x_ v.

E x p t.
Suscept. A v

s o 3 . 4 S * l8 I -76 4 6 -4 2 1 8 -2 5 2 S - I 7

T h e va lu e  used su b seq u en tly  w ill be As^o =  28-0.

(c) The Depression for the S— Cl Bond.
T h e experim en tal susceptibilities o f S 2C12 and SC 12 h a ve  been m easured. 

R eferen ce to  T a b le  I X  show s th a t  tw o  som ew hat d iscrep an t va lu es for 
SC12 e x is t in th e  literatu re, a n d  p articu lar care w as ta k e n  to  o btain  a

11 Cross and B rock w ay, / .  Chem. Physics, 1935, 3, 821.
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re liab le  va lu e. T h e  exp erim en tal su scep tib ility  o btain ed  is in  excellen t 
agreem ent w ith  th a t  g iven  b y  V a ra d a ch a ri.10 T h e  ex istin g  su sce p tib ility  
for S 2C1, w as confirm ed. B o th  S 2C12 and  SC12 h a v e  been th e  su b ject of 
e x ten sive  in vestigatio n s. I t  has been confirm ed b y  N a ik  and  J ad h o v  UA 
th a t  S C 12 is a  defin ite chem ical e n tity , and, fu rth er, its  s tru ctu re  is g iven  b y  
P a lm er > as th e  resu lt o f e lectron  d iffraction  experim en ts. T h u s its  co n ­
stitu tio n  bein g beyon d doubt, i t  is a  co n ven ien t substan ce  to  use in th e  
derivatio n  o f As—ci- T h e  v a lu e  of th is depression w ill depend to  a  certain  
e x te n t on th e  bond m om ent obtain ed  b y  Coop and  S u tto n , 8 w h ich  in  turn  
is derived  on th e  assum ption  th a t  S0 2C 12 and S O C l2 are regu lar tetrah ed ra, 
and  fu rth er th a t  th e  S — O and S— C! bond m om ents do n ot chan ge on 
p assin g from  com pound to  com pound. T his eva lu atio n  is, it  m u st be 
ad m itted , n ot as accu rate  as m igh t be desired, b u t a t  
th e  sam e tim e th e  va lu e  fo r th e  S— O  bond m om ent S4-0-12S
agrees w ith  th a t  deduced from  independent m easure- / \  
m ents on  d im eth yl sulphone and d im eth yl sulphide. r jC0.064 0-U64
T his, to  a  certain  exten t, adds greater ce rta in ty  to  th e  *--1
bond m om ent for th e  S— Cl bond. F ro m  it, o-6 i  d , and 
th e  S— C l in terato m ic distan ces determ ined in SC 12, S 2C12, S O C l2 an d  S 0 2C12, 
w e g e t  th e  residual charge =  ±0-064 w hich  g ives th e  S C 12 m olecule the 
residual charges show n.

F o r th is m olecule 27 P au lin g  su sce p tib ility  co n sta n ts =  70-13, and 
su b tra ctin g  th e  exp erim en tal su sce p tib ility  47-97, w e o b tain  22-16, rep re­
sen tin g th e  bond depression for tw o  S — Cl b o n d s/ i.e . A s—ci is n -o S .

H ad  th e  co n stitu tio n  of S 2C 12 n o t been in  do u b t, it  m igh t h a v e  been 
used to  g iv e  an  indep en dent determ in ation  o f th e  S— Cl bond depression, 
th e  S— S bond depression being know n. In  th e  circum stan ces i t  is p re ­
ferab le  to  use th e  S— Cl bo n d  depression ju s t  determ in ed to  discuss th e  
vario u s co n stitu tio n s w h ich  h ave  been suggested for S 2C 12.

Experimental.
T h e d iam agn etic  su sceptib ilities w ere m easured a t  180 C. w ith  th e  

m odified Curie-Chdneveau m agn etic  b a lan ce.23 T h e  u tm o st care w as  tak en

T A B L E  IX .

E xpe r im en tal  S u sc e pt ib ilit ie s.

E xperim en ta l S uscep tib ility .

S ubstance. This L abo ra to ry .

Pascal. K ido. V aradachari.
A uthors. F arquharson .

Sulphur dioxide _ _ 18-25 _ _
Sulphur trioxide --- 28-54 23-12 — ---
Hydrogen sulphate . --- 39-oo — — ---
Dim ethyl sulphate . --- --- 62-20 — ---
D iethyl sulphate --- --- 86-90 — ---
Potassium sulphate . --- 65*00 — — ---
Potassium ethyl sulphate . 77*32 --- — — ---
Sodium thiosulphate --- — 58-23 ---
Potassium thiosulphate --- 75-88 — ---
Sodium ethyl thiosulphate. 78-77 --- — — ---
Sulphur monochloride 62-32 --- — 62-23 ---
Sulphur dichloride . 47'97 --- — 4944 48-09
Chlorsulphonic acid . 46-60 ---

11AN a ik  and Jadh ov, J .  In d . Chem. Soc., 1926, 3 , 260.
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in  th e  p urification  o f th e  sam ples m easured. T h ro u gh o u t th e  discussion 
th e  su sceptib ilities h a ve  been m u ltip lied  b y  — io + G.

Discussion.
T h e  C o n stitu tio n  o f S u lp h u r  T r io x id e .

O n th e  a ssu m p tio n  th a t  th e  c o n s t itu t io n  o f S 0 3 co u ld  b e  rep resen ted  
0

a s  0 = S < )  or a  reso n a n ce  h y b r id  i t  co u ld  b e  u sed  to  d e te rm in e  th e  S = 0  
0

b o n d  d ep ressio n  (T a b le  X ) .

T A B L E  X .

Substance. 2  P au ling  A tom ic 
Suscept. Consts.

2  K now n
Ax-*- Difl. E x p t. Susc, As=0.

s o 3 . 53-56 3-52 50-04 23-12 26-82

T h is  b o n d  d ep ressio n  is  in  m o d e r a te ly  g o o d  a g r ee m en t w ith  th a t  
o b ta in e d  u s in g  th e  e x p e r im en ta l su sc e p t ib il i ty  o f S 0 2. T h ere  are, 
h o w ev e r , tw o  c o n s id e r a b ly  d ifferen t v a lu e s  for  th e  e x p e r im en ta l su s ­
c e p t ib il i ty  o f  S0 3, th a t  o f P a sc a l u sed  a b o v e  a n d  o n e  d e term in ed  b y  
F a rq u h a rso n  (2 8 -54). T h e  p ro b a b le  e x p la n a t io n  is  th a t  S 0 3 h a s  n o t

th e  s im p le  s tr u c tu r e  rep resen ted  a b o v e .  
I t  is k n o w n  to  e x is t  in  th ree  fo rm s 12 a n d  
a lth o u g h  n e ith e r  P a sc a l n o r  F a rq u h a rso n  
to o k  sp ec ia l p r e ca u tio n s  to  d e te rm in e  th e  
su sc e p t ib il i ty  o f a n y  s in g le  fo rm , i t  is 
p ro b a b le  th a t  from  h is  m e th o d  o f in tr o ­
d u c in g  i t  in to  th e  m ea su r in g  tu b e  of 
th e  C u rie -C h én eveau  m a g n e tic  b a la n ce ,  

F a rq u h a rso n  m ea su red  th e  ¿8-form. E x is t in g  d a ta  co n cern in g  th e  c o n ­
s t i tu t io n  o f S 0 3 h a v e  b e e n  rev iew ed  b y  H â g g  13 w h o  su g g es ted  th a t  th e  
/S-form w a s m a d e  u p  o f c h a in s  o f  S 0 3 g ro u p s (I I I ) .

T h e  ch a in s o f th is  m o d ifica tio n  w ill b e  c o n s t itu te d  b y  a  r e p e tit io n
0

0 • O ' 0
Î t t

0 — S — 0 — s —o —s —
I I

0 O j 0
(III)

o f  th e  u n it  w ith in  th e  b ra ck e ts . T h e  s u s c e p t ib ilty  o f th e  — 0 -

g roup  ca n  b e  c a lc u la ted  th u s  :

I S  w ith  resid u a l ch a rg e  — 0-6 g iv in g  P a u lin g  c o n s ta n t  =  28-90
1 0  w ith  res id u a l ch a rg e  + 1 - 3  g iv in g  P a u lin g  c o n s ta n t  =  4-89
2 0  w ith  res id u a l ch a rg e  — 0-35 g iv in g  P a u lin g  c o n s ta n t  =  15-68

t
- S

0

.-. S  P a u lin g  a to m ic  su sc e p t ib il i ty  c o n s ta n ts  =  49-47

If th e  b o n d s  are a s rep resen ted , from  th is  h a s  to  b e  su b tr a c te d  
2As_*o +  2A s—o  {i-e. 21 t o ) ,  le a v in g  28-37  a  c a lc u la te d  m o lecu la r  
su sc e p t ib il i ty  w h ic h  is  in  c o m p le te  a g r ee m en t w ith  F a rq u h a rso n 's  
e x p e r im en ta l v a lu e  (28-54).

11 Schultz and Sellack, Bull. Soc. Chim., 1870, (2) 14, 154, and m any sub­
sequent papers.

13 H agg, Z. p h ysik . Chem., B ,  1932, 18, 199.



A s th e  re su lt  o f  R a m a n  sp ec tru m  in v e s t ig a t io n , G erd in g  an d  
M oerm an  14 su g g e s te d  fo r  th e  )S-form th e  sa m e ch a in  s tr u c tu r e  as H a g g  
b u t  w ith  d o u b ly  b o u n d  o x y g e n
a to m s  (IV ), a n d  for  th e  y  (ice- 0
lik e ) form  th e  r in g  s tr u c tu r e  (V ). II

D e sp ite  th e  d isc r ep a n c y  b e - 0 = S —0  O
tw e e n  P a s c a l’s a n d  F a rq u h a r so n ’s /  \ /
r esu lts , th e y  b o th  e lim in a te  th e  0  0  O S
p o s s ib il ity  o f  su ch  d o u b ly  b o u n d  || || \  / \
s tr u c tu r es , b u t  i t  is  p ro b a b le  th a t  0 — S — 0 — S — 0  0 = S — 0  0
th e  s tr u c tu r es  p o s tu la te d  b y  || || ||
G erd in g  a n d  M oerm an  are v a lid  0  0  0
i f  co -o rd in a te  lin k s b e tw e en  th e  S  (IV) (V)
a n d  0  a to m s  are su b s t itu te d  for
th e  d o u b le  b o n d s. M a g n e tic a lly  i t  is im p o ss ib le  to  d is t in g u ish  b e tw e e n  
th e  a b o v e  ch a in  an d  r in g  s tr u c tu r es  as th e y  are b o th  b u ilt  o f th e  sa m e  
u n it  co m p o n e n t.

D e riv a tiv e s  of [S O J ~ 2.

T h e se  m a y  b e  c la ss ified  :—

(a) M eta llic  su lp h a te s , e tc ., e.g., H 2S 0 4, K 2S 0 4.
(.b) M eta l R  su lp h a te s , M [R S 0 4], e.g., K E t S 0 4.
(c) D i-R  su lp h a te s , e.g., M e2S 0 4 a n d  E t 2S 0 4.

S ev era l su lp h a te s  h a v e  a lre a d y  b e e n  e m p lo y e d  in  th e  d e v e lo p m e n t  
o f  th e  p r e se n t  th e o r y . I t  rem a in s to  d ea l w ith  in o r g a n ic  su lp h a te s  
a n d  m e ta l R  su lp h a te s . W h e n  th e  m o lecu la r  su sc e p t ib il i ty  c o n s ta n t  
fo r  H ,S 0 4 w a s  c a lc u la te d  th e  H —0  b o n d s  w e re  a ssu m e d  to  b e  c o v a l­
e n c ie s . T h e  fo r m a tio n  o f K 2S 0 4 is a c co m p a n ied  b y  tw o  c h a n g e s  in  th e  
m o lecu le , th e  s u b s t itu t io n  of tw o  h y d ro g e n  a to m s  b y  tw o  K  a to m s  a n d  
a n  a lte r a tio n  in  th e  n a tu re  o f th e  b o n d s  u n d er  d isc u ss io n . T h e  e x p e r i­
m e n ta l  su sc e p t ib il i ty  o f H 2S 0 4 is  39 -0 0  a n d  th a t  o f  K 2S 0 4 65-00 , so  th a t  
th e  in c re m en t o f d ia m a g n e tism , 26 -00 , rep resen ts  th e  c h a n g e  in  s u s ­
c e p t ib il i ty  a r is in g  fro m  th e  a b o v e  s u b s t itu t io n , or 13-00 per H — O  
to  K — O  b o n d . T h is  in c re m en t w ill b e  u sed  th r o u g h o u t for  th e  c a l­
c u la t io n  o f th e  su sc e p t ib il i ty  o f  p o ta ss iu m  sa lts . I ts  v a l id it y  m a y  
b e  ch e ck ed  in  th e  ca se  o f K E t S 0 4.

F o llo w in g  th e  p r e v io u s  tr e a tm e n t  E t H S 0 4 w ill b e  a s (V I), w ith  a  
c a lc u la te d  m o lecu la r  su sc e p t ib il i ty  c o n s ta n t  o f  62-85 .

H —0  0  T h is  m o lec u le , h o w ev e r , is n o t  su ita b le  fo r  p h y s ic a l
X / 1 m e a su r em e n ts , as a c co r d in g  to  A b d u l H a m id 15 i t  is

S  im p o ss ib le  to  iso la te  th e  free  a c id  in  a  s ta te  o f p u r ity .
/ \  T h e  p o ta ss iu m  s a lt  is q u ite  s ta b le  a n d  its  c a lc u la te d

C oH -—0  0  su sc e p t ib ility , 75-85 , is  in  rea so n a b le  a g r ee m en t w ith  th a t
(VI) fo u n d  e x p e r im e n ta lly , 77-32 . A lth o u g h  th e  c o in c id e n c e

is  n o t  a s  c lo se  as th a t  u su a lly  fo u n d , i t  d o es  d e fin ite ly  
p r e c lu d e  th e  p o s s ib il ity  o f th e  SO  b o n d s b e in g  m u lt ip le  b o n d s .

D e riv a tiv e s  of [ S ,0 3]~2.

T h e se  m a y  b e  c la ss ified  a s in  th e  ca se  o f  [S0 4] -2  b u t  n o  s im p le  d i­
su b s t itu te d  o rg a n ic  d e r iv a t iv e s  are a v a ila b le .

A . C L O W , H . M . K I R T O N  A N D  J .  M . C. T H O M P S O N  1 0 2 5

11 G erding and M oerm an, Z . ph ysik . Chem., B ,  1937, 35, 216.
15 A b d u l H am id, J .C .S .,  1926, 109S.



B o th  su lp h a te s  a n d  th io su lp h a te s  ca n  b e  fo rm ed  from  su lp h ite s  
b y  th e  a c t io n  o f o x y g e n  a n d  su lp h u r  r e sp e c tiv e ly , a n d  th is  h a s  b een  
u sed  a s an  a rg u m en t in  fa v o u r  of s im ila r  str u c tu r es . ~  ’
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H — S  0
X / 1

S

H —0  0
(V I I )

H —0  S

s

/ \ .  
H —0  0

( V I I I )

H - -S  0
\ /

s

S u ch  a n a lo g ie s  

H —0  S

H —0
( I X )

0 H - - 0
(X)

0

R — S

H-

S

/ \  
- 0  0  
(X I)

H — S  O

\ X
s

/ \  
R — O 0  

( X I I )

are p ron e to  lead  to  fa lse  c o n c lu sio n s  a n d  sh o u ld  n o t  b e  u sed  as m o re  
th a n  a  b a s is  for  d iscu ss io n . O n th is  a ssu m p tio n  se v e ra l s tr u c tu r es  
are p o ss ib le  for  th io su lp h a te s  (V II , V I I I ) ,  th e  fo rm er  b e in g  in g en era l

m ore  p ro b a b le . R a y ,16 a n d  R a y  a n d  
M a n lik ,17 from  ch e m ic a l e v id e n c e , are in  
fa v o u r  of a n  e le c tr o n ic  iso m erism  b e tw e en  
( IX )  a n d  (X ). A s n e ith er  th e  free  a c id  nor  
sim p le  d isu b s t itu te d  o rg a n ic  d e r iv a t iv e s  are  
a v a ila b le  recou rse  h as to  b e  m a d e  to  th e  
sa lts  M2[S20 3] a n d  M [R S 20 3]. In  th e  la t te r  

th ere  w ill b e  tw o  p o ss ib le  a d d itio n a l c o n s t itu t io n s  r e su lt in g  from  p o s it io n  
iso m er ism  of th e  R  g rou p , i.e., from  th e  first o f th e  p r e v io u s  s tr u c tu r es  
th ere  w ill a r ise  (X I )  a n d  (X I I ) ,  e tc .

T h e  e x p e r im e n ta l su sc e p t ib ilit ie s  o f K 2S 20 3, N a 2S 20 3 a n d  N a E t S 20 3 
are k n o w n  a n d  e n a b le  o n e  to  m a k e  q u ite  d e fin ite  p r o n o u n c em e n ts  a b o u t  
th e  c o n s t itu t io n  o f th io -
su lp h a tc s . F ir s t  co n sid er  T A B L E  X I .
th e  s tr u c tu r es  (V II) a n d  --------------------------------------------------------------------------
(V I I I ) .  T h e se , for  th e  
so d iu m  a n d  p o ta s s iu m  
sa lts , h a v e  th e  c a lc u la te d  
s u s c e p t ib il i ty  c o n s t a n t s  
g iv e n  in  T a b le  X I .

I t  is e v id e n t  t h a t  s tr u c ­
tu re  (V I II )  is  ru led  o u t,  
le a v in g  (V II) as' th e  c o n ­
s t itu t io n  o f th e  th io ­
su lp h a te s . T h e  m o lec u la r  
su sc e p t ib il i ty  c o n s ta n t  o f  
th e  so d iu m  s a lt  w a s  c a l­
c u la te d  b y  ta k in g  th e  d if ­
feren ce  — 9-3 b e tw e e n  th e  
io n ic  su sc e p t ib ilit ie s  o f th e  
K + ion  = — i 8'5 a n d  th e  
N a +  io n  =  — 9-2 as g iv e n  
in  th e  In ter n a tio n a l C ritical 
T a b le s . T h e  r esu lts  a lso  seem  to  e lim in a te  d e fin ite ly  R a y ’s id e a  o f a n  
e lec tro n ic  isom erism .

T h e  sa lt  M [R S 20 3] m a y  b e  rep resen ted  b y  (X I )  or ( X I I ) ; th e  c a lc u ­
la ted  a n d  e x p e r im e n ta l su sc e p t ib ilit ie s  are a s in  T a b le  X I I .

T h ere  is n o t  a  la rg e  d ifferen ce  b e tw e e n  th e  m o lec u la r  su s c e p t ib il i ty

S alt.

S tru c tu re .
E xperim enta l
Suscep tib ility .

(V II) . (V III).

Iv 3S 20 3 
N a 2S 20 3 .

76 -83
58-23

87-73
69-13

7 5 -8 8
5 8 - 2 0

T A B L E  X I I .

S alt.

S tru c tu re .
E xperim en ta l
S usceptib ility .

(X I) . (X II) .

N a E t S , 0 3 . 75-91 78-52 78 * 7 7

R a y , / .  In d . Chem. Soc., 19 31, 8 , 307 ; 1933, j o ,  655.
17 R a y  and M anlik, Z . anorg. A llgem . Chem., 1931, 199, 356.
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c o n s ta n ts  o f th e  tw o  stru c tu res , b u t  th e  e x p e r im en ta l su sc e p t ib il i ty  
g iv e s  a n  in d isp u ta b le  in d ic a t io n  th a t  (X I I )  is th e  c o n s t itu t io n  o f so d iu m  
e th y l  th io su lp h a te .

T h e  S tru ctu re  o f S u lp h u r  M o n o ch lo rid e .

T h e  R a m a n  sp ec tru m  h a s b een  s tu d ied  b y  M a to ssi a n d  A ld erh o ld  18 
w h o  h a v e  a lso  s tu d ie d  th e  sp e c tr a  of SO C l2, S 0 2C12 and  S 0 2(0 H )C 1, 

CL
a n d  as a  re su lt  p o s tu la te  ) > S = S  as th e  c o n s t itu t io n  o f S 2Ci2 in a n a lo g y

CL C l /
to  > S = 0 . V e n k a te s w a r e n 19 h as s tu d ie d  S 2C12 and  SO CL a n d  

C K  " .
fu r th e r  e v id en ce  in  fa v o u r  o f th is  s tr u c tu r e  is th a t  o f  M eyer 20 w h o  a lso  
d e c id e s  a g a in st  th e  c o n s t itu t io n  Cl— S — S — Cl. O n th e  o th e r  h a n d , 
P a lm e r  4 c o n c lu d es  th a t  th e  co m p o u n d  is in d eed  b u ilt  up o f s in g le  c o ­
v a le n c ie s  a n d  th a t  th e  S— S— Cl a n g le  is  103°.

F ro m  a c h em ica l p o in t  o f v ie w  th e  p ro b lem  w a s a tta c k e d  b y  
G ia co m ello  21 in  order to  d ec id e  b e tw e en  th e  tw o  c o n s t itu t io n s  (X I I I )  
a n d  (X IV ). H e  co n c lu d e d  th a t  
S 2C12 c o n s is ts  o f a n  eq u ilib r iu m  CL 
m ix tu r e  of tw o  m o lec u le s  h a v in g  / S +— S -
th e  c o n s t itu t io n s  (X I I I )  a n d  (X I V ) , C K  CI— S — S — C l
th e  m o lecu le  c o n ta in in g  th e  co- (X III) (X IV)
o r d in a te  b o n d  b e in g  th e  m ore  re­
a c t iv e . T h u s  th ree  c o n s t itu t io n s  h a v e  b een  p o s tu la te d  a n d  m ix tu r e s  o f  
th e se  as w e ll.

M a g n e tic a lly  th ere  are  tw o  a p p ro a ch es to  th e  p ro b lem . T h e  first 
is to  a ssu m e  th a t  S 2C12 h a s th e  c o n s t itu t io n  su g g es ted  b y  P a lm er  a n d  
to  u se  i t  a s  a b o v e  to  d e term in e  A s—ci- If th e  b o n d  d ep ressio n  so  a t ta in e d  
is in  a g r ee m en t w ith  th a t  d er iv ed  fro m  SC12 there  is  a  s tr o n g  p r e su m p tio n  
th a t  b o th  c o m p o u n d s h a v e  th e  sa m e ty p e  o f b o n d in g . A lte r n a tiv e ly ,  
th e  b o n d  d ep ressio n  a lre a d y  d er iv ed  from  SC 12 m a y  b e  u sed  to  c a lc u la te

C1\th e  m o lecu la r  su sc e p t ib il i ty  c o n s ta n t  for  th e  c o n s t itu t io n  )>S—>S

C1\  . Cl 
a n d  if n e c essa ry  \ S = S ,  and  th is  c a lc u la ted  su sc e p t ib il i ty  th en

C K
c o m p a r ed  w ith  th e  e x p e r im en ta l su sc e p t ib il i ty  o f th e  m o n o c h lo r id e .  
C on sid erin g  th e  form er a lte r n a tiv e , if  th e  c o n s t itu t io n  is  m a d e  u p  of

s in g le  b o n d s th e  res id u a l ch a rg es w ill b e  Cl—° 064S — ----- S + ° °6:tCl 0 00 * 
fo r  w h ic h  fo rm u la  E  P a u lin g  su sc e p t ib il i ty  c o n s ta n ts  is 9 5 - I6.  S u b ­
tr a c t in g  from  th is  A s—s  an d  th e  e x p e r im en ta l su sc e p t ib il i ty  w e  o b ta in  
2 A s—ci =  2 2 7 6  or A s—ci =  11-38, w h ic h  is  in  g o o d  a g r ee m en t w ith  th e  
o th e r  v a lu e  o b ta in e d  for A s—ci from  SC 12. I t  is  th erefo re  h ig h ly  p ro b a b le  
t h a t  th e  c o n s t itu t io n  of S 2C12 is th a t  su g g es ted  b y  P a lm e r .4

T h e  c o n s t itu t io n  o f S 2C12 h a s  a lso  b e e n  in v e s t ig a te d  m a g n e t ic a lly  b y  
V a ra d a ch a r i a n d  S u b r a m a n a m ,10 w h o , w h ile  th e y  o b ta in e d  th e  sa m e  
e x p e r im en ta l su sc e p t ib il i ty  as th e  a u th o rs  (62-23 a g a in s t  6 2 -3 2 ), d ec id ed

18 Matossi and Alderhold, Z . Physik, 1931, 68, 683.
18 Venkateswaren, Ind. J . Physics, 1931, 6, 275.
20 Meyer, Z. anorg. Allgem. Chem., 1931, 203, 146.
21 Giacomello, A tti. Accad. Lincei, 1935, 31, 36.
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Ck
in fa v o u r  o f th e  c o n s t itu t io n  b S = S  as a  re su lt  o f  a  d ifferen t m e th o d

CK
o f in te rp re ta tio n . V a ra d a ch a r i a n d  S u b ra m a n a m  u se  io n ic  su sc e p t ib il i ty  
c o n s ta n ts  d er iv ed  b y  K id o 22 o f th e  fo llo w in g  v a lu e  :—

Cl-1 22-1 , S -2  27-4 , S+4 4-6 ,

C1" \g iv in g  a  c a lc u la ted  su sc e p t ib il i ty  o f 6 7 -0  fo r  th e  s tr u c tu r e  N S + ^ ^ S -2
c i - 1/

w h ic h  d o es n o t  in  it s e lf  e v e n  g iv e  a  g o o d  a g r ee m en t w ith  th e ir  e x p e r i­
m e n ta l su sc e p t ib ility .

If w e  a p p ly  th e  m e th o d  u sed  th r o u g h o u t th e  p resen t d isc u ss io n  w e  
g e t  th e  res id u a l ch a rg es sh ew n , w h ic h  g iv e s  

0 ] —0*064 +1.10g 96-11 for  th e  su m  o f th e  P a u lin g  a to m ic  su s-
\ S  A-S- 1  c e p t ib il i ty  c o n s ta n ts , from  w h ic h  th e  su m  o f th e

01- 0*064/  b o n d  d ep ress io n s  2 A s - c i  +  A s-^s =  24-46  h a s  to
be  su b tr a c te d , le a v in g  71-65 for  th e  m o lecu la r  su s ­

c e p t ib il i ty  c o n s ta n t . T h is  is  n o t  in  a g r ee m en t w ith  th e  e x p e r im en ta l

su sc e p t ib il i ty  nor  is th e  s tr u c tu r e  b S = S  te n a b le  e ith er , th u s  e lim in -
C K

a tin g  a ll th e  s tr u c tu r es  e x c e p t  Cl— S— S — Cl.
T h e  v a lu e  o f  A s—ci w ill b e  ta k e n  as th e  m e a n  o f th e  v a lu e s  d ed u ced  

from  SC12 a n d  S 2C12, i.e. A s—ci =  H '2 3 .

T h e  S tru ctu re  o f C h lo rsu lp h o n ic  A c id .

C h lo rsu lp h o n ic  a c id  is  u su a lly  rep resen ted  a s (X V ), a  s tr u c tu r e  in
w h ic h  th e  o n ly  p o in t  l ik e ly  to  b e  o p en  to  d isc u ss io n  is  th e  „  q  q

d egree  of d o u b le  b o n d in g , if  a n y , in  th e  S— O b o n d s . ^
T h e  e x p e r im en ta l su sc e p t ib il i ty  is 4 6 -6 0  w h ile  th e  m ole-  
cu lar  su sc e p t ib il i ty  c o n s ta n t  for th e  a b o v e  str u c tu r e  is .v
47-0 4 , in d ic a t in g  th a t  a n y  d egree  o f d o u b le  b o n d in g  is / .  \  
n eg lig ib le . (XV)

Summary.
T h e p u b lica tio n  o f v a lu e s  for th e  d ip o le  m o m en ts  and  in te ra to m ic  

d is ta n ce s  o f th e  lin k s S - * 0  a n d  S— Cl h a s  en a b le d  th e  m e th o d  o f c a lc u ­
la t in g  d ia m a g n etic  su sc e p tib ilit ie s  g iv en  b y  G ray  a n d  C ru icksh ank  * to  be  
e x ten d e d  to  co m p o u n d s c o n ta in in g  su ch  lin k s . T h e  b o n d  d ep ressio n s  
As—o, As_>.o, A s= o  a n d  A s—ci are c a lc u la ted  a n d  th e  stru c tu res  o f su lp h u r  
tr io x id e , su lp h u r m on och lor id e, ch lo rsu lp h o n ic  a c id  an d  d e r iv a tiv e s  of 
[S0 4] -2 an d  [S20 3] -1 are d iscu ssed .

T h e  a u th o rs  w ish  to  ex p ress  th e ir  th a n k s  as fo llo w s  : A . C. to  th e  
C arnegie  T r u ste e s  fo r  th e  U n iv e r s it ie s  o f S c o tla n d  for a  T e a c h in g  
F e llo w sh ip ; H . M. K . to  th e  R o b b ie  F u n d  o f th e  U n iv e r s ity  o f A b erd een  
for a research  sch o la rsh ip .

22 Kido, Sci. R pts. Tohoku. Im p. Univ., 1933, 22, 835.
23 Gray, Clow and Cruickshank, J . Scient. Inslr., 1936, 13, 13.
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T h e  p reced in g  p a p er  b y  th e  a u th o rs  d iscu sse s  th e  d e r iv a tio n  o f th e  
n e c essa ry  d a ta  fo r  a p p ly in g  th e  G ray -C ru ick sh a n k  m e th o d  to  th e  s tu d y  
o f co m p o u n d s c o n ta in in g  S — 0  a n d  S— Cl b o n d s  a n d  c o n ta in s  a d is ­
c u ss io n  o f d e r iv a t iv e s  o f th e  [S0 4]_2 a n d  [S20 3]~2 ra d ica ls , w h ile  th e  
p r e se n t c o m m u n ic a tio n  e x te n d s  th e  d iscu ss io n  to  d e r iv a t iv e s  o f [S0 3] -2  
a n d  [S20 2]“ 2. T h e se  m a y  b e  c lassified  :

(а) M eta llic  S u lp h ite s , M2S 0 3 ; e.g., K 2S 0 3.
(б) D i-R  su lp h ite s , R 2S 0 3 ; e.g., M e„S0 3, E t 2S 0 3.

MCk
(1c) S a lts  o f R  su lp h o n ic  a c id s , / S 0 2 ;

W
N aC k K ( \  H O

e.g., > S 0 2, > S 0 2,
E K  P IR  H 2N . C6H 4

RCk
(d) E ste r s  o f  R  su lp h o n ic  a c id s , j S O ,  ;

r /
EtCX EtC k

e.g., } S 0 2, > S 0 2,
E t /  p-T o i /

w ith  th e  co rresp o n d in g  th io -d e r iv a tiv e s  e x c e p t in g  m e ta llic  th io su lp h ite s .

Experimental.
A s in  th e  p reced in g  co m m u n ica tio n , th e  d ia m a g n etic  su sc ep tib ilit ie s  w ere  

m easured  a t  180 C. w ith  th e  m odified  C urie-C héneveau m a g n etic  b a lan ce , 
g rea t care b e in g  ta k e n  
in  th e  preparation  of  
sa m p les free from  im ­
p u rity . T h ro u g h o u t th e  
d iscu ssio n  th e  su sc ep ti­
b ilit ie s  h a v e  b een  m u l­
tip lied  b y  — io + s.

Discussion.
(a) S u lp h it e s  and  

Thiosulphites.
A s in d ic a ted  a b o v e  

th ere  a r ise  from  th e  
[S0 3]~2 ra d ica l a n d  th e  
[S20 2]-2  ra d ica l d er iv ed  
from  it ,  in all se v e n  
c la sse s  o f in o rg a n ic  an d

1029

T A B L E  I. 

E x pe rim en tal  Su sc e ptib ilitie s . *

Potassium sulphite . 63-7 K
Dimethyl sulphite . 54- i8 A
Diethyl sulphite 77-02 A
Dim ethyl thiosulphite 62-26 A
D iethyl thiosulphite 86-22 A
Sodium ethyl-sulphonate 64-06 A
Potassium phenyl-sulphonate . 96-28 A
Sulphanilic acid 90-07 A
Sodium p-tolyl-thiosulphonate . 113-8 A
E thyl ethyl-sulphonate . 8i-8o P
E thyl ¡ti-tolyl-sulphonate . I I 4-9 A
p-Tolyl p-tolyl-thiosulphonate . 156-7 A

* A  =  Authors ; P  =  Pascal ; K  =  Kido.
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o rg a n ic  d e r iv a t iv e s  w h o se  s tr u c tu r es  h a v e  fo rm ed  on e  of th e  cen tra l  
p ro b lem s o f th e  c o n s t itu t io n  of th e  s im p le  su lp h u r  d e r iv a tiv es .

T h e  p h y s ica l e v id e n c e  for th e  s tr u c tu r e  o f th e  su lp h ite  ion  a n d  its  
m e ta llic  a n d  o rg a n ic  d e r iv a t iv e s  h a s  b een  d iscu ssed  b y  H a g g  1 a n d  m a y  
b e  su m m ed  up  as fo llo w s. A n  X -r a y  in v e s t ig a t io n  of so d iu m  su lp h ite  
rev ea ls  th a t  th e  su lp h ite  ra d ica l is  p y ra m id a l w ith  th e  th ree  o x y g e n s  
a t  th e  corn ers a n d  th e  su lp h u r  a to m  s lig h t ly  a b o v e  th e  p la n e  o f th e  
o x y g e n  a to m s, a n d  a cco rd in g  to  H a g g  str u c tu r e  (I) is th e  m o st  p ro b a b le  
s tr u c tu r e  :—

M— 0  0  M— 0  0

M -- ° \ M— (X
X /

S
X /1

s
> S - > 0 > s = o / \ /X

M --C K M— CK M 0 M  0

(I) (H) (III) (IV)

O n th e  o th e r  h a n d , S t c l l in g 2 su g g e s ts  s tr u c tu r e  ( III )  an d  in s is ts ,  
m o reo v er , th a t  org a n ic  and  in o rg a n ic  su lp h ite s  c a n n o t b e  rep resen ted  
as h a v in g  th e  sa m e  c o n s t itu t io n . I t  is  q u ite  o b v io u s  th a t  th e  e ster s  
o f o rg a n ic  su lp h ite s  c a n n o t b e  rep resen ted  b y  (III )  or (IV ) a s th e se  
form ulae h a v e  a lre a d y  b een  a ss ig n ed  to  th e  ester s  o f su lp h o n ic  a c id s  so  
th a t ,  so  far as e ster s  o f su lp h u ro u s a c id  are co n cern ed , th e y  m u s t  be  
a c c o u n ta b le  for b y  str u c tu r es  (I) or (II ) , or a  p o ss ib le  reso n a n ce  h y b r id  
o f  th em  b o th .

C on sider first o f a ll p o ta ss iu m  su lp h ite . T h is  c o m p o u n d  is e a s ily  
o x id ise d  a n d  c o n se q u e n tly  d ifficu lt to  o b ta in  free  from  th e  su lp h a te  3 
w ith  th e  r e su lt  th a t  it s  e x p e r im e n ta l s u sc e p t ib ility , w h ic h  is 6 3 7 0 ,

m a y  p o s s ib ly  b e  so m e w h a t in a ccu ra te .
K —0  0  T h e  m o lecu la r  su sc e p t ib il i ty  c o n s ta n ts

\ </ '  fo r  th e  tw o  s tr u c tu r es  (V) a n d  (V I) 
K — Ov S  are 6 o -6 i a n d  6 i -8 i . A lth o u g h  th e

yS -> 0  / X  d ifferen ce  b e tw e e n  th e se  m o lec u la r  su s-
K — 0 /  K  0  c e p t ib il i ty  c o n s ta n ts  is  n o t  la rg e  th e

(V) (VI) e x p e r im e n ta l su s c e p t ib il i ty  is in  fa v o u r
o f th e  la t te r  s tr u c tu r e , a n d  o n e  ca n  a t

le a s t  sa y  d e f in ite ly  th a t  th e  c o n s t itu t io n  as p ro p o sed  b y  S te llin g  is 
in co rrect a s i t  s ta n d s , b u t  ca n  b e  b r o u g h t in to  lin e  b y  th e  r ep la c em e n t  
of th e  d o u b le  b o n d s b y  c o -o rd in a te  b o n d s . T h e  sa m e  m o d ifica tio n  b r in g s  
in to  lin e  th e  c o n s t itu t io n  p u t  fo rw a rd  b y  S treck er  a n d  S p ita le r ,4 as  
th e  r e su lt  o f  a  c o m p a r a tiv e  s tu d y  o f th e  r e fr a c tiv e  in d ic es  o f  su lp h a te s ,  
o rg a n ic  a n d  in o rg a n ic  su lp h ite s  a n d  su lp h o n es . T h is , o f  co u rse , c a n n o t  
b e  th e  c o n s t itu t io n  o f th e  o rg a n ic  su lp h ite s , b u t  as b o th  S te llin g  a n d  
S treck er  su g g e s t  d ifferen t c o n s t itu t io n s  for  th e  o rg a n ic  a n d  in o rg a n ic  
su lp h ite s , th is  c o n s t itu t io n  fo r  th e  in o rg a n ic  su lp h ite s  is  in  a g r ee m en t  
w ith  th e ir  fin d in g s.

T u rn in g  n o w  to  o rg a n ic  d e r iv a tiv e s  o f su lp h u ro u s a c id , th e se , as  
p o in te d  o u t  a b o v e , c a n n o t h a v e  th e  sa m e  c o n s t itu t io n  a s th a t  a ss ig n ed  
to  th e  in o rg a n ic  su lp h ite s . C o n se q u en tly , th e ir  s tr u c tu r es  m u s t  be  
rep resen ted  b y  (I) or (II) or a  reso n a n ce  h y b rid . T w o  su lp h ite s  o f  
th is  c la ss  h a v e  b e e n  in v e s t ig a te d , d im e th y l-  a n d  d ie th y l-su lp h ite , w h o se

1 Hâgg, Z. physik. Chem., B , 1932, 18, 199.
2 Stelling, D iss. Lund, 1927.
3 Zachariasen and Buellv, Physic. Rev., 1931, 37, 1295.
1 Stecker and Spitaler, Ber., B , 1926, 59, 1754.



e x p e r im en ta l su sc e p tib ilit ie s  to g e th e r  w ith  th e  c a lc u la ted  m o lec u la r  
su sc e p t ib il i ty  c o n s ta n ts  fo r  s tr u c tu r es  (I) a n d  (II) are g iv e n  in  T a b le  I IS
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T A B L E  II.

Sulphite. E xperim ental
Susceptibility .

R —0.
>s-.o.

R—0 /

R —Ox
> S = 0 . 

R — 0 /
R esonance

H ybrid .

MesSO , . 
E t 2S O s

54 - iS
77-02

58-56
82-28

49-53
73-01

54-°5
77-69

I t  is  im m e d ia te ly  a p p a re n t  th a t  n e ith e r  th e  m e th y l n o r  e th y l  d e r iv a t iv e s  
ca n  b e  rep resen ted  b y  str u c tu r e  (I) or ( II) ,  b u t  o n  th e  o th er  h a n d  if  th e se  
o rg a n ic  su lp h ite s  are  r e so n a n ce  h y b r id s  m a d e  up  e q u a lly  o f  th e  tw o  
p o ssib le  c o n s t itu t io n s  th e n  th ere  is a n  e x c e lle n t  a g r ee m en t b e tw e e n  
th e  e x p e r im e n ta l su sc e p tib ilit ie s  a n d  th e  c a lc u la te d  m o lec u la r  su sc e p t i­
b i l i ty  c o n s ta n ts .

I t  is  in te r e s t in g  a n d  in s tr u c t iv e  to  e x te n d  th e  fie ld  o f  e n q u ir y  to  
th io su lp h ite s , i t  b e in g  r ec o lle c te d  th a t  th io su lp h a te s  w e re  d er iv ed  from  
su lp h a te s  b y  th e  r ep la c em e n t o f an  o x y g e n  a to m  b y  a  su lp h u r  a to m  g iv in g  
in  th e  th io su lp h a te  a  su lp h y d r y l a n d  h y d r o x y l ra d ica l in  p la c e  o f tw o  
h y d r o x y ls  in  th e  su lp h a te . T o  c o m p a re  w it h  S te l l in g ’s s tr u c tu r e  for  
th e  su lp h ite  th ere  are u n fo r tu n a te ly  n o  s im p le  in o r g a n ic  th io su lp h ite s ,  
b u t  d im e th y l a n d  d ie th y l  th io su lp h ite  w e re  p rep ared , fo llo w in g  th e  
m e th o d  o f M eu w sen ,5 i.e., b y  th e  a c t io n  o f so d iu m  a lk -o x id e  u p o n  su lp h u r  
m o n o ch lo r id e  in  p e tro l e th er . T h e  e x p e r im e n ta l su sc e p t ib ilit ie s  a n d  
c a lc u la te d  m o lecu la r  c o n s ta n ts  fo r  th e se  th io su lp h ite s  are  as in  T a b le  I I I .

T A B L E  III.

T hiosulphite . E xperim en ta l
Susceptibility .

R—S,
>s-+o. 

r —<y
R — S.

> s= o . Resonance

Me2S2Oa . 
E t2s 2o ;  .

62-26
86-22

68-30
90-78

56-09
78-57

62-19
85-18

A p p a r e n tly  th erefo re , th e  th io su lp h ite s  h a v e  c o n s t itu t io n s  rep resen ted  
b y  a  r e so n a n ce  h y b r id  o f th e  a b o v e  p o ss ib le  c o n s t itu t io n s .

T h is , h o w ev e r , d o es  n o t  e x h a u s t  th e  p o s s ib ilit ie s . F ro m  its  m o d e  of 
fo r m a tio n  it  w a s  a ssu m ed  b y  M eu w sen  th a t  h is  co m p o u n d  w o u ld  h a v e  
th e  c o n s t itu t io n  (V II). T h e  c a lc u la ted
m o lec u la r  su sc e p t ib il i ty  c o n s ta n t  fo r  th is  C H 3- 0  S  S  0  CH3- 
s tr u c tu r e  is  69 -6 2  w h ic h  q u ite  d e f in ite ly  (VII)
e lim in a te s  i t  a s  a  p o ss ib le  in te r p r e ta t io n  of
th e  p r o d u ct  r e su lt in g  from  th e  a b o v e  r ea c tio n . M eta l R  su lp h ite s  w ere  
n o t  in v e s t ig a te d , a s th e y  a ll d e c o m p o se  r ea d ily .

(b) Salts and Esters of Sulphonic and Thiosulphonic Acids.
H a v in g  th u s  b e e n  a b le  to  a ss ig n  c o n s t itu t io n s  to  o rg a n ic  a n d  in ­

o r g a n ic  su lp h ite s , a n d  o rg a n ic  th io su lp h ite s , h a v in g  m o lec u la r  su s­
c e p t ib il i ty  c o n s ta n ts  in  a g r ee m en t w ith  th e ir  e x p e r im e n ta l su sc e p t i­

5 Meu%vsen, Ber., B ,  1935. 68, 12 1.
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b ilit ie s , i t  is  p o ss ib le  to  co n sid er  th e  rem a in in g  c la sse s  o f co m p o u n d s  
d er iv ed  from  [S0 3]-2  a n d  [S20 2] -2 , i.e., th e  sa lts  a n d  e ster s  o f  su lp h o n ic  
a n d  th io su lp h o n ic  ac id s. O ne o f th e se  c la sse s  is  o f p a r ticu la r  in te re st,  
a s co m p o u n d s w h ic h  w e re  fo r m e r ly  regard ed  as d isu lp h o x id e s  w ere  
sh o w n  c h e m ic a lly  to  corresp o n d  to  th e  th io su lp h o n a te  c o n s t i tu t io n .6 
C on sider f ir s t ly  th e  s a lt s  o f R -su lp h o n ic  ac id s. A lth o u g h  i t  is  n o t  
p o ssib le  to  co m p a re  th e se  w ith  th e  iso m er ic  sa lts  o f  R -su lp h u r o u s  a c id s  
i t  is a lm o st  cer ta in  th a t  th e  sa lts  o f th e  su lp h o n ic  a c id s  w ill h a v e  c o n ­
s t itu t io n s  rep resen ted  b y  e ith er  (V III )  or (I X ) ,  a n d  th e  co rresp o n d in g

M—0  0 T 0 0 M— S 0 M— S 0
\ / \ / X / 1 \ /

S or S s s

/ \  
R  0

/ \  
R  0 rX

/ \  
R  0

(VIII) (IX) (X) (XI)

sa lts  of th io su lp h o n a te s  b y  (X ) or (X I ) .  S ev era l d e r iv a t iv e s  o f  th is  
ty p e  h a v e  b e e n  in v e s t ig a te d  m a g n e t ic a lly  a n d  are  sh o w n  in  T a b le  IV  
w ith  th e  a p p ro p r ia te  m o lec u la r  su s c e p t ib il i ty  c o n s ta n ts  :—

T A B L E  IV .

Salt of Sulphonic or Thiosulphonic Acid.

Sodium ethyl sulphonate 
Potassium phenyl sulphonate . 
Sulphanilic acid 
Sodium p-tolyl thiosulphonate

Experimental
Susceptibility.

64-06
96-28
90-07

113-8

Molecular Suscepti­
bility Constant ior 

M—X O

V

60-37
95-7°
90-65

n o-g

O n th e  w h o le  th e  a g r ee m en ts  are rea so n a b le , th o se  in  p a r ticu la r  for  
p o ta s s iu m  p h e n y l su lp h o n a te  a n d  su lp h a n ilic  a c id  b e in g  e x c e lle n t .  
E v e n  d e sp ite  th e  g rea ter  v a r ia t io n  in  th e  o th e r  c o m p o u n d s i t  is p o ss ib le  
to  e lim in a te  o th e r  str u c tu r es . T h e  sa m e  is tru e  o f th e  e ster s  o f  R -  
su lp h o n ic  a c id s , tw o  o f w h ic h  h a v e  b e e n  e x a m in e d , e th y l  e th y l  su lp h ­
o n a te  a n d  e th y l  p - to ly l-su lp h o n a te , w h o se  e x p e r im e n ta l a n d  c a lc u la te d  
su sc e p tib ilit ie s  are  r e s p e c t iv e ly  8 l - 8 o  a g a in st  81-53 a n d  114-9 a g a in st  
118-21.

T o  th is  g rou p  b e lo n g  a lso  th e  in te r e s t in g  a ld e h y d e  a n d  k e to -  
b isu lp h ite  c o m p o u n d s  w h ic h , a c co r d in g  to  R a sch ig  a n d  P r a h l,7 are sa lts  
o f h y d r o x y -R -su lp h o n ic  a c id s  ra th er  th a n  m o n o -e ste r  m e ta l o x y -R -  
su lp h ite s . A n  a t te m p t  w a s  m a d e  to  in v e s t ig a te  se v e ra l e x a m p le s  o f  
th e se  co m p o u n d s , b u t  th e ir  in s ta b i li ty  w h e n  su b je c te d  to  th e  r igorou s  
p u rifica tio n  p rep a ra to ry  to  th e  m e a su r e m e n t o f  th e ir  d ia m a g n e tic  
su sc e p tib ilit ie s  m a d e  i t  im p o ss ib le  to  o b ta in  r e su lts  w h ic h  w o u ld  h a v e  
b een  o f  a n y  v a lu e .

S im p le  ester s  o f s im p le  th io su lp h o n ic  a c id s  are n o t  e a s ily  prepared  
a n d  recourse w a s  ta k e n  to  th e  £ - t o ly l  e s ter  o f  p - to ly l  th io su lp h o n ic  a c id .

* Smiles, J .C .S ., 125, 176.
- Raschig and Prahl, Lieb. A nn., 1926, 448, 265 ; Schraeter, Bey., 1926, 59, 

2341 ; 1928, 61 1616.



A s a  d isu lp h o x id e  a n d  a s a  th io su lp h o n a te  it  w o u ld  b e  (X I I )  a n d  ( X I I I )
r e s p e c t iv e ly . U n ­
fo r tu n a te ly  t h e  C H 3 . C6H 4 O
m o lecu la r  su s- X /
c e p t ib il i ty  co n - C H 3 . CfiH 4 S S CeH 4 . CH 3 S
s t a n t s  o f  b o th  I  I  / X
th e se  s tr u c tu r es  O 0  CH 3 . C5H 4 S  0
a re  a lm o st  id e n t i-  (XII) (XIII)
ca l a n d  m a g n e t­
ism  ca n  c o n tr ib u te  n o th in g  to  th e  p h y s ic a l c o n firm a tio n  o f  S m ile s ’s 
ch e m ic a l in v e s t ig a t io n s .

S u m m a r y .

T h e d iam agn etic  bond depressions for th e  bonds in v o lv in g  su lp hur and  
o x y g e n  atom s derived  in th e  precedin g p ap er are used to  d iscuss th e  
stru ctu res o f d e riv atives of [S0 3] - = and [S 20 2]~ 2, v iz .,  m etallic an d  organ ic 
su lp h ites, organic th iosulp hites, salts  an d  esters o f sulphonic an d  th io ­
su lp honic acids.

F u r th e r  d isc u s s io n s  of c o m p o u n d s  in  w h ic h  th e  su lp h u r  is in  a  lo w er  
s t a t e  o f v a le n c y  are in  p rep a ra tio n .

O ne o f u s (A . C.) w ish es  to  th a n k  th e  C arnegie  T r u ste e s  for  th e  
U n iv e r s it ie s  o f S c o tla n d  for a  T e a c h in g  F e llo w sh ip .
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T h e  b lu e  flu o rescen ce  o f a n th ra c e n e  c ry s ta ls  is  a lm o st  c o m p le te ly  
q u en ch ed  b y  m in u te  a m o u n ts  o f n a p h th a c e n e  w h en  i t  is  e x c ite d  b y  th e  
u ltr a v io le t  b ea m . T h e  flu o rescen ce  lig h t  b e c o m es  y e llo w -g r ee n , a n d  
in s te a d  o f th e  a n th ra c e n e  b a n d s in  th e  sh o r t w a v e le n g th  p o r tio n  o f  th e  
sp ec tru m  tw o  to  fou r  se p a r a te  b a n d s in  th e  g reen  w h ic h  b e lo n g  to  th e  
n a p h th a c e n e  m o lec u le  are a p p a ren t. O n th e  o th e r  h a n d , th e  so lu tio n  
o f  th e  m ix tu r e  in  a c e to n e , b e n zen e , e tc ., e x h ib its  th e  flu o rescen ce  sp ec tru m  
o f pure d isso lv ed  a n th ra c e n e . S o lid  n a p h th a ce n e  flu o resces o n ly  fa in t ly ,  
w h ile  th e  flu o rescen ce  sp ec tru m  o f i t s  so lu t io n  sh o w s th e  ty p ic a l green  
b a n d s . T h e  w e ll-k n o w n  in flu en ce  o f  sm a ll a m o u n ts  o f  n a p h th a c e n e  on  
th e  a n th ra c e n e  f lu o rescen ce  is in te rp re ted  a s fo llo w s : In  th e  m ix ed  
so lu t io n  th e  lin e  H g -3 6 6 0  is  m u ch  m o re  s tr o n g ly  a b so rb ed  b y  th e  a n th ­
racen e  m o lecu les , w h ic h  are p resen t in  e x c e ss , th a n  b y  th e  n a p h th a c e n e  
m o lecu les , a n d  th erefo re  th e  b lu e  a n th ra c e n e  flu o rescen ce  p r e v a ils  a lm o st  
c o m p le te ly . In  th e  m ix ed  c ry s ta ls  th e  e n e rg y  a b so rb ed  b y  th e  a n th ­
racen e  relea ses an  “ e x c i t o n .” 1 T h is  is  tra n sferred  to  th e  n a p h th a c e n e  
m o lec u les  a n d  e x c ite s  th e ir  g reen  flu o rescen ce  b a n d s .

1 J. F ren kel, P h ysik . Z . Sov. XJn., 1936, 9 , 138.
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W e  h a v e  stu d ie d  th e  a n a lo g o u s  p h en o m en a  w ith  v a r io u s  co n d en sed  
c y c lic  co m p o u n d s , w h ic h  in te r e ste d  us fo r  th e ir  b io lo g ica l p ro p erties . 
W e  w ish ed  to  u se  th e  b lu e  a n d  green  flu o rescen ce  as an  e a sy  co lo u r  te s t  
to  d e c id e  w h e th e r  th e  c o m p o u n d s w ere  p resen t a s  c r y s ta ls  or in  a  m ole-  
c u la r ly  d isso lv ed  s ta te .

o -i %  solution s of th e  p ure com pounds in  aceton e w ere prepared, and 
to  one p o rtion  th e  sam e vo lu m e of o-ooi %  n ap hthacene in  aceton e w as 
added, i  c.c . each  o f these acetone solutions w as m ixed  w ith  50 c.c. of 
w a ter  and  th e  aceton e a llow ed to  e va p o rate  a t  room  tem p eratu re. T h u s 
m icrocrysta llin e  "  co llo idal ”  suspensions of th e  pure an d  m ixed  com pounds 
w ere form ed. T h e  specim ens w ere exc ite d  h i tu b es of o rd in a ry  glass 
b y  th e  beam s from  a  m ercu ry  arc w h ich  h ad  been filtered th rou gh  b la ck  
N iO -glass an d  th e  colour and  th e  sp ectru m  o f th e  fluorescence n oted.

(1) W e  foun d w ith  1.2 -B en zan th racen e, 1.2 ,-5.6-D ibenzan thracene 
10 -M e th y l-1 ,2 -b e n za n th race n e, 5 .6  - C y c lo p e n te n o - i. 2 -b en zan th racen e, 
6 -Iso p ro p yl-i.2 -b en zan th racen e  th e  sam e phenom ena as w ith  anthracen e, 
i.e .  th e  blue fluorescence o f th e  pure h yd ro carbo n s is u n altered  in  th e  
so lu tion  b y  ad d in g 1 %  of n ap hthacene, b u t  co m p lete ly  quenched in th e  
cry sta ls . T hese h yd ro carb o n s belong th erefore to  th e  "  A n th ra ce n e -ty p e ."

(2) T h e  solution s of 9 .10 -D ibenzanthracen e, 1.2 ,-5.6-D ibenzacrid in e 
(the o n ly  n on -h ydrocarbon  tested), 3.4-B enzphenanthrene, 1.2 -B en z- 
fluorene, 2-M ethyl-3.4-benzphenanthrene flouresce blue w ith o u t and w ith  
ad d ed  n ap hthacene. B u t  a  b lueish  green fluorescence w h ich  show s th e  
b lu e  b a n d s o f th e  m ain  com p onent as w ell as  th e  green  bands o f th e  n ap h ­
th acen e  is em itted  b y  th e  suspensions of th e  m ixed  crysta ls.

(3) W ith  F luoren e, D ibenzfluorene, P h en anthren e, 1 .9 -D im eth yl 
p henanthren e w e observed  fa in t b lu e  fluorescence in  th e  pure system s and 
fa in t b lueish  green  w hen  m ixed . T h ere  is no g rea t difference ap p a ren t 
b etw een  th e  so lution  and suspensions. S ince these hydrocarbons do n ot 
absorb  th e  n ear u ltra v io le t  rad iatio n s to  a  grea t e xten t, th e  w e a k  fluor­
escence m a y  b e  du e to  our exp erim en tal arran gem en t w h ich  exclu d es th e  
u ltra v io le t  b y  th e  use o f o rd in a ry  glass. Som e un kn ow n  im purities m a y  
also  p la y  a  r 61e.

(4) T h e  co llo id al suspensions o f 3.4-B enzphenanthrene, 5.6-Cyclo- 
p en ten o -i.2 -b en zan th racen e, 2-M ethyl-3.4-benzphenanth.rene p ro ved  to  
be lig h t sen sitive. D u rin g  th e  ta k in g  o f th e  fluorescence spectrogram s th e  
green fluorescence fad ed  a w a y  q u ic k ly  and  th e  b lue fluorescence o f th e  
m ain  com p onent w as le ft . I t  w as n ecessary  to  chan ge fre q u en tly  th e  
exp osed  area  to  g e t a  good record  o f th e  sp ectra . A  certain  lig h t sensi­
t iv ity , a lth o u gh  to  a  m u ch  less degree, is ap p a ren t w ith  a ll m ixed  co llo idal 
suspensions. I t  is a p p a re n tly  due to  a  sensitised o x y d a tio n  of th e  n ap h­
th acen e.

(5) T h ree  h yd ro carbo n s : 3 .4-B enzpyren e, C h olan threne and M eth yl- 
cholanthren e e xh ib ite d  fluorescence phenom ena w hich  w ere d is tin ctly  
d ifferen t from  th o se  n oted  un der (i)-(3). T h e  fluorescence sp ectra  o f th e  
aceto n e solution s w ith o u t and  w ith  added  n ap h th acen e w ere b lue w ith  th e  
ty p ic a l b an d  stru ctu res o f th e  m ain com ponents. T h e  p ure co llo idal sus­
pensions e xh ib ited  one b ro ad  band from  green to  orange w h ich  becam e 
b rig h ter b y  ad d in g n ap h th acen e. T h e  ty p ic a l n arrow  n ap h th acen e b an d s 
in  th e  green w ere  n o t ap p aren t. T h e  fluorescence colour w as  y e llo w  in  all 
cases.

(6) T h is  "  B e n zp y ren e-ty p e  ”  o f fluorescence w as studied  in  d e ta il  w ith  
b en zp yren e itself.® W e  foun d th a t  i t  w as associated  w ith  th e  co llo id  m icro- 
cry sta llin ic  s ta te  o f th e  h yd ro carb o n  w h ich  w e term ed, ow in g to  its  ye llo w  
fluorescence, B P - y  an d  w ith  th e  o rig in al y e llo w  crysta ls  o f benzpyren e. 
T h e y  a re  n eedle-shaped, and  belon g to  th e  m onoclin ic system , b u t  th e ir  
fluorescence sp ectru m  is d ifferen t from  th a t  o f th e  co llo idal suspension.

2 J. Iball, Z. Kryst. (A), 1936, 94, 7.
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I t  e x h ib its  in  th e  pure s ta te  a  broad  sy m m etr ica l b a n d  w ith  its  m a x im u m  
in  th e  green, a n d  w e ca lled  i t  therefore  B P -g r . W ith  a d d ed  n a p h th a cen e  
th e  b road  b a n d  sh ifts  to w a rd  th e  y e llo w . T here e x is ts  s t il l  a  th ir d  so lid  
m od ifica tio n  o f b en zp y ren e  w h ich  is  u n sta b le  b e lo w  66°. I t  w a s  ca lled  
B P -b l o w in g  to  its  b r ig h t b lu e  fluorescence. I t s  la tt ic e  b e lon gs, a ccord in g  
to  I b a ll ,3 to  th e  orth orh om b ic  sy s tem . T h is B P -b l h as e x a c t ly  th e  sa m e  
p rop erties as th e  h yd ro ca rb o n s o f th e  “ A n th r a ce n e -ty p e  ”  (1) i.e. o n  a d d i­
t io n  o f n a p h th a cen e  th e  b lu e  b a n d s are c o m p le te ly  q u en ch ed  a n d  th e  
n a p h th a cen e  b an d s app ear in  fluorescence. T h e  n a p h th a cen e  b a n d s m a y  
therefore  be u sed  a s  a  fluorescence " la b e l " for th e  b lu e  flu orescin g  m o d i­
fica tio n  o f b en zp y ren e . T h e y  a llo w  th e  e a sy  d e te c tio n  o f  m in u te  q u a n titie s  
o f  B P -b l, e v en  w h en  th e  b lu e  b a n d s o f  th e  p u re h yd ro ca rb o n  are v e r y  fa in t.  
T h is  m eth o d  h e lp ed  in d eed  g r ea tly  t o  o u tlin e  th e  fields o f  s ta b il ity  o f  th e  
v a r io u s so lid  form s o f b en zp y ren e . I t  is  a  rem ark ab le  fa c t  t h a t  th e  
o rth o rh o m b ic  B P -b l b e longs to  th e  A n th ra cen e  ty p e  w h ile  a n th ra cen e  
itse lf  b e lo n g s t o  th e  m o n o c lin ic  cry sta l sy s tem . P re lim in a ry  ex p erim en ts  
p o in t to  sim ilar  p h en o m en a  w ith  ch o la n th ren e  a n d  m eth y lch o la n th ren e .

{7) T h e  a b o v e -m en tio n ed  in terp re ta tio n  o f th e  ch a n g e  o f fluorescence  
b y  a d d in g  n a p h th a cen e  to  th e  com p ou n d s o f th e  an th ra cen e  ty p e  ta k e s  
in to  a cco u n t th e  free m o v in g  around  o f th e  “  e x c ito n  " in sid e  th e  u n ­
d istu rb ed  cry sta l la tt ic e . T herefore, th e  q u en ch in g  o f th e  b lue b a n d s of  
th e  m ain  co m p o n en t a n d  th e  e x c ita t io n  o f th e  green  n a p h th a cen e  b an d s  
o u g h t to  be th e  m ore pronou nced  th e  m ore p er fec t and  th e  larger th e  
c ry sta ls  are. T h is  cou ld  b e  e sta b lish ed  b y  th e  prep a ra tio n  o f  v e r y  fin e ly  
d isp ersed  co llo id a l su sp en sio n  b y  ad d in g  th e  a c e to n e  so lu tio n s  o f  th e  
h yd ro ca rb o n s to  w a ter  in  presen ce  of g e la tin e  w h ic h  serv ed  as a  p r o te c t iv e  
co llo id . T h e  fluorescence o f a n th ra cen e  +  x % n a p h th a cen e  w a s n o w  
b lu eish  green, a n d  th e  b lu e  a n th racen e  b a n d s app ear in  th e  sp ectru m . 
W ith  th e  b lue fluorescing  form  of b en zp y ren e  +  n a p h th a cen e  th e  ch a n g e  
o f  fluorescence from  green  to  b lu e  in  th e  p resence o f g e la tin e  w a s s t il l  m ore  
str ik in g .

(8) Our a im  w a s to  t e s t  b y  th e  fluorescence co lou r  in  p resen ce  of  
n a p h th a cen e , w h eth er  th e  com p ou n d s are p resen t in  d isso lv ed  or so lid  
s ta te . A ccord in g  to  (7) th is  a im  w a s n o t  reached  w ith o u t  r es tr ic tio n . T h e  
te s t  is  o f  u se  w ith  th e  com p ou n d s an d  th e  sp ecia l m od ifica tio n s w h ich  b e lo n g  
to  th e  an th ra cen e  ty p e , if  th e  c ry sta ls  are n o t  to o  sm a ll. B u t  th e  ab sen ce  
o f th e  n a p h th a cen e  b a n d s does not exclude th e  p resence o f c r y s ta ls  in  a  
h ig h ly  d isp ersed  s ta te .

(9) In  a  ser ies o f b io lo g ica l ex p erim en ts w e  le f t  fresh  m uscle  t is su e  in  
c o n ta c t  w ith  co llo id a l su sp en sio n s o f th e  co m p o u n d s m en tio n ed  un der (1),
(2) a n d  (5) w ith  a n  a d d itio n  o f 1 % n a p h th a cen e . In  a ll th ese  ca ses w e  
esta b lish ed  a  c o m p lete  d isap p earan ce  o f th e  green  and  y e llo w  fluorescence  
a fter  a  co u p le  o f hou rs. T h is  in d ica tes th a t  th e  r e la t iv e ly  large p a r tic les  
o f  th e  su sp en sio n s h a v e  d isap peared . S in ce  w ith  b en zp y ren e  a n d  th e  
ch o la n th ren es th e  ty p ic a l fluorescence b a n d s o f th e  so lu tio n  d ev e lo p ed  
g ra d u a lly  w ith  th e  d isap p earan ce  o f th e  y e llo w  b an d s, i t  is  probab le  th a t  
a lso  th e  o th er  co m p o u n d s w h ich  h a v e  b e e n  te s te d  en ter  th e  t is su e  ce lls  in  
a  s ta te  o f m olecu lar  so lu tio n . S o m e b io lo g ica l co n c lu sio n s from  th e se  
o b ser v a tio n s  w ill b e  draw n  in  d u e  course.

T h e  a u th o r  is  in d eb te d  to  th e  B r itish  E m p ire  C ancer C am p aign  for  
fin a n c ia l h e lp , to  D r. F . C. M o ttra m  for v a lu a b le  d iscu ssio n s , a n d  to  
P ro fesso r  In g o ld  and  D r. G o o d ev e  from  U n iv e r s ity  C ollege, L o n d o n , for  
th e  lo a n  of a  sp ectro g ra p h .

The Mount Vernon Hospital,
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3 Weigert and Mottram, Nature, 1940, 145, 895.
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In  a  p r e v io u s  p a p e r 1 i t  h a s  b een  sh o w n  th a t  h y d ra z in e  v a p o u r , 
u n d er  su ita b le  p ressu re  c o n d itio n s , u n d erg o es  e x p lo s iv e  d e c o m p o sitio n  
w h e n  sp a rk ed . I t  w a s su g g e s te d  th a t  N H 2 and  N 2H 3 ra d ica ls  p a r tic ip a te  
in  th e  c h a in , th e  fo rm er  b e in g  p ro d u ced  b y  th e  in it ia l sp a rk in g , an d  a lso  
b y  th e  ru p tu re  o f  th e  N — N  lin k  o f h y d ra z in e  m o lec u le s  on  c o llis io n  w ith  
“ h o t  ” m o lec u le s  p resen t. If n itr ic  o x id e  is p r e se n t a  v e r y  e x o th e rm ic  
rea c tio n  o ccu rs b e tw e e n  th is  g as an d  a m in o  ra d ica ls ,2 w ith  th e  r esu lt  
th a t  th e  b r a n c h in g  o f th e  ch a in  is in crea sed , a n d  th e  e x p lo s io n  reg ion  
b e tw e e n  th e  u p p er  a n d  lo w er  p ressu re  l im its  is w id en ed .

W e  n o w  d escr ib e  a  sim ila r  in v e s t ig a t io n  of a sy m .-d im e th y lh y d r a z in e ,  
ru p tu re  o f th e  N — N  lin k  of w h ic h  w o u ld  p ro d u ce  (C H 3)2N  r a d ica ls .3 
T h u s  an  a d d itio n a l ch eck  o n  th e  m ech a n ism  p ro p o sed  fo r  th e  h y d r a z in e  
d e c o m p o sit io n  m ig h t b e  o b ta in e d . P u re  d im e th y lh y d r a z in e  v a p o u r  d o es  
n o t  e x p lo d e  w h e n  sp a rk ed , b u t  d o es so  if  N O  is p resen t. A  sm a ll a m o u n t  
o f th e  la t te r  can  e ffe c t th e  d e c o m p o sitio n  o f a  m u c h  larger  a m o u n t o f  d i­
m e th y lh y d r a z in e , th e  N O  a c t in g  as scn s itiser . T h e  ig n it io n  is co n sid er ­
a b ly  less  v io le n t  th a n  in  th e  ca se  o f h y d ra z in e , a n d  th ere  is no a p p rec ia b le  
em iss io n  o f v is ib le  l ig h t . In  th is  ca se  a lso  th ere  e x is t  cr itica l u p p er  a n d  
lo w er  p ressu re  l im its  o f ex p lo s io n , th e  reg io n  o f e x p lo s io n  b e tw e en  th em  
b e in g  w id e n e d  b y  a n  in crea se  in  th e  in it ia l  tem p era tu re .

F ro m  th e  resu lts  it  is  co n c lu d e d  th a t  d isso c ia tio n  of th e  m o lecu le  in to  
(C H 3)2N  a n d  N H 2 ra d ica ls  is  an  e sse n tia l s te p  in  th e  d e c o m p o sitio n . A t  
th e  c o m p a r a tiv e ly  h ig h  tem p era tu res  rea ch ed  d u rin g  th e  ig n it io n  th e  
(C H 3)2N  ra d ica ls do n o t  b e h a v e  in  th e  m a n n er  p r e v io u s ly  o b serv ed  a t  
1 0 0 ° ;  in ste a d  t h e y  a p p ea r  m a in ly  to  rea ct w ith  N O . A s in  th e  ca se  o f  
h y d ra z in e  N H 2 ra d ica ls p a r t ic ip a te  in  th e  ch a in . I t  is d ifficu lt to  e n ­
v isa g e  a n y  p u re ly  ra d ica l m ech a n ism  b y  w h ic h  b ra n ch in g  m a y  occu r, 
b u t  a  b ra n ch in g  en erg y  ch a in  r e su ltin g  from  th e  in te ra c t io n  o f ra d ica ls  
a n d  N O  m a y  b e  rea d ily  c o n str u c ted . It a p p ea rs, th erefo re , th a t  th e  
e x p lo s io n  is  u lt im a te ly  th erm a l in  ch a ra cter , th a t  is to  sa y , h e a t  lib era ted  
in  th e  r ea c tio n  is  resp o n s ib le  for, a n d  n o t  a  resu lt o f th e  ig n itio n .

Experimental.
1. Preparation of Materials.

A sy m .-d im e th y lh y d ra z in e  w a s prepared b y  th e  red u ctio n  o f d im e th y l-  
n itro sa m in e  b y  m ea n s of Zn d u st  a n d  a c e tic  a c id  acco rd in g  to  th e  m eth o d  
d escr ib ed  in  Organic Syntheses, V ol. X V I , p a g e  22. T h e  su b sta n ce  w a s  
pu rified  b y  tw o  d is t illa t io n s  o v er  so lid  p o ta ss iu m  h y d ro x id e , fo llo w ed  b y  
reflu x in g  w ith  barium  o x id e  and  fr a ctio n a tio n  in  an in e rt a tm osp h ere . 
T h e  p ro d u ct b o ilin g  b e tw e en  61-5° a n d  64° w a s  su b m itte d  t o  fu rth er

1 Bamford, Trans. F araday Soc., 1939, 35, 1239- 2 Ibid ., 568.
3 See Bamford, J . Chem. Soc., 1939, 12.
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fra ctio n a tio n  in  vacuo  an d  k e p t in  a n  e v a cu a te d  tu b e  shielded fro m  ligh t. 
B efore  use th e  va p o u r w as passed th ro u gh  a  tu b e  p ack ed  w ith  B a O .

N itric  oxide, prepared  b y  W in k le r ’s m ethod, w as purified  b y  passing 
th rou gh  co n cen trated  K O H  so lu tio n  and a  tra p  a t  — 80° to  rem ove h igher 
oxides o f n itrogen. A fte r  con den sation  in liquid  a ir and fra ctio n a tio n  
in  vacuo  th e  gas w as stored in  a  glass bulb .

2. Apparatus and Method.
T h e ap p aratu s used w as essen tia lly  th e  sam e as th a t  em p lo yed  in  th e  

s tu d y  o f h y d ra z in e .1 A  p y re x  reactio n  vessel w as  used, in tern al d iam eter 
35 m m ., len gth  6-6 cm ., h eated  in  a  furn ace  to  a  tem p eratu re  un iform  to  
w ith in  i °  o v e r  th e  w hole vessel. T w o  tu n gsten  electrodes w ere sealed  in to  
th e  w alls, and form ed a sp a rk  gap  of a b o u t 2 m m . situ ate d  n ear th e  m iddle 
of th e  reactio n  vessel. A s  in  th e  earlier exp erim en ts th e  o u tle t  tu b e  of 
th e  la tte r  com m u nicated w ith  a  H g  seal, w h ich  served  to  iso late  th e  re a ctio n  
vessel an d  to  m easure th e  pressure. T h e  con n ectin g tubes an d  also  th e  
upper p a rt of th e  H g  colum n n earest th e  vessel w ere m aintained  a t  a b o u t 
io o °  b y  m eans of a  h eatin g  coil to  p re ve n t con den sation  of th e  d im eth yl- 
h yd razin e . T h e volu m e of th e  dead space w as o n ly  a b o u t 5 %  of th e  
effective  vo lu m e o f th e  reactio n  vessel a t  150°.

T h e m eth od  of in troducin g th e  re a cta n ts  h as been described before. 
T h e y  w ere allow ed  to  stan d  fo r 15 m inutes in  th e  reactio n  vessel before 
sparking, to  a tta in  hom ogen eity. A fte r  explosion  th e  p ro d u cts w ere 
sep arated  as fa r as possible b y  fractio n atio n . A fte r  rem o val o f th e  p er­
m an en t gases th e  substan ces rem ainin g w ere H C N , N H 3, H 20 , unused 
d im eth ylh yd razin e , and  in  som e cases sm all am ounts o f m eth ylam in e an d  
h yd razin e . T h is  m ix tu re  w as d istilled  in to  a  w eigh ed  tu b e  co n tain in g 
solid  K O H  to  rem ove H C N  an d H 20 . T h e to ta l w eigh t o f these bodies 
w as th u s obtain ed , an d  th e  form er w as estim ated  w ith  N / 2 0  A g N O a, u sin g 
L ie b ig ’s m ethod. F ro m  th e  m ixtu re  rem aining a fte r  th e  tre a tm e n t w ith  
K O H  th e  N H 3 w as d istilled  off betw een  — 950 an d  —  io o °, a t  w h ich  te m ­
p eratu res th e  o th er co n stitu en ts are n o t a p p re cia b ly  vo la tile . H ow ever, 
th e  v a p o u r d e n sity  of th e  N H , w as determ ined to  ascerta in  th e  presence 
o r absence o f m eth ylam in e. T h e la tte r  w as d istilled  off a t  —  8o° ; its  
va p o u r d e n sity  w as recorded, and  i t  w as identified  b y  its  v a p o u r pressure 
and  reactions. T h e  unchanged d im eth ylh yd razin e  w as d iv id ed  in to  a  
num ber o f fra ctio n s and  th e  v a p o u r d en sity  o f each  determ ined. In  som e 
cases th e  final fra ctio n  h ad  low er va p o u r d en sity  and va p o u r pressure th a n  
d im eth ylh yd razin e, th e  va p o u r d en sity  corresponding to  a  m olecular 
w eig h t of a p p ro x im a te ly  32. T hese fa cts  w ere considered to  in d icate  th e  
presence o f a  sm all q u a n tity  o f h yd razin e  am ong th e  products, an d  th is 
w as in  agreem en t w ith  th e  vigorous reaction  produced on addin g a  little  
solid potassium  perm an gan ate to  th e  final fraction. T h is  reactio n  is g iven  
b y  h yd razin e  b u t n o t  b y  d im eth ylh yd ra zin e .

3. Results.
T h e  a n a ly tica l resu lts for a n um ber o f exp erim en ts p erform ed under 

differen t con dition s of in itia l tem p eratu re  and  com position  are g iv en  in 
T a b le  I.

In  each  case th e  sum  of th e  volu m es o f CO  an d  H 20  form ed is equ al to  
th e  volu m e o f N O  used. T h e  o x yg en  balan ce is th u s  sa tis fa cto ry , th e  
w hole app earin g as CO  and  H 20 . O n a tte m p tin g  to  estab lish  a  C, H , N  
balan ce, how ever, it  w ill be found th a t  there are sm all deficiencies in these 
elem ents, o f a p p ro x im a te ly  equ al m agn itu de. T h is  is e v id e n tly  con nected  
w ith  th e  deposition  of a  brow n p o lym er on  th e  e x it  tu b e  of th e  reactio n  
vessel, w hich  w as n oticed  a fte r  each ign ition . T h is  substan ce  is sim ilar in 
appearan ce t o  th e  p olym ers of H C N  p roduced  b y  ad d in g am m onia  to  
liq u id  H C N . I t  is reasonable t o  suppose th a t  p o lym erisatio n  o f H C N  on 
th e  w alls is induced b y  th e  presence of N H 3, or, m ore p ro b a b ly, N H 2
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radicals. T h e  p o lym erisatio n  an d  th e  C, H , N  deficiencies w ere greater 
w hen  m ore am m onia w as p resen t (experim ents I, 6). O n w arm ing th e  
p o lym er i t  evo lves H C N .

TABLE I.*

Expt. TaC.
Initial

Pressures
Volumes
Reacted

Products in c.c.

(DH) (NO) 
mm.

(DH) (NO) 
c.c. H, ch4 N, CO c,h4 c,h8 NH, HCN H20 MeNHs n,h4

t
(7)

170 130 46 38*0 12*1 22*2 23-1 16-5 o-6 4*0 4*5 20’0 20*2
(33*7)

n *5 i*5 O'2

(*)
230 123 136 8-7 4*9 8-i 5*i 4*9 0-2 ro 0*2 2*7 6-3

(9*6)
4*9

3
(2)

285 131 140 7*9 4*5 7*5 4-6 4*8 o*3 1*0 0*3 2’I 5*9
(8*3)

4*5

4
(2)

80 90 195 io*3 8-1 9*6 5*2 7-2 o-6 1*0 o-5 2*7 8*0
(11*6)

7-6

5
(3)

245 90 182 9*9 7*7 io-8 4*8 6*7 0-7 ro 0-3 2*2 70 
(11 *7)

7*o

6
(2)

240 264 36 i6-6 2*6 i0'8 9*8 5*7 o*3 2*1 2*1 I0’2 5*7
(14-0)

2*2 0-4 o*3

• In the majority of the experiments the products from a number of runs were combined to facilitate analysis. 
This number is indicated by the figure in brackets under the number of the experiment. DH in the table represents 
dimethylhydrazine. The total volume of HCN formed, allowing for polymerisation, is given by the figure in 
parentheses in the column headed HCN.

T h e decom position of th e  d im e th y lh y d ra zin e  is n ever com plete. T h e  
e x trem e va lu e s  o b tain ed  (after a llo w in g  fo r  th e  sm all a m o u n t o f th e  
su bstan ce  p resen t in  th e  dead space) are 83 %  an d  71 %  in  experim en ts

5 an d  6 resp ective ly . T h u s in creasin g th e  pressure o f N O  increases th e  
p ercen tage com bustion. T h e  figure fo r exp erim en t 4 is 80 %  ; a  co m p ari­
son  o f th is  w ith  exp erim en t 5 suggests th a t  a  decrease in  th e  in itia l te m ­
p eratu re  causes a  sm all decrease in  th e  p ercen tage com bustion.
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F ig . 1 sh o w s th e  d isp o sitio n  o f th e  ex p lo sio n  lim its  for a  nu m ber of  
tem p era tu res. T h e  lim itin g  pressures o f  n itr ic  o x id e  are p lo tte d  a g a in st  
d im eth y lh y d ra z in e  pressures. T h e  cu rve  rep resenting  th e  up per lim it is  
in it ia l ly  v e r y  steep , an d  w ith  th e  p resen t ap p a ra tu s i t  is  im p ossib le  to  
fo llo w  i t  further.

Discussion.
A s m e n tio n e d  p r e v io u s ly , it  m a y  be con sid ered  th a t  th e  in itia l  

sp a r k in g  o f d im e th y lh y d ra z in e  v a p o u r  form s, a m o n g  o th er  p ro d u cts , 
(C H 3)2N  a n d  N H 2 ra d ica ls—

(C H 3)2N N H 2 - >  (C H 3)2N  +  N H 2 -  23 Cal.* . . (1)

T h is  is rea so n a b le , s in ce  th e  N — N  lin k  is m uch  w eak er  th a n  a n y  o th er  
in  th e  m o lecu le .

T h e  a m in o  ra d ica ls  lib era ted  m a y  en ter  in to  rea c tio n  w ith  N O  or 
d im e th y lh y d r a z in e . T h e  rea ctio n  b e tw e en  N FI2 an d  N O  m e n tio n e d  on  
p a g e  1036 is

N P I2 +  N O  N 2 +  H 20  +  ca . 100 Cal. . . (2)

W h en  l it t le  N O  is p resen t, N H 3 is a  m a jo r  p r o d u c t ; th e  y ie ld  o f N H 3 
fa lls  off, h o w ev er , as th e  p ressu re o f N O  is in creased . T h is  is c o n s is te n t  
w ith  th e  v ie w  th a t  N H 3 is  fo rm ed  from  a m in o  rad ica ls, p r o b a b ly  b y  a  
s im p le  d isp ro p o r tio n a tio n  rea c tio n —

N H 2 + ( C H 3)2N N H , - * N H 3 + [ C 2H 7N 2] . . (3)

T h e  r e la t iv e  im p o rta n ce  o f (2) a n d  (3) th u s  d ep en d s o n  th e  ra tio  n itr ic  
o x id e /d im e th y lh y d r a z in e . A  sm a ll fra ctio n  of th e  a m in o  rad ica ls  
d iffu ses to  th e  w a lls  w ith  fo r m a tio n  o f h y d ra z in e—

N H 2 - >  J N 2H . . . . . (4)

M eth a n e  is  a lw a y s  a  m a jo r  p ro d u ct, ev en  w h en  a  large  e x ce ss  o f N O  
is p resen t. T h u s  i t  is  im p ro b a b le  th a t  th e  CH4 is m a in ly  fo rm ed  from  
C H 3 ra d ica ls . T h e  d e c o m p o sitio n  o f th e  C2H 7N 2 -ra d ica l fo rm ed  in  (3) 
a b o v e  m a y  g iv e  CH., a cco rd in g  to  (5). S m all a m o u n ts  o f  m e th y la m in e

C2H 7N 2 CH 4 +  H C N  +  N H 2 +  22 Cal. . . (5)

m a y  r e su lt  fro m  th e  d e h y d ro g e n a tio n  of C2H 7N 2, e.g. b y  a n o th er  C2H 7N 2 or  

C2H 7N 2 - >  t(C H 3)2N N H 2 +  |C H 3NPI2 +  J H C N  +  35 Cal. (a ) ]
N H 2 +  C2H 7N 2 - *  N H 3 +  C H 3N H 2 +  H C N  . (b)j ' ' 1

N H 2 (e q u a tio n s  (6 )). S o m e  of th e  a m in e  fo rm ed  p ro b a b ly  d eco m p o ses  
du rin g  ig n i t io n 4 (e q u a tio n  (7)). A m m o n ia  is a lso  d eco m p o sed  in  th e

C H 3N H 2 - >  H C N  +  2 H , . . . (7)

flam e (8), as is a lso  th e  ca se  in  th e  e x p lo s iv e  d e c o m p o sitio n  o f h y d ra z in e .

N H 3 - >  £ N 2 +  f H ,  . . . . (8)

It is n o w  n e c essa ry  to  con sid er  th e  b eh a v io u r  o f th e  (C H 3)2N  ra d ica ls  
fo rm ed  in  r ea c tio n  1. It has been  sh o w n  3 th a t  th ese  rad ica ls p ro d u ced  
p h o to c h e m ic a lly  from  d im e th y ln itro sa m in e  do n o t  rea c t w ith  N O  a t  
100°, b u t  d isp ro p o r tio n a te  a m o n g  th e m se lv es  fo rm in g  d im e th y la m in e  
a n d  a  d iv a le n t  rad ica l. I t  seem s th a t  in  th e  p resen t case , a t  th e  h igh

* The heats of reaction given in this discussion are estimated from Bichowsky 
and Rossini's figures in Thermochemistry o f  the Chemical Substances.

1 See e.g. Emeleus and Jolley, J . Chem. Soc., 1935, 929-
39
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te m p er a tu r e s  rea ch ed  d u rin g  ig n itio n , r ea c tio n  o ccu rs b e tw e e n  th e  
ra d ica ls  a n d  N O —

(C H 3)2N  +  N O  - >  2 H C N  +  H ,0  +  H 2 +  54 Cal. . . (9)
(C H 3)2N  +  N O  H C N  +  CO +  H 2 +  N H 3 +  56 Cal. . (10)

A lte r n a tiv e ly  th e se  r ea c tio n s  ca n  b e  regard ed  a s d u e  to  th e  s p lit t in g  
off o f C H 3 from  (C H 3)2N , fo llo w ed  b y  r ea c tio n  o f th e  form er w ith  N O —

C H 3 +  N O  - >  H ,0  +  H C N  . . . (9a)
C H 3 +  N O  CO +  N H 3 . . . (x oa)

T h e se  r ea c tio n s  h a v e  a lre a d y  b een  su g g e s te d  p r e v io u s ly .5 T h e  res id u e  
C H 3N  is  k n o w n  to  d e c o m p o se  in to  H 2 a n d  H C N  a t  e le v a te d  te m p er a tu r e s ,4 
so  th a t  th is  la t te r  sc h e m e  lea d s  to  th e  sa m e  p r o d u cts  as 9  a n d  10. On  
th is  v ie w  m e th y la m in e  ca n  b e  fo rm ed  b y  u n io n  o f C H 3 a n d  N H 2 ra d ica ls. 
S o m e  m e th y ls  w ill b e  h y d ro g e n a te d  to  CH., b y  d im e th y lh y d r a z in e  or 
h y d ro g e n  (s in ce  r ea c tio n  b e tw e en  C H 3 and  H 2 occu rs r ea d ily  a b o v e  a b o u t  
1500) .5 I t  m a y  a lso  b e  co n sid ered  th a t  C H 3 ra d ica ls  are fo rm ed  b y  a  
d e c o m p o sit io n  o f  C2PI7N 2 (a lte r n a tiv e  to  (5)) in to  C H 3, N H 3, H C N . 
T h e  in tr o d u c tio n  o f  free  C H 3 co m p lic a te s  th e  sch em e  of r ea c tio n s , a n d  
d o es  n o t  a s s is t  in  th e  in te rp re ta tio n  o f th e  resu lts . F o r  th is  reason  
rea c tio n s  6, 9, 10, w h ic h  do n o t  in v o lv e  free m e th y l, are preferred  to  th e  
la te r  sc h e m e.

In  order to  a c c o u n t for  th e  r e la t iv e  y ie ld s  o f N 2 a n d  H C N , it  is  
n e c essa ry  th a t  so m e  o f th e  N  from  th e  (C H 3)2N  p a r t  o f th e  d im e th y l­
h y d ra z in e  m o lec u le  sh o u ld  a p p ea r  as th e  free g a s . T h e  fo llo w in g  
r ea c tio n s  are th u s  su g g e s te d  to  a c c o u n t for  th e  fo r m a tio n  o f e th a n e  an d  
e th y le n e —

(C H 3)2N  ^  C2H„ +  ¿ N 2 +  4 6  Cal. . . . (11)
(C H 3)2N N H 2 C2H 4 +  N 2 +  2 H 2 +  13 Cal. . . (12)

A s  th e  p ressu re  o f  N O  is  in crea sed  (9) a n d  (10) w ill p r e d o m in a te  o v er  
( n ) ,  a n d  th e  y ie ld  o f C2Pi6 w ill d im in ish , as o b serv ed  e x p e r im e n ta lly .  
T h e  y ie ld  o f C2H 4 d o es  n o t  v a r y  a p p re c ia b ly  w ith  th e  N O  p ressu re , an d  
fo r  th is  rea so n  i t s  fo r m a tio n  from  d im e th y lh y d r a z in e , ra th er  th a n  from  
(C H 3)2N  ra d ica ls , is  su g g e s te d  a b o v e .

F ro m  F ig . 1 i t  m a y  b e  d ed u ced  th a t  a s  th e  to ta l  p ressu re is  red u ced , 
th e  v a lu e  of th e  ra tio  N O /d im e th y lh y d r a z in e  a t  th e  low er  ex p lo s io n  
l im it  in crea ses. S in ce  th e  e ffec t o f red u c in g  th e  p ressu re  is to  fa c il i ta te  
d iffu s io n  o f a c t iv e  c en tre s  to  w a lls , i t  m u s t  b e  c o n c lu d e d  th a t  th e se  
c en tre s  can  b e  fo rm ed  b y  a  rea c tio n  in v o lv in g  N O . I t  is d ifficu lt to  
see  w h a t  th is  ca n  be, o th er  th a n  r ea c tio n  (2) fo llo w ed  b y  th e  d isso c ia ­
t io n  o f d im e th y lh y d r a z in e  m o lec u le s  on  c o llis io n  w ith  e x c ite d  m o lecu les  
o f th e  p ro d u cts , a c co rd in g  to  e q u a tio n  (1). R e a c tio n  (2) lib er a te s  
su ffic ien t e n e rg y  to  p erm it ( th e rm o d y n a m ica lly )  th e  d isso c ia tio n  o f  
a b o u t fou r  d im e th y lh y d r a z in e  m o lecu les . T h u s a  b ra n ch in g  ch a in  
m e ch a n ism  m a y  b e  c o n str u c ted .

W e  can  n o w  sh o w  th a t  rea c tio n s  ( i ) - ( i 2 )  can  a c c o u n t sa t is fa c to r ily  
for  th e  v o lu m e s  o f th e  v a r io u s  p ro d u cts . L e t  a a n d  b rep resen t th e  
e x te n ts  in  c .c . to  w h ic h  r ea c tio n s  (2) a n d  (8) o ccu r  r e sp e c t iv e ly  in  a n y  
e x p e r im en t. T h e n  th e  tw o  e q u a lit ie s  b e lo w  m a y  b e  d ed u ced —

5 Davis, Jahn, and Burton, J . Am er. Chem. Soc., 193S, 60, 10 ; Bamford, 
J . Chem. Soc., 1939, 17.

6 Taylor and Rosenblum, J . Chem. Phys., 193S, 6, 119.
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No =  C ,H 4 -)- a +  \b . . . (13)
(D H ) =  C2H 4 +  C2H c +  (N O ) - a  +  | [ N H 3 +  b -  CO +  CH 4] (14)

(D H ) a n d  (N O ) rep resen t th e  v o lu m e s  o f d im e th y lh y d ra z in e  and  N O  
w h ic h  rea c t r e sp e c tiv e ly , a n d  o th er  form ulae rep resen t th e  y ie ld s  o f the  
v a r io u s  p r o d u cts  in  c .c . E q u a tio n s  (13) a n d  (14) d e term in e  a an d  b, an d  
from  th e se  th e  e x te n ts  to  w h ic h  rea c tio n s  ( l ) - ( 12) occu r in  a n y  e x p e r im en t  
can  b e  c a lc u la ted . T h e se  are se t  o u t  in  T a b le  II . (In  th ese  c a lc u la tio n s  
e q u a tio n  [6a) h a s b e e n  u sed .) T h e  c a lc u la ted  v o lu m e s  o f FI2 and  H C N  are  
g iv en  in th e  tw o  c o lu m n s on  th e  r ig h t o f th e  ta b le , and  m a y  b e  co m p ared  
w ith  th e  figures in T a b le  I. T h e  v o lu m e s  o f all o th er  p ro d u cts are u sed  in  
c o n str u c tin g  T a b le  II . In  ex p e r im en ts  in  w h ich  m u ch  N O  is p resen t
(2 )-(5 ), i t  w ill b e  se e n  th a t  rea c tio n  (6) (p ro d u cin g  m e th y la m in e ) is  n e g ­
lig ib le — p r o b a b ly  on  a c c o u n t of th e  rap id  d eco m p o sitio n  of C2H 7N 2 
a c co rd in g  to  e q u a tio n  (5) a t  th e  h ig h  tem p era tu re  p ro d u ced . T h u s  
rea c tio n s  (3), (5) o ccu r  eq u a lly , and  sin ce  th e  e x te n t  o f (3) is k n ow n , 
th a t  o f (5 ), i.e. th e  y ie ld  o f m eth a n e , can  be p red icted  in  th ese  cases.

TABLE II.—Extents to which Reactions (i)-(i2) occur, in c.c.

Expt.
Ratio

NO/DH
initial

(DH)
used.

Reaction No.

H2 HCfi 
calc.

z 2 3 4 5 6 7 8 9 10 11 12

z 0-35 38-0 9*6 7-0 25*7 0-4 23*1 2*6 0 6*3 4*5 o*6 4*5 4*0 22*6 34*0‘
2 m 8-7 2-6 2‘5 5*i o-o 5*i 0*0 0*0 2*6 2*2 0*2 0*2 1*0 8*3 9*7
3 1-07 79 2*4 2*4 4*3 0*0 4*6 0*0 0*0 2-5 1*8 o*3 0*3 1*0 7*8 8-8
4 2*16 9'9 4-2 4*4 5*o 0*0 5*2 0*0 00 2*9 3*1 0*0 o*5 1*0 10*0 12*0
5 2*02 9'9 4*1 3*9 4*7 0*0 4*8 0*0 O’O 3*2 3*1 0*7 0*3 1.0 10*6 i i*7
6 0’14 16*6 3*4 i*3 12*3 o*6 9*8 2*5 0*9 2*4 1*0 0*3 2*1 2*1 10*9 14*3

A cco rd in g  to  T a b le  II , th e  in itia l tem p era tu re  h as c o m p a r a tiv e ly  
l i t t le  e ffec t on  th e  r e la t iv e  p ro b a b ilitie s  of th e  v a r io u s  rea ctio n s. (C om ­
pare, for  e x a m p le , ex p e r im en ts  (2), (3), and  (4), (5).) T h is  is n o t  su r­
p risin g , s in c e  a  h ig h  tem p era tu re  is reach ed  d u rin g  ig n itio n , a n d  th e  
n a tu re  o f th e  p ro d u cts  w ill n o t  be a p p rec ia b ly  a ffec ted  b y  th e  in itia l  
tem p era tu re . T h e  la tter , h o w ev er , w ill be e x p e c te d  to  a lter  th e  e x ­
p lo s io n  lim its  to  so m e  e x te n t  as is, in  fa c t, th e  case .

A n  a lte r a tio n  in  th e  ra tio  N O /d im e th y lh y d r a z in e  p ro d u ces a  m ark ed  
c h a n g e  in  th e  r e la t iv e  p r o b a b ilit ie s  o f th e  rea ctio n s. T h is  is  b ro u g h t o u t  
b y  a  co m p a r iso n  o f ex p er im en ts  (5) and  (6). F or eq u a l v o lu m e s  o f  
d im e th y lh y d r a z in e  rea ctin g , th e  n u m b er of am in o  rad ica ls rea c tin g  w ith  
N O  is a b o u t  f iv e  t im es as g rea t in  th e  form er, in  w h ich  th e  N O  pressu re  
is m u ch  g reater. M an y  m ore h o t  m o lecu les  are th u s p ro d u ced  b y  
r ea c tio n  (2), w ith  th e  resu lt th a t  th e  p ercen ta g e  of th e  to ta l d im e th y l­
h y d ra z in e  d eco m p o sed  w h ich  is d isso c ia ted  a cco rd in g  to  (1) is  larger  
in (5) th a n  in  (6). T h e  v a lu e s  o f th is  p ercen ta g e  are 41 an d  21 in  e x ­
p er im en ts  (5) a n d  (6) re sp e c tiv e ly . In th e  la tter , th e  ch a in  rea c tio n  o f  
e q u a tio n s  (3), (5) p red o m in a tes, w h ile  in  th e  form er (1), (2), (9) are a lso  
im p o r ta n t. T h e  r e la t iv e  im p o rta n ce  o f rea c tio n s  (2) a n d  (3) m e n tio n e d  
on  p a g e  1039 is sh o w n  b y  T a b le  II  to  v a r y  m a rk ed ly  w ith  th e  ra tio  
N O /d im e th y lh y d r a z in e .
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Conclusion.
T h e  e x p lo s io n  o f m ix tu r e s  o f  d im e th y lh y d r a z in e  a n d  N O  h a s b een  

sh o w n  to  b e  th erm a l in  ch a ra cter . T h e  fa c t  th a t  pu re  d im e th y l­
h y d ra z in e  v a p o u r  w ill n o t  e x p lo d e  sh o w s th a t  th e  chain_ r ea c tio n  g iv e n  
in  e q u a tio n s  (3) a n d  (5) m u s t  b e  su p p le m en ted  b y  a  b ra n ch in g  m ech a n ism  
in v o lv in g  N O . T h is  is co n sid ered  to  be r ea c tio n  (2), fo llo w ed  b y  th e  
d isso c ia t io n  o f fresh  d im e th y lh y d r a z in e  m o lec u le s  b y  th e  e n e rg y  lib e r a te d  
in  th is  rea ctio n . R e a c tio n  (9) m a y  a lso  a c t  in  th e  sa m e  w a y  as (2). 
T h e se  c o n c lu s io n s  are s im ila r  to  th o se  reach ed  in  th e  ca se  o f th e  e x p lo s iv e  
d e c o m p o sit io n  o f h y d ra z in e , e x c e p t  for  th e  fa c t  th a t  w ith  h y d ra z in e  th e  
c h a in s  m a y  bran ch  w ith o u t  th e  in te r v e n t io n  o f N O . T h e  e x p lo s iv e  
rea c tio n s  o f th e  h y d ra z in e s  w o u ld  a p p ea r  to  b e  d u e  to  th e  ea se  w ith  
w h ic h  th e  N — N  lin k  b reak s on  c o llis io n  w ith  e x c ite d  m o lecu les .

Summary.
C on tin uin g th e  s tu d y  o f th e  exp lo sive  decom position  o f h ydrazin es, th e  

ign ition  w hich  occurs on sp arking m ix tu res of asym .-d im eth ylh yd razin e  
and n itr ic  o x id e  has been in vestig ated . A  m echanism  is proposed w hich  
accoun ts fo r th e  products of com bustion, and i t  is con cluded th a t  th e  
ign ition  is th erm a l in origin, an d  due to  th e  h eatin g  up of th e  system  b y  
v e ry  exoth erm ic reaction s betw een  rad ica ls and n itr ic  oxide.

O ne o f th e  a u th o rs  (C. H . B .)  w ish es  to  ex p ress  h is  th a n k s  to  T r in ity  
C ollege, C am b ridge, for  a  F e llo w sh ip , d u rin g  th e  ten u re  o f w h ic h  th is  
w o rk  w a s carried  out.
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A  c o n sid era b le  a m o u n t o f w o rk  h a s b e e n  p erfo rm ed  o n  th e  e le c tr o ­
p h o resis  o f  d isp ersed  p a r tic les , th e  o b je c t  b e in g  u su a lly  to  co rre la te  th e  
e le c tr o p h o re tic  m o b il ity  w ith  th e  io n ic  c o m p o sit io n  o f th e  a q u eo u s p h a se .  
A tte m p ts  to  r e la te  th e  m o b il ity  to  th e  ch e m ic a l c o m p o sit io n  o f th e  d is ­
persed  p h a se , h o w ev er , h a v e  b een  m u ch  les s  n u m ero u s. A lty  a n d  
J o h n so n  1 s tu d ie d  th e  e le c tr o p h o re tic  b e h a v io u r  o f paraffin  w a x , a lo n e  
a n d  w ith  th e  su rfa ce  c o a ted  w ith  a lip h a tic  a c id s , a m id es  a n d  a lco h o ls . 
T h e y  fo u n d  th a t  as th e  w a te r  so lu b le  g rou p  w a s  c h a n g e d  in  th e  order  
— C O N H ,, — C O O H , — C H 2O H , th e  m o b il ity  p r o g r ess iv e ly  d ecrea sed . 
T h e y  a lso  fo u n d  th a t  th e  m o b il ity  w a s  d ecrea sed  b y  lo w erin g  th e  pn  o f 
th e  a q u eo u s  p h a se .

1 Alty and Johnson, Phil. Mag., 1935, 20, 129.
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T h e  p r e se n t p a p er  d escr ib es an  a tte m p t  to  d eterm in e  th e  e ffec t on  
th e  m o b ility , (a) o f th e  p h y s ica l s ta te  o f th e  d isp ersed  p h ase , a n d  (b) o f  
th e  c h em ica l c o n s t itu t io n  of cer ta in  a lip h a tic  esters.

Experimental.
T h e  electrophoresis m easurem ents w ere carried out m acroscopically  in 

the m o vin g-bou n d ary app aratu s described b y  P rice and L e w s ,2 and b y  
R o b e rts .3 T h e  ap p a ra tu s is cap able  o f accurate tem perature control, and 
m easurem ents h a ve  been m ade a t  various tem peratures ran gin g from  
250 to  40° C. T h e  d a ta  obtained are accurate to  ap p ro x im a te ly  4 % . 
In general, th e  m ovem ent is tow ards the anode, i.e. the p articles are 
n e g a tiv e ly  charged. T h e p H  values w ere determ ined b y  a  glass electrode 
in an  oil th erm o stat a t  250 C. for values up to  p H  9. T h e results are 
accu rate  to  ±  o-oi p H  u n it for buffered solutions and also fo r unbuffered 
solutions up to  p H  5 ; for unbuffered solutions betw een p u  5 and 7  the 
error is ±  0-05. F o r p u  values greater than  9, a  hydrogen  electrode w as 
used, th e  results bein g accu rate  to  om i p H  unit.

T h ree  m ethods w ere em ployed for the preparation  o f dispersions, of 
w hich on ly  th e  first is app licable  to  a  substance in  th e  solid state.

(1) 0'5 g. of the substan ce w as dissolved in  10 m l. of h o t absolute 
alcohol, and th e  resu lting solution poured into 1 litre o f boiled distilled 
w ater a t  90° C.

(2) T h is  m ethod is app licable  o n ly  to  substances w hich m elt below  
50° C. O ne gram  of the substance w as floated on the surface o f 1 litre  of 
boiled  d istilled  w ater a t  room  tem perature (in th e  case of liquids), or a t  a 
tem p eratu re 20 C. ab ove  the m elting-point (in the case o f solids m elting 
betw een  15° and  50° C.), an d  steam  a t  a  pressure of 1 A m etres of w ater 
w as b low n  throu gh a  je t  1 mm. in  diam eter, situated  a t  the o il-w ater 
interface. R a p id  dispersion of the "  oil "  w as effected.

(3) T h is  m ethod is app licab le  only  to substances w hich m elt below  
95° C. One g. o f the substance and 1 litre of boiled distilled  w ater a t 
room  tem p eratu re (or a t  a  tem perature 5° C. ab ove th e  m eltin g-poin t in 
the case of substan ces m eltin g above room  tem perature) w ere togeth er 
passed several tim es throu gh a m echanical hom ogeniser.

In a ll cases the dispersion w as allow ed to stand o vern igh t before a n y  
electrop horetic m o b ility  determ inations were m ade. Dispersions prepared 
b y  a ll th ree  m ethods had identical m obilities and contained from  0-03 to  
° '° 5  %  o f the dispersed substance.

A s  is w ell know n, m obilities arc dependent on th e  ionic com position of 
th e  aqueous phase, and  i t  is im portant, therefore, to  m aintain  th is con stan t 
as fa r as possible th rou gh ou t th e  p H  range. In  this w ork a ll m obilities 
h ave  been determ ined in  th e  presence of o-oi n  sodium  ion. B etw een  
p u  2  and 7  b o th  dispersion and sup ernatan t liquid con tain ed o-oi n  
sodium  chloride, v a ry in g  am ounts o f hydrochloric acid  bein g added to  
a lte r th e  p H .  A b o v e  p H  7  it  is necessary to  use a  buffer to  ensure th a t  d is­
persion and su p ern atan t liquid  shall be e x a c tly  m atched as regards p H  ; 
o-ox m sodium  dibo ratc w as em ployed. In all cases th e  dispersion con­
tain ed  2 %  A .R . sucrose. T h is is necessary in order to  increase the density, 
an essential requirem ent for the production  of clear boundaries ; N orthrop 
and C ullen  1 h a ve  shown th a t th is sm all am ount of sucrose does n ot a ffect 
the m o b ility.

Experimental Material.
Hydrocarbons.— A  sam ple of dodecane w as supplied b y  F raen kel and 

L an d au , B erlin . I t  w as purified b y  repeated shakin g w ith  con cen trated

2 Price and Lewis, Trans. Faraday Soc., 1933, 29, 775.
3 Roberts, ibid., 1936, 33i 17° 5-
4 Northrop and Cullen, J . Gen. Physiol., 1922, 4, 635.
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sulphuric acid  to  rem ove u n satu rated  com pounds and su b seq u en tly  w ashed, 
dried, an d  fra ctio n a lly  distilled . T h e  final p ro d u ct w as a  colourless liquid, 
b .p . 78-6° C. (5 m m .). T h e  u ltim a te  criterion  o f p u r ity  w as co n sta n cy  of 
electrop horetic m o b ility.

A  sam ple of octadecane from  th e  sam e source w as purified b y  H a m  and 
D ean  8 in  th is  laborato ry.

E ste r s .— Sam ples o f e th y l m yristate , capro ate  and h e p ty la te  w ere
supplied  b y  F raen kel and  L an d au , a  sam ple of a m y l a ceta te  b y  K a h lb a u m ,
an d one of o c ty l a ceta te  b y  B .D .H ., L td . A ll these esters w ere liquids, and 
w ere purified b y  sh akin g w ith  A .R . K aC0 3 solution  to  rem ove acid s follow ed  
b y  w ashing, d ryin g  and  fractio n al d istillation . T h e boiling-points' of the 
final p roducts w ere :—

E th y l m yristate , 146° C. (4 m m .).
E th y l caproate, 166-4° C. (760 m m .).
E th y l h e p ty la te , 188° C. (760 m m .).
A m y l acetate , 139-2° C. (760 m m .).
O cty l acetate , 8o° C. (4 m m .).

T h e  rem ainin g esters, w ith  th e  excep tio n  of e th y l lau rate  and c e ty l 
p a lm ita te , w h ich  w ere k in d ly  supplied  ch em ically  pure b y  D r. T . M alkin  
of th e  U n iv e rs ity  of B risto l, w ere synthesised  b y  th e  w riter.

C e ty l an d  o cty l stearates w ere prepared  b y  the m ethod described b y  
W h itb y  6 from  silver stearate  an d  th e  a lk y l  h alide. C e ty l an d  o cta d e cy l 
a ceta te s  and  e th y l stearate  w ere m ade b y  condensing th e  ap p ro p riate  a cid  
and alcohol in th e  presence of h yd ro gen  chloride.

A fte r  purification  th e  p roducts o btain ed  had th e  fo llow in g m elting- 
p oin ts : c e ty l stearate  56-9° C. ; o c ty l stearate  32-0° C. ; e th y l stearate  
33-1° C. ; ce ty l a ceta te  19-0° C. ; o cta d e cy l a ceta te  32-8° C.

The Effect of the Physical State of the Dispersed Phase.
F ig s . I, 2 a n d  3 sh o w  th e  m o b ility  — pn  c u r v es  o b ta in e d  fo r  o c ta ­

d e ca n e , d o d ec a n e  a n d  e th y l s te a r a te  a t  v a r io u s  te m p era tu res . O cta ­
d eca n e  (F ig . 1) is  a  so lid  h y d ro ca rb o n , m .p . 28° C. T h e  lo w e st  cu rv e , 
th erefo re , rep resen ts  th e  b e h a v io u r  o f th e  so lid , a n d  th e  o th e r  th ree  th a t  
o f  th e  l iq u id  h y d ro ca rb o n . T h e  d ifferen ces b e tw e e n  th e se  c u r v es  c a n n o t  
b e  ascr ib ed  so le ly  to  a lter a tio n  in  th e  v is c o s ity  o f th e  a q u eo u s m ed iu m

5 Ham and Dean, Traits. Faraday Soc., 1940, 36, 52.
“ Whitby, J.C.S., 1926, 1458.
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a s  th e  tem p era tu re  is raised, fo r a lth o u gh  th is su p position  w ou ld  s a tis ­
fa c to r ily  e x p la in  th e  sm all d ifference b etw een  th e  35° and 40 C. cu rves, 
it  fa ils  to  e x p la in  th e  m uch larger differences b etw een  the low er three 

curves.

F i g . 2 .— D o d e c a n e  ( l i q u id )  a t  v a r i o u s  t e m p e r a t u r e s .

I t  has b een  su gg ested  b y  m a n y  w orkers th a t  in the process of fusion 
m olecules do n o t pass o ve r into  a  state  w h ich  rem ains u n ch an ged  w ith  
in crease in tem p e ra tu re  u n til th e  b o ilin g -p o in t is reached, b u t th a t  the

X E th yl stearate (solid), 25° C.
A  E th yl stearate (liquid), 350 C.
JL E th yl stearate (liquid), 40° C.
O E thyl m yristate (liquid), 40° C.

p ro cess o f fu s io n  rep resen ts  b u t a  p a r tia l b rea k d o w n  o f th e  c ry s ta llin e  
s tr u c tu r e . T h e  resu lts  sh o w n  in  F ig s . 1 a n d  3 c le a r ly  b ea r  o u t th is  id ea . 
If, for  th e  m o m en t, th e  reason  w h y  th e  m o b ility  o f th e  liq u id  sh o u ld  be
h ig h er  th a n  th a t  o f th e  co rresp o n d in g  so lid  is  ign ored  i t  is seen  th a t  as
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th e  te m p er a tu r e  is  ra ised  p a s t  th e  m e lt in g -p o in t  th ere  is n o  a b r u p t  
c h a n g e  from  o n e  t y p e  o f cu rv e  to  th e  o th er . I t  m ig h t  h a v e  b e e n  e x ­
p e c te d  th a t  if  th e  p ro cess o f fu s io n  rep resen ted  a  su d d en  d e fin ite  tr a n s i­
t io n  from  o n e  p h y s ic a l s ta te  to  a n o th er , th en  tw o  d is t in c t  ty p e s  o f  c u rv e  
w o u ld  h a v e  b een  o b ta in e d  for th e  te m p er a tu r e  ran ges b e lo w  an d  a b o v e  
th e  m e lt in g -p o in t , in  ea ch  o f  w h ich  th e  d ifferen t m em b ers w o u ld  h a v e  
b e e n  c o n n e c te d  b y  th e  r a tio s  o f th e  v is c o s ity  o f th e  a q u eo u s  m e d iu m  in  
e a ch  ca se , a t  le a s t  to  a  first a p p r o x im a tio n . T h e  la t te r  h a s  b e e n  fo u n d  
to  b e  tr u e  in  th e  ca se  o f liq u id s  o n ly  a t  a  te m p er a tu r e  su ff ic ie n tly  a b o v e  
th e  m e lt in g -p o in t  o f th e  co rresp o n d in g  so lid  ; e.g. fo r  d o d ec a n e  (m .p . 
— 12° C.) a t  2 5 0, 3 5 0, a n d  4 0 °  C., an d  fo r  o c ta d e c a n e  (m .p . 28° C.) a t  
3 5 ° a n d  4 0 °  C. I t  h a s  b een  fo u n d  a lso  th a t  a t  4 0 ° C. o c ta d e c a n e  and  
d o d ec a n e  g iv e  id e n tica l cu rv es . T h is  sh o w s th a t  a t  th e  te m p er a tu r e  o f  
4 0 °  C. th e  o c ta d e ca n e  is b e h a v in g  as a  tru e  liq u id .

A  s im ila r  p h en o m en o n  is  sh o w n  b y  e th y l  s te a r a te  (F ig . 3). T h e  
b e h a v io u r  a t  2 5 0 C. fo r  th e  so lid  e s ter  (its  m e lt in g -p o in t  is  3 3 'I °  C.) is 
id e n tic a l w ith  th a t  o f o c ty l  s te a r a te , c e ty l  s te a ra te , a n d  c e ty l  p a lm ita te ,  
a ll so lid s  a t  2 5 0 C. M ea su rem en ts a t  3 5 0 a n d  4 0 °  C. (in  th e  “  liq u id  ”  
ra n g e), h o w ev er , g iv e  tw o  d ifferen t cu rv es , b o th  o f w h ic h  lie  w e ll a b o v e  
th a t  o f  th e  so lid , b u t  w h ic h  h a v e  a  g rea ter  d ifferen ce  b e tw e e n  th e m se lv e s  
th a n  can  b e  a c co u n te d  fo r  p u re ly  b y  a lte r a tio n  in  v is c o s ity  o f th e  m ed iu m .  
E th y l  m y r is ta te  (m .p . 10-5° C.) w a s  a lso  in v e s t ig a te d  a t  4 0 °  C. (F ig . 3), 
i t  b e in g  a ssu m ed  th a t  th is  e ster  w a s  th e n  su ffic ien tly  a b o v e  its  m e lt in g -  
p o in t  to  b e h a v e  as a  tru e  liq u id . T h e  r esu ltin g  c u rv e  is id e n tica l w ith  
th a t  o f e th y l s te a r a te  o v e r  th e  ra n g e  p H  6  to  12, a lth o u g h  a t  lo w er  p H  
v a lu e s  th ere  is  a  sm a ll b u t  real d ifferen ce  b e tw e e n  th e  tw o .

I t  m a y  b e  in ferred , th erefo re , th a t  a s  th e  te m p er a tu r e  o f a  so lid  is 
ra ised  a b o v e  i t s  m e lt in g -p o in t  th ere  is n o  su d d en  c h a n g e  in  i t s  e le c tr o ­
p h o re tic  b e h a v io u r  co rresp o n d in g  to  th e  c h a n g e  from  so lid  to  liq u id ,  
b u t  th a t  th ere  is  a  g ra d u a l tr a n s it io n  o v e r  a  ra n g e  o f 50 to  10° C. from  
th e  b e h a v io u r  of th e  so lid  c o m p o u n d  to  th a t  o f  w h a t  m a y  b e  ca lled  th e  
tru e  liq u id .

I t  h a s b e e n  su g g e s te d  th a t  th e  d ifferen ce  in  m o b il ity  o f th e  sa m e  
su b s ta n c e  in  th e  so lid  a n d  liq u id  s ta te s  is  d u e  to  a  d ifferen ce  in  th e  
su rfa ce  d e n s ity  o f th e  m o lec u le s  a t  th e  in te r fa c e  in  th e  tw o  ca ses. If  
ea ch  m o lec u le  a d so rb s h y d r o x y l  io n s  to  th e  sa m e  e x te n t  w h e th e r  as  
so lid  or liq u id , th is  d ifferen ce  in  su rfa ce  d e n s ity  o f th e  m o lec u le s  w o u ld  
p ro d u ce  a  d ifferen ce  in  th e  su rfa ce  ch a rg e  d e n s ity , w h ic h  w o u ld  b e  
reflec ted  a s a  ch a n g e  in  th e  e le c tr o p h o re tic  m o b ility . B u t  th e  d e n s ity  
o f liq u id  o c ta d e ca n e  is  le s s  th a n  th a t  o f  th e  so lid  (a t  25° C .), a n d  c o n se ­
q u e n t ly  th e  liq u id  sh o u ld  h a v e  th e  sm a ller  ch a rg e  d e n s ity  a n d  th erefo re  
th e  sm a ller  m o b ility . T h is  is  n o t  in  a g r ee m en t w ith  th e  e x p e r im en ta l  
f in d in g s . O th er  p o ss ib ilit ie s  p r e se n t  th e m se lv e s  (in c lu d in g  s tr ea m in g  in  
th e  liq u id  d ro p le t, c y b o ta x is  a n d  su rfa ce  rea rra n g em en t), b u t  n o n e  o f  
th e m  a p p ea r  to  afford  a n  e x p la n a t io n  o f th e  b e h a v io u r  o b serv ed .

T h e  resu lts  for  d o d ec a n e  a n d  o c ta d e c a n e  m a y  b e  co n sid ered  from  
a n o th e r  p o in t  o f  v iew , n a m e ly  th e  n a tu r e  o f th e  res id u a l ch a rg e  on  th e  
grou p  p r o je c t in g  in to  th e  a q u eo u s  p h a se . T h e  c u rv e  fo r  so lid  o c ta d e ca n e  
a t  2 5 0 C. w h ic h  w a s  o b ta in e d  b y  D ic k in so n  7 in  th is  la b o r a to ry , e x h ib its  
a  s lo w , g ra d u a l r ise  th r o u g h o u t th e  p H  ra n ge , th e  m o b il ity  n ev er  rea ch in g  
a  la rg e  v a lu e . T h is  is  th e  ty p e  o f c u rv e  w h ic h  w o u ld  b e  e x p e c te d . T h e  
en d -g ro u p  o f th e  h y d ro ca rb o n  h as res id u a l ch a rg es d is tr ib u te d  as in

'• Dickinson, Ph.D . Thesis, Liverpool, 2940.
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(A ),8 a n d  th e  n e t  res id u a l ch arge  on  th e  en d -grou p  is zero . T h ere  w ill, 
th erefo re , b e  n o  p a r ticu la r  te n d e n c y  fo r  h y d r o x y l io n s  to  b e  a d so rb ed  a t  
th e  su rfa ce , a n d  in d eed  th e y  w ill b e  l ik e ly  
to  be rep elled  to  so m e  e x te n t  b y  th e  +  0'04
lo ca lised  n e g a t iv e  ch arge  on  th e  ca rb o n  H
a to m  e v e n  in  th e  p resen ce  of th e  sm a ll 
n e u tr a lis in g  ch a rg es o n  th e  h y d ro g en  
a to m s  s itu a te d  fu r th er  o u t. If th is  re­
p u ls io n  is n o t to o  grea t, th e  resu lt w ill be — 0-12 -f- 0-04
a  slo w , s te a d y  rise in th e  a d so rp tio n  of --------------- C--------------- H
h y d r o x y l io n s a s th e ir  c o n c en tra tio n  in  
th e  a q u eo u s p h a se  is in crea sed , i.e. as th e  
p H  r ises, a n d  th is  is  fo u n d  in  th e  case  o f  
so lid  o c ta d e c a n e  a t  2 5 0 C. and  to  a  cer ta in  
e x t e n t  a lso  in  th e  ca se  o f  o c ta d e ca n e  a t  i 1
3 0 ° C. It rem a in s to  a c c o u n t for th e  rise ~r 0-04
in  m o b il ity  in  th e  “ tru e  liq u id  ” s ta te , (A)
a n d  it  is  su g g e s te d  th a t  in  th e se  ca se s  th e
g r ea te r  freed o m  of m o v e m e n t of th e  m o lec u le  w ill ca u se  less  res is ta n ce  
to  be o ffered  to  th e  rep u ls iv e  fo rce  ex er ted  b y  th e  h y d r o x y l io n s on  the  
c a rb o n  a to m , a n d  c o n se q u e n tly  th e  carb on  a to m  m a y  retra ct a n d  le a v e
in e ffe c t o n ly  th e  term in a l h y d ro g en  a to m s in  c o n ta c t  w ith  th e  a q u eo u s
p h a se . T h is  w o u ld  m ea n  a n  in crease  in  th e  a d so rp tio n  o f h y d r o x y l ions, 
a n d  so  an  in crea se  in  th e  p r im a ry  ch arge  d e n s ity , w h ic h  w o u ld  be reflec ted  
as a n  in crea se  in  th e  m o b il ity  as is  fo u n d  b y  ex p er im en t. T h e  o b je c tio n  
m a y  b e  m a d e  th a t  th e  c u rv e  for  o c ta d e ca n e  a t  30° C., a t  w h ich  tem p era tu re  
o c ta d e ca n e  is “  liq u id ,"  d o es n o t  sh o w  th e  sa m e  b eh a v io u r , b u t  ra th er  
r esem b les th e  c u rv e  o b ta in e d  for  th e  so lid  a t  2 5 0 C. T h is  is true, b u t  30°  
C. is o n ly  2° a b o v e  th e  m e lt in g -p o in t  o f  o c ta d e ca n e , a n d  b ea r in g  in  m in d  
th a t  th e  so lid  d o es n o t  c h a n g e  su d d en ly  to  a  tru e  liq u id  b u t ra th er  to  a 
c y b o ta c t ic  s ta te ,  it  m a y  w e ll b e  th a t  o c ta d e ca n e  a t  30° C. resem b les a  true  
so lid  ra th er  th a n  a  tru e  liq u id .

T h e  m a in  o b je c tio n  to  th is  su g g es tio n  is th a t  th e  g en era l s im ila r ity  
b e tw e e n  th e  p h en o m en a  ob serv ed  in  th e  ca se  o f e th y l s te a r a te  and  
o c ta d e ca n e  p o in ts  to  th e  fa c t  th a t  th e  e x p la n a tio n  o u g h t to  b e  th e  sa m e  
in  ea ch  c a se , a n d  th e  a rg u m en t ju s t  a d v a n ce d  is n o t  a p p lica b le  to  an  
e ster  w ith o u t  cer ta in  m o d ifica tio n s , w h ich  w ill be con sid ered  in  th e  n e x t  
se c tio n .

The Effect of the Constitution of Aliphatic Esters on their
Mobility.

T h e  ester s  e x a m in ed  are of th ree  ty p e s , c la ssifia b le  a cco rd in g  to  th e  
n a tu re  o f th e ir  m o b i l i t y — pa  cu rv es  as fo llo w s :—

T y p e  I.— E ste r s  w h o se  m o b ility  — p H  cu rv es  are d ep ressed  th r o u g h ­
o u t th e  e n tire  p H  ra n g e  (F ig s . 4  an(f 5)- T h e se  are c e ty l p a lm ita te , c e ty l  
ste a ra te , o c ty l  s te a r a te , th e  cu rv es for  w h ich  are in d is tin g u ish a b le , an d  
o c ta d e c y l a c e ta te — all so lid s a t  25 0 C., to  w h ic h  tem p era tu re  th e  fo re ­
g o in g  s ta te m e n t  p a r ticu la r ly  ap p lies.

T y p e  II.— E ste r s  w h o se  m o b ility  — p H  cu rv e  rem ain s fa ir ly  fla t in  
th e  a c id  reg ion , b u t  sh o w s a  su d d en  sharp  r ise  in  th e  w e a k  a lk a lin e  

•region, th e  m o b il ity  e v e n tu a lly  rea ch in g  th e  sa m e  figure a t  h ig h  p H  
v a lu e s  as in  th e  ca se  o f e sters o f T y p e  I I I  (F igs. 4  an<i  6)- T h e  esters o f  

8 Eucken and Meyer, Physikal. Z ., 1929, 30, 397.
39 *



th is  ty p e  w h ic h  h a v e  b e e n  in v e s t ig a te d  are a m y l a n d  o c ty l  a c e ta te s ,  
a n d  e th y l  c a p r o a te  a n d  h e p ty la te . T h e y  are all liq u id  a t  2 5 0 C.
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F ig. 4.
O  E th yl laurate (liquid).
•  A m yl acetate (liquid).
X  Cetyl palm itate (solid).

T y p e  I I I .— E sters  w h o se  m o b il ity  — p H  cu rv e  r ises s te a d i ly  as th e  
p n  in crea ses from  2 to  12, th e  m o b il ity  a p p ro a ch in g  a  m a x im u m  o f a b o u t

F ig. 5.
A  Cetyl palm itate, cetyl stearate, octyl stearate (solidsl, 2 s0 C.

Cetyl acetate (liquid), 250 C.
O  O ctadecyl acetate (liquid), 350 C.
•  O ctadecyl acetate (solid), 25° C.

50 u n its  (F ig s . 4  an d  7). E th y l la u r a te  a n d  m y r is ta te  are o f th is  ty p e .  
T h e y  a lso  are liq u id  a t  25 0 C.

T h e  e sters o f T y p e  I w ill b e  co n sid ered  first. T h e se  are rep resen ted  
b y  c e ty l  p a lm ita te  a n d  ste a ra te , o c ty l  s te a r a te  a n d  o c ta d e c y l a c e ta te .
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I t  h a s  b een  sh o w n  b y  E u ck en  a n d  M eyer 8 and  b y  S m y th  9 th a t  for  
esters in  n o n -p o la r  so lv e n ts  th e  s tr o n g  in te ra c tio n  o f th e  po lar  grou p s  
p r e v en ts  free  r o ta tio n  a b o u t th e  C— 0  b on d , a n d  o n ly  o n e  co n fig u ra tio n ,

F ig. 6.
•  Am yl acetate (liquid), 250 C.
O  Octyl acetate (liquid), 250 C.
§ |  E th yl caproate (liquid), 250 C. 
2  E th yl heptylate (liquid), 25° C.

F ig. 7.
O  E thyl laurate (liquid), 250 C.
•  E th yl myristate (liquid), 250 C.

th e  trans, is p o ss ib le , w h erea s A lex a n d er  and  S c h u lm a n ,10 w o rk in g  
w ith  film s o f e sters o n  w a ter , fo u n d  th a t  th e  a q u eo u s su b s tr a te  so

9 Smyth, J . Am er. Chem. Soc., 1931, S3, 527.
10 Alexander and Schulman, Proc. Roy. Soc., A , 1937, 161, 115.
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decrea sed  th e  in te r a c tio n  th a t  b o th  th e  cis a n d  th e  trans co n fig u ra ­
t io n s  m a y  e x is t ,  o th er  fa c to r s  su ch  as th e  c o n s t itu t io n  o f th e  e ster  a n d  
th e  film  p ressu re b e in g  th e  d e te rm in in g  c o n d itio n s .

T h e  sa m e  p o s s ib il ity  o f cis a n d  trans fo rm s e x is t s  in  th e  p r e se n t  w o rk  
in th e  a b sen ce  o f re s tr ic tin g  fa c to r s . A le x a n d e r  an d  S c h u lm a n  s ta te  
th a t  in  th e  ca se  o f c e ty l  p a lm ita te , th e  la ter a l a d h es io n  b e tw e e n  th e  lo n g  
a lk y l and  lo n g  a c id ic  c h a in s  is su ffic ien t to  keep  th e m  a d ja c e n t. T h u s  
c e ty l p a lm ita te  h a s  a lw a y s  a  cis c o n fig u ra tio n , a n d  th e y  su g g e s t  th e  
stru c tu re  sh o w n  in  F ig . 8, th is  d iagram  b e in g  d ra w n  to  sca le , u s in g  th e

Hydroyen A Toms not"shown
F i g . 8 .— C e t y l  p a l m i t a t e  ( a f t e r  A l e x a n d e r  a n d  S c h u l m a n ) .

a c ce p te d  v a lu e s  fo r  v a le n c y  a n g le s  a n d  in te r -a to m ic  d is ta n ce s . I ts  
p r o b a b ility  is  su p p o rte d  b y  th e  fa c t  th a t ,  a s  p o in te d  o u t  b y  A le x a n d e r  
a n d  S ch u lm a n , th e  c a lc u la ted  v e r t ic a l c o m p o n e n t o f  th e  d ip o le  m o m e n t  
(7 m illi d eb y es) is  in c lo se  a g r ee m en t w ith  th e  o b ser v e d  v a lu e  (zero).

I t  sh o u ld  b e  n o te d  th a t  th is  co m p a r iso n  o f th e  c a lc u la te d  v a lu e  w ith  
th e  o b serv ed  v a lu e  d e term in es  o n ly  th e  in c lin a tio n  o f  th e  e ster  m o lecu le  
to  th e  w a te r  su rfa ce, a n d  d o e s  n o t  d e fin e  th e ir  e x a c t  r e la t iv e  p o s it io n s . 

I t  h a s  b een  sh o w n  b y  P o la n y i a n d  S z a b o  11 b y  th e  u se  o f iso to p e s  o f

11 Polanyi and Szabo, Traits. Faraday Soc., 1934, 30, 508.
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o x y g e n  th a t  in  th e  sa p o n ifica tio n  of an  ester  th e  b reak  occu rs as sh o w n

in (B ) a n d  n o t  as in (C). A lex a n d er  and  S ch u lm a n  fou n d  th a t  c e ty l  
p a lm ita te  w a s  h y d ro ly se d  w ith  g r ea t ea se  an d  r a p id ity  (b im o lecu la r  
v e lo c ity  c o n s ta n t  k a t  21° =  0 - l8  l ./g .  m o l./m in ., cf. v a lu e  k =  0-005  
fo r  e th y l  s te a r a te ) . I t  seem s p rob ab le , therefore, th a t  b o th  th e  carb on  
a n d  o x y g e n  a to m s  fo rm in g  th e  C— 0  lin k  are lo ca te d  in  th e  a q u eo u s  
p h a se . I f  th is  is so , th e  in terfa ce  w o u ld  b e  in  th e  p o s it io n  sh o w n  in  
F ig . 8, i.e. th e  e n tire  p a r t o f th e  m o lecu le  w h ic h  p o sse sse s  resid u a l  
ch a rg es is  lo c a te d  in  th e  w a te r  and , o f course , th e  n e t  ch a rg e  o n  th e  
p r o je c t in g  grou p  a s  a  w h o le  is zero, i.e. id e n tica l n u m er ica lly  w ith  th a t  
o f o c ta d e ca n e .

In  co m p a r in g  th e  e lectro p h o resis  resu lts  fo r  th e  esters w ith  th o se  for  
th e  h y d ro ca rb o n s , i t  is  c lear  from  w h a t  h as a lrea d y  b een  sa id  th a t  i t  is  
o n ly  le g it im a te  to  m a k e  co m p arison  b e tw e en  so lid  esters a n d  so lid  
o c ta d e c a n e  (a t 2 5 0 C .), and  b e tw e en  liq u id  esters and  d o d eca n e  a t  2 5 0 C. 
In  p a r ticu la r , th erefo re , th e  cu rv e  fo r  c e ty l p a lm ita te  (m .p . 5 4 0 C.) m u st  
b e  co m p a red  w ith  th a t  for  o c ta d e ca n e  a t  2 5 0 C. W h en  th is  is  d o n e, i t  is  
seen  th a t , a lth o u g h  th e  n e t  resid u a l ch arge  on  th e  en d -g ro u p  is  a p p a re n tly  
th e  sa m e  in  ea ch  ca se  (zero), th e  cu rve  for  c e ty l p a lm ita te  lie s  s l ig h t ly  
a b o v e  th e  o th er . B o th  are lo w , h ow ever.

F ilm s  o f c e ty l  s te a r a te  w ere  n o t  in v e s t ig a te d  b y  A le x a n d e r  a n d  
S c h u lm a n , b u t  i t  h a s  b een  fo u n d  in  th is  w o rk  th a t  c e ty l  s te a ra te  d isp la y s  
a n  e le c tr o k in e tic  b eh a v io u r  id e n tica l w ith  th a t  o f c e ty l  p a lm ita te .  
O c ty l s te a r a te , to o , g iv es  th e  sa m e cu rv e . T h e  rem a in in g  e ster  o f th is  
ty p e  to  b e  co n sid ered  is o c ta d e c y l a c e ta te . I t  is  c o n v e n ie n t  to  co n sid er  
here  c e ty l  a c e ta te  w h ic h  is in te rm e d ia te  b e tw e en  T y p e s  II  a n d  I I I .  
C e ty l a c e ta te  (m .p . 19° C.) is a  liq u id  a t  2 5 0 C., a n d  o c ta d e c y l a c e ta te  
(m .p . 32-8° C.) is a  so lid . S u b se q u e n tly  th e  b eh a v io u r  o f o c ta d e c y l  
a c e ta te  w a s  in v e s t ig a te d  a t  3 5 0 C., a n d  a lth o u g h  in th e  case  o f th e se  tw o  
e ster s  a  c o m p le te  d e te rm in a tio n  of th e  tem p era tu re  e ffec t h a s  n o t  b een  
m a d e, i t  is  q u ite  c lear th a t  th is  e ffec t is e n tir e ly  a n a lo g o u s to  th a t  a lrea d y  
o b ser v e d  in  th e  ca se  o f  o c ta d e ca n e  an d  e th y l s te a ra te . I t  is th erefore  
o n ly  p erm iss ib le  to  co m p are  th e  resu lts  for  th e se  e sters w ith  th o se  for  
th e  h y d ro c a r b o n s  a t  th e  sa m e tem p era tu re  an d  in  th e  sa m e s ta te . A t  
2 5 0 C. th e  c u r v e  fo r  o c ta d e c y l a c e ta te  lie s  7-0 u n its  a p p r o x im a te ly  a b o v e  
th a t  o f  o c ta d e c a n e  (a t h ig h  pii v a lu e s) . A t  3 5 0 C. b o th  cu rv es  h a v e  
c h a n g e d  b u t  th e  a c e ta te  s t i l l  lie s  a p p ro x im a te ly  6  u n its  h ig h er  th a n  th e  
h y d ro c a r b o n , a n d  i t  m a y  b e  e x p e c te d  th a t  a t  h ig h er  tem p era tu res  a  
so m e w h a t larg er  d ifferen ce  w ill b e  fo u n d , s in ce  a t  3 5 0 C. o c ta d e c y l a c e ta te  
is  o n ly  2-2° C. a b o v e  its  m e ltin g -p o in t. I t  is  seen  a lso  th a t  a t  2 5 0 C. th e  
a c e ta te  cu rv e  lie s  a p p r o x im a te ly  2-5 u n its  a b o v e  th a t  o f c e ty l  p a lm ita te .  
T h e  d ifferen ce  b e tw e e n  th e  cu rv es for  o c ta d e c y l a c e ta te  a n d  c e ty l  
p a lm ita te  is so  sm a ll, a s  p r o b a b ly  to  b e  ca u sed  b y  so m e  d ifference  in  
sh ie ld in g  e ffe c t a n d  n o t  b y  a  ch a n g e  in  th e  n e t  ch arge  on  th e  group  
p r o je c tin g , i.e. zero  as a  w h o le .

0 0

— CH„— C — C H 2— C

\
0 — C H 2 . . .

0 — C H 2—

(B) (C)
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T h e  stru c tu re  of th e  en d -g ro u p  in  o c ta d e c y l a c e ta te , as d ed u ced  b y  
A le x a n d e r  a n d  S c h u lm a n , is a s  in  F ig . 9 , a n d  if  th e  n e t  ch a rg e  is to  b e  
zero th e  in te r fa c e  m u s t  b e  a s sh o w n  b y  th e  d o tte d  lin e . I t  w ill be n o te d  
th a t  su ch  a  co n fig u ra tio n  a g a in  le a v e s  th e  ca rb o n  a n d  o x y g e n  a to m s  
fo rm in g  th e  — C— 0 —  b o n d  b o th  in  th e  a q u eo u s p h a se , a n d  in  an  
e x p o se d  p o s it io n  [i.e. n o t  sh ie ld e d  b y  a  screen  o f o th er  a to m s in  th e  m o le ­
c u le). S u ch  a  co n fig u ra tio n  sh o u ld  ren d er  th e  m o lec u le  lia b le  to  rap id  
h y d ro ly s is , a n d  th is  is, in  fa c t, th e  ca se , th e  c o n s ta n t  g iv e n  b y  th e  a b o v e  
w ork ers b e in g  k — 0 - I 5- A  rea so n  is  s t i l l  
req u ired , h o w ev er , w h y  th e  e le c tr o p h o re tic  
m o b ility  sh o u ld  b e  h ig h er  th a n  th a t  o f  c e ty l  
p a lm ita te , a n d  h ig h er  s t i l l  th a n  th a t  o f 
o c ta d e ca n e . In  th is  ca se  th ere  is n o  str a in  
in  th e  m o lec u le , a lth o u g h  th e  h ig h  lo ca l  
c o n c en tra tio n s  o f p o s it iv e  a n d  n e g a t iv e  
ch a rg es are th e  sa m e  as b efore. I t  m u s t  b e  
a ssu m ed , th erefo re , th a t  th e se  tw o  e ffec ts  
a c t  in  o p p o s ite  d irec tio n s . I t  is  r ea so n a b le  
th a t  lo ­
ca l c o n ­
c e n t r a ­
t io n s  of
ch a rg es sh o u ld  in ­
crease  th e  e le c tr o ­
p h o re tic  m o b il ity  
to  a  sm a ll e x te n t ,  
s in ce  th e  h ig h  p o s i­
t iv e  ch a rg e  o n  th e  
ca rb o n  a to m  w ill  
p r o b a b ly  e x e r t  an  
in flu en ce  on  h y ­
d r o x y l io n s  e v en  
in  th e  p resen ce  of  
n e u tr a lis in g  ch arges, 
n o t  c lear w h y  th e  s tr a in  in  th e  
m o lecu le  sh o u ld  red u ce  th e  m o ­
b ility . C e ty l a c e ta te  b e h a v e s  
so m e w h a t s im ila r ly  to  o c ta d e c y l  
a c e ta te , b u t  a s  i t  is n o t  k n ow n  
w h eth er  th is  su b s ta n c e  is a  true  
liq u id  a t  2 5 0 C., or is s t i l l  in  th e  
in te rm e d ia te  s ta g e , to o  m u ch  
re lian ce  h as n o t  b een  p la ced  on  
th e  sh a p e  o f th e  cu rv e.

T h e  h ig h  lim it in g  v a lu e  o f  
th e  e lec tro p h o re tic  m o b il ity  e x ­
h ib ite d  b y  e sters o f  T y p e  I I I , i.e. e th y l  la u r a te  a n d  e th y l  m y r is ta te ,
s tr o n g ly  su g g e s ts  th e  p o s se ss io n  o f a  p o s it iv e  n e t  r es id u a l c h a rg e  o n  th e
p r o je c t in g  g rou p , a n d  fu rth erm o re , s in c e  th e  c u r v es  fo r  e th y l  m y r is ta te  
a n d  la u r a te  ap p ro a ch  th e  sa m e  lim it in g  m o b il ity  a t  h ig h  pn  v a lu e s  a s  d o  
th e  e sters o f T y p e  II , it  is p ro b a b le  th a t  th e  n u m er ica l v a lu e  o f th e  
ch a rg e  is th e  sa m e  in th e  l im it  in  b o th  ty p e s . W h e th e r  w e  are to  
regard  th e  T y p e  I I I  e ster s  as cis or  trails, h o w ev e r , is b y  n o  m e a n s  c lea r  
on  th e  e x is t in g  e v id en ce .

th e  o th e r  
b u t  it  is

Carbon Atoms.

Oxygen A toms.

Hydrogen ATomsnot shoujn.
F ig . 9.— O ctadecyl acetate (after 

Alexander and Schulman).
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T h u s, a c co r d in g  to  A d a m ,12 th e  e sters o f T y p e  I I I  form  c o n d en sed  
film s on  w a te r  a t  2 5 ° C., an d  h en ce  th e y  w ill b e  o f  th e  trans ty p e . It  
m a y  b e  su g g e s te d , h o w ev e r , th a t  th e se  esters a lso  e x is t  in  th e  cis form  
when liquid, b u t  th a t  th e  o x y g e n  a to m  (— 0-26) rem a in s in  th e  e s ter  
p h a se  th r o u g h o u t  th e  en tire  pn  range, th u s  lea v in g  o n ly  th e  — C— 0  
grou p  in  th e  w a te r , th is  group  carry in g  th e  charge of +  0-13 as req u ired .

In  th e  ca se  o f e ster s  o f T y p e  II , w e  are d ea lin g  w ith  co n fig u ra tio n s  
w h ic h  lea d  to  e le c tr o p h o re tic  b eh a v io u r  w h ich  in  th e  a c id  reg io n  a n d  
up to  pn — 8 resem b les e sters o f T y p e  I, th e  m o b il ity  th e n  ra p id ly  
in crea sin g  w ith  in crea se  in  pn, so  th a t  f in a lly  th e  b eh a v io u r  is in d is ­
t in g u ish a b le  fro m  esters o f  T y p e  I I I . I t  w o u ld  n o t  seem  p o ss ib le  to  
offer a n y  sa t is fa c to r y  e x p la n a tio n  o f su ch  b eh a v io u r  u n til m ore is k n o w n  
reg a rd in g  th e  c o n n e c tio n  b e tw e en  o r ien ta tio n  an d  m o b ility  in  th e  ca se  
of th e  tw o  “ e x tr e m e  ” ty p e s  d en o ted  b y  I a n d  II I . I t  m a y  b e  rem arked , 
h o w ev er , th a t  th e  ester s  o f T y p e  II  are of r e la t iv e ly  lo w  m o lecu la r  w e ig h t,  
a n d  c o n se q u e n t ly  th e  p o s s ib ility  o f ch a n g e  from  o n e  co n fig u ra tio n  to  
a n o th e r  a s a  fu n c tio n  o f pn  c a n n o t b e  ex c lu d ed . A t  th e  sa m e  tim e , th e  
d eg ree  o f  su rfa ce  p e n e tr a tio n  o f th e  e ster  b y  th e  a q u eo u s p h a se  a n d  th e  
a lte r a tio n  in  d egree  o f p e n e tr a tio n  w ith  pn  m a y  p la y  a  g rea ter  p a r t in  
th e  ca se  o f su ch  e sters th a n  occu rs in  th e  m ore  m a ss iv e  esters o f  T y p e s  I 
a n d  II I .

Summary.
T h e  e lectrop horetic m obilities o f various purified paraffin  hydrocarbons 

an d  a lip h a tic  esters h a ve  been determ ined in th e  presence o f o -o i n  sodium  
ion o ve r th e  range pn  2 to  12.

T h e difference in  m o b ility  produced b y  th e  change o f s tate  from  solid 
to  liqu id  can n ot be ascribed to  the difference in surface densities of the 
m olecules p roduced b y  th e  change of state. T h e  solid  com pounds on 
m eltin g do n o t pass im m ed iate ly  to  the tru e  liquid state. I t  is suggested  
th a t  an in term ed iate  cy b o ta ctic  state  is in volved .

T h ree  differen t ty p e s  o f cu rve  are obtain ed for a lip h atic  esters. T hese 
do n ot a d m it o f a n y  sim ple explan ation , b u t certain  considerations in ­
v o lv in g  th e  residual charge on  th e  group p rojectin g in to  th e  aqueous phase 
is p a r t ly  successful in  exp lain in g th e  results obtained.

Department of Inorganic and 
Physical Chemistry,

University of Liverpool.
12 Adam, Physics and Chemistry o f Surfaces, 2nd ed., 1938.

V A R IA T IO N  O F B O N D  S T R E N G T H  W IT H  IN -  
T E R N U C L E A R  D IS T A N C E  IN  A G R O U P  OF  
H O M O LO G O U S DIATO M IC M O L E C U L E S.

B y  R . F . B a r r o w .

Received 2gth July, 1940.

In  a  p r e lim in a ry  n o te  on  th e  len g th s  a n d  s tr en g th s  o f a to m ic  b o n d s, 
W r in ch  a n d  H a rk er  1 draw  a tte n t io n  to  th e  regu lar  v a r ia t io n  o f b o n d  
s tr e n g th  w ith  in tern u c lea r  d ista n ce  for  cer ta in  p a irs o f  a to m s, a n d  refer

1 D. W rinch and D. Harker, J . Chem. Physics, 1940, 8, 502.
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a lso  to  th e  cu rv es  prepared  b y  F o x  a n d  M artin  2 w h ic h  e x h ib it  th e  
in terre la tio n  o f  th e se  q u a n t it ie s  in  c o m p o u n d s c o n ta in in g  th e  C— C b o n d .

T h e  sm o o th  v a r ia t io n  d isc u sse d  b y  th e se  a u th o rs  is  n o t  con fin ed  to  
b o n d s fo rm ed  a t  d ifferen t d is ta n c e s  b y  th e  sa m e  p a ir  o f a to m s. In a  
grou p  of h o m o lo g o u s  d ia to m ic  m o le c u le s  in  w h ic h  th e  b o n d s m a y  b e  
a ssu m ed  to  b e  o f id e n tica l, th o u g h  u n sp ec ified , n a tu re  th r o u g h o u t, a  
sim ila r  lo w er in g  o f th e  b o n d  s tr e n g th  w ith  in crea sin g  in te rn u c le a r  
d is ta n ce  is a lso  fo u n d . T h is  is  c lea r ly  illu s tr a te d  in  th e  grou p  o f o x id e s ,  
su lp h id e s , se len id es  a n d  te llu r id es  o f th e  g r o u p -IV (b) e le m e n ts , d a ta  for  
th e  g ro u n d  s ta te s  o f w h ic h  h a v e  r e c e n tly  b een  c o lle c te d .3 In  F ig . I th e  
r e la tio n  b e tw e e n  D0, th e  en erg y  o f d isso c ia t io n , a n d  re, th e  e q u ilib r iu m  
in tern u c lea r  d is ta n ce , fo r  th e se  m o lec u le s  is  co m p a red  w ith  th e  cu rv e  
fo r  th e  C—0  b o n d , d a ta  o n  w h ic h  h a v e  b e e n  ta k e n  from  P a u lin g .4 I t  
m u s t  b e  e m p h a s ised  th a t  b o th  c u r v es  are te n ta t iv e .  T h e  C—0  b o n d  
d a ta  are a c c e p te d  u n cr itic a lly , s in ce  fu r th e r  s tu d y  o f th e se  h a s  been  
p ro m ised  b y  W rin ch  a n d  H ark er . U n c e r ta in tie s  in th e  d e r iv a tio n  of

so m e  o f th e  o th er  c o n s ta n ts  m a y  b e  ra th er  m ore  ser io u s. T h u s, th e  D0 
v a lu e s  are ta k e n  from  a sm o o th e d  c u r v e  o f  D0 (o b ta in e d  b y  e x tr a p o la tio n  
u sin g  th e  M orse ex p ress io n ) a g a in s t  red u ced  m a ss , a n d  o n ly  s ix  v a lu e s  
of re h a v e  b e e n  d e te rm in e d  b y  r o ta tio n a l a n a ly s is , th e  rem a in d er  b e in g  
in te r p o la te d  fro m  a  grap h  o f  l /re3 a g a in s t  we. F u r th er , it  is  ju s t  p o ss ib le  
th a t  so m e  o f th e se  m o le c u le s  in  th e  g ro u n d  s ta te  d is so c ia te  in to  e x c ite d  
s ta te s  o f  o n e  or b o th  a to m s. T h e  o b serv ed  e n e rg y  o f  d isso c ia t io n  w o u ld  
th en , o f co u rse , n o  lo n g er  rep resen t th e  ch e m ic a l b o n d  s tr en g th . H o w ­
ever , th e r e  is so m e  ju s t if ic a t io n  fo r  b e lie v in g  th a t  th e  d isso c ia t io n  p r o d u cts  
o f a ll th e se  m o lec u le s  are  th e  r e sp e c tiv e  a to m s  in  th e ir  g ro u n d  s ta te s
(see , for  ex a m p le , S p o n er  5 a n d  B a rro w  a n d  J e v o n s  6) ; th e  o th e r  errors
m e n tio n e d  are p r o b a b ly  n o t  la rg e  en o u g h  to  a ffec t th e  gen era l sh a p e  o f  
th e  curve.

2 J. J. Fox and A. E. Martin, J .C .S ., 1938, 2106.
3 R. F. Barrow and W . Jevons, Proc. Physic. Soc., 1940, 52, 534.
4 L. Pauling, The Nature of the Chemical Bond, New York, 1939.
6 H. Sponer, "  Molekulspehtren. I . Tabellen,” Berlin, 1935.
‘  R. F . Barrow and W . Jevons, Proc. Boy. Soc., A ,  1938, 169, 45.
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B e a r in g  th e se  u n c e r ta in tie s  in  m in d , th e  c lo se  a p p ro a ch  to  l in e a r ity  
an d  th e  ra th er  sm a ll d ep a r tu res o f th e  in d iv id u a l p o in ts  from  th e  lin e  
are rem a rk a b le  in  v ie w  o f th e  ten fo ld  in crease  in red u ced  m a ss in  p a ss in g  
from  CO to  S n T e , th e  e x tr e m e  m o lecu les . C om p arison  w ith  th e  cu rv e  
fo r  th e  C— 0  b o n d  m a k e s  i t  seem  lik e ly  th a t  th e  ty p e  o f b in d in g  in  all 
m em b ers  o f th e  ser ies is  c lo se ly  s im ila r  to  th a t  o b ta in in g  in  th e  g rou n d  
s t a t e  o f  ca rb o n  m o n o x id e . T h e  d a ta  fu rth er  len d s su p p o r t to  th e  v ie w  
o f W rin ch  a n d  H a rk er  th a t  th e  len g th  o f a  b o n d  ca n  c o n v e n ie n t ly  b e  
regard ed  a s d e te rm in in g  i t s  en erg y , a n d  in te rp o la tio n  o n  su ch  a  graph  
m a y  p r o v id e  a  m e th o d  of e v a lu a t in g  b on d  s tr en g th s  w h en  n o  o th er  
m e a n s is  a v a ila b le .

University College,
Oxford.

ON T H E  S T A T IS T IC A L  M EC H A N IC S O F  
A S S E M B L IE S  W H O S E  E N E R G Y -L E V E L S  D E P E N D  

O N T H E  T E M P E R A T U R E .

B y  G . S. R u s h b r o o k e .

Communicated by C. A . C o u ls o n .

Received 15th August, 1940.

§ 1 . I n t r o d u c t io n .

A t  first s ig h t  th ere  is l it t le  room  in  th e  o rd in a ry  sch em e  o f  s ta t is t ic a l  
m e c h a n ic s  1 fo r  e n e r g y -le v e ls  w h ich  d ep en d  o n  th e  tem p era tu re  ; for an  
e n e r g y - le v e l is  a  p r im a ry  c o n c e p t  w h ile  tem p era tu re  is a  se c o n d a r y  o n e  
d e r iv e d , in  so m e  m ea su re , from  th e  en e rg y -lev e ls . I t  is g iv e n  b y  th e  
e q u ilib r iu m  v a lu e  o f a  cer ta in  “ se lec to r -v a r ia b le  ” . W e  m a y  th in k  
th a t  in  th e  m u tu a l in te r a c t io n  o f tw o  p a rts  o f an  a ssem b ly  w e  h a v e  a  
c lea r  ca se  o f  e n e r g y -le v e ls  w h ic h  d ep en d , p r im a rily , o n  th e  te m p er a tu r e  : 
th e  p h y s ic a l s ta te  o f  e ith er  p a rt o f th e  a sse m b ly  w ill d e p e n d  on  th e  
te m p er a tu r e , a n d  th u s  so  a lso  w ill it s  in te ra c tio n  w ith  th e  o th e r  p a r t o f 
th e  a sse m b ly . B u t  th e  ord in a ry  ru les o f s ta t is t ic a l  m e ch a n ic s  are  
su ffic ien t fo r  d e a lin g  w ith  th is  p rob lem  w ith o u t  in tr o d u c in g  th e  c o n c e p t  
o f an  in te r a c t io n  d e p e n d in g  on  th e  tem p era tu re  : w e  h a v e  o n ly  to  in c lu d e  
in  th e  p a r tit io n -fu n c tio n , or p h a se -in teg ra l, term s from  a ll th e  p o ss ib le  
c o n fig u r a tio n s  o f th e  sy s te m s  o f th e  a sse m b ly  d is tr ib u te d  a m o n g  tw o  
p h a ses.

N e v e r th e le s s , th e  id e a  of e n e rg y -lev e ls  w h ic h  are fu n c t io n s  o f th e  
te m p er a tu r e  is  as n e c essa ry  p h y s ic a lly  a s  is, for  in sta n c e , th e  c r y s ta llin e  
p ic tu r e  o f a  so lid . If w e  m a y  th in k  o f th e  su rfa ce  o f  an  a d so rb in g  so lid  
as p r e se n tin g  to  a  n e ig h b o u r in g  g a s  a  d e fin ite  p a tte r n  o f s ite s  su ita b le  
fo r  a d so rp tio n , w e  m a y  e q u a lly  le g it im a te ly  ( it  is, in  fa c t, e q u a lly  n e c e s­
sa r y  th a t  w e  do) sa y  th a t  th e  en erg y  o f a d so rp tio n  fo r  ea ch  o f th e se  
s ite s  is  a  c er ta in  fu n c tio n  o f th e  tem p era tu re  o f th e  so lid . B y  en erg y  
o f  a d so rp tio n , o f  co u rse , w e  m ea n  th e  tru e  en erg y  o f a d so rp tio n  (in  th e  
se n se  o f th e  first la w  o f  th erm o d y n a m ics) a n d  n o t  m e re ly  th e  fr ee -en er g y

1 R. H. Fowler, Statistical Mechanics, Cambridge, 1936.
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o f a d so rp tio n . S im ila r ly , w h e n e v e r  w e  e m p lo y  th e  c o n c e p t  o f  a  d i­
e lec tr ic  m e d iu m  w ith  a  d ie le c tr ic  c o n s ta n t  w h ic h  is  a  fu n c tio n  o f  th e  
tem p era tu re , w e  are o b lig ed  a lso  to  regard  as e x p lic it  fu n c t io n s  o f  th e  
tem p era tu re  a ll p o te n t ia l d ifferen ces , h e a ts  o f  so lu tio n , e tc ., w h ic h  
d ep en d  d ir ec t ly  u p o n  th e  n u m er ica l v a lu e  o f  th is  d ie le c tr ic  c o n s ta n t .  
T h ere  are o th e r  fa m ilia r  in sta n c e s  in  w h ic h  th e  id ea  o f e n e r g y -le v e ls  
w h ich  d ep en d  o n  th e  te m p er a tu r e  is e q u a lly  d esirab le .

N o w  in  d ea lin g  w ith  a  q u a s i-p h y s ica l p ro b lem  o f th is  k in d , in  w h ich  
th ere  are e n e r g y -le v e ls  d e p e n d en t o n  th e  tem p era tu re , w e  c a n  fr e q u e n t ly  
use m e th o d s  o f th e r m o d y n a m ic s , a n d  so  a v o id  th e  n eed , rea l or a p p a ren t, 
fo r  a  m ore  g en era l s ta t is t ic a l  m ech a n ic s . A n  in s ta n c e  o f th is , for  
e x a m p le , is  B e ck er  a n d  B r a t ta in ’s 2 tr e a tm e n t  o f  th e  e v a p o r a tio n  o f  
e le c tr o n s fro m  a m e ta l, w h e n  th e  w o rk  fu n c tio n  d e p e n d s o n  th e  te m ­
p era tu re  a n d  th e  w e ll-k n o w n  C la u siu s-C la p ey ro n  e q u a t io n 3 is u sed . 
B u t  su ch  a  c o m b in a tio n  o f s ta t is t ic a l  a n d  th e r m o d y n a m ic a l m e th o d s  is  
n o t  a lw a y s  e ith er  c o n v e n ie n t  or p o ss ib le , a n d  in  a t te m p ts  to  d ea l w ith  
su ch  p ro b lem s p u re ly  s ta t is t ic a lly  an  error is fr e q u e n t ly  m a d e  o w in g  to  
th e  la c k  o f a  r eco g n ised  te ch n iq u e . T h is  m is ta k e  is  to  in tr o d u c e  in to  
th e  p a r t it io n -fu n c t io n  or d is tr ib u tio n  form ulae fo r  th e  p ro b lem  co n sid ered  
B o ltz m a n n  fa c to r s  o f  th e  form

e ~ W T ........................................................... ( r)

w h en  E  is an  e n e r g y -le v e l (or th e  d ifferen ce  b e tw e e n  tw o  e n e rg y -lev e ls )  
w h ic h  d e p e n d s in  m a g n itu d e  e x p l ic i t ly  u p o n  th e  tem p er a tu r e . A s a  
ty p ic a l  e x a m p le , w e  m a y  q u o te  E w e ll a n d  E y r in g ’s 4 f o r m u la :

71 =  A . e^vts./fcT ( . , . (2)

w h ere  tj is  th e  v is c o s ity  o f  a  liq u id , A  is a  c o n s ta n t , a n d  A fsvis. is  an  
a c t iv a t io n  en erg y  fo r  v is c o u s  flo w  : th is  fo r m u la  is, a cco rd in g  to  E y r in g ’s  5 
th e o r y  o f  v is c o u s  flow , o f  th e  c o rr ec t fo rm  w h e n  AjFv is . is  a  c o n s ta n t ,  
in d e p e n d e n t o f  T ; b u t  its  u se  is  q u ite  u n ju s t if ied , a n d  a c tu a lly  in co rrect, 
w h en  A E yig . v a r ie s  w ith  th e  te m p er a tu r e , a s  i t  d o es  in  th e  p a p er  o f  
E w ell a n d  E y r in g .4 * T h ere  is, in d ee d , n o  fo u n d a tio n  a t  a ll in  s t a t i s ­
t ic a l m e ch a n ics  fo r  th e  u se  o f B o ltz m a n n  fa c to r s  o f th e  fo rm  ( i )  w h en  
E  =  E{T).

W e  sh a ll sh o w  b e lo w  th a t  th e  co rrec t p ro ced u re  w h en  a n  en erg y -  
lev e l, E, d ep en d s o n  th e  te m p er a tu r e  is  to  r ep la ce  th e  B o ltz m a n n  fa c to r
( i ) ,  w h ic h  w o u ld  b e  in v o lv e d  w ere  E  a  c o n s ta n t ,  b y

e -F (T ) lk T  f .................................................................... (3)

w h ere  F(T) is  th e  (H e lm h o ltz )  fr ee -en er g y  c h a n g e  a sso c ia te d  w ith  E(T) 
b y  th e  G ib b s-H e lm h o ltz  re la tio n  (3)

F - T ( w ) r. r E■ ■ ■ • ' »

T h is  re su lt  is  n o t  p a r t ic u la r ly  o r ig in a l (cf. 1, §§ 6-9  and  8 ’4  ; 6 §§ 702  
a n d  9 0 8 ), b u t  i t  is  w o r th  e m p h a s is in g , p erh a p s, on  a c c o u n t o f th e  
fr eq u e n c y  w ith  w h ic h  in c o rr ec t form ulae o ccu r  in  r ec en t p ap ers. In

2 J. A. Becker and W . H. Brattain , Physic. Rev., 1934, 45> 694.
3 E. A. Guggenheim, Modern Thermodynamics, Methuen, 1933.
4 R. H. Ewell and H. Eyring, J . Chem. Physics, 1937, 5, 726.
1 H. Eyring, J . Chem. Physics, 1936, 4, 283.
* Table V I of this paper is correct as it stands, owing to a compensating error.
0 R. H. Fowler and E . A. Guggenheim, Statistical Tliermodynamics, Cambridge, 

1939-
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§  2 w e  sh a ll sh o w , b y  rea so n in g  sim ila r  to  th a t  c u sto m a r ily  e m p lo y e d  in  
th e  th e o r y  o f  f lu c tu a t in g  fo rces (see, for  ex a m p le , O n sa g er’s r e v ie w  o f  
th e  th e o r y  of s tr o n g  e le c t r o ly t e s 7), h ow , fo r  a  sp ec ia l t y p e  o f p ro b lem , 
i t  fo llo w s  from  e le m e n ta r y  s ta t is t ic a l  p r in c ip les  ; in  § 3 m ore  d irec t  
a r g u m e n ts , w h ic h  th e  a u th o r  h as n o t  seen  e lsew h ere , su g g e s t  th a t  i t  is 
o f  q u ite  gen era l v a lid ity .

§ 2. Fundamental Approach to the Problem.
W e  h a v e  sh o w n  in  th e  in tr o d u c tio n  th a t  te m p er a tu r e -d e p e n d e n t  

e n e r g y - le v e ls  o ccu r  in  p h y s ic a l p ro b lem s w h en , u s in g  p h y s ica l in s ig h t , 
w e  sh o r t-c ir c u it  a  fu ll s ta t is t ic a l  tr ea tm e n t b y  co n sid er in g  a  s im p ler  
p ro b le m  in  w h ic h  th e  sy s te m s  o f th e  a ssem b ly  m o v e  in  cer ta in  a v era g e , 
p h y s ic a l ly  a p p ro p r ia te , fie ld s . T h u s, in  a  r a th er  v a g u e  sen se , tem p er a tu r e -  
d e p e n d e n t  e n e r g y -le v e ls  are a lw a y s  th e  r esu lt o f so m e  so r t o f  p r e lim in a r y  
a v e r a g in g  o v er  th e  v a r io u s  p o ss ib le  s ta te s  o f  th e  a ssem b ly .

S u p p o se , fo r  in sta n c e , th a t  w e  co n sid er  on e  sy s te m  o f  m a n y  b e tw e en  
w h ic h  th ere  are in te r a to m ic  fie ld s (e.g. on e  a to m  o f a  d en se  g a s, or a n  
io n  in  a  so lu t io n ). If w e  d e n o te  th e  m o m en ta  and  co -o rd in a te s  o f th is  
p a r ticu la r  sy s te m  b y  (p0, q0) an d  th o se  o f th e  o th er  sy s te m s , c o lle c t iv e ly ,  
b y  (p, q) a n d  E(p0, q0, p, q, V) is  th e  en erg y  o f  th e  w h o le  a ssem b ly , th en  
th e  p r o b a b ility  th a t  q0 lies b e tw e en  q'0 a n d  q'0 +  A q0 can  b e  sh o w n  
(se e  7) to  b e  g iv e n  b y

f  la' )A a -  r* »  «■ dp0 . d p .  dq a , ,
w  0> q° m / e  --E(Po> ?o. p, i. V)/itT (\po _ dq0 . dp . dq '

If, h o w ev er , w e  w ere , from  p h y s ica l c o n sid era tio n s, to  sa y  th a t  th e  sy s te m  
(Poi ?o) b e h a v e d  a s i f  i t  m o v e d  in a  p o te n tia l fie ld  w(q0), th e n  w e  sh o u ld  
w r ite

e -if(i'o) IkT

f (? 'o )Ai?o =  je -w ta O /ic T d ft ' q°' ' ’ • (6 )

a n d  co m p a r iso n  o f e q u a tio n s  (5) and  (6) sh o w s th a t

Q-w(,q'v)lkT — c o n st. JJJe~^Toi ?'o. P . 1, V)!hT  d p Q _ ¿p _ dij. . (7)

T h is  im p lie s  b o th  th a t  w(q0) is  a  fu n c tio n  o f T  a n d  a lso  (s in ce  F =  — kT . 
l o g . p a r tit io n -fu n c tio n )  th a t  i t  h a s  th e  n a tu re  o f  a  fr ee -en er g y  r a th er  
th a n  an  o rd in a ry  en erg y  (in  th e  sen se  o f th e  first la w  o f th e r m o d y n a m ic s) .

F rom  e q u a tio n  (7) i t  is  c u sto m a r y  to  d e d u ce  th e  E in s te in -S m o lo c h o w sk i  
r e s u lt  th a t  w(q'0) is  th e  p o te n t ia l o f  th e  a v e ra g e  force-fie ld  a c t in g  o n  th e  
p a r t ic le  a t  q'0 (a v era g ed  o v er  a ll p0, p  a n d  q). B u t , fo r  our p r e se n t  p u rp o se ,  
w e  are m ore in te r e ste d  in th e  c o n n e c tio n  b e tw e en  w(q'0) a n d  th e  a v e ra g e  
e n e r g y  o f  th e  a sse m b ly  w h en  th e  p a r ticu la r  sy s te m  in  w h ic h  w e  are  
in te r e s te d  is a t  q'0. T h is  en erg y  is  g iv en  b y

m  _  ¡ H E { p 0, ¿ 0 , p , q, F ) e - * f r - «'»*«■ W k T d Po . d p  . d q
j j j e -£ (p 0> ?•„, p. q, v)!kT d p0 . dp .dq ’ [ l

a n d  th e  first la w  o f th e r m o d y n a m ic s  is  sa tis f ie d  if  w e  regard  th is  a s  j u s t  
th e  p o te n t ia l  e n e r g y  o f th e  p a r ticu la r  sy s te m  in  w h ic h  w e  are in te r e s te d  
(c o n s id e r e d  b y  itse lf)  w h en  a t  q'0. C learly , from  (7) and  (8)

Mq'0) - T ( ^ f ) v = E ( q ’o),

7 L. Onsager, Chem. Rev., 1933, 13, 73.
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i.e. w(q'o) is th e  (H e lm h o ltz )  fr ee -en er g y  co rresp o n d in g  to  th e  tru e  
p o te n t ia l en erg y  E(q'0).

T h is  resu lt, w h ic h  w e  w ish ed  to  e s ta b lish , is  e a s ily  g en era lised  to  
a p p ly  to  a n y  a sse m b ly  w h ic h  o b e y s  c la ss ica l s ta t is t ic s  a n d  for w h ich  th e  
p erm issib le  e n e r g y -le v e ls  are a ll o f  th e  form

w h ere  th e  e„'s fo rm , sh a ll w e  sa y , a  d iscre te  s e t  * a n d  e(p, q) s ta n d s  fo r  
a c o n tr ib u tio n  to  th e  e n e rg y  w h ic h  d e p e n d s on  th e  m o m e n ta  a n d  c o ­
o rd in a te s  o f cer ta in  s y s te m s  o f th e  a sse m b ly . S u ch  a ssem b lie s  w ill  
in c lu d e , inter alia, a ssem b lie s  o f w h ic h  th e  s y s te m s  form  tw o  p h a se s ,  
e(p, q) d e n o tin g  th e  to ta l  e n e rg y  o f o n e  o f  th e se  p h a se s . A lth o u g h ,  
p rim a rily , i t  is  n e c essa ry  to  in tr o d u c e  th e  m o m e n ta  a n d  c o -o rd in a tes  
p, q in  order to  sp e c ify  th e  e n e r g y -le v e ls  w e  are n o t  in te r e s te d  in  th em  
fu r th er  an d  sh a ll sh o w , in  fa c t , th a t  w e  ca n  rep la c e  th e  s e t  o f e n erg ies  
e(p, q) b y  o n e  te m p e r a tu r e -d e p e n d e n t e n e rg y  e(T).

F o r  a n  a sse m b ly  o f th is  ty p e  th e  p a r tit io n -fu n c tio n , or  p h a se -in teg r a l,  
is o f  th e  form

th e n  e(T) a n d  F(T) are c o n n e c te d  b y  a  G ib b s-H e lm h o ltz  r e la t io n  o f th e  
form  (4), a n d  th e  im p o r ta n t  p o in t  a g a in  is  th a t  h a d  w e  sp ec ified  th e  
p o ssib le  to ta l  en erg ies  o f  th e  a ss e m b ly  as

(w h ich  w e  m ig h t e q u a lly  w e ll  h a v e  d o n e , h a v in g  d e fin ed  e(T) as th e  
e q u ilib r iu m  v a lu e  o f  e(p, q)), th e n  th e  co rrec t p a r t it io n -fu n c t io n  for th e  
a sse m b ly  w o u ld  h a v e  b een

th is  is th e  re su lt  s ta te d  a t  th e  en d  of § 1.
T h is  c o m p le te s  ou r  p r e se n t d isc u ss io n  o f te m p er a tu r e -d e p e n d e n t  

e n e r g y -le v e ls  from  a  fu n d a m e n ta l p o in t  o f v ie w . W e h a v e  d e a lt  o n ly  
w ith  a  p a r ticu la r ly  s im p le  ty p e  o f p ro b lem  fo r  w h ic h  th e  tem p era tu re -  
d e p e n d en t e n e r g y -le v e ls  a r ise , q u ite  s tr a ig h tfo rw a rd ly , a s  th e  r e su lt  o f  
a  p re lim in a ry  a v e ra g in g  o v e r  c er ta in  s ta te s  o f th e  a sse m b ly . A s  w e  
h a v e  sa id  a b o v e , su c h  e n e r g y -le v e ls  m u s t  a lw a y s  b e  d u e , b a s ic a lly , to  a  
p re lim in a ry  a v e r a g in g  o f  m u ch  o f th is  n a tu re  ; b u t  th e  g en era l p ro b lem  
is  to o  c o m p le x  to  b e  d e a lt  w ith  h ere. W e  c a n  see , h o w ev e r , th a t  th e ir  
in tr o d u c tio n  is  n o t  n e c e ssa r ily  a n  a p p r o x im a tio n . E v e n  w h en  i t  is, if

e =  en +  e(P, ?). (9)

Ztfe-'JKTe-np, qyuT dp dq ( i 0 )
II

n

w h ere F(T) =  — kT  lo g  JJe- ' ^  i^kT dp . dq . . (11)

If w e  w r ite  e ( 7 )  =  £(pt

€ — €n +  e{T) • ( 13)

■ (M )

• ( 15)

n
a n d  n o t

n

* T h i s  c o n d i t i o n ,  o f  c o u r s e ,  i s  n o t  e s s e n t i a l  t o  t h e  a n a l y s i s ,  a n d  i s  i n t r o d u c e d  
m e r e l y  f o r  c o n v e n i e n c e  ; e (p ,  q)  m i g h t  e q u a l l y  w e l l  b e  a  d i s c r e t e  s e t  o f  e n e r g i e s  
t o o .
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th e r e  are su ch  ca ses, th e  resu lt o f u s in g  th e  te m p er a tu r e -d e p e n d e n t  
e n e r g y -le v e ls  co rr ec tly  in  a  fu rth er  s ta t is t ic a l a n a ly s is  w ill b e  as e x a c t  
a n d  ju s t if ie d  as th e  p h y s ica l p ic tu re  in  w h ich  th e y  occur.

§ 3. A Direct Approach to the Problem.
W e  sh a ll n o w  a p p ro a ch  th e  p ro b lem  m ore d irec tly , w h ich  m ea n s th a t  

w e  sh a ll try  to  find  a  se lf-c o n s is te n t  form al sch em e  o f e q u a tio n s , c o n ­
s t i tu t in g  a  s ta t is t ic a l  m ech a n ics  to  d ea l w ith  a ssem b lie s  w h o se  en erg y -  
le v e ls  d ep en d  on  th e  tem p era tu re , w h ic h  sh all

(i) g iv e  r esu lts  c o m p a tib le  w ith  th e  d em a n d s o f th er m o d y n a m ic s ,
(ii) go  o v er  in to  th e  o rd in ary  w e ll-e s ta b lish ed  sch em e  o f s ta t is t ic a l  

m e ch a n ic s  w h en  th e  en e rg y -lev e ls  do n o t d ep en d  oh  th e  t e m ­
p era tu re.

T h e  p h y s ic a l v a l id ity  o f  th e  sch em e, as o f all s ta t is t ic a l  tr e a tm e n ts  
in d eed , m u s t  b e  le f t  to  b e  esta b lish ed  a posteriori ; b u t  if  th e  c o n d it io n s
(i) a n d  (ii) are sa tis f ie d  w e  m a y  rea so n a b ly  su p p o se  th a t  th is  w ill fo llo w .

T h e  g e n e r a tin g -fu n c tio n  ( i )  for  a  tw o -p h a se  a ssem b ly  w h en  th e  
e n e r g y - le v e ls— sy m b o lise d , c o lle c t iv e ly  or in d iv id u a lly , b y  e— d o  n o t  
d e p e n d  on  th e  te m p er a tu r e  m a y  b e  w r itte n  sy m b o lic a lly  as

G a {x ? )  ■ G b {x z ‘ ) ,  . . . . (1 6)
w h ere  x a n d  s are tw o  “  se lec to r  v a r ia b le s  " . T h e  e q u ilib r iu m  p ro p e r tie s  
o f  th e  a sse m b ly  are th e n  fo u n d  from  th is  g e n e ra tin g -fu n c tio n  b y  form ulae  
o f  th e  ty p e s

lo g  Ga (A3 *) . . . . (17)

Ea =  l° g  GA(W )  . . . .  (18)

etc .

w h ere  A a n d  S are eq u ilib r iu m  v a lu e s  o f a: a n d  z fo u n d  from  th e  c o n d it io n s

. (19)
Na +  Nb =  X,
Ea +  Eb — E.

H ere  X  is th e  to ta l n u m b er  o f sy s te m s  in  th e  a ssem b ly , E  is  i t s  to ta l  
e n e rg y , a n d  th e  o th e r  sy m b o ls  a lso  h a v e  th e  sa m e  m e a n in g s  th a t  th e y  
h a v e  in  1. T h e  form al sch em e  can  b e  id en tif ied  w ith  th a t  o f th e r m o ­
d y n a m ic s  if

l o g S = - i  /kT  . . . .  (20)
a n d  lo g  A =  ¡¿¡kT, ' '

w h ere  /a is  a  c h em ica l p o te n tia l. T h e  e x ter n a l rea c tio n s  o f th e  a ssem b ly  
are g iv e n  b y  e q u a tio n s  o f th e  form

■ ■ ■ ( 2 ,)

w h ere  eA, t- are th e  e n e rg y -lev e ls  a ccess ib le  to  s y s te m s  o f th e  p h a se  A, e tc . 
It fo llo w s from  eq u a tio n s  (17) an d  (18) th a t

E A =  £>>A, i €a, * 1 • • • (22)
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w h ic h  is a  n e c essa ry  fo rm u la  if th e  first la w  o f th e r m o d y n a m ic s  is to  b e  
o b e y e d . B u t  th is  e q u a tio n  co u ld  n o t  b e  d ed u ced  if  e, in  e q u a tio n  (18), 
w ere  a  fu n c tio n  o f &. T h is  a lo n e  sh o w s th a t  th e  u se , in  s ta t is t ic a l  th e o r y ,  
o f B o ltz m a n n  fa c to r s  o f  th e  form

e -E (T )lk T

is n o t  th e r m o d y n a m ic a lly  s o u n d .f
T h e  w h o le  fo rm a l sc h e m e  im p lic it  in  th e  u se  o f g e n e r a tin g -fu n c tio n s  

h a s to  b e  m o d ified  w h e n  th e  en erg ies  in v o lv e d  d ep en d  on  th e  te m p e r a ­
ture.

A  su ita b le  m o d ifica tio n  ca n  b e  o b ta in e d  as fo llo w s. In ste a d  o f  
sta r t in g  from  a g e n e r a tin g -fu n c tio n  of th e  fo rm  (16) w e  s ta r t  n o w  w ith  
on e o f th e  form

GM, ( * e  2 2 )G B(xe * 2 j  , . . (23)

w h ere  e(z) an d  th e  g iv e n  en erg ies e(T) are c o n n e c te d  th r o u g h  th e  r e la tio n

l o g z  =  — i/kT,

a n d  z0 is  a  c o n s t a n t ; see  § 4  b e lo w . T h e n  w e  ca n  re ta in  e q u a tio n s  o f  
th e  ty p e s  (17) a n d  (18) a n d  e q u a tio n  (22) fo llo w s , a s  a  n e c essa ry  c o n ­
seq u en ce , as b efo re. In  fa c t , th e  n e w  s ta t is t ic a l  sc h e m e  is a g a in  fo r m a lly  
id e n tica l w ith  th e  sc h e m e  o f  th e r m o d y n a m ic s , p r o v id e d  o n ly  th a t  n o w  
th e  form ulae fo r  th e  e x te r n a l r ea c t io n s  are rep la ced  b y  form ulae o f th e  
ty p e

f-= f*.‘ 'tri f c [ - C H ^ Z)dr]r • • <2<>
A n d  it  ca n  b e  sh o w n  in d ee d  th a t  th is  c h a n g e  w o u ld  b e  e x p e c te d  from  
p u re ly  th e r m o d y n a m ic a l a r g u m e n ts , i.e. an  a p p ro p r ia te  C a rn o t c y c le .

S in ce  th e  n ew  g e n e r a tin g -fu n c tio n  g o es  o v e r  in to  th e  o ld  o n e  w h e n  a ll  
th e  e’s in v o lv e d  are c o n s ta n ts  ( in d e p e n d en t o f T ), a n d  a ll th e  o th e r  
form ulae th e n  h a v e  th e ir  n o rm a l w e ll-k n o w n  fo rm s, i t  a p p ea rs th a t  w e  
h a v e , b y  s ta r t in g  from  th e  n e w  g e n e r a tin g -fu n c tio n  (2 3 ), c o n s tr u c te d  a  
sch em e  o f  s ta t is t ic a l  m e ch a n ic s  w h ic h  o b e y s  th e  req u ire m en ts  (i) a n d
(ii) a b o v e .

T h e a r g u m e n t c o u ld  b e  g iv e n  in m o r e  d e ta il  a n d  w ith  g rea ter  g e n e r a lity ,  
b u t  to  do so  w o u ld  n o t  a d d  a n y th in g  e s se n t ia lly  n ew  to  it . I t  rem a in s  
to  b e  a d d ed  here o n ly  th a t

e- ; r ^ = e - | ^ r = e _ W )  (25)

w h ere  F(T) is  th e  fr ee -en er g y  c h a n g e  a ss o c ia te d  w ith  e(T) b y  th e  e q u a tio n

F - T ( W ) r . r ' { n
T h is  is th e  re su lt  d escr ib ed  a t  th e  en d  o f  th e  in tr o d u c to r y  p ara g ra p h ,  
a n d  ju s tif ie d  for  cer ta in  p a r ticu la r  te m p e r a tu r e -d e p e n d e n t e n e rg y -lev e ls  
b y  th e  m ore  a n a ly t ic a l a r g u m e n ts  o f  § 2. T h e  a r g u m e n ts  o f th e  p r e se n t  
se c tio n  su g g e s ts  th a t  it  is  o f q u ite  g en era l v a lid ity .

t  Sec also "  The Thermodynamic D erivation of Langm uir’s Isotherm ,”  by 
G. S. Rushbrooke and C. A . Coulson.8

6 G. S. Rushbrooke and C. A. Coulson, Proc. Camb. Phil. Soc., 1940, 36, 24S.

e(z),



§ 4. An Example.
W e  c o n c lu d e  w ith  a n  e x a m p le  o f th e  s ta t is t ic a l m e th o d s  o u tlin e d  in  

§§ 2 a n d  3. I t  p r o v id e s  a n  o p p o r tu n ity  for  co n sid er in g  th e  correct  
c h o ice  o f l im its  in  th e  in te g ra ls  in  form ula: (24) an d  (25).

I t  is  c u sto m a r y  (see  x) to  d er iv e  L a n g m u ir ’s iso th erm  fo rm u la  for  
th e  a d so rp tio n  o f a  p er fec t m o n a to m ic  g a s  b y  c o m b in in g  to g e th e r  th e  
th ree  form ulae

6 =  Xew,kT I [1 +  AeTF/fc2'] . . . (26)

-  " >  “  • • < v )

a n d  pV  =  {X -  N)kT . . . . (28)

H ere  9 is th e  fr a c t io n  of su rface  co v ered  b y  ad so rb ed  g a s  a to m s, N  is 
th e  n u m b er  o f  a to m s  a d so rb ed , X  is  th e  to ta l n u m b er  o f g a s  a to m s  
a d so rb ed  or n o t  a d so rb ed , W  is th e  h e a t  o f a d so rp tio n , a n d  p, V, a n d  T 
are th e  p ressu re , v o lu m e  a n d  tem p era tu re  r e sp e c tiv e ly  o f th e  g a s  p h a se . 
C o m b in in g  th e  e q u a tio n s  g iv es

9 =  ------------------- 5T , • ■ (29)
p  +  ( 2- f )  ' m i r * * *

w h ic h  is L a n g m u ir ’s iso th erm  form u la .
N o w  th e  seco n d  o f th e se  form ulae, (27), ex p resses th e  fa c t  th a t  a  gas  

a to m  w h ic h  is  n o t  ad so rb ed  can  b e  in  a n y  of th e  en erg y  s ta te s  a ccess ib le  
to  a n  a to m  o f a  p e r fec t g as en c lo sed  in  a  v o lu m e  V. T h e  ex p ressio n  
e n c lo sed  b y  sq u a re  b r a c k e ts  is  th e  p a r tit io n -fu n c tio n  for  all th e se  en erg y  
s ta te s . B u t  th e  a v e ra g e  (eq u ilib riu m ) v a lu e  o f th e  en erg y  o f a n  a to m  of  
a p e r fec t  m o n a to m ic  g a s  a t  tem p era tu re  T  is w e ll-k n o w n  to  be

3 /2  . kT.
S o  w e  m ig h t  e q u a lly  w e ll sa y  th a t  th e  ad so rb a b le  a to m s o f  th e  a sse m b ly  
are e ith er

(i) a d so rb ed  : en erg y  — W,
(ii) in  an  e n e rg y -lev e l o f  h e ig h t 3 /2  . kT, a n d  d eg en era cy  p ro p o rtio n a l 

to  V.
W e  h a v e  h ere  a n  e x a m p le  o f  a n  en erg y -lev e l w h o se  v a lu e  d ep en d s o n  th e
tem p er a tu r e , a n d  w e  ca n  d ea l w ith  th e  p rob lem  b y  th e  m e th o d s  w h ic h
w e  h a v e  o u tlin e d .

E q u a t io n s  (26) a n d  (28) rem ain  u n ch a n g ed , b u t  e q u a tio n  (27) is n o w
rep la ced  b yJ - ,d r - i

(30)

G. S. R U SH B R O O K E  1061

■s r   Go \ ut—  1
(X -  N) =  A |A[ A F e  T 

/ T V / *
■

U s in g  th is  e q u a tio n  in ste a d  of (27) g iv es

P
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w h ic h  is e q u a tio n  (29) a g a in  e x c e p t  th a t  th e  c o n s ta n t  J th e r e ­

in  is  rep laced  b y  th e  u n k n o w n  c o n s ta n t  Ta~3l*.
W e ca n  g iv e  n o  g en era l rule fo r  f ix in g  th e  u p p er  lim its  o f th e  in te g ra ls  

in  form ulae (24) a n d  (25). T h e  a m b ig u ity  h a s  it s  c o u n te r p a r t in  th e  u se  
o f th e  G ib b s-H e lm h o ltz  e q u a tio n  to  d er iv e  free -en erg y , F, fro m  tru e  
en erg y , E. W e  n eed  to  k n o w , fo r  in sta n ce , th e  e n tr o p y  of th e  su b s ta n c e  
a t  so m e  on e  p a r ticu la r  tem p era tu re . T h ere  is, h o w ev e r , o n e  s im p le  c la ss  
o f p ro b lem s fo r  w h ic h  th e  u p p er  lim it , T 0, c a n  b e  f ix e d  a t  00. I f  i t  is 
p o ssib le  to  fo r m u la te  e x a c t ly  th e  sa m e  p ro b lem , p h y s ic a lly , b u t  w ith  th e  
s t ip u la tio n  th a t  th e  e n e r g y -le v e l no lo n g er  d e p e n d s  on  th e  tem p era tu re , 
th en  w e  m u s t  fix  th is  l im it , T0, a t  00 in  order th a t  th e  so lu t io n  in v o lv in g

_  m  E(T) i}rp 
g } T  l i l 'z

m a y  go  o v er  in to  th e  so lu t io n  in v o lv in g  s im p ly  e~ElltT w h en  th e  d e p e n ­
d en ce  o f E{T) on  T  is ig n o red .

S u m m a r y .

T h e  w e ll-k n o w n  fo rm a lism  o f s ta t is t ic a l m ech a n ics is e x ten d e d  t o  a p p ly  
to  assem b lies  for  w h ich  th e  p erm issib le  e n e rg y -lev e ls  d ep en d  o n  th e  
tem p eratu re .

I f  an  en erg y  E, occu rrin g  in  a  p a r tit io n -fu n c tio n , d ep en d s o n  th e  
tem p erature , th e n  th e  corresp on d in g  B o ltzm a n n  fa c to r  e ~'EV ^ fcr m u st  
a lw a y s  b e  rep laced  b y  eTF(-T)lUT, w here F[T) is  th e  H e lm h o ltz  free-en ergy  
re la ted  to  E[T) b y  a  G ib b s-H elm h o ltz  re la tio n . T h is  is  n ecessa ry  in  order  
th a t  th e  s ta t is t ic a l sch em e m a y  co n fo rm  t o  th e  d em a n d s o f th e r m o ­
d yn am ics.

F in a lly , I h a v e  to  th a n k  P ro fe sso r  R . H . F o w ler , F .R .S .,  a n d  D r. 
E . A . G u g g en h eim  for s t im u la t in g  c o rresp o n d en ce  a n d  th e ir  k in d  in te r e s t  
in  th e  p ap er , a n d  th e  C ou n cil o f  U n iv e r s ity  C ollege, D u n d ee , fo r  a  
research  g ra n t e n a b lin g  m e  to  w o rk  a t  D u n d ee .
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W h ils t  th ere  are n u m ero u s e x p e r im e n ts  e s ta b lish in g  th e  e x is te n c e  of 
n e g a t iv e  io n s in  w e a k ly  io n ise d  g a ses, th e r e  are c o m p a r a tiv e ly  fe w  
e sta b lish in g  th e  e x is te n c e  o f su ch  io n s in  c o n sid era b le  c o n c e n tr a tio n  in  
th e  m u ch  m ore  in te n se  io n isa t io n  o f th e  co ld  c a th o d e  g lo w  d is ­
ch a rg e .1- 6> 9>12. 22. 23> 21 T h e  p resen ce  o f n e g a t iv e  io n s  in o x y g e n  
d isch a rg es is  o f  im p o r ta n c e  in  r e la tio n  to  th e  m e ch a n ism  o f  th e  fo r m a ­
tio n  o f o zo n e  in  su c h  d isch a rg es. I t  h a s  b e e n  su g g e s te d  th a t  th e  en erg y  
l ib er a ted  in  th e  r ec o m b in a tio n  o f  n e g a t iv e  w ith  p o s it iv e  io n s  is a v a i l ­

1 Spencer-Smith, Phil. Mag., 1934, 19, 806.
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a b le  fo r  e ffe c t in g  th e  sy n th e s is  o f  o zo n e  ; 2 if  th is  is  th e  ca se , th e  ra te  o f 
fo r m a tio n  o f o zo n e  sh o u ld  b e  re la ted  to  th e  s ta t io n a r y  c o n c en tra tio n  o f  
n e g a t iv e  ion s. O n th e  o th er  h a n d , th e  d a ta  for  th e  p h o to -re a c t io n  3 
to g e th e r  w ith  th e  s ta t is t ic a l  th e o r y  o f d isch a rg e  r ea c tio n  4 su g g e s t  th a t  
o zo n e  fo r m a tio n  in  d isch a rg es is  n o t  l ik e ly  to  b e  c o n n e c ted  w ith  th e  
o ccu rren ce  o f  n e g a t iv e  (or p o s it iv e )  ions.

T h is  p a p er  d escr ib es  a n  a tte m p t  to  id e n tify , an d  to  d e te rm in e  th e  
s ta t io n a r y  c o n c en tra tio n  r e la t iv e  to  th a t  o f  th e  e lectro n s, o f  th e  n e g a t iv e  
io n s  p r e se n t in  co ld  c a th o d e  g lo w  d isch arges th rou gh  o x y g e n  a t  p r e s­
su res o f a b o u t I m m . H g . C ylin d er  e le c tr o ly t ic  o x y g e n  (c o n ta in in g
0-2  %  o f h y d ro g e n ) w a s  u sed  b e c a u se  o zo n e  fo rm a tio n  from  th is  g a s  h a d  
b een  e x te n s iv e ly  in v e s t ig a te d  in  o th e r  e x p e r im en ts  in  th is  la b o r a to ry  
to  b e  p u b lish e d  e lsew h ere . N e g a t iv e  io n s w ere  so u g h t for  in  a  g as  
s tr ea m  e m erg in g  from  th e  tu b e  c o n ta in in g  th e  d isch arge , th e  m a g n e tic  
te c h n iq u e  o f  S p en ce r -S m ith  1 b e in g  used  for  th e ir  d e te c t io n  an d  id e n t i­
f ic a t io n . W ith in  th e  s e n s it iv i ty  o f  th e  a p p a ra tu s  n o  n e g a t iv e  io n s  w ere  
d e te c te d  in  th e  n e g a t iv e  g lo w  or th e  F a ra d a y  d ark  s p a c e ; b u t  in th e  
p o s it iv e  co lu m n  n e g a t iv e  a to m ic  io n s w ere  fo u n d  in  c o n c en tra tio n s  
co m p a r a b le  w ith  th o se  o f  th e  e lectro n s.

T h e se  r esu lts  a p p ea r  a t  first s ig h t  to  su p p o rt th e  v ie w  th a t  th e  
fo r m a tio n  o f o zo n e  is  c o n n e c ted  w ith  th e  e x is te n c e  o f n e g a t iv e  io n s  
b e c a u se  B rew er  an d  W e s t h a v e r 2 rep orted  th a t , u n d er  c o n d it io n s  o f  
p ressu re  a n d  cu rren t d e n s ity  co m p a ra b le  w ith  th o se  in  th e  e x p e r i­
m e n ts  n o w  rep o rted , th e  fo rm a tio n  o f o zo n e  is  d e te c ta b le  in  th e  p o s it iv e  
c o lu m n  o n ly . A  m o re  d e ta iled  a n a ly s is  o f th e  p rob lem , to  b e  p u b lish e d  
e lsew h ere , lea d s , h o w ev e r , to  th e  co n c lu sio n  th a t  th e  o b serv ed  s ta t io n a r y  
c o n c e n tr a tio n s  o f  n e g a t iv e  io n s  are in a d eq u a te  to  a c c o u n t fo r  m o re  th a n  
an  in s ig n if ica n t  fr a c tio n  o f th e  ob serv ed  ra tes o f o zo n e  fo rm a tio n .

Experimental.
T h e  a p p a ra tu s w a s co n stru c ted  in  tw o  m a in  p a rts  w h ich  are r ep re ­

se n te d  d ia g ra m m a tica lly  in  F ig . i ,  th e  d ischarge tu b e  Y  and  th e  a n a ly sin g  
cham b er Z ; th e se  are jo in ed  to g eth er  b y  a  ta p er  jo in t  sea led  w ith  p icein  
w a x . (In  F ig . r, Z is  sh ow n  p a r tly  w ith d ra w n  from  Y .)

T h e d isch arge  tu b e , V, w a s co n stru cted  in  p y r e x  g la ss a n d  c o n ta in ed  
a  p a ra lle l e lectro d e  sy s tem , A C, m o u n ted  on  a  cage  m ade o f p y rex  rod, th e  
e lec tro d es b e in g  m o v a b le  in  a  v ertica l p la n e  b y  th e  w in ch  W. T h e  th erm ­
ion ic  fila m en t X  w a s  in ser ted  in  a  side tu b e  to  p rov id e  a  b eam  o f  e lectro n s  
n ecessa ry  for a n  a d ju stm e n t of th e  a p p aratu s to  be descr ib ed  la ter . F or  
th e  range o f p ressu res in  w h ich  th e  a p p a ra tu s w a s  fo u n d  to  fu n ctio n , a  
p o s it iv e  co lu m n  d id  n o t  d ev e lo p  usin g  th e  e lectrod es A a n d  C. In  order  
t o  in v e s t ig a te  p o s it iv e  co lu m n  co n d itio n s th e  fila m en t w a s rem o v ed  from  
th e  sid e  tu b e , an d  th e  side tu b e  w a s ex ten d ed  to  a  co n v e n ien t d ista n ce , 
a n  a u x ilia r y  ca th o d e  b e in g  sea led  in  th e  rem o te  en d . O x y g en  or o th er  
ga s un d er  in v e s t ig a tio n  w a s a d m itte d  through  a  n eed le  v a lv e  and  sid e  
tu b e  IT ; a n  a u x ilia r y  co n n ec tio n  from  J  led  th ro u g h  a  liq u id  air trap  
t o  a  M acleod  g a u ge , a n d  a lso  to  a  p u m p  for in it ia l ev a cu a tio n  o f th e  tu b e .

T h e  h o llo w  p ro b e  e lectro d e  P  serv ed  to  w ith d ra w  a  b ea m  o f  n e g a tiv e ly  
charged  p a r tic les  from  th e  d ischarge to  th e  a n a ly sin g  cham b er ; th is  c o n ­
s is te d  o f a  brass b o lt  th rou gh  w h ich  w a s drilled  a  ch a n n el 0-075 m m . in  
d iam eter , a n d  w h ic h  w a s secu rely  m o u n ted  in  a  h o llo w  so a p sto n e  cy lin d er  
w h ich  fitted  t ig h t ly  ov er  th e  arm  M  o f th e  a n a ly sin g  ch am b er. E lec tr ica l

- Brewer and Westhaver, J . Physic. Client., 1930, 34, 1280.
s Bonhoeffer and Harteck, Photochemie, Leipzig, 1933.
1 Emeléus and Lunt, Trans. Faraday Soc., 1936, 32, 1504.
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con nection  to  P  w as effected  b y  a  glass sheathed  lead  w h ich  w as carried  
th rou gh  th e  w all o f th e  a n a ly sin g  ch am ber b y  an  in su lated  va cu u m  tig h t 
bushing B .  T h e  end o f th e  arm  M  w as  closed e x ce p t for a  sm all cen tra l 
orifice Q of d iam eter 0-125 m m . w hich  served  to  focus th e  beam  of n ega­

tiv e ly  c h a r g e d  
p artic les  en terin g  
th e  cham ber, and 
fo r a  series of 
holes, 0 ,  w hich  
w ere drilled  in  th e  
o uter rim  fac in g  P  
in  order to  fa c ili­
ta te  th e  e v a cu ­
atio n  of th e  sp ace 
betw een Q and  P .  
T h e d istan ce  be­
tw een  Q and  the 
near side o f P  
w as 5 m m .

T h e  a n a lysin g  
cham ber, Z , w as 
c o  n s t r u c t e d  en ­
t ire ly  in  b r a s s ,  
th e  F a r a d a y  c y lin ­
ders F C l and  P C ,  
bein g m ounted on 
glass v a lv e  stem s 
sealed  in  w ith  
p icein . I t  w as  
d ire c tly  con nected  
a t K  to  a  large oil 
diffusion  p u m p , 
and it  w as th u s

possible to  m aintain  a  pressure o f less th a n  10—1 m m . in  Z , and so ensure 
a  v e ry  sm all p ro b a b ility  o f collision  fo r ions tra versin g  Z  on th eir p a th  to 
th e  co llectin g electrode. T h e  size o f th e  orifice in  P , th e  c a p a c ity  o f th e  
diffusion pum p, an d  th e  n ecessity  fo r lo w  pressures in Z , restricted  th e  
m axim um  pressure in th e  discharge tu b e  to  a b o u t 0-7 mm.

Auxiliary Apparatus and Method of Assembly.
In  order to  m inim ise s tra y  m agn etic  fields th e  tu b e  w as assem bled in 

a  position  as fa r  rem o ved  as p ossib le  fro m  steel clam ps, gas and  w a ter  
pipes, and o th er m agn etic  m ateria l, a ll th e  sup ports fo r th e  a p p a ra tu s 
bein g o f w ood.

T h e  inconven ien ce o f b a lan cin g  o u t th e  h o rizo n ta l com p onent o f th e  
e a rth 's  field w as  a vo id ed  b y  p la c in g  th e  a x is  o f th e  a n a ly sin g  ch am ber 
a lo n g  th e  line of a ctio n  of th is  field.

T w o  h orizon tal coils, one below , an d  one a b o v e  th e  a n a ly sin g  ch am ber 
a n d  tw o  sm aller h o rizo n ta l coils a b o v e  an d  b e lo w  M  w ere used to  co u n teract 
th e  v e rtica l com p onent o f th e  e a r th ’s field. F o r u n ifo rm ity  th e  sm all
coils w ere of such a size and  distan ce a p a rt th a t  th e y  g a v e  th e  sam e
m axim um  field as th e  larger coils for th e  sam e curren t.

In  ad d ition  to  th e  coils co m p en satin g  th e  e a rth ’s field tw o  v e rtica l 
coils o f 40 tu rn s and  10 cm . d iam eter w ere p laced  on each  side of th e  
a n a lysin g  cham ber. T hese g a v e  a  h o rizo n ta l field b y  w hich  th e  electron s 
could  be b en t in  a  v e rtica l p lan e and  th u s  be deflected  to  th e  upper 
F a ra d a y  cy lin d er F C T h e m uch larger fields n ecessary  to  deflect a n y  
ions w ere o btain ed  from  an e lectro m agn et w hose poles w ere p laced in  th e  
cen tre  o f th e  tw o  v e rtica l coils an d  as close to  th e  a n a ly sin g  ch am b er as
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possib le. T h e  m eth od  used to  ca lib ra te  th e  m agn et w ill b e  described la ter. 
W h en  th e  m agn et w as in use it  w as necessary to  shield th e  discharge 
tu b e  co m p lete ly  w ith  M u-m etal shields to  p reven t d istortion  o f th e  d is­
charge b y  th e  large m agn etic  field.

T h e  cu rren t for th e  m ain discharge w as produced b y  a  4000 v o lt  m otor 
gen erato r and  w as regu lated  b y  a  satu rated  diode ; and th e  n ecessary 
p o ten tia ls  fo r th e  p robe and acceleratin g electrodes w ere derived  from  
a ccu m u la to r batteries.

T h e  curren ts to  th e  F a r a d a y  cylin d ers w ere m easured b y  m eans o f a  
q u a d ra n t electrom eter, a ll leads and connections to  th e  F a r a d a y  cy lin d er 
an d  electro m eter bein g  ca refu lly  screened.

Experimental Procedure.
1. Detection of Negative Ions.

B efore  th e  com m encem ent of a  run th e  pressure in th e  ap p a ra tu s w as 
m aintained  a t  i o -7 m m . H g  for a t  least an  hour, all th e  glass p arts  bein g 
w arm ed  w ith  a  hand blow -pipe in order to  rem ove occluded gas as fa r  
as possible ; th e  red u ctio n  v a lv e  w as then ad ju sted  to  a d m it gas (usually  
o xygen ) and  th e  pressure allow ed to  a tta in  a  co n stan t value, w hen  th e  
discharge w as sw itch ed  on. I t  w as found th a t a fter th e  d ischarge h ad  
b een  ru nn in g fo r a b o u t 15-20 m inutes th e  pressure w as co n stan t and  th e  
d isch arge  fa ir ly  stea d y .

A fte r  th e  sp ace p o ten tia l had been determ ined a p p ro x im a te ly  as in 
th e  exp erim en ts o f S p en cer-Sm ith ,1 th e  p o ten tia l of th e  probe w as a d ­
ju s te d  to  5 vo lts  p o sitiv e  to  the space p oten tia l. Q w as m ain tain ed  a t  
60 vo lts  p o sitiv e  to  P  e x ce p t in  the experim ents to  determ ine th e  m ass 
o f  th e  n eg ative  ions.

A fte r  th e  cu rren t in  th e  com pensating coils had been ad ju sted  to  th e  
s tan d a rd  value, th e  to ta l current, I ,  to  th e  co llecto r F C , w as then  d eter­
m ined. A n y  electron s in  th e  beam  to  F C X w ere then deflected  b y  a llow in g 
a  su itab le  curren t to  flow  in th e  v e rtica l deflecting coils ; th e  residual 
cu rre n t to  F C  1 , I { , is th e n  due to  n egative  ions, and th e  ra tio  of n eg a tiv e  
ions to  electron s in th e  sam plin g beam  is then  g iven  sen sib ly b y  /,//.*

N o  a t te m p t  w a s m ade to  determ ine  th e  a b so lu te  v a lu e  o f th e  cu rren ts
1, I t , b u t th e  electro m eter leak, w hich varied  som ew hat w ith  th e  a tm o ­
sp h eric  h u m id ity , exclu d ed  th e  detection  of currents sm aller th a n  a b o u t 
i o -1/  ; th e  a p p a ra tu s w as th u s unable to  d etect n eg ative  ions in  th e  sam p ­
ling beam  unless these w ere present in am oun t exceed in g a b o u t 1 0 -4 of 
t h a t  o f  th e  electrons.

In  order to  estim ate  th e  re lativ e  sta tio n a ry  con cen tration  of ions and 
e lectron s in  th e  discharge itself from  th e  beam  intensities, it  is n ecessary 
to  ta k e  a cco u n t of th e  fa c t  th a t, on acco u n t of th e ir m uch greater m obility, 
e lectron s are p referen tia lly  a ttra cte d  to  th e  probe, P .  I t  is d ifficu lt to  
m ake a n y  e x a c t  a llow an ce fo r th is effect, b u t since i t  is kn o w n  th a t  th e  
m o b ility  o f n eg ative  ions is o f th e  sam e order as th a t  o f sim ilar p o sitiv e  
ions, i t  fo llow s th a t  e lectron s are p referen tia lly  a ttra cte d  b y  a  fa c to r  o f 
th e  order o f i o 2. S ince th e  low er lim it o f th e  re lativ e  co n cen tratio n  o f 
ions to  electron s in  th e  beam  d etectab le  b y  th e  ap p aratu s is a b o u t io ~ 4, 
i t  fo llow s t h a t  th e  low er lim it o f th e  re lativ e  s ta tio n a ry  con cen tration  
in  the d ischarge i ts e lf  w h ich  can  be detected  is a b o u t i o -2.

2. The Identification of the Negative Ions.
F o r a n y  g iv en  con dition s in w hich  n egative  ions w ere d etected  in  th e  

ion  beam  from  Q to  F C „  th e  ratio  of th e  charge to  th e  m ass of th e  ions,

* Strictly, the ratio of the two beams should be taken as the ratio of the 
constant negative ion current to the difference between the total current and 
the constant negative ion cu rren t; the error introduced b y  using the ratio 1,/T 
is, however, less than 5 %  (cf. Table I).
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e lm ,  w as determ ined b y  m easuring th e  cu rren t I m th rou gh  th e  m a g n e t 
coils, w hich  determ ines th e  field required to  deflect th e  ion beam  fro m  
F C ,  to  F C  2; such m easurem ents w ere carried  o u t for a  series of va lu es o f  
the p o ten tia l betw een  P  and Q, EPQ.

If  th e  ion beam  from  Q to  F C ,  w ere e x tre m e ly  n arrow  and hom ogeneous- 
in  k in d  and  v e lo city , there w ou ld  be a  cr itica l va lu e  of I m n ecessary  to  
deflect th e  beam  from  F C ,  to  F C  t , and th e  cu rve  re latin g  th e  ion  current. 
I'( reaching F C 2 to  I„, w ou ld  show  a  single sharp  m axim um . Since th e  
a ctu a l ion beam  has a  finite w id th , and is n o t q u ite  hom ogeneous in  
v e lo c ity ,f  th e  cu rves describin g l'( as a  fu n ction  o f I m show  a  m axim u m  
w hich is broadened to  an e x te n t determ ined b y  these facto rs. I f  there- 
is m ore th a n  one species of ion  presen t, th ere  w ill be a  corresp on d in g 
num ber of m axim a ; in  th e  sp ecial case th a t  tw o  ions are present, t h e  
e /m  va lu es of w h ich  are b u t  s lig h tly  d ifferent, th e  cu rv e  for I'( as a  fu n ctio n  
o f I m w ill be e q u iva len t to  th e  sup erposition  o f tw o  cu rve s  w ith  c lo s e ly  
p laced  m axim a, and th e  broadenin g o f each  m axim u m  from  th e  causes 
m entioned a b o v e  m a y  b e  so large th a t  th e  in d iv id u a l m a xim a  in th e  cu rv e  
for th e  to ta l ion  cu rren t to  F C .  are n o t d istinguishable.

T h e re lation  betw een  e /m  and  th e  m agn et field a t  w h ich  I [  is a  m axim um  
follow s from  classical th e o ry . A  p artic le  o f v e lo c ity  v  cm . sec .-1 , charge- 
e  e .s.u ., and m ass m  g., m o vin g  in a  uniform  m agn etic  field H  w ill fo llo w  
a p a th  th e  cu rva tu re , p, o f w hich is g iv en  b y

m v 2/p — H ev . . . . . .  (i)

A p a rt  from  a n y  sm all en ergy  th e  ions m a y  h a v e  in  th e  discharge b efo re­
entering th e  chan nel in  P ,  th e  en e rgy  of th e  ions in  th e  beam  em erging- 
from  Q is e lectron  vo lts , an d  hence th e ir  v e lo c ity  v  is g iv en  b y

v =  (2 x  i o 9 Epij/m)0'5...................................................(2)-

T h e  distan ces x , ,  an d  y 1 , b etw een  Q  a n d  F C , , an d  b etw een  F C ,  and F C  
resp ective ly , are  such  th a t  th e  cu rv a tu re  o f th e  p a th  o f an  ion  from  Q  to- 
F C 2 is in  a n y  case l a r g e ; to  a  close a p p ro xim atio n  it  th en  follow s th a t

d 2y / d x 2 =  i  ¡ p ......................................................(3>

and hence y ,  =  j j ( e H /m v )  . d x  . d x

or, e va lu atin g  th e  num erical term , an d  su b stitu tin g  for v  from  (2),

V i  =  7-07  X  i o - “ (e/m)°‘6 . Ep°Qr’/ j H  . d.r . d x . . . (4)

W h en  th e  in tegra l in  (4) is eva lu ated , and  y ,  is kn ow n  fro m  th e  m ech a n ica l 
dim ensions o f th e  ap p a ra tu s, e /m  m a y  a t  once be eva lu ated .

In  th e  p resen t case th e  field H  w as n o t uniform , an d  hence it  b ecam e 
n ecessary to  e v a lu a te  th e  in tegral in  (4) gra p h ica lly . T h is  w as  acco m ­
plished b y  m easuring th e  in te n sity  of th e  field as a  fu n ctio n  of th e  distance- 
x  from  0  to  F C , ; a n d  from  these va lu e s  ¡ H  . d x  w as com p u ted  as a  fu n c­
tio n  o f x . T h e  area  of th e  cu rve  g iv in g  th is in tegra l as a  fu n ction  o f x  
b etw een  th e  lim its *  =  o (at Q ) an d  x  =  x \  (at F C ,)  th en  g ives th e  re ­
quired in tegral, JJ7T . d x  . d x . T h is  p rocedure w as carried  o u t fo r a  series- 
o f va lu es o f and  a  cu rve  w as co n stru cted  g iv in g  th e  va lu es o f  
f j H  . d x  . d r  as a  fu n ction  o f I,„ ; from  th is  cu rve  th e  va lu e  of th e  in tegra l 
in (4) corresponding to  th e  v a lu e  of a t  w h ich  th e  ion cu rren t to  F C T 
atta in e d  its  m axim u m  va lu e  w as read off, a n d  hence, kn o w in g y , ,  th e  
corresponding v a lu e  of e /m  w as eva lu ated .

t  An inhomogcneity of the beam m ay arise if the ions in the discharge before 
they enter the channel in P  have an energy distribution ; since the mean energy 
of the ions in the discharge is almost certainly less than 1 volt, the inhom ogeneity 
is small provided that I,q  is large compared with this value.
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I J I ,  t h e  R a tio  o f  t h e  Ion t o  E le c tr o n  C u rre n ts  
D raw n  from  t h e  P o s itiv e  Column.

Experimental Results.
U sing th e  electrodes A  and C  in o x yg en  a t  pressures from  o -i to  0-7 mm. 

H g , and  w ith  d ischarge curren ts of 1, 5, and 8 m illiam ps., i t  w as foun d th a t  
no n eg ative  ions could  be detected  w hen th e  position  of the electrode system  
w a s  a d ju sted  so th a t  th e  p robe P  w as ad jacen t to  eith er th e  cath o d e g lo w  
n r  th e  F a r a d a y  d a rk  space. T h e  sta tio n a ry  con cen tration  o f n eg a tiv e  
ions o f a n y  kin d  in  these zones is therefore less th a n  a b ou t io ~ 2 of t h a t  o f 
“the electrons. F urth erm ore, it  follow s th a t no d etectab le  am ounts of 
n e g a tiv e  ions are  form ed in  th e  channel through the probe electrode P .

In  order to in v estig ate  th e  n eg ative  ions present in th e  p o sitive  colum n, 
i h e  electrodes A  and  C  w ere connected in  p arallel as  an anode, an d  th e  
a u x ilia ry  (cold) electrode in th e  side tu b e  facin g  th e  probe w as p laced  a t  
a. co n ven ien tly  rem ote position, and w as used as the cath ode. In  o xyg en , 
a t  pressures from  0-4
t o  o-7 m m ., and  w ith  T A B L E  I.
■discharge c u r r e n t s  
from  r to  9 m illiam ps., 
a  v isu a lly  uniform  
p o sitive  colum n w as 
■obtained. U n der these 
c o n d itio n s  a  fa ir ly  
w ell-defined m axim um  
avas foun d in  th e  
c u r v e s  represen tin g 
t h e  dependence o f l't 
■on I'm ; from  these the 
va lu e s  o f I'm corre- 

-sponding w i t h  t h e  
m axim u m  could  be 
read w ith  an  estim ated  
u n ce rta in ty  o f 10 %  or 
less. A  single m a x i­
m um  w as foun d in d i­
ca tin g  th a t  o n ly  a  

■single species o f n ega­
t iv e  ion w as p r e s e n t ; 
th e  m agn etic  fields 
used w ere large  enough 
to  h a v e  d etected  07  
ions if present, b u t 
n o t  O j.

T h e  re la tiv e  m ag­
n itu des o f th e  ion  
cu rren ts reachin g FCl 
varied  from  a b o u t 5 %

o f  th a t  o f th e  electron  curren t to  a b ou t 0 0 4  % , depending on th e  
pressure an d  th e  d ischarge current. T hese d a ta  are g iv en  in  T a b le  I 
b e lo w . A t  th e  pressure 0-45 mm. an d  for a  d ischarge curren t o f 1-5 m illi­
a m p s., th e  ra tio  o f th e  electric force in th e  p ositive  colum n to  th e  gas 
pressure, X p ~ l , w as a b o u t 80 ±  20 vo lts  cm .-1 m m . H g -1 ; a t  th e  h igh er 
pressures X p ~ l w as som ew hat sm aller, and a t a ll pressures d im inished 
so m ew h a t w ith  th e  curren t.*

I t  w ill b e  seen from  T a b le  I th a t  th e  re lative  con cen tration  o f n eg ative  
io n s  to  electrons in th e  sam plin g beam  is h ighest a t  th e  low est pressures

* The importance of measuring X p - 1 precisely was not realised at the time 
th e  experiments were carried o u t ; the values are approximate estimates based 
-on the electrode potential under these conditions, and those of the previous para­
graph when the positive column was small or absent.

E x p t.  No. p  (mm.) Discharge 
Current, m .a.

10 0-40 i - 5 0-048

17 ° '4 5 i ' 3 00095
I I 0 -4 5 i ' 3 0-023
16 o -4 5 i - 5 0-022
15 Q -45 2-0 0-019
13 ° '4 5 2 '4 0-014
14 o -4 5 2-6 O O I3
12 0 -4 5 2 -7 0-010

IS 0-50 ° - 5 0-022

19 o -5 5 I 'O 0-0125
20 0-55 I - 5 0-0080
22 o -5 5 1'5 5 0-0067
21 o -5 5 3 -3 0-00042

5 o -7 5 i - i 0-024
4 0-72 i - i 0-016
1 o -66 1-5 0019
2 0-68 2-9 00059
6 0-70 2-9 0 0012
3 o -68 9 -o 0-0005
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in vestig ated  ; th e  va lu e  in  exp erim en t 10 m ay, how ever, b e  fo rtu ito u sly  
high, because o th er exp erim en ts a t  com p arable  cu rren t densities, fo r 
exam ple, N os. n ,  16, 20, 21, an d  r, su ggest th a t  th e  dependence on gas 
pressure is n o t v e ry  large. In  each of th e  th ree  ran ges o f pressure i t  is 
clear th a t  th e  re la tiv e  con cen tratio n  dim inishes m a rk ed ly  as th e  d ischarge 
curren t is increased.

W h en  considered in  co n ju n ctio n  w ith  th e  fa cto r  1 0 -2 discussed on 
p age 1065, th e  fa c t  th a t  th e  re la tiv e  co n cen tratio n  in  th e  sam plin g beam  is 
a b ou t io ~ 2 show s th a t  in  th e  discharge itse lf th e  con cen tration s of n eg ative  
ions and electrons w ere a b o u t th e  sam e.

T h e  I d e n t i t y  o f  t h e  I o n s  i n  O x y g e n . — T h e id e n tity  o f th e  ions to  
w h ich  T a b le  I re lates w as  determ in ed b y  findin g th e  va lu e  o f I m n ecessary  
to  deflect th e  ion beam  fro m  FC1 to  FC . fo r a  series o f va lu es o f th e  p o te n tia l 
betw een  P  and Q, Epq, and hence determ in in g e/m from  (4). T h e  cu rves 
relatin g / '  w ith  I m w ere n o t ch aracterised  b y  un iform ly  sharp m axim a, 
experim en ts in w h ich  th e  d ischarge w as u n stea d y  g iv in g  ill-defined m axim a. 
T h e  d a ta  for fo u r exp erim en ts in w h ich  re la tiv e ly  sh arp  m a xim a  w ere 
obtain ed  to ge th er w ith  th e  correspond in g va lu e s  o f e/m an d M ,  th e  
a to m ic w eigh t assum ing u n it ch arge  on th e  ion, are  g iv en  in T a b le  II .

T h e m ean m olecular w eigh t foun d for th e  n eg ative  ions, 17-2, stro n gly  
suggests th a t  th e  ions are 0 ~  and th a t  th e  n um erical d iscrep an cy  arises 
from  exp erim en tal in accu racies. I t  is, how ever, p ertin en t to  consider

t h e  f o l l o w i n g  
facts  w hich  m akeT A B L E  II.

e/ill AND M  FOR THE IONS IN OXYGEN.

JJ/f . d* . d* c,in (e.m.u.) M

60 volts 0-98 . IO4 5-5 • 17-4
90 i - i 5 6-o 15-9

120 ,, i -37 5-6 17-1
180 i -75 5‘2 18-3

mean 5-6 ± 0-2 17*2 ±  o*7

th is i n f e r e n c e  
s o m e w h a t  un ­
certain . F irs tly , 
it  is w ell kn ow n  
t h a t  w a t e r  is  
re a d ily  form ed 
from  m ixtu res of 
h y d r o g e n  and 
o x yg en  in  dis­
charges, and  it  
has a lrea d y  been 
m entioned th a t  
th e  e le ctro ly tic

o x yg en  used con tain ed  0-2 %  o f h yd ro gen . Secondly, S m y th  and M u e ller6 
h a v e  show n th a t  O H -  ions (but n o t H sO "  ions) are re a d ily  form ed from  
w a ter  va p o u r ; B ra d b u ry  7 ,<0 has g iven  th eo retica l reasons fo r supposing 
th a t  singlet m olecules such as w a te r  do n o t form  n eg ative  ions. T h ere  is 
th u s th e  p o ssib ility  th a t, desp ite  th e  fa c t  th a t  th e  gas consists o f 99-8 %  
o x yg en  in  th e  p resen t experim en ts, th e  n eg ative  ions o bserved  m igh t be 
O H -  h a vin g  th e  m olecular w eigh t 17. In  order to  resolve th is u n certain ty , 
sim ilar exp erim en ts w ere carried  o u t on w a ter  vap o u r, o x yg en  co n tain in g 
app reciable  am o u n ts of w a te r  vap o u r, am m onia, and  h yd ro gen  c h lo r id e ; 
in  these gases i t  is know n from  indep en dent experim en ts th a t  n eg ative  
ions are form ed b y  th e  passage o f a  d ischarge.8- 7 ,M> 7 <c)>l2- 14>20• 21. 22. 21

N e g a t i v e  I o n s  i n  o t h e r  G a s e s . — T h e in tro d u ctio n  of w a ter  vopour, 
ca re fu lly  purified b y  d istilla tio n  a t  low  pressure, in to  th e  ty p e  o f p o sitive  
colum n discharge to  w h ich  th e  exp erim en ts on T ab les  I an d  I I  relate, g a v e  
a  single broad m axim um  in  th e  cu rve  con necting I't w ith  I'm ; fo r com ­
p arable  va lu es of th e  v a lu e  o f I'm corresponding w ith  th e  m axim um , 
and hence also th e  va lu e  of M ,  w ere found to  be s lig h tly  in  excess of th e  
corresponding va lu es fo r o x yg en . T h e  m axim u m  w as so ill-defined,

5 Sm yth and jMeuller, Physic. Rev., 1933, 43, 116.
8 J. J. and G. P. Thomson, Conduction of Electricity through Gases, Cambridge,

1933, Vol. I, So.
7 (a) Bradbury, J. Chem. Physics, 1934, 2, S40 ; (b) ibid., 1934, 2i 835 ; (c)

ibid., 1934, 2, S27.
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how ever, th a t  no v e r y  p recise  va lu es o f e jm  and M  could  be determ ined ; 
th e  a vera ge  of a  n um ber of determ inations ga ve  th e  va lu e  M  — iS  ±  1-5. 
F urth erm ore, th is  broadness o f th e  m axim um  persisted for m a n y hours 
o f ru n n in g th e  discharge if o x yg en  w as adm itted  to  th e  ap p a ra tu s in 
p lace  of w a ter vap our.

Since H 20 “  ions h a ve  n ever been detected, and since th e ir  form ation  
is th e o re tica lly  im probable, 7 (a,< 12 i t  is reasonable to  conclude th a t  th e  
v a lu e  M  =  18 corresponds w ith  O H “  ions. I t  then follow s th a t  th e  ions 
t o  w h ich  T ab le s  I an d  I I  re late  are O ”  ; and th a t  th e  persistence o f a  broad 
m axim u m  for o x y g e n  co n tain in g a  little  w ater va p o u r is m ost p ro b a b ly  
a ttr ib u te d  to  th e  co existen ce  of m axim a, corresponding w ith  O -  an d  O H “ , 
w h ich  are to o  close to  be resolved b y  th e  app aratu s ; and th a t th e  e xp eri­
m en ta l determ in ation s of M  are too  high b y  ab ou t 1 un it in th is  ran ge of 
M .  Such an  error is possible because of th e  u n certain ty  in  th e  correction  
th a t  should b e  ap p lied  to  fo r th e  in itia l energy of th e  ions en terin g th e  
ch an n el in  P , and  because of th e  exp erim en tal d ifficu lty  in determ in in g 
p recisely  th e  va ria tio n  o f IT w ith  x, and  hence of the va lu e  of J J if . d x  . dx .

U sin g am m onia  of p u r ity  greater th an  99-99 % , tw o  species o f n egative  
ions w ere foun d in  th e  p o sitiv e  colum n discharge ; th e  prin cipal m axim um  
in  th e  cu rves re latin g  J'{ w ith  I m occurred a t values o f /„, s lig h tly  less 
th a n  th e  corresponding va lu es for oxygen , and th e  average  of several 
exp erim en ts led  to  th e  va lu e  M  =  16-5 ±  1. T h e su bsid iary  m axim um  
w as sm all an d  n o t w ell defined ; i t  corresponded to  a  va lu e  of M  of a b o u t

1’5-
A gain , since N H 3 ions h a v e  n ever been detected, and since th e ir  form a­

tio n  is  th e o re tica lly  im probable, 7 (a)> ,s- 14 it  is probable  th a t  th e  va lu e  
M  — 16-5 corresponds to  eith er N H “  or N H 2‘ ions, or to  a  m ix tu re  of b o th . 
I t  is w ell kn o w n  t h a t  N H  m olecules are form ed in  considerable am o u n t b y  
d ischarges th rou gh  am m onia, an d  since such m olecules are iso-electronic 
w ith  o x yg en  atom s th e y  m a y  be exp ected  to  exh ib it sim ilar p roperties ; 
it  is th erefore lik e ly  th a t  th e  ions found a r e 8 N H - . D esp ite  th e  un ­
ce rta in ty  as to  w h eth er N H j ions are present in  addition, the va lu e  of M  
fo u n d  is con sisten t w ith  th e  identifications suggested b y  th e  d a ta  fo r o x yg en  
and  w a ter  vap o u r, and  w ith  the v iew  th a t the errors in th e  determ in ation s 
lead to  va lu es o f M  w hich  are too  high b y  abou t one un it. T h e o th er 
species p resen t in  sm all re la tiv e  am ount and h a vin g  a  va lu e  of M  of a b ou t
1-5 m ust be either H^ or H “ , or a  m ixture of these ions.

W h en  th e  p o sitiv e  colum n discharge in carefu lly  refraction ated  hyd ro gen  
chloride w as likew ise exam in ed fo r n egative  ions, o n ly  one species w as 
found for d ischarge currents greater th an  1 m illiam p. ; a t  m uch low er 
curren ts of a b o u t o -i m illiam p. a  second species o f ion of m uch sm aller 
m ass an d  in sm all re la tiv e  am ount appeared in addition , and it  is n o te ­
w o rth y  th a t  th is figh ter ion could no longer b e  detected  if w ere 
increased b eyo n d  120 vo lts . In  th is gas th e  probe P  w as surm ounted b y  
an  anode g lo w  un der a ll conditions, and th e  p o ten tia l across th is  glow  
affects  th e  v e lo c ity  of th e  ions entering th e  channel in  P  ; in  ad d ition  
th e  d ischarge w as so u n stea d y  th a t  th e  values of Jra for w hich I'( a tta in e d  
its  m axim u m  could  n o t be determ ined. T h e m agn etic fields n ecessary  
to  deflect th e  ions to  P C 2 w ere, how ever, o f th e  m agn itu de exp ected  from  
p revio u s d a ta  to  be those corresponding to H C1“  or C l“  ions, and  to  a  v e r y  
ligh t ion h a vin g  an  M  o f a b o u t 2.

Discussion of Results.

T h e  m o st  s tr ik in g  resu lts  o f th e  e x p e r im en ts  in o x y g e n  are :—

(1) In th e  p o s it iv e  co lu m n , fo r  p ressu res a b o u t 0-5 m m . H g , fo r  
cu rren t d e n s it ie s  o f a b o u t 0-5 m a. cm .-2  a n d  fo r  v a lu e s  o f  X p -1 a b o u t

8 McNeill, Ph.D. Thesis, Belfast, 1937 ; Phil. Mag., 193S, 25, 471.



10/0 N E G A T IV E  IONS IN O X Y G E N  AND O TH ER  GASES

80 , th e  s ta t io n a r y  c o n c e n tr a tio n  o f n e g a t iv e  a to m ic  io n s  is  a b o u t th e  
sa m e  as th a t  o f th e  e lec tro n s , b u t  te n d s to  d im in ish  as th e  cu rren t  
d e n s ity  is in c r e a s e d ; u n d er  th e se  c o n d it io n s  n o  n e g a t iv e  m o lecu la r  
ions w ere  d e te c te d , a n d  th e  s e n s it iv i ty  o f  th e  a p p a ra tu s  w a s  su ch  th a t  
i t  m a y  b e  in ferred  th a t  th e ir  s ta t io n a r y  c o n c en tra tio n  m u s t  h a v e  b een  
less th a n  a b o u t 1 %  o f th a t  o f  th e  e lectro n s.

(2) In th e  n e g a t iv e  g lo w  a n d  F a r a d a y  d a rk  sp a ce , for  th e  sa m e  range  
o f pressu res a n d  cu rren t d e n s it ie s , n o  n e g a t iv e  io n s  w ere  d e te c te d  an d  
h en ce  th e  s ta t io n a r y  c o n c e n tr a tio n  o f  b o th  a to m ic  a n d  m o lec u la r  io n s  
m u st h a v e  b een  less  th a n  a b o u t 1 %  o f th a t  o f  th e  e lectro n s .

It is in te r e s t in g  to  co n sid er  th e se  resu lts  in  r e la tio n  to  th e  c h a r ­
a c ter is t ic  p ro p er tie s  o f th e  v a r io u s  zo n e s  o f  th e  co ld  c a th o d e  g lo w  d is ­
ch a rg e ,‘1> s <10 a n d  to  th e  d a ta  for th e  in fo r m a tio n  o f n e g a t iv e  io n s  in  
o x y g e n  in  o th er  w a y s .11- 12

B r a d b u r y 11 h a s  d e te rm in e d  th e  a t ta c h m e n t  c o n s ta n t , h, fo r  an  
e lec tro n  sw arm  d r iftin g  in  a  u n ifo rm  e le c tr ic  field  so  th a t  th e  cu rren t  
d e n s ity  is  lo w , a n d  o v er  a  ra n g e  o f X p -1 from  a b o u t 1 to  2 0  ; th e  
m ech a n ism  o f th e  a t ta c h m e n t  h a s b e e n  d isc u sse d  b y  B lo ch  an d  
B r a d b u r y 13 w h o  c o n c lu d e  th a t  n e g a t iv e  m o lecu la r  io n s are fo rm ed . 
B ra d b u ry  11 fo u n d  th a t  h fe ll ra p id ly  from  a n  in it ia l v a lu e  o f a b o u t  
3 - i c r 4 a t  X p -1 =  0-5 to  a  m in im u m  o f a b o u t 0-5 . i c r 4 a t  X p -1 =  2 
a n d  a fter  p a ss in g  th ro u g h  a  m a x im u m  o f  a b o u t  4 - l c r 4 a t  X p -1 =  8, 
ag a in  d im in ish ed  as X p - 1 w a s  fu r th er  in crea sed . T h e  r e la tio n  b e tw e en  
h a n d  /3, th e  cu rren t e ffic ien cy  o f  th e  e lec tro n  c o llis io n  p rocess c o n ­
cerned  a s d efin ed  b y  E m eld u s a n d  L u n t  fo r  th e  ca se  o f  a n  e lec tro n  
sw arm  m o v in g  th ro u g h  a  g a s  u n d er  th e  in flu en ce  o f a  u n ifo rm  e lec tr ic  
field  is g iv en  b y  :— 14

pp-1 =  1-32 x  i o 1 5 . X p - 1 . W ~-. h,

w h ere  W cm . se c .-1  is  th e  d r ift v e lo c ity  o f  th e  e lec tro n s . H en ce  R, th e  
rate  o f  e lec tro n  c o llis io n  r e su ltin g  in  a tta c h m e n t , p er  c m .3 p er  se c .,  
fo llo w s from  e x p r ess io n  (4) o f  E m e le u s  a n d  L u n t as :— 4

R  =  1-32 X i o 15 . p . l e . X p -1 . W -* . h,

w h ere  Ie is th e  e le c tr o n  d r ift  cu rren t d e n s ity , w h ic h  m a y  b e  a p p r o x im ­
a te ly  id e n tified  w ith  th e  to ta l  cu rren t d e n s ity  a s m ea su red  b y  e x p e r i­
m e n t.4 N o w  it  is  k n o w n  th a t  in  o x y g e n  th e  term  (Xp-1 . W~-) d im in ­
ish es a s Xp~x in crea ses ; 15 h e n c e  if  h d im in ish es  a s X p -1 is in crea sed , 
R d im in ish es  m u ch  m ore  ra p id ly . T h u s, if  th e  p ro g ressiv e  d im in u tio n  
in  h o b serv ed  b y  B r a d b u r y 11 in  th e  ra n g e  o f  X p -1 from  8 to  2 0  e x te n d s  
to  th e  ran ge  co n cern ed  in  th e  p r e se n t e x p e r im en ts , a b o u t 80 , w h ich  
ap p ea rs p ro b a b le  o n  th e o r e tica l g r o u n d s,13 it  is to  b e  e x p e c te d  th a t  R 
for th e  fo rm a tio n  o f n e g a t iv e  m o lecu la r  io n s  w ill  b e  s m a l l ; fo r  e x a m p le ,  
if  for  X p -1 =  80 , h is a ssu m ed  to  b e  IO-4 , th e n  15 s in ce  W =  2-85 . i o 7, 
an d  ta k in g  for th e  p r e se n t e x p e r im e n ts  th e  v a lu e s  p  =  0*5 a n d  /„  =  3- i o 15, 
w e find  R =  2 -I 0 13.

In a  s im ila r  w a y , if  w e  su p p o se  th a t  th e  v a lu e  o f X p - 1 in  th e  n e g a t iv e  
g lo w  a n d  F a ra d a y  d a rk  sp a ce  is  a b o u t 1, c o r r e s p o n d in g 11 to  w h ic h

8 Barrow, Electrical Phenomena in  Gases.
10 Greeves and Johnson, P hil. M ag., 1936, 21, 659.
11 Bradbury, Physic. Rev., 1933, 44- 883.
12 Massey, Negative Ions, Cambridge, 1938.
12 Bloch and Bradbury, Physic. Rev., 1935, 4S, 689.
14 Bailey and Duncanson, Phil. M ag., 1930, 10, 145.
15 Brose, ibid., 1925, 50, 536.
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h =  IO-4  a n d  15 W =  0 -22  . i o 7, w e  find  th e  s l ig h t ly  grea ter  v a lu e  
R  =  4  X IO13. T h is  v a lu e  is n o t  in c o n s is te n t  w ith  th e  e x p e r im en ta l  
fa ilu re  to  d e te c t  n e g a t iv e  m o lecu la r  io n s  in  th e se  zo n e s  b e c a u se  fo r  th e  
c lo s e ly  s im ila r  v a lu e  o f  R  fo u n d  a b o v e  for th e  p o s it iv e  co lu m n , su ch  io n s  
w ere  a lso  n o t  d e te c te d .

L o z ier  16 h a s in v e s t ig a te d  th e  p ro d u ctio n  o f n e g a t iv e  io n s in  o x y g e n  
r e su lt in g  from  th e  p a ssa g e  o f a  h o m o g en eo u s e lectro n  b ea m  th ro u g h  th e  
g a s an d , for  ou r  p r e se n t p u rp o ses, th e  m o st  s ig n ifica n t o f  h is  r esu lts  is 
th a t  a to m ic  n e g a t iv e  io n s  are fo rm ed  b y  e lectro n s h a v in g  en erg y  in  th e  
ra n g e  5 -1 0  e l.-v . ; th e  m ech a n ism  o f th e  p rocess h as b een  d iscu ssed  b y  
M a ssey  a n d  S m ith .17- 12 B y  co m p a riso n  w ith  L o z ier ’s resu lts  fo r  ca rb o n  
m o n o x id e ,16 h is  d a ta  fo r  o x y g e n  lea d  to  th e  e s t im a te  o f  O-OO5tto;02 for  
th e  m ea n  c ro ss-se c tio n  for  n e g a t iv e  a to m ic  io n  fo rm a tio n  in  th e  a b o v e  
e n e rg y  range . N o w  E m e le u s , L u n t an d  M eek  18 h a v e  sh o w n  th a t ,  b y  
a ssu m in g  a  M a x w ellia n  e le c tr o n  en erg y  d istr ib u tio n , th e  c ro ss-sec tio n  
d a ta  fo r  s im p le  io n isa t io n  b y  e lectro n  im p a c t m a y  b e  u sed  to  c a lc u la te  
th e  T o w n se n d  co effic ien t o f  io n isa tio n  aj>_1 ( th a t  is, th e  ‘ /3j>_1 ’ fo r  
io n isa t io n ) , in  fa ir  a g r ee m en t w ith  ex p e r im en t fo r  v a lu e s  o f  Xp~x as  
la rg e  as 8 0 ;  i t  is  th erefo re  a  rea so n a b le  in feren ce  th a t  th e  sa m e  d is ­
tr ib u tio n  fu n c tio n  m a y  b e  used  in  c o n ju n ctio n  w ith  th e  cro ss-sec tio n  
e s t im a te d  from  L o z ie r ’s d a ta  in  order to  ca lc u la te  a p p r o x im a te ly  /fy>- 1 , 
a n d  h e n c e  R, for  th e  fo r m a tio n  o f  n e g a t iv e  a to m ic  io n s.*  B y  p ro ceed in g  
in  th is  w a y  w e  fin d  fo r  Xp~x — 80  th a t  R — 4 - I 0 13. I t  w ill a t  o n c e  b e  
n o tic e d  th a t ,  w ith in  th e  a c cu ra c y  o f th e  c a lcu la tio n s , th is  v a lu e  o f  R 
is  s e n s ib ly  th e  sa m e  a s th a t  d er iv ed  p r e v io u s ly  for  th e  fo r m a tio n  o f  
n e g a t iv e  m o lec u la r  io n s  in th e  p o s it iv e  co lu m n . W h ils t  i t  is  d ifficu lt to  
perfo rm  a s im ila r  c a lc u la t io n  fo r  R in  th e  n e g a tiv e  g lo w , th e  th e o r y  4 
c o n sid ered  in  c o n ju n c tio n  w ith  th e  e lectr ica l d a ta  fo r  th is  z o n e  10 lea d s  
to  th e  e x p e c ta t io n  th a t  R in  th e  n e g a tiv e  g lo w  w ill b e  a t  le a s t  o f  th e  
sa m e  order o f m a g n itu d e  as in  th e  p o s it iv e  co lu m n .

T h e  e x p e r im e n ta l r esu lts  n o w  rep orted , con sid ered  in  C on jun ction  
w ith  th e  c a lc u la te d  v a lu e s  o f  R, th u s su g g es t th a t  in  th e  p o s it iv e  co lu m n  
n e g a t iv e  m o lec u la r  io n s  are m u ch  m ore r ea d ily  d e str o y ed  th a n  a to m ic  
io n s, a n d  th a t  in  th e  n e g a t iv e  g lo w  b o th  ty p e s  o f io n s are v e r y  r a p id ly  
d e s tr o y e d . W h ils t  th ere  are m a n y  k n o w n  w a y s  in  w h ic h  n e g a t iv e  io n s  
m a y  b e  d e s tr o y e d ,12- 17 th e  a v a ila b le  d a ta  ap p ea r  to  b e  in a d e q u a te  to  
e s t im a te  th e  co rresp o n d in g  ra tes  o f d estru c tio n  in  th e  p r e se n t e x p e r i­
m e n ts  a n d  th u s  id e n t i fy  th e  p a r ticu la r  p rocesses concerned .

A lth o u g h  th e  e x p e r im e n ts  w ith  a m m o n ia  a n d  h y d ro g en  ch lo r id e  w ere  
carried  o u t  o n ly  to  ch eck  th e  v a lu e  o f th e  ra tio  o f  th e  ch a rg e  to  th e  
m a ss o f th e  io n s  fo u n d  in  o x y g e n , i t  is in te re stin g  to  n o te  th a t  th e  ea se  
w ith  w h ic h  n e g a t iv e  io n s  w ere  d e te c te d  in  th e  p o s it iv e  co lu m n  d isch a rg e  
th ro u g h  th e se  g a se s  is  a t  le a s t  c o n s is te n t  w ith  th e  la rg e  v a lu e s  o f  h, 
a n d  th e  tren d  o f  th e se  w ith  X p~ \  as rep o rted  b y  B ra d b u ry  7 (c) a n d  by- 
B a ile y  a n d  D u n c a n s o n 14 in  a m m o n ia , a n d  w ith  th e  d e p e n d e n c e  o f  
/3p - 1 fo r  a t ta c h m e n t  o n  Xp~x in  h y d ro g en  ch lo r id e .21 In  a d d itio n , for

18 Lozier, Physic. Rev., 1934, 46, 268.
17 Massey and Smith, Pvoc. Roy. Soc., A , 1936, 155, 472.
la Emeleus, Lunt and Meek, ibid., 156, 394.
* Examples of such calculations of R  for various types of electron collisions 

in hydrogen have been discussed by Lunt and Meek.18
18 Lunt and Meek, ibid., 157, 146.
20 Bailey and Higgs, P hil. Mag., I929. 8- 277-
21 Bailey and Healey, ibid., 1935, <9- 725-
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d isch a rg es th ro u g h  h y d ro g e n  ch lo r id e , th e  e x p e r im e n ts  o f Z im m erm a n n  22 
afford a m p le  e v id en ce  o f th e  p resen ce  o f n u m ero u s n e g a t iv e  io n s.

Summary.

In glo w  d ischarges th rou gh  o x y g e n  a t  pressures o f a b o u t 0-5 m m ., 
n eg ative  a to m ic ions h a v e  b een  d etected  in  th e  p o sitiv e  co lum n  fo r va lu es 
o f X p - 1 a b o u t 80, th e ir  s ta tio n a ry  con cen tration  bein g  com p arable  w ith  
th a t  o f th e  electron s. U n d er these con dition s no n e g a tiv e  ions h a v e  
been  detected  in  th e  n eg ative  glo w  or F a r a d a y  d a rk  space, an d  th e  resu lts 
show  th a t  th e ir  s ta tio n a ry  con cen tratio n  can n o t h a v e  exceed ed  a b o u t 
1 %  of th a t  o f th e  electrons.

O ne o f th e  a u th o rs  (R . W . L .) w ish es  to  ex p ress h is  in d e b te d n e s s  to  
th e  G o v er n m e n t G ra n t C o m m ittee  o f  th e  R o y a l S o c ie ty  fo r  a  g r a n t to  
p u rch a se  th e  m o to r  g en era to r  used .

T h e  a u th o rs  a lso  w ish  to  th a n k  P ro fe sso r  K . G. E m e le u s  fo r  h is  in ­
te re st in  th e  w o rk , a n d  M essrs. Im p er ia l C h em ica l In d u str ie s , u n d er  
w h o se  aegis th e  e x p e r im en ta l w o rk  w a s  d o n e, fo r  th e ir  c o n se n t  to  th e  
p u b lica tio n  o f th e  resu lts .

University College,
London.

22 Zimmermann, Z. Physik, 1937, I04 > 3° 9-
23 Emeldus and Sayers, Proc. Roy. Irish A cad., A ,  1938, 44, 7.
21 Tiixen, Z . P hysik , 1936, 103, 463.
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T h e  s ta t is t ic a l  th eo ry  o f co llis io n s  in v o lv in g  e le c tr o n s  a n d  r e a c ta n t  
m o lecu les  (briefly , “  e le c tr o n -r ea c ta n t ” co llis io n s) o f P a r t  1 1 o f th is  
ser ies offers a  p o ss ib le  q u a n t ita t iv e  e x p la n a t io n  for  m a n y  c h a ra cter ­
is t ic s  o f  th e  k in e tic s  o f  rea c tio n s  in it ia te d  b y  th e  p a ssa g e  o f a  s te a d y  
e lec tr ica l d isch a rg e  th ro u g h  a  sy s te m  o f c o n sta n t , or n e a r ly  c o n s ta n t ,  
c o m p o sitio n . T h is  e x p la n a tio n  is  b a sed  on  m ark ed  sim ila r it ie s  fre ­
q u e n tly  o b serv ed  b e tw e e n  th e  fo llo w in g  se ts  o f q u a n t it ie s  :—

(1) T h e  r a te  in  co llis io n s  p er  c m .3 per sec . o f a  sp ec ified  ty p e  of 
e le c tr o n -r ea c ta n t c o llis io n  a s c o m p u te d  for  so m e  g iv e n  e x p e r im en ta l  
co n d itio n s , and  th e  d er iv ed  q u a n tit ie s  {cf. P a r t  I), th e  cu rren t an d  
en erg y  effic ien cies fo r  su ch  co llis io n s  ; and

(2) T h e  ra te  in  m o lecu les  p er  c m .3 per sec . o f fo r m a tio n  o f th e  o b ­
serv ed  rea c tio n  p r o d u ct in  th e  sa m e  e x p e r im en ta l c o n d itio n s , an d  th e

Trinity College, 
Dublin.

1 Emeléus and Lunt, Trans. Faraday Soc., 1-936, 32, 1504.
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d e r iv e d  q u a n tit ie s , or e le c tr ica l r ea c tio n  v e lo c ity  c o n s ta n ts , th e  cu rren t  
a n d  e n e rg y  e ffic ien cies fo r  th e  fo rm a tio n  o f th is  p ro d u ct (cf. P a r t  I).

T h e  e x p la n a t io n  is n o t  c o m p lete , h o w ev er , u n less  th e  on e  or m ore  
ty p e s  o f  e le c tr o n -r e a c ta n t co llis io n s  con cern ed  are id en tif ied  to g e th e r  
w ith  th e  im m ed ia te  p ro d u cts , term ed  “ a c t iv e  sp ec ie s ,” o f  su ch  c o l­
lis io n s  w h ic h  in it ia te  th e  ch em ica l p rocesses lea d in g  to  th e  fo r m a tio n  o f  
th e  o b serv ed  p ro d u ct, an d  th e  d e ta iled  ste p s  b y  w h ich  th e  a c t iv e  sp ec ies  
lea d s to  th e  o b serv ed  p ro d u ct. T h e  n e c e s s ity  for  th ese  id e n tif ic a tio n s  
is ta k e n  a c c o u n t o f b y  th e  in tr o d u c tio n  o f th e  fa c to r  0  : th is  is d efin ed  
in  P a r t  I as th e  ra tio  o f  th e  ra te  o f  fo rm a tio n  o f th e  ob serv ed  r ea c tio n  
p r o d u ct to  th e  ra te  o f th e  e lec tro n -rea c ta n t co llis io n s c o n c e r n e d ; 
a lte r n a t iv e ly , i t  is th e  ra tio  o f  th e  co rresp on d in g  tw o  cu rren t an d  en erg y  
effic ien cies. T h e se  id e n tif ic a tio n s  and  th e  e lu c id a tio n  o f th e  fa c to rs  
c o n tr o llin g  0  are  th u s  th e  m a in  p ro b lem  in  tra c in g  th e  m ech a n ism  o f  
d isch a rg e  r ea c tio n . In th is  p ap er  w e  con sid er  th e  fa c to rs co n tro llin g  0 .

It  is  c lear  th a t  a  p a ra lle lism  b e tw een  th e  corresp o n d in g  q u a n titie s  
c ite d  in  (1) a n d  (2) a b o v e  arises o n ly  w h en  0  is c o n sta n t, or se n s ib ly  so . 
I t  tra n sp ire s from  th e  a n a ly s is  d e v e lo p ed  in  th is  p ap er  th a t  su ch  a  
c o n s ta n c y  o f 0  is  to  b e  e x p e c te d  o n ly  w h en  th e  ra te  o f  g e n era tio n  a n d  
th e  fr a c t io n a l c o n c en tra tio n  o f th e  a c t iv e  sp ec ies  is s m a l l ; th a t  is, in  
g en era l, 0  is l ik e ly  to  d e p e n d  on  all th e  c o n d itio n s  in  a n y  g iv e n  ex p erL  
m e n t, a n d  0  te n d s  to  b e c o m e  c o n sta n t in  cer ta in  lim it in g  conditions-,
o n ly . O n ly  fo r  th e  ca se  o f rea c tio n s  in v o lv in g  a  b ra n ch in g  ch a in
m e ch a n ism  is a  c o n s ta n c y  o f 0  im p rob ab le .

It  is  m e n tio n e d  in  P a r t  I th a t  th e  fa c to rs co n tro llin g  0  m u s t  b e  s im ila r  
to  th o se  c o n tr o llin g  th e  q u a n tu m  y ie ld  in  rea c tio n s  in it ia te d  b y  l ig h t  
a b so rp tio n  b u t  m o d ified  b y  th e  fa c to rs  ar is in g  in  d isch arges o n l y ; a n d  
i t  m a y  b e  reca lled  th a t  th e  q u a n tu m  y ie ld  in  p h o to -re a c tio n s  is  o fte n  
se n s ib ly  c o n s ta n t  o v er  a  co n sid era b le  range o f e x p er im en ta l c o n d it io n s .  
T h e  a im  o f  th e  p r e se n t  p ap er  ca n  th u s b e  seen  to  be e q u iv a le n t  to  a n  
e x te n s io n  of L e ig h to n ’s a n a ly s is  * o f  th e  p h o to -ch em ica l p rob lem  2 to  
th e  ra th er  d ifferen t c o n d it io n s  ar is in g  in  d ischarges. F or th is  p u rp o se  
w e  h a v e  in tro d u ced  th e  a d d itio n a l q u a n t ity  / , f  term ed  th e  “ fra ctio n a l  
u tilisa t io n  o f th e  a c t iv e  sp e c ie s ,” and  w h ich  is  th e  fra ctio n  o f th e  a c t iv e  
sp ec ie s  in it ia l ly  p ro d u ced  w h ic h  is  co n su m ed  in  fo rm in g  th e  o b serv ed  
p ro d u ct. T h e  a n a ly s is  o f  th e  fa c to rs c o n tro llin g  /  sh o w s th a t  th e  v a lu e  
o f  Aa , th e  fr a c tio n a l c o n c en tra tio n  o f  th e  a c t iv e  sp ec ies , is  o f  p r im e  
im p o r ta n c e . I t  tra n sp ires th a t  a  d iscu ssio n  o f th e  s ta t io n a r y  s ta te  o f
a  sy s te m  in w h ic h  d isch a rg e  rea ctio n  occu rs r ea d ily  y ie ld s  fo rm a l
e x p r ess io n s  fo r  th e  d ep en d en ce  of Aa o n  th e  d isch arge  p a ra m eters. T h e  
co rresp o n d in g  d e p e n d en ce  o f / ,  and  h en ce  of 0,  can  th en  b e  d ed u ced .

A  s ta t io n a r y  s ta te  o f a  d isch arge  rea c tio n  arises w h en  th e  e lec tr ica l  
factors'" are m a in ta in e d  c o n s ta n t  to g e th er  w ith  th e  fr a c t io n a l c o n c e n tr a ­
tio n s  o f th e  r ea c ta n ts  a n d  a ll o th e r  sp ec ies  p resen t, th e  sy s te m  b e in g  
a t  a  c o n s ta n t  to ta l pressu re  or co n cen tra tio n . W e r es tr ic t  co n sid era ­

* In Leighton’s notation 2 <5 is the photo-chemical quantum yield ; his cf> 
is strictly analogous to the <¡>l of this paper, and his p to the present /^2. Thus 
for photo-reactions Leighton defines 0  as p¿ ; and in this paper 0  for discharge 
reaction is defined as f¡j>1ij>¡.

2 Leighton, The Determination of the M echanism of Photo-Chemical Reaction, 
A ctualités Scientifiques, No. 655, Paris, 1938-

f i n  the so-called equilibrium state the product is not removed from the 
system and is decomposed by the discharge (or decomposes spontaneously) to 
reform the re a cta n t; an example of this is furnished by the oxygen-ozone 
reaction.
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t io n , h o w ev er , to  th e  c la ss  o f s ta t io n a r y  s ta te s  th a t  a r ise  w h e n  th e  
final p r o d u ct o f th e  r ea c tio n  is r em o v ed  a t  a  s te a d y  ra te  w h ic h  is fa s t  
e n o u g h  to  en su re  th a t  th e  fr a c tio n a l c o n c e n tr a tio n  o f th is  sp ec ies  is 
v e r y  s m a l l ; * th e  req u irem en t of c o n s ta n t  to ta l c o n c en tra tio n  th en  
d em a n d s th a t  r e a c ta n t m o lec u le s  are fed  in to  th e  sy s te m  a t  a  c o m ­
p e n sa tin g  ra te . In  th e  s ta t io n a r y  s ta te  th e  r a te  o f g e n e ra tio n  o f  a n y  
on e sp ec ies  in  a n y  v o lu m e  e le m e n t o f th e  sy s te m  m u s t  b e  eq u a l to  th e  
su m  o f th e  ra tes  a t  w h ic h  it  is lo s t  b y  r ea c tio n  a n d  b y  o th e r  p ro cesses . 
A  k n o w led g e  o f th e se  la t te r  p ro cesses , e sp e c ia lly  in  th e  ca se  o f  th e  
a c t iv e  sp ec ies , is  th u s  e sse n tia l to  a  fo rm a l s ta te m e n t  o f th e  s ta t io n a r y  
s ta te . W h e n  th e se  are  k n o w n  to g e th e r  w ith  th e  id e n tif ic a t io n s  m e n ­
tio n e d  p r e v io u s ly , th e  fr a c t io n a l c o n c e n tr a tio n  o f th e  a c t iv e  (or o th er)  
sp ec ies , A„ , is th e  o n ly  u n k n o w n  in th e  fo rm a l s ta te m e n t  o f  th e  s ta t io n a r y  
s ta te  co rresp o n d in g  w ith  a n y  g iv e n  e x p e r im e n ta l c o n d it io n s . W h e n  
Aa is k n o w n , th e  a b so lu te  ra tes a t  w h ic h  th e  sp ec ie s  is  co n su m ed  in  th e  
v a r io u s  p o ss ib le  w a y s  ca n  b e  c o m p u te d , a n d  th e  e v a lu a t io n  o f / ,  th e  
fra ctio n a l u t il isa t io n , ca n  th en  b e  carr ied  o u t. E x c e p t  in  th e  ca se  
w h en  b r a n c h in g  ch a in  m e ch a n ism s are in v o lv e d , /  is  th e  o n ly  v a r ia b le  
fa c to r  c o n tr o llin g  th e  m a g n itu d e  o f  0 ; a n d  a  k n o w led g e  o f th e  d e ­
p e n d en ce  o f /  on  th e  e x p e r im en ta l c o n d it io n s  th e n  su ffices to  c o m p le te ly  
sp ec ify  th a t  o f  0.

A fte r  s ta t in g  th e  o th e r  fa c to rs  c o n tr o llin g  th e  m a g n itu d e  o f 0  a n d  
in tr o d u c in g  th e  form al d e fin itio n  o f / ,  w e  d e v e lo p  c o n v e n ie n t  fo rm a l  
ex p r ess io n s  fo r  th e  s ta t io n a r y  s ta te  a n d  for th e  a b so lu te  ra tes  o f  th e  
p rin c ip a l ty p e s  o f p ro cesses b y  w h ic h  th e  a c t iv e  (an d  other) sp ec ies  are  
lik e ly  to  b e  co n su m ed . T h is  fo rm a l tr e a tm e n t  re la te s  m a in ly  to  th e  
a c t iv e  sp ec ies , a n d  h en ce  th e  so lu tio n  o f  th e se  e x p r ess io n s  lea d s  to  
v a lu e s  o f  Aa . T h e  e x te n s io n  o f th is  a n a ly s is  to  o th e r  sp ec ie s  is  fo r m a lly  
v e r y  sim ila r , a n d  th e  n e c essa ry  m o d if ica t io n s  are b r ie fly  o u tlin e d . In  
all ca se s  a t te n t io n  is  d irec ted  p a r ticu la r ly  to  th e  sp ec ia l ca se  w h en  
A0 (or th e  A fo r  a n y  o th e r  sp ec ie s  u n d er  co n sid era tio n ) is  sm a ll co m p a red  
w ith  u n ity .

T h is  res tr ic tio n  to  th e  c a se  w h en  th e  A’s arc sm a ll for  all sp ec ie s  
o th er  th a n  th e  r e a c ta n ts  d er iv es  p a r t ly  from  th e  earlier  res tr ic tio n  on  
th e  ty p e  o f  s ta t io n a r y  s ta te  to  b e  co n sid ered , b u t  a lso  from  th e  p r a c tic a l  
co n sid era tio n  th a t  th e  n e c essa ry  a u x ilia r y  d a ta  fo r  th e  c o m p u ta t io n  o f  
th e  a b so lu te  ra te  o f  e le c tr o n -r e a c ta n t co llis io n s  a cco rd in g  to  th e  th e o r y  
o f P a r t I e f fe c t iv e ly  l im it  th e  a p p lic a tio n  o f  th is  th e o r y  to  g a se s  c o n s is t ­
in g  a lm o st  e n tir e ly  o f r e a c ta n t  m o lecu les . T h e  fo r m u la tio n  o f th e  
e x p ress io n s  for th e  s ta t io n a r y  s ta te  in  term s o f th e  a c t iv e  sp ec ies  is a lso  
b a sed  o n  e x p e d ien ce , a n d  e x p e r ien ce  g a in e d  in  a t te m p t in g  to  tra ce  
rea c tio n  m ech a n ism s. F o r  i t  a p p ea rs th a t  th e  ra te  d e te rm in in g  s te p  
in  th e  m e ch a n ism  a s a  w h o le  is  o fte n  th e  p r im a ry  r ea c tio n  in v o lv in g  th e  
a c tiv e  sp ec ies .

T h e  ex p r ess io n s  for  th e  s ta t io n a r y  s ta te  a n d  fo r  th e  ra tes  o f  th e  
v a r io u s  p ro cesses co n cern ed  ta k e  sp ec ia l fo rm s d e p e n d in g  o n  th e  p a r ­
ticu la r  d isch a rg e  z o n e  (cf. P a r t  I) co n cern ed . In  th is  p a p er  w e  co n sid er  
o n ly  th e  form s a p p ro p ria te  to  r ea c tio n  in  th e  u n ifo rm  p o s it iv e  co lu m n  
an d  th e  n e g a tiv e  g lo w . T h e  fa c t  th a t  th e  la tte r  zo n e  is  ch a ra cter ised  
b y  a  ch em ica l a c t iv i ty  w h ic h  v a r ie s c o n s id e r a b ly  th r o u g h o u t th e  zo n e  
n e c e ss ita te s  a n  a p p ro x im a te  tr e a tm e n t  o f  th e  v o lu m e  r a te s  o f th e  p r o ­
cesses con cern ed . F o r  th is  p u rp o se  i t  is a ssu m e d  th a t  th e  v o lu m e  o f  
th e  zo n e  v a r ie s  in v e rse ly  as th e  to ta l  pressu re , w h ic h  is  a p p r o x im a te ly

*See note f  on page 1073.
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in  a c co r d a n ce  w ith  ex p e r im en t. A n o th e r  m o d el for  th is  zo n e , r ec en tly  
in tr o d u c e d  b y  E m el6 u s a n d  B e c k 3 is, h o w ev er , e sp e c ia lly  c o n v e n ie n t  
fo r  th e  d isc u ss io n  o f d iffu sio n .

T h e  d e fin it io n  o f  q u a n tit ie s  an d  sy m b o ls  defined  in  th e  earlier  p ap ers  
o f  th is  ser ies is  a v o id e d  a s far  as p o ssib le  here.

1. T h e  Q u a n t i t y  <P a n d  i t s  C o m p o n e n t  F a c t o r s .

T h is  q u a n t ity  in  P a r t I is defined  as th e  n u m b er o f m o lecu les  o f th e  
o b serv ed  p r o d u ct fo rm ed  per in it ia l e lec tro n -rea c ta n t co llis io n  o f the  
k in d  w h ic h  g e n e ra te s  th e  a c t iv e  sp ec ies . T h is  d efin itio n  req u ires re­
s ta te m e n t  in order th a t  it  sh a ll b e  p r a c tic a lly  usefu l in th e  d e ta ile d  in te r ­
p r e ta tio n  o f d isch a rg e  rea c tio n . W e  s ta te  first th e  id ea lised  case , an d  
th en  in d ic a te  w h a t  p a r ticu la r  a p p ro x im a tio n s  are ap p ro p ria te  in  re la tio n  
to  th e  tw o  d isch a rg e  z o n e s  in  w h ich  th e  k in e tic s  o f rea c tio n  h a v e  b een  
e x te n s iv e ly  e x a m in ed , th e  un iform  p o s it iv e  co lu m n  an d  th e  n e g a tiv e  
g lo w . If th e  d isch a rg e  z o n e  in w h ich  th e  a c t iv e  sp ec ies  is g en era ted  is 
iso tr o p ic  a n d  c o -e x te n s iv e  w ith  th e  rea ctio n  zo n e , an d  if  th e  sy s te m  is in  
a  s ta t io n a r y  s ta te  (cf. In tro d u ctio n ) so  th a t  th e  r ea c tio n  is  p ro ceed in g  
s te a d ily , i t  fo llo w s from  th e  a b o v e  d efin itio n  th a t  in  a n y  v o lu m e  e le m en t

<P =  Rp/R„  . . . . (1)

w h ere  RP is  th e  ra te  o f  fo rm a tio n  o f th e  o b served  p ro d u ct in  m o lecu les  
c m .-3  se c .-1 , a n d  Rer is  th e  ra te  o f  th e  r e lev a n t e le c tr o n -r ea c ta n t c o l­
l is io n s  c m .-3  se c .- 1 . T h e  fu rth er  d iscu ssio n  of 0  n e c e ss ita te s  a  co n sid era ­
tio n  o f  th e  k in d  o f in fo rm a tio n  w h ich  is a v a ila b le  fo r  th e  tw o  d isch arge  
z o n e s  m e n tio n e d  a b o v e . W e  co n sid er  here  o n ly  th e  ca se  o f th e  ty p ic a l  
e x p e r im e n ta l a rra n g em en t in  w h ich  th e  e lectro d es are p la n e  a n d  p er­
p en d icu la r  to  th e  a x is  o f  a  cy lin d rica l in su la tin g  d isch arge  tu b e , and  
d isch a rg e  c o n d it io n s  su ch  th a t  th e  n e g a tiv e  g lo w  a n d  p o s it iv e  co lu m n  
(if p resen t) e x te n d  r a d ia lly  to  th e  w a ll o f  th e  d isch arge  tu b e.*

F o r  a  u n iform  p o s it iv e  co lu m n  th e  e lectro n  co n c en tra tio n  and  d r ift  
cu rren t d e n s ity  v a r y  r a d ia lly  (cf. § 2 .4 5 , ex p ressio n  14 .4 ), b u t  th e  m ean  
e lec tro n  e n e rg y  is p r a c tic a lly  c o n s t a n t 4 and  th ere  is l it t le  d o u b t th a t  
th e  d isch a rg e  an d  rea c tio n  zo n es are se n s ib ly  c o -e x te n s iv e . F rom  
th e  th e o r y  o f  P a r t  I i t  th e n  fo llo w s th a t  17, th e  en erg y  e ffic ien cy  o f  a n y  
g iv e n  k in d  o f e le c tr o n -r ea c ta n t co llis io n s, is in d ep en d e n t o f  p o s itio n ,  
b u t  th a t  Rcr v a r ie s  ra d ia lly  as th e  cu rren t d e n s ity . T h e  q u a n t ity  
d e r iv a b le  d ir e c t ly  fro m  ex p e r im en t r e la tin g  to  th e  o b serv ed  p ro d u ct  
is , s tr ic t ly  sp ea k in g , th e  rad ia l a v era g e  v a lu e  of Rv . I t  fo llo w s  th a t  
th e  o n ly  c h a r a c te r istic  o f 0  d ir ec tly  d e term in a b le  is  its  rad ia l a v era g e  
v a lu e . W h en , h o w ev e r , th e  d estru c tio n  o f th e  a c t iv e  sp ec ies  a t  th e  w a ll  
is  sm a ll, w h ic h  a p p ea rs to  be a  ca se  w h ich  occu rs fr eq u e n tly  in  p ra c tice , 
d iffu s io n  en su res th a t  th e  rad ia l v a r ia t io n  o f it s  c o n c en tra tio n  is  sm a ll  
(cf. § 2 .4 5 ). T h e  rad ia l v a r ia t io n  of Rer is th e n  u n im p o rta n t, fo r  th e  
sa m e  c o n d it io n  w o u ld  b e  reach ed  if it  is su p p o sed  th a t  th e  ra te  o f  
g e n e ra tio n  o f  th e  a c t iv e  sp ec ies  is c o n sta n t  a t  a ll p o in ts  and  eq u a l to

3 Emeleus and Beck, Proc. R. Irish Acad, (in the press).
* For the pressure range concerned in practice, upwards of o-r mm., the 

positive space charge sheath separating the positive column and the negative 
glow from the wall is so small that its volume m ay be neglected compared with 
th at of the zones themselves. Moreover, its chemical activ ity  is almost certainly 
extrem ely small, as is also that of the large zone of positive space charge, the 
cathode dark space.

4 Druyvesteyn, A nn. Physik, 1933, S i, 571.
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th e  rad ia l a v era g e  v a lu e  o f Rer. F u r th erm o re , w h en  th e  rad ia l v a r ia ­
t io n  of th e  c o n c en tra tio n  o f th e  a c t iv e  sp ec ie s  is sm a ll, i t  fo llo w s th a t  
for  a n y  p ro d u ct r e su ltin g  from  its  h o m o g e n e o u s  r ea c tio n  Rv v a r ie s  b u t  
l it t le  ra d ia lly . W ith  th e se  reserv a tio n s , th en , it  is seen  th a t  0  a s  g iv en  
b y  ( i )  w h en  Ret is rep la ced  b y  i t s  rad ia l a v era g e  v a lu e  is l ik e ly  to  be  
n ea r ly  in d ep en d e n t o f p o s it io n , or  in  th e  n o ta t io n  of P a r t I

0  =  Rv,P/Rer . . . .  ( i .x )

w h ere  Rer n o w  d e n o te s  th e  rad ia l a v era g e  v a lu e  ; a n d  th ere  is  th e  
co rresp o n d in g  re la tio n

® =  Vv,v ¡V . . . .  ( I . i i )

w h ere  is  rad ia l a v era g e  e n e rg y  e ffic ien cy  fo r  th e  fo r m a tio n  o f th e  
ob serv ed  p ro d u ct as d ed u ced  from  e x p e r im en t. T h e se  r e la t io n s  d er iv e  
th e ir  im p o rta n ce  fro m  th e  fa c t  th a t , w h en  th e  n e c essa ry  a u x ilia r y  d a ta  
are a v a ila b le , Rer an d  77 can  b e  c o m p u te d  b y  th e o r y  (cf. P a r t I).

O n th e  o th e r  h a n d , in  th e  n e g a t iv e  g lo w  th e  e lec tro n  c o n c e n tr a tio n  
a n d  m ea n  en erg y  v a r y  m a r k e d ly  in  th e  d irec tio n  o f th e  d isch a rg e  tu b e  
a x is  as w e ll as ra d ia lly . A lth o u g h  d iffu sion  o f th e  a c t iv e  sp ec ie s  te n d s  
to  d im in ish  th e  d ep en d en ce  o f Rv o n  p o s it io n , it  is n o t  p o ss ib le  to  e n v isa g e  
fo r  th is  z o n e  th e  a p p r o x im a te  u n ifo r m ity  th a t  h a s  b e e n  se e n  to  b e  p er ­
m iss ib le  for  th e  p o s it iv e  co lu m n  ; in  a d d itio n , i t  is less  cer ta in  th a t  th e  
d isch a rg e  an d  rea c tio n  zo n e s  are c o -e x te n s iv e . T h e n  0  d ep en d s on  
p o s itio n , b u t  th e  v o lu m e  a v e r a g e  v a lu e  for  a n  a ssu m ed  id e n t ity  b e tw e en  
th e  d isch a rg e  a n d  r ea c tio n  zo n es  is g iv e n  b y

0  =  R SlN/Rer . . . .  (1.2)

u s in g  th e  n o m e n c la tu r e  o f P a r t  I  a n d  in tr o d u c in g  a  bar  o v er  th e  sy m b o ls  
to  d e n o te  v o lu m e  a v era g es.

T h e  a lte r n a tiv e  d e fin itio n  o f 0  for  th is  z o n e  is

<P=*&,N IPf  . . . .  (I . 2X)

w h ere  /9j,iN d e n o te s  th e  cu rren t e ffic ien cy  a s d e term in ed  b y  e x p e r im e n t  
fo r  th e  fo r m a tio n  o f  th e  o b serv ed  p ro d u ct, a n d  fSf is  th e  cu rren t e ffic ien cy  
fo r  th e  r e le v a n t e le c tr o n -r e a c ta n t  co llis io n s  {cf. P a r t I). D e fin ed  in  
th is  w a y  0  is  in d e p e n d e n t o f  u n c e r ta in tie s  a r is in g  from  th e  la c k  o f is o ­
tr o p y  a n d  th e  p o s s ib ility  th a t  th e  d isch a rg e  a n d  r ea c tio n  zo n es  are n o t  
c o - e x t e n s iv e ; from  th e  d e fin itio n s  o f  th e  /3’s {cf. P a r t  I) i t  rem ain s, h o w ­
ever , a n  a v era g e  q u a n t ity . T h is  d e fin itio n  is o f im p o r ta n c e  b eca u se  
th e  p ro p erties  o f can  b e  d ed u ced  from  th e o r y  {cf. P a r t  I) a lth o u g h  its  
a b so lu te  m a g n itu d e  is n o t  u su a lly  k n o w n  from  e x p e r im en t. B u t  th e  
d efin itio n s  o f 0  th a t  are  o f p r a c tic a l im p o r ta n c e  in  tr a c in g  th e  d e ta ile d  
m ech a n ism  o f d isch a rg e  r ea c tio n  tra n sp ire  to  be th o se  g iv e n  b y  ( i . l )  
a n d  (1 .2 ).

W e m a y  reso lv e  0  in to  th ree  fa c to r s  so  th a t

2 , ........................................................... (2)

w h ere  fa is th e  n u m b er  o f a c t iv e  sp ec ie s  w h ic h  are th e  im m ed ia te  p ro d u ct  
o f a  s in g le  e le c tr o n -r e a c ta n t c o llis io n  o f th e  p a r ticu la r  ty p e  co n cern ed , 
a n d  d oes n o t  d ep en d  o n  a n y  e x p e r im en ta l fa c to rs . Ra , th e  ra te  o f  
p ro d u ctio n  o f th e  a c t iv e  sp ec ies , is  th en  g iv e n  b y

Ra =  fa Rer -j- Ra f , (3)
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w h ere  Raf d e n o te s  th e  ra te  o f fo rm a tio n  o f  th e  a c t iv e  sp ec ies  in  o th er  
w a y s . Raf is u su a lly  zero , b u t  th ere  are so m e  cases in  w h ic h  it  ap p ears  
to  b e  im p o r ta n t. W h e n  Raf is zero  Ra fo llo w s th e  d ep en d en ce  o f  Rer 
o n  p o s it io n  ; <f>2 is  th e  n u m b er  of m o lecu les  o f th e  o b serv ed  p ro d u ct  
w h ic h  are fo rm ed  p er  p a r tic le  o f th e  a c t iv e  sp ec ies  rea c tin g  to give this 
product only; th a t  is, i t  d e n o te s  th e  m a x im u m  n u m b er  o f p ro d u ct  
m o lec u le s  th a t  ca n  b e  fo rm ed  per p a rtic le  o f th e  a c t iv e  sp ec ies  b y  th e  
m e ch a n ism  w h ic h  is  o p e r a tiv e . T h u s <j>2 's a  ch a ra cter istic  o f th e  
r ea c tio n  m e ch a n ism , a n d  e x c e p t  in  th e  case  o f b ra n ch in g  ch a in  m e ch a n ­
ism s, is  a  c o n s ta n t  in d e p e n d e n t o f p o s it io n  a n d  o f all e x p e r im en ta l  
fa c to r s . In  w h a t  fo llo w s  w e  e x c lu d e  th e  co n sid era tio n  o f b ra n ch in g  
ch a in  m e ch a n ism s.*  T h e  q u a n t ity  / ,  c o n v e n ie n tly  term ed  “ th e  
fr a c tio n a l u t il is a t io n  ” o f th e  a c t iv e  sp ec ies , ta k es  a c c o u n t o f th e  p o ss i­
b i l i ty  th a t  th e  a c t iv e  sp ec ie s  m a y  rea c t or b e  d estro y ed  in  p ro cesses  
o th e r  th a n  th a t  lea d in g  to  th e  fo rm a tio n  o f th e  ob serv ed  p ro d u ct. It 
is  d e fin ed  as th e  fr a c tio n  o f  th e  a c t iv e  sp ec ies  w h ich  is co n su m ed  in  fo rm ­
in g  th e  o b serv ed  p ro d u ct, or

f = R aeK R ac +  R L ), ■ ■ • • (4)

w h ere  Rac a n d  d en o te , re sp e c tiv e ly , th e  ra te  a t  w h ic h  th e  sp ec ies  
is  c o n su m ed  in  fo r m in g  th e  o b serv ed  p ro d u ct a n d  in  all o th er  w a y s .  
A lte r n a tiv e ly , b y  th e  sa m e  d efin itio n , w e  h a v e

Rac =  / ( ^ l  Rer “L Rat) i • (4 -1)

a n d  it  is  se e n  th a t  <f>2 is  ex p ressed  fo rm a lly  b y

<¿2 =  • - • • (5)

I t  fo llo w s  th a t  fo r  n o n -iso tro p ic  reg ion s fo r  w h ich  Rao a n d  Rh m u s t  
b e  rep la ced  b y  th e ir  a p p ro p ria te  v o lu m e  a v era g e  v a lu e s  /  d ep en d s on  
p o s it io n , a n d  th e  v a lu e  g iv e n  b y  (4) is th en  a lso  a  v o lu m e  a v era g e  v a lu e .

F ro m  (5) th e  a b o v e  ex p ressio n  for  /  m a y  b e  w r itte n  in  th e  form

/ =  l l ( 1 +  ^ 2 - ^ l /^ J ) )  1 • • • (4 -2)

w h ic h  is  so m e tim e s  c o n v e n ie n t  to  u s e ; b u t  th e  form  g e n era lly  u sefu l  
is  th a t  g iv e n  b y  (4) or

/ =  i / ( i  +  i?L/i? ac). . . . .  (4 .3)

E x c e p t  in th e  im p ro b a b le  ca se  th a t  Rh is p ro p o rtio n a l to  Rv or Ra c , 
b o th  th e se  e x p r ess io n s  sh o w  th a t  / ,  and  h en ce  & =  f  <f>i <j>2, c a n n o t b e  
e x p e c te d  to  b e  c o n s ta n t  o v er  a  ra n g e  o f ex p e r im en ta l c o n d itio n s  u n less  
R l is  u n im p o r ta n t ly  sm a ll, and  in  th is  ca se  /  is s e n s ib ly  u n ity . N o w  
R a c , Rl , a n d  Rv are  n e c essa r ily  fu n c tio n s  o f A0 , th e  fr a c tio n a l c o n c e n tr a ­
tio n  o f  th e  a c t iv e  sp ec ies  ; an d  it  fo llo w s th a t  a  c o n s ta n c y  in  /  is to  be  
e x p e c te d  o n ly  fo r  a  l im ite d  range o f v a lu e s  o f  Aa. T h e  p a ra lle lism  
b e tw e e n  th e o r y  a n d  e x p e r im en t w h ich  is rev ea led  b y  a  c o n s ta n c y  o f  
0  in  so m e  e x p e r im e n ts  o v e r  a  w id e  range o f  c o n d itio n s  is  th u s  e x p lic a b le  
if  /  is c o n s ta n t , e ith er  b eca u se  RL is n e g lig ib ly  sm all, or m ore im p ro b a b ly ,  
b e c a u se  RL/Rac d o es n o t  v a r y .f  In e ith er  ca se  th e  d e ta ile d  in te rp re ta ­
tio n  o f th e  e x p e r im en ts  m u s t  p ro v id e  fo r  su ch  a  c o n s ta n c y  in  term s o f  
th e  a c tu a l p ro cesses co n su m in g  th e  a c t iv e  sp ec ies  a n d  d e te rm in in g  th e

* The appropriate extension of the present treatment to the case of branching 
chain mechanisms is, however, easily developed.

f  The constancy of the quantum yield often observed in photo-chemical 
reactions arises from similar causes.2
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a b so lu te  m a g n itu d es  o f Rac a n d  Rh. F o r  th is  p u rp o se  a  k n o w led g e  of 
Att is e s s e n t ia l ; and  to  th is  q u es t  w e  n o w  tu rn  b y  co n sid er in g  th e  
s ta t io n a r y  sta te .

2. The Stationary State in Relation to the Active Species.
T h e  fra ctio n a l c o n c en tra tio n , or p a r tia l p ressu re , o f  a n  a c t iv e  

sp ec ies  in  th e  s ta t io n a r y  s ta te  (cf. In tro d u c tio n ) w h en  th e  d isch a rg e  
a n d  rea c tio n  zo n es  are c o -e x te n s iv e  a n d  iso tr o p ic  is d e te rm in e d  b y  th e  
c o n d itio n  th a t  in  a n y  v o lu m e  e le m e n t th e  ra te  o f fo rm a tio n  is  eq u a l to  
th e  to ta l ra te  o f  lo ss, or

$1 Rer +  Raf ~  Rac +  ^ i i  • • (6)

all th e  term s b e in g  rep la ced  b y  th e  co rresp o n d in g  v o lu m e  a v era g es  
w h en  th e  sy s te m  is n o t  iso tr o p ic . C o n v en ie n t a n d  ty p ic a l  ex p r ess io n s  
for  th e  v a r io u s  R's are d e v e lo p ed  sh o r tly . W h e n  th e  a c t iv e  sp ec ies ,  
th e  r e lev a n t e le c tr o n -r e a c ta n t co llis io n s , a n d  th e  p ro cesses  d e s tr o y in g  th e  
a c t iv e  sp ec ies , in c lu d in g  th e  m e ch a n ism  le a d in g  to  th e  o b serv ed  p ro d u ct,  
are id e n tified , th e  o n ly  u n k n o w n  in  (6) fo r  a n y  g iv e n  e x p e r im e n ta l  
c o n d it io n s  is Aa , w h ic h  m a y  th erefo re  b e  e v a lu a te d . (In  th e  p r a c ti­
c a lly  im p o r ta n t ca se s  o f  p o s it iv e  co lu m n  a n d  n e g a t iv e  g lo w  r ea c tio n  i t  
is  o b v io u s  th a t  th e  r e su ltin g  v a lu e s  o f  A0 are a lso  v o lu m e  a v era g es .)  
I t  w ill b e  seen  sh o r t ly  t h a t  fo r  m a n y  ty p e s  o f  d e s tr u c t iv e  p ro cess th e  
ra te  is  a  lin ea r  fu n c tio n  o f  A0 ; in  th is  case , w h en  a lso  Raf is n o t  a  
fu n c tio n  o f  A„ or is  zero , th e  so lu tio n  is lin ear , or

A<x =  (faRer +  Raf) IA +  B), . . . ( 6 .l )

w h ere  A a n d  B arc eq u a l, r e sp e c t iv e ly , to  RacIK  ar*d Rf,IK, a ° d  are c o m ­
p u ta b le  in  term s o f th e  e x p e r im en ta l c o n d it io n s  to g e th e r  w ith  Rer and  

Raf ■
T h e  im p o r ta n c e  o f  th e  so lu t io n  o f (6) for A„ is  tw o fo ld . F ir s t ly , it  

is  e x p la in ed  in  th e  In tro d u c tio n  th a t  in  p r a c tic e  th e  c o m p u ta t io n  o f  
Rer is  p r a c tic a b le  o n ly  in  th e  ca se  o f  a  g a s  c o n s is t in g  a lm o st  e n tir e ly  o f 
r e a c t a n t s ; th a t  is , Aa m u s t  b e  sm a ll co m p a red  w ith  u n ity ,  a n d  th e  
m a g n itu d e  o f A„ is  u s u a lly  a  v a lu a b le  g u id e  in  e s t im a tin g  th e  fr a c tio n a l  
c o n c en tra tio n  o f  o th e r  sp ec ie s  in v o lv e d  in  th e  r ea c tio n . In  a d d itio n  
{cf. infra) th e  e x p r ess io n s  fo r  Rac a n d  Rh ta k e  s im p le  a n d  c o n v e n ie n t  
fo rm s o n ly  w h e n  A„ is  sm a ll. S e c o n d ly , w h e n  A„ is  k n o w n , th e  a b so lu te  
m a g n itu d es  o f Rac a n d  m a y  b e  c o m p u te d , a n d  h e n c e  /  e v a lu a te d  
acco rd in g  to  (4 .3 ). I t  is th e n  p o ss ib le  to  c o m p le te  th e  in te rp re ta tio n  
o f th e  r ea c tio n  b y  th e  d e m o n str a tio n  th a t  <P a s  c o m p u te d  from  f f x 
p r o v id e s  a n  e x p la n a t io n  fo r  th e  c h a r a c te r is t ic s  o f <5 as d e d u ce d  from  
(1 .1) a n d  (1 .2 ).

2.1. The Rate of Electron-Reactant Collisions.
T h e  d ep en d en ce  o f th is  ra te  on  th e  c o n d it io n s  in  a n y  g iv e n  e x p e r i­

m e n t fo llo w s from  th e  th e o r y  o f P a r t  I. F o r  u n ifo rm  p o s it iv e  c o n d i­
tio n s , th e  rad ia l a v e ra g e  v a lu e  is g iv e n  b y

Rer= X ^ p [ X p - 1)Ie/n............................................................(7 .1)

w h ere  AAp  is th e  p a r tia l p ressu re  o f th e  r e a c ta n t  A  in v o lv e d , X,  th e  
fie ld  in  th e  u n ifo rm  p o s it iv e  c o lu m n , a n d  I„ th e  e le c tr o n  b o rn e  rad ia l 
a v e ra g e  d r ift cu rren t d e n s ity  in  e le c tr o n ic  ch a rg es c m .-2  s e c .- 1 ; b e c a u se  
th e  m o tio n  o f th e  io n s  is  n e g lig ib le  c o m p a red  w ith  t h a t  o f  th e  e le c tr o n s ,
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Ie m a y  b e  se n s ib ly  id e n tif ie d  w ith  th e  to ta l dr ift cu rren t d e n s ity , w h ich  
is th e  q u a n t ity  u su a lly  m easu red . F o r  s im p lic ity  in  th e  so lu tio n  o f  (6) 
it  is c o n v e n ie n t  to  d ea l w ith  th e  current d e n s ity  in m illia m p . c m .-2  
se c .- 1 , Ima =  / f / ( 6 -3 • IO15), a n d  to  in tro d u ce  a  n u m erica l fa c to r  
N  — 3-55 X  IO16; th is  is n u m b er  o f p a rtic les  in  1 c m .3 o f a  g a s  a t  u n it  
p ressu re , x m m ., a n d  th e  s ta n d a rd  tem p era tu re . W e  th en  find

Rer =  0 - l8  p N \A(Xp~l)Ima 7]. . . . (7.2)

T h e  co rresp o n d in g  ex p r ess io n s  for  n e g a tiv e  g lo w  co n d itio n s  w h en  th e  
v o lu m e  o f th is  z o n e  ca n  b e  ex p ressed  as Z 0jp, w h ere  Z0 is th e  e q u iv a le n t  
v o lu m e  a t  u n it  pressu re , are

Rer =  p . l ' e . M Z 0, • •• ■ (7-3)

w h ere  l'e is  th e  cu rren t in  e lec tro n ic  ch arges se e .-1 , or in  p ra c tica l u n its  
a fte r  in tr o d u c in g  th e  sa m e n u m erica l fa c to r  N,

Re, =  0 - l8  pNl'nm Pf/Z0 , . . . (7 .4)

w h ere  Km =  K l{6'3 x  IO15).

2:2. The Production of the Active Species.
I t  h a s  a lre a d y  b een  seen  th a t  th e  ra te  o f th is  p ro cess as e ffec ted  b y  

e le c tr o n -r e a c ta n t  co llis io n s  is s im p ly  Rcr for  a n y  sin g le  ty p e  o f su ch  
c o llis io n  ; if  m ore  th a n  o n e  ty p e  is con cern ed  th e  su m  o f th e ir  ra tes  
m u st be ta k en .

T h e  p o ss ib le  p ro cesses w h ereb y  an  a c t iv e  sp ec ies  m ig h t be form ed  
o th e r  th a n  b y  e le c tr o n -r ea c ta n t co llis io n s are to o  n u m erou s and  v a r ied  
to  w a rra n t an  a t te m p t  to  fo rm u la te  a n y  genera l ex p ressio n  for  th e ir  
ra tes, Raf. E x p e r ie n c e  in d ic a te s  th a t  in  c o m p a r a tiv e ly  fe w  ca ses  is 
th ere  reason  fo r  th in k in g  th a t  Raf is n o t  n eg lig ib le  co m p ared  w ith  9^ Rer .

2.3. The Destruction of the Active Species in the Formation 
of the Observed Product.

T h e  fo r m u la tio n  o f Rac, th e  ra te  a t  w h ic h  th e  a c t iv e  sp ec ies  is 
co n su m ed  in  th is  w a y  o b v io u s ly  requires a  k n o w led g e  o f th e  rea c tio n s  
in v o lv e d  ; w e  sh a ll therefore  illu s tra te  th e  w a y  in  w h ich  Rac m u s t  be  
fo r m u la ted  b y  m a k in g  u se  o f h y p o th e tic a l sp ec ia l cases, u s in g  a p ­
p r o x im a te  ex p r ess io n s  fo r  th e  co llis io n  ra tes b e tw e en  m a ss iv e  p a r tic les  
b o th  here  a n d  in  w h a t  fo llo w s.*  T h e  s im p le st  ca se  is  o n e  in  w h ich  
th e  a c t iv e  sp ec ies  r ea c ts  b im o lecu la r ly  w ith  a  rea c ta n t A  w h ich  is  n o t  
n e c essa r ily  th a t  from  w h ic h  th e  a c t iv e  sp ec ies  is  d er ived  ; Rac is th en  
g iv en  b y  *

Rac — 4‘6 X  IO23 kaA Xa XAp 2 . . . (8 .1)

or =  1-3 X  io* kaAN  Xa \ Ap 2 . . . (8 .2)

w h ere  AAp  is th e  p a r tia l p ressu re o f A , a n d  k is th e  co llis io n a l e ffic ien cy . 
If, h o w ev er , th e  r ea c tio n  in v o lv e s  in  a d d itio n  tern a ry  co llis io n s  w ith  
a  seco n d  r e a c ta n t B , Rac is g iv en  a p p ro x im a te ly  b y  *

* In deriving (8.1) it  is assumed that the collision rate for any active species 
molecule moving in any gas A  at atmospheric pressure is 1010 per second ; and 
in deriving (S.3) from (8.1) it  is further assumed that at atmospheric pressure 
the fraction of essentially binary collisions which are ternary is 10-3.

40 *
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Rac — 6 X i o 1, kaAB A„ Aa  Ab p 3 . . . (8 .3)

or =  16 kaAB N  A„ Aa  Ab p3, (8 -4)

•where AB p  is  th e  p a r tia l p ressu re  o f  B , a n d  kaAB is  th e  co llis io n a l
e ffic ien cy .

F or so m e  p u rp o ses  i t  is m o re  c o n v e n ie n t  to  e x p r ess  Rac in  term s of 
Rj, th e  co rresp o n d in g  r a te  o f  fo r m a tio n  o f th e  o b ser v e d  p r o d u c t ; from
(5) th e ’co rresp o n d in g  p a r ticu la r  e x p r ess io n s  are

in  a  P .C . Rae =  0-l8 pN (X p-1)Ima7)PtFl<f>2t . . (8 .5)

and  in  a  N .G . Rac =  0 -1 8  pl'maBv,x N/(<j>2 . Z 0). . . (8 .6 )

A lth o u g h  b y  d e fin itio n  Rac r e la te s  o n ly  to  th e  h o m o g e n e o u s  c o n ­
su m p tio n  o f th e  a c t iv e  sp ec ie s  in  fo r m in g  th e  o b serv ed  p ro d u ct, i t  is
n e c essa ry  to  b ea r  in  m in d  th e  p o s s ib il ity  th a t  p a r t  o f th e  a c t iv e  sp ec ie s  
m a y  rea c t a t  th e  w a ll to  g iv e  a  r ea c tio n  p r o d u ct  w h ic h  m a y  or m a y  n o t  
b e  id e n tica l w ith  th e  “  o b serv ed  p r o d u ct ” w h ic h  is id e n tif ie d  w ith  th e  
h o m o g e n e o u s  r ea c tio n  ; th is  p o s s ib il ity  is  m ore  c o n v e n ie n t ly  co n sid ered  
in  re la tio n  to  d iffu s io n , c /§ §  2 .4 5 .

I t  is  to  b e  n o te d  th a t  th e  a b o v e  e x p r ess io n s  fo r  Rac are in d ep en d e n t  
o f w h eth er  th e  a c t iv e  sp ec ie s  is ch a rg ed  or n o t.

2.4. The Destruction of the Active Species other than by the 
Formation of the Observed Product.

T h e  term  Rh in  (6) w h ic h  ta k e s  a c c o u n t  o f a ll th e se  o th e r  w a y s  in  
w h ic h  th e  a c t iv e  sp ec ie s  m a y  b e  c o n su m ed  m a y  b e  ex p r essed  a s th e  
su m  o f a  n u m b er  o f term s e a ch  rep re se n tin g  th e  ra te  o f  lo ss  in  a  p a r ­
ticu la r  w a y , or

Rh =  Ra +  Re +  R+ -f- Rd +  Rj) + . . . , .  . (6 .2)

th e  in d iv id u a l term s b e in g  d efin ed  b e lo w . O n a c c o u n t o f  th e  n u m ero u s  
p o ss ib ilit ie s , w e  do n o t  a t te m p t  m ore  th a n  to  co n sid er  th o se  d e str u c tiv e  
p ro cesses th a t  are  u su a lly  im p o r ta n t in  in te rp re tin g  th e  d a ta  fo r  d is­
ch arge  rea c tio n .

2.41. Radiative Loss.—T h is  lo ss  is  r ep resen ted  b y  th e  term  RA 
w h ic h  is  zero  e x c e p t  w h e n  th e  a c t iv e  sp e c ie s  is  a n  e x c ite d  s t a t e ; in  
th is  la tte r  case

R \  ~  ANXa p  . . . . (9)

w h ere  A  is  th e  r a d ia tiv e  tr a n sit io n  p r o b a b i l i t y ; * fo r  n orm al e x c ite d  
s ta te s  A  is  a b o u t i o 8 to  i o 7 se c .- 1 , a n d  fo r  m e ta s ta b le  s ta te s  i t  m a y  b e  
i o 4 or less.

2.42. Destruction by Collisions with Electrons.—T h e  co n tr ib u ­
tio n  to  Rl b y  p ro cesses o f th is  ty p e  is  d e n o te d  b y  Re ; i t  is  c o n v e n ie n t  to  
d istin g u ish  b e tw e e n  th e  ca se  w h en  th e  a c t iv e  sp ec ie s  is u n ch a rg ed  a n d  
w h en  it  is  ch arged .

W h e n  th e  a c t iv e  sp ec ie s  is  u n ch a rg ed  Re is  o f th e  sa m e  form  as Rer 
(cf. § 2 .1 ), a n d  m a y  b e  d er iv ed  from  e x p r ess io n  (3) o f P a r t  I w h en  A is 
rep la ced  b y  A0 , a n d  w h e n  th e  m e a n in g  o f  Q(V) is  ch a n g e d  so  th a t  i t  n o w  
d e n o te s  th e  cro ss-sec tio n  fo r  d e str u c tio n  o f th e  a c t iv e  sp ec ies  b y  e lectro n

* When more than one radiative transition is possible, A  must be replaced 
b y  the sum of the A ’s concerned.
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im p a c t  ; * fo r  u n ifo rm  p o s it iv e  co lu m n  c o n d itio n s  th ere  is th en  a  
co rresp o n d in g  tj w h ic h  is  d en o ted  b y  t]ri and  w e  find

R0 =  \ ap(Xp-')IeT)r . . . (10 .1 )
or =  o - i8  XapN{Xp~1)Ima rjr . . . (10 .2 )

A n d  sim ila r  e x p r ess io n s  m a y  b e  d er ived  fo r  th e  co n d itio n s  in  a  n e g a t iv e  
g lo w .

W h e n  th e  a c t iv e  sp ec ies  is  p o s it iv e ly  charged  Re is a g a in  o f th e  sa m e  
form  as Rer fo r  co llis io n s  w h ic h  resu lt in  e x c ita t io n  or fu rth er  io n isa tio n ,  
w h ic h  p ro cesses u su a lly  in v o lv e  r e la t iv e ly  fa s t  e lectro n s . F o r  s lo w  
e le c tr o n s , h o w ev e r , e lec tro n  ca p tu re , or reco m b in a tio n , is  l ik e ly  to  be  
th e  im p o r ta n t  p ro cess  ; fo r  th is  case  Re m a y  b e  ex p ressed  in  a  form  sim ila r  
to  (8 .4) w h en , as is  u su a l, tern a ry  co llis io n s are in v o lv ed , or

Re — 16 kaeB tte Xa Ab p~, . . ■ (ro -3)

w h ere  ne is  th e  e lec tro n  co n c en tra tio n  and  kaeB is th e  co llis io n a l e ffic ien cy . 
W h e n  th e  a c t iv e  sp ec ies  is n e g a t iv e ly  charged , Re is ag a in  o f th e  sa m e  
fo rm  as Rer fo r  c o llis io n s  w h ich  resu lt e x c ita t io n  or io n isa tio n .

2.43. Destruction by Collision with Positive Ions.— T h e  c o n ­
tr ib u tio n  o f th is  ty p e  o f process to  Rh is d en o ted  b y  R + , and  s in ce  f a s t  
io n s  are ra re ly  en co u n tered  w e  m a y  m a k e  use of ex p ressio n s fo r m a lly
s im ila r  to  (8 .1) so  th a t  c o n v e n ie n t  form s fo r  R+ are

R+ =  1-3 X  i o 7 Nka+ Aa A+ p2, . . . (1 1 .1 )
=  i-3  x  101 ka+n+ Xap, . . . (11 .2)

an d  =  4  x  IO“10 Nka+n+ Xap, . . . (11 .3)

w h ere  n+ =  A+ Np  is th e  c o n cen tra tio n  of p o s it iv e  ions, and  ka+ is  th e  
co llis io n a l e ffic ien cy . T h ese  ex p ressio n s are a p p rop ria te  to  th e  ca se  o f
a n  u n ch a rg ed  a c t iv e  sp ec ies  rea c tin g  ch em ica lly , or e x ch a n g in g  charge,
w ith  a  p o s it iv e  io n . If th e  a c t iv e  sp ec ies  is n e g a t iv e ly  charged , re ­
c o m b in a tio n  is  th e  p ro cess m o st  l ik e ly  to  be im p o r ta n t, a n d  s in c e  th is  
p ro cess in v o lv e s  te rn a ry  co llision s, w e  find for  R +

R+ =  6 X  i o 17 ¿ a+B Aa A+ \ Bp3, . . . (11 .4)

or = 1 6 ka+Bn + \a \ Bp 2..................................................... (11 .5 )
or =  4-6 X  IO"10 ka+B Nn+ A0 AB p 3, . . ( n . 6)

w h ere  ka+B is  th e  c o llis io n a l effic iency.
2.44. Destruction by Collision with Uncharged Particles w ith­

out any consequent Formation of the Observed Product.— T h e  c o n ­
tr ib u tio n  b y  p r o c esse s  o f th is  ty p e  to  is  d en o ted  b y  Rd, an d  m a y  b e  
o f m a n y  v a r ie t ie s  ; fo r  e x a m p le , in  th e  case  o f an un ch arged  a c t iv e  
sp ec ie s  it  m a y  r ea c t w ith  itse lf  to  form  an  u n o b serv ed  p ro d u ct, or, if  

' m e ta s ta b le ,f  i t  m a y  lo se  p a r t or all o f it s  e x c ita t io n  en erg y  in  co llis io n s  
in  th e  o th e r  sp ec ies . In gen era l, th e  a c t iv e  sp ec ies  m a y  b e  regard ed  
a s r e a c tin g  w ith  so m e  sp ec ies Q p resen t a t  th e  p a rtia l pressu re Aqp,

* In  general more than one type of destructive process is  possible, and then  
1?, m ust be replaced by the sum of the individual R,'s concerned.

f  I t  is to  be noted th a t vibrationally and rotationally excited  m olecules in  
the ground electronic sta te  are usually m etastable, and together w ith  atom s and  
m olecules in electronically m etastable states m ay lose their energy of excitation  
in collisions.
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and Rd h a s  th en  th e  sa m e  form  a s Rac. B y  a n a lo g y  w ith  (8 .1) for  th e  
case  o f a  b im o lecu la r  p ro cess, w e  find

Rd — 4‘6 X  i o 23 kaQ An Aq p a, . . . (13.1)
or =  1-3 X io 'k aQN  \ a \ Qp*; . . (13 .2 )

a n d  ex p r ess io n s  s im ila r  to  (8 .3) m a y  b e  d er iv ed  fo r  tern a ry  p ro cesses . 
W h e n  th e  a c t iv e  sp ec ies  is  p o s it iv e ly  ch arged , i t  m a y  so m e tim e s  be  
m ore c o n v e n ie n t  to  use ex p r ess io n s  for  Rd s im ila r  to  th o se  fo r  R+. In  
g en era l, th ere  m a y  b e  se v e ra l p ro cesses s im u lta n e o u s ly  c o n tr ib u tin g  to  
th e  h o m o g e n e o u s d e str u c tio n  o f  th e  a c t iv e  sp ec ies , a n d  in  th is  ca se  i t  is  
n e c essa ry  to  rep la ce  Rd b y  th e  su m  o f th e  r e le v a n t Rd s  fo r  th e  in d iv id u a l  
processes.

2.45. Loss by Diffusion and the Stationary State.— F o r reason s  
th a t  w ill b e  a p p a re n t sh o r tly , i t  is  c o n v e n ie n t  w h en  d isc u ss in g  th is  
p rocess n o t  m e re ly  to  fo r m u la te  th e  r a te  o f  lo ss  o f  th e  a c t iv e  (or a n y  
other) sp ec ies , as h as b een  d o n e  w ith  o th e r  ty p e s  o f p ro cesses , b u t  to  
co n sid er  th is  ra te  d ir e c t ly  in  r e la tio n  to  th e  s ta t io n a r y  s t a t e  a n d  to  its  
e ffec t o n  th e  fr a c tio n a l c o n c e n tr a tio n  o f th e  sp ec ies , Aa. T w o  ca ses  
con sid ered  in  w h ic h  th e  p ro b lem  is  tr a c ta b le  are :— *

(a) T h e  a c t iv e  (or o th er) sp ec ies  is d e str o y e d  on  r ea ch in g  th e  w a ll
or o th e r  su rfa ces b o u n d in g  th e  r ea c tio n  z o n e  so  th a t  th ere  is  
n o  reflec tio n  o f th e  sp ec ie s  a t  th e se  b ou n d a ries , and

(b) O n ly  a  v e r y  sm a ll fr a c t io n  o f  th e  sp ec ie s  is  d e str o y ed  a t  th e
b o u n d a ries, th a t  is, a  large  fra ctio n  is r eflec ted  u n ch a n g ed .

In w h a t  fo llo w s  w e  r e s tr ic t  a t te n t io n  to  th e  case  o f a  c y lin d r ica l d isch a rg e  
tu b e , a n d  m a k e  co n sid era b le  use o f  th e  a n a ly s is  o f d iffu sio n  p ro cesses  
g iv e n  r e c e n t ly  b y  E m e le u s  a n d  B e c k .3

F o r  an  in d e fin ite ly  lo n g  tu b e  in  w h ic h  th e  c h em ica l a c t iv i t y  o f a  
d isch a rg e  is  u n iform , d iffu s io n  is  rad ia l o n ly  (e x c e p t  near  th e  a x ia l  
b ou n d a ries), a n d  h e n c e  Rd , th e  v o lu m e  ra te  o f lo ss  o f  th e  sp ec ies  b y  
d iffu sio n  a t  th e  rad ia l d is ta n c e  r from  th e  a x is , in  p a r tic les  c m .-3  s e c .-1  
is g iv en  b y  3

R d  =  (ND/r)d/dr(rdXaldr), . . . (14 .1)

w h ere  D is th e  c o effic ien t o f d iffu s io n  o f th e  sp ec ie s  in  th e  r ea c tin g  g as  
a t  u n it  pressu re , I m m . If w e  n o w  d e n o te  th e  su m  o f th e  ra tes  o f  a ll  
o th er  lo sse s  o f  th e  sp ec ies  b y  R*L so  th a t  from  (6.2) w e  m a y  w r ite

i?L =  R*l +  R D, . . . . (14 .2 )

an d  s u b s t itu te  th e  a b o v e  e x p r ess io n  for in  th e  g en era l ex p ressio n  
fo r  th e  s ta t io n a r y  s ta te , w e  find , a fte r  rearran g in g ,

(NDIr)dldr(rd\a/dr) +  (&  Rer +  Raf) -  (Rac +  i?*) =  0 . (14 .3 )

T h e  so lu tio n  o f th is  e x p r ess io n  for  Aa as a  fu n c t io n  o f  r, a n d  o f  th e  
a n a lo g o u s ex p r ess io n s  th a t  m a y  b e  w r itte n  for o th e r  sp ec ies  (cf. § 2 .6 ), 
is , h o w ev er , tr a c ta b le  in c er ta in  sp ec ia l ca se s  o n ly . In p a rticu la r , for  
ca se  (a) (a b o v e ), in  w h ic h  Aa is  zero  a t  r — r0 , th e  ra d iu s o f th e  b o u n d a ry ,  
a n d  p r o v id ed  th a t  1£1 i?er +  Raf is in d e p e n d e n t o f  r a n d  Aa , an d  th a t  
{Rac +  R-l) '3 a  lin ear  fu n c tio n  o f Aa , th e  so lu tio n  o f (14 .3 ) is 3

A- ” ? r  u r . v m m i  ' ' ' ( s>

* It  is, of course, possible that the effects of diffusion m ay be modified by  
those caused by convection, but for this complication no analysis of the problem 
appears to have been attempted.
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w h ere  a  =  (fa Rer +  Raf), ft — (Rac - f  RL)/Xai and  J 0 d e n o te s  th e  
B e sse l fu n c tio n  o f  zero  order here w ith  a n  im a g in a ry  a rg u m en t. T h e  
res tr ic tio n  on  fa Rer is  fu lfilled  w h en  Rer is defined  b y  (7.1) or  (7 .2 ), w h ich  
is  e q u iv a le n t  to  reg a rd in g  th e  d isch arge  as a p p ro x im a te ly  un iform  rad ia lly ;  
b u t th e  so lu tio n  o f (15) th en  y ie ld s  o n ly  a  co rresp o n d in g ly  a p p ro x im a te  
v a lu e  fo r  Attf .  B u t  e v en  su ch  a p p ro x im a te  e s t im a te s  fo r  A„ are o ften  
v a lu a b le  : fo r  w h e n  A„ is k n o w n  it  is  a t  once  p o ssib le  to  ju d g e  w h eth er  
th e  a rb itra ry  b u t  p r a c tic a lly  im p o r ta n t req u irem en t (cf. In tro d u ctio n )  
th a t  th is  q u a n t ity  sh a ll n o t  e x ce ed  so m e sp ecified  v a lu e  is fu lfilled .*  
W h e n  p/(ND)  is  sm a ll co m p ared  w ith  u n ity , w h ich  u su a lly  ar ises w h en  
(Rac -f- /?£) is r e la t iv e ly  sm a ll, th e  e s tim a tio n  o f A0 is s im p le  b eca u se  (15) 
th e n  red u ces to

Aa =  0-25 (x/py0[PI(ND)](i -  r»lt*l

=  0 -25  [ô 0l(ND)](l -  r>tf) ; . . (15 .1)

from  th is  i t  m a y  b e  seen  th a t  th e  m a x im u m  v a lu e  of Aa occu rs a t  r =  0, 
or

Aa,max. =  w*ol(4ND). . . ■ (15 .2)

S in ce  fo r  m a n y  d isch a rg e  tu b es  r* is a b o u t 4 , th e  fo llo w in g  a p p ro x im a te  
ex p r ess io n  is  so m e tim e s  usefu l

^a.max. ^  Cc/(ND), • ■ • ( f 5’3)

w h ic h , w h en  Raf is  zero , b eco m es from  (7.2)

Aa,max. ^  O'2 p fa(Xp 1) / m ar;/D . . . (15 .4)

S in ce  D  is  o f  th e  order o f i o 3, and  sin ce  fa(Xp~x)Ima rj is u n lik e ly  to  
e x c e e d  a b o u t 10, w e  reach  th e  a p p ro x im a te  rela tion

Aa,max. < 2 X 1  o-3p. . . . ( 15-5)

T h is  r e la tio n  sh o w s th a t , for  e x a m p le , Aa is u n lik e ly  to  e x ce ed  a b o u t  
o -o i  a t  all p ressu res b e lo w  a b o u t 10 m m ., p rov id ed  a lw a y s th a t  p/(ND) 
is  sm a ll co m p a red  w ith  u n ity .

A g a in  fo llo w in g  E m e le u s  and  B eck , w e  con sid er  n e x t  f w , th e  fra ctio n  
o f  th e  a c t iv e  sp ec ie s  p ro d u ced  w h ich  reach es th e  w a ll. T h e  ra te  o f  
th is  la t te r  p ro cess p e r  u n it  len g th  o f tu b e  is g iv en  in  m o lecu les  s e c .-1  b y

Sw=  -  2nr0 ND  (dAa/d r)r=ro, . . . (16)

w h ils t  th e  co rresp o n d in g  ra te  o f  p ro d u ctio n  is  7rr02« ,  an d  h en ce  w h en  
Raf is zero

^  =  • • • ( l 6 -J)
T o  p ro ceed  fu r th er  (dAa/dr)r=r„ m u st be e v a lu a ted  from  (15), b u t  th e  
r e su lt in g  ex p r ess io n  b eco m es tr a cta b le  o n ly  w h en  fil(ND) is sm a ll
co m p a red  w ith  u n ity , fo r  w h ich  case  it  is fo u n d  th a t

/ . « 1 -  i ^ m m i  ■ • • (16 .2)

S in ce  in  p r a c tic e  r f  is  ra re ly  larger th a n  a b o u t 8, th is  r e la tio n  sh o w s,  
fo r  th e  sp ec ia l c o n d it io n s  assu m ed , t h a t / „  is  c lo se  to  u n ity , th a t  is , th a t

* In case (6) (p. 1082) A„ is nearly constant (vide infra), and the term represent­
ing the rate of formation of any intermediate, or final, product by  the reaction 
of the active species is likewise independent of r ; that is, when considering 
such other species, the terms which replaces (cf. § 2.6) closely conforms to
the condition that a  in (15) shall be independent of position.
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a  v e r y  la rg e  fr a c tio n  o f  th e  a c t iv e  sp ec ie s  rea ch es th e  w a lls . C on­
v e rse ly , i t  m a y  b e  seen  th a t  w h en  P/(ND) is  n o t  sm a ll co m p a red  w ith  
u n ity  a  la rg e  fr a c tio n  o f  th e  a c t iv e  sp ec ie s  p ro d u ced  w ill su ffer  so m e  
so r t o f  ch a n g e  or r ea c tio n  b efore  rea ch in g  th e  w a ll, b u t  w h e th e r  th is  is 
m a in ly  co n cern ed  in  fo rm in g  th e  o b serv ed  p ro d u ct or in  d e s tr u c tiv e  
p ro cesses c a n n o t b e  ju d g ed  w ith o u t  a  m o re  d e ta ile d  e x a m in a tio n  o f  th e  
term s co m p r is in g  p.

In  th e  o th e r  e x tr e m e  ca se , (b), la rg e  w a ll reflec tio n , (14 .2 ) is  s t i l l  
a p p lic a b le  b u t in tr a c ta b le . I t  ca n  b e  seen , h o w ev er , th a t  in  th is  case  
th e  c o n c en tra tio n  a t  th e  w a ll c a n  d iffer  l i t t le  fro m  th a t  in  th e  m a in  b o d y  
o f th e  g a s, a n d  th u s to  a  first a p p r o x im a tio n  Ad m a y  b e  regard ed  as  
in d e p e n d e n t o f p o s it io n . I f  kw d e n o te s  th e  fr a c t io n  o f a c t iv e  sp ec ie s  
w h ic h  are n o t  reflec ted  on  rea ch in g  th e  w a ll, i t  fo llo w s th a t  th e  ra te  a t  
w h ic h  th e y  reach  th e  w a ll per u n it  le n g th  o f tu b e  is  a p p r o x im a te ly  g iv en  
b y

S „  =  277r 0 . 0-25 kw XapNc . . . ( i 7)

w h ere  c is  th e  m ea n  v e lo c ity  o f th e ir  th erm a l a g ita t io n  ; h e n c e  R D 
th e  ra te  o f lo ss  in  th is  w a y  p er  u n it  v o lu m e  is  g iv en  b y

=  SJvr*
=  0-5 (kw/r0)XapNc. . . . (17 .1)

A g a in  i t  tra n sp ires th a t  RD is a  lin ea r  fu n c tio n  o f A „.
A p p r o x im a te  so lu tio n s  o f th e  co rresp o n d in g  p ro b lem s for th e  ca se  

o f n e g a t iv e  g lo w  r ea c tio n  ca n  b e  fo r m u la ted  in  term s o f m o d e ls  w h ic h  
rep resen t a p p r o x im a te ly  th e  c h a r a c te r is tic s  o f  th is  zo n e . In  th e  first  
o f th ese , Z, th e  v o lu m e  o f  th e  zo n e  is  ta k e n  to  b e  g iv e n  b y  Z0/p w h ere  
Z0 is  th e  e q u iv a le n t  v o lu m e  a t  u n it  p ressu re  ; th is  m o d e l is  u su a lly  
a p p ro p r ia te  to  th e  c o n s id e r a tio n  o f ca ses  in  w h ic h  th e  o b ser v e d  p r o d u ct  
is  fo rm ed  b y  h o m o g e n e o u s  r ea c tio n  a n d  th e  lo ss  o f  th e  a c t iv e  sp ec ies  
b y  d iffu sio n  to  th e  w a lls  is sm a ll (cf. § 2 .1 ) .  In  th e  o th er , r e c e n t ly  
in tr o d u c e d  b y  E m e lé u s  a n d  B e c k ,3 th e  fo r m a tio n  o f th e  a c t iv e  sp ec ies  
b y  e le c tr o n -r e a c ta n t co llis io n s  th r o u g h o u t th e  zo n e  is  id e a lise d  as 
e q u iv a le n t  to  a  r a d ia lly  u n ifo rm  f lu x  o f  th e  a c t iv e  sp ec ie s  e n te r in g  th e  
z o n e  a t  it s  n e g a t iv e  b o u n d a ry , th e  r a te  o f fo r m a tio n  in  th e  z o n e  th en  
b e in g  zero  a n d  th e  e x t e n t  o f  th e  z o n e  to w a r d s  th e  a n o d e  u n sp ec ified . 
T h is  m o d e l is  p a r tic u la r ly  h e lp fu l w h e n  a ll th e  h o m o g e n e o u s r ea c tio n s  
o f  th e  a c t iv e  sp ec ies  are  r e la t iv e ly  u n im p o rta n t  a n d  th e  o b serv ed  p r o ­
d u c t  is  fo rm ed  a s a  co n se q u en ce  o f  th e  d iffu s io n  o f th is  sp ec ie s  to  th e  
w a lls .

In  th é  first m o d e l th e  w a ll a rea  b o u n d in g  th e  d isch a rg e  z o n e  is 
2Z 0l(pr0), a n d  th e  w a ll a rea  per u n it  v o lu m e  o f th e  z o n e  2 jr0 . N e g le c t ­
in g  a n y  d iffu sio n a l lo ss  in  th e  d ir ec tio n  o f  th e  tu b e  a x is , f?D , th e  a v e ra g e  
v o lu m e  ra te  o f  lo ss  o f th e  a c t iv e  sp ec ie s  b y  d iffu sio n , is  th e n  2 /r0 t im es  
th e  a v era g e  ra te  o f lo ss  per u n it  area  o f w a ll ; h e n c e  fo r  ca se  (a), n o  w a ll  
reflec tio n , b y  a n a lo g y  w ith  (16) w e  find

R»  =  - ( 2 / r 0)ND(dXa/ d r ) ^  . . . (18 .1)

w h ere  th e  term  in v o lv in g  Aa d e n o te s  th e  a v e ra g e  v a lu e  o v e r  th e  w h o le  
w a ll b o u n d in g  th e  zo n e . A n  a p p r o x im a te  e s t im a te  fo r  th is  term  m a y  
be  d er iv ed  b y  r ep la c in g  th e  R’s in  a  a n d  p  in  (15) b y  th e  a p p ro p r ia te  
R's, a n d  th e n  e v a lu a t in g  dAa/d r fo r  r — r0 ; b u t , a s  in  d e r iv in g  (1 6 .2 ), 
th e  c o m p u ta tio n  is s im p le  o n ly  w h en  P/(ND) is sm a ll co m p a red  w ith  
u n ity . F o r  ca se  (b), la rg e  w a ll r eflec tio n , th e  w a ll lo ss  per  u n it  a rea
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is  a g a in  g iv en  a p p r o x im a te ly  b y  0-25 kwXapNc w h ere  Aa is th e  v o lu m e  
a v e r a g e  q u a n t ity  ; a n d  h en ce , n e g lec tin g  as b efore  a n y  lo ss  in  th e  a x ia l 
d ir ec tio n s , w e  find  th e  a p p ro x im a te  rela tio n

R d  =  0-5 (kJr0)Xa pNc. . . . (18 .2 )

In  th e  o th e r  m o d e l o f th e  n e g a tiv e  g lo w  Sf, th e  f lu x  o f th e  a c t iv e  
sp ec ie s  in to  th e  zo n e  from  th e  id ea lised  d isc  o f  g en era tio n  a t  th e  
n e g a t iv e  b o u n d a ry , in  m o lecu les  (or a tom s) c m .-2  se c .-1 , is g iv en  b y

■S', =  ( i M ) & /? ,/„ •  • • - (19 .1)

T h e  a n a ly s is  o f  E m e lé u s  an d  B e c k 3 sh o w s th a t  th e  s ta t io n a r y  s ta te  is 
th e n  fo r m a lly  e x p r essed  b y

(NDIr)d/dr(rdXa/dr) -f- a (r , 2) — p(r, z)Xa +  NDtfXJdz2 =  0  . (19 .2)

th e  2 d ir ec tio n  b e in g  th a t  o f  th e  tu b e  a x is  ; in  th is  e x p ress io n  a (r, 2) 
rep resen ts  Ra f , a n d  ¡3(r, 2) =  (Rac -f- R¿)/A 0 . E m eléu s  an d  B e ck  g iv e  
th e  so lu tio n  o f  th is  ex p ressio n  fo r  ca se  (a), no  w a ll r eflec tio n , w h en  th ere  
are n o  g e n e r a t iv e  or d e str u c tiv e  h o m o g en eo u s p rocesses in v o lv in g  th e  
a c t iv e  sp ec ie s  (i.e., Ra f , Ra c , R , are zero) ; th is  reads

w h ere  =  2-40  is th e  first zero  of J 0 , Ji(s0) =  0-52, and  th e  orig in  
o f  2 is ta k e n  to  b e  th e  p la n e  of g en era tio n  of th e  a c t iv e  sp ec ies . T h e  
m a x im u m  v a lu e  o f  A„ th e n  occu rs a t  th e  cen tre  o f th e  g e n e ra tin g  d isc , 
r =  0 , 2 =  O ; h en ce

^a.max. =  ro Sf/(ND).
F ro m  (19 .1 ) th is  m a y  b e  w r itte n  in  th e  m ore  c o n v e n ie n t  fo rm , a fter  
c o n v e r t in g  to  p r a c tic a l u n its  o f  cu rren t an d  so m e  sim p lific a tio n  (cf. 
§ 2 .1 ) ,

^a, max. = ( 0 - i 8 ¡'„JO. . . . (19 .4)

T h e  im p o r ta n c e  o f th is  exp ressio n , w h ich  d o es n o t  in v o lv e  th e  pressu re, 
is  th a t  i t  e n a b le s  Aaimax. to  b e  co m p u ted  s im p ly  w h en  Raf is  zero  or 
n e g lig ib le , w h ic h  is  th e  case  u su a lly  en co u n tered . A n d  e v en  if  th e  
a c t iv e  sp ec ie s  rea c ts  h o m o g e n e o u s ly  Aatmax. is  th e n  a n  u p p er  lim it  to  
th e  fr a c tio n a l c o n c en tra tio n  of th e  a c t iv e  s p e c ie s ; a lte r n a t iv e ly , th e  
e x is te n c e  o f su ch  h o m o g e n e o u s rea c tio n  m a y  b e  regard ed  as e x e r t in g  
a n  e ffe c t e q u iv a le n t  to  a n  in crea se  in  th e  d iffu sio n  c o n s ta n t  D w h en  it  
is su p p o se d  in  so lv in g  (19 .3 ) th a t  su ch  p ro cesses are n o t  o p e r a tiv e .

F o r  th e  sa m e  ca se  (a) th e  ra te  a t  w h ich  th e  a c t iv e  sp ec ies  rea ch es  
th e  w a ll p er  u n it  le n g th  o f tu b e  is  s t i l l  g iv en  b y  (16) b u t  w h e n  h o m o ­
g e n e o u s d e s tr u c t iv e  p ro cesses are  a b se n t  w e  fin d , a fter  e v a lu a t in g  
(dAa/d r )r=ro from  (19 .2 ),

Sw(z) =  0-5 s0 Sf e-*o'l'.. . . . (19 .5 )

F ro m  (19 .1 ) th is  y ie ld s  th e  s im p le  a p p ro x im a te  e x p r ess io n  fo r  th e  
p r a c t ic a lly  im p o r ta n t case  in  w h ic h  r0 is  a b o u t 2 cm .

Sw(z) ^  o - i  X  iO-*/>o X l't ■ ■ (19-6)

T h e  im p o r ta n c e  o f  th e se  e x p ress io n s  in  e s t im a tin g  th e  e x te n t  o f  h e te r o ­
g e n e o u s  rea c tio n s  in  d isch arges is em p h a s ised  b y  E m el^ u s a n d  B e c k .3
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2.5. Summarising Statement relating to the Active Species in 
the Stationary State.

T h e  g en era l e x p r ess io n  fo r  th e  fr a c tio n a l c o n c en tra tio n  o f th is  sp ec ie s  
fo llo w s  from  (6), ( 6 .i ) ,  a n d  (6 .2 ) as

>    jfe 1 Rer ~t~ Rgf________________ . If,
a ( l / K ) ( R a c  +  +  R e  +  R d +  R + +  Rj>)' ' [ 61

b u t th e  c o n sid e r a tio n s  a d v a n ce d  in  § 2 .45  sh o w  th a t  th is  is  c o n v e n ie n t  
o n ly  w h e n  th e  d iffu s io n a l lo ss  is  sm a ll. In  th is  ca se  i t  h a p p e n s  fr e ­
q u e n t ly  th a t  R v  a n d  all th e  o th e r  R’s in  th e  d e n o m in a to r  are lin ea r  
fu n c tio n s  o f Aa ; w h e n  h ig h er  p o w ers o f Xa are in v o lv e d  i t  is  fo u n d  th a t  
o n ly  o n e  root o f (6 .3) is  p h y s ic a lly  s ig n ifica n t. W h ils t  (6 .3) is  a p p lica b le  
to  a n y  p o in t  w h e n  th e  d isch a rg e  a n d  r ea c tio n  z o n e s  are c o -e x te n s iv e ,  
th e  a p p lic a tio n  o f th is  e x p r ess io n  to  th e  c o n d it io n s  o f u n iform  p o s it iv e  
co lu m n  an d  n e g a t iv e  g lo w  r ea c t io n  n e c e s s ita te s  th e  in tr o d u c tio n  o f th e  
a p p ro p ria te  v o lu m e  a v e ra g e  v a lu e s  fo r  all th e  R's c o n c e r n e d ; th e  
e x p r ess io n  th e n  y ie ld s  a p p r o x im a te  v o lu m e  a v e ra g e  v a lu e s  fo r  Xu . W h e n  
th e  d iffu s io n a l lo ss  o f  th e  a c t iv e  sp ec ie s  is  la rge , (6 .3 ) m a y  s t il l  b e  u sed  
to  g iv e  a  ro u g h  e s t im a te  fo r  th e  u p p er  lim it  to  Aa b y  o m itt in g  R-q in  th e  
d e n o m in a to r ; a lte r n a t iv e ly , in  c er ta in  lim ite d  c o n d it io n s  Att m a y  b e  
c o m p u te d  fro m  th e  e x p r ess io n s  d er iv ed  from  (15) a n d  (1 9 .3 ).

2.6. The Stationary State in relation to other Species.
T h e  fo r eg o in g  a n a ly s is  fo r  th e  a c t iv e  sp ec ie s  m a y  b e  regard ed  as  

a  sp ec ia l ca se  o f  th e  s ta t io n a r y  s ta te  fo r  w h ic h  th e  r a te s  o f  fo r m a tio n  
and  d e str u c tio n  o f a  sp ec ie s  ca n  b e  sp ec ified . T o  d er iv e  At- , th e  fr a c tio n a l  
c o n c en tra tio n  o f  a n y  in te r m e d ia te  sp ec ies , i t  is m e re ly  n e c essa ry  to  m a k e  
th e  fo llo w in g  s u b s t itu t io n s  in  a ll th e  e x p r ess io n s  fo r  A0 : faRer is  re­
p la c ed  b y  R{ , th e  ra te  o f  fo r m a tio n  o f  th e  in te r m e d ia te  sp ec ies , Rac b y  
Ric , th e  ra te  a t  w h ic h  th e  in te r m e d ia te  sp ec ies  is c o n su m ed  in fo rm in g  
th e  o b ser v e d  p r o d u ct b y  h o m o g e n e o u s  r ea c tio n , a n d  th e  in d iv id u a l  
term s in  Rh are c h a n g e d  to  re la te  to  th e  d e str u c tio n  o f  th e  sp ec ie s  in  
th e  v a r io u s  o th e r  p o ss ib le  w a y s . P r e c ise ly  s im ila r  s u b s t itu t io n s  are  
a p p ro p ria te  to  th e  d e r iv a tio n  o f  A „ , th e  fr a c t io n a l c o n c en tra tio n  o f th e  
o b serv ed  p ro d u ct, e x c e p t  th a t  fa Rer -f- Raf is  to  b e  rep la ced  b y  R v , 
th e  ra te  o f fo r m a tio n  o f  th e  p r o d u ct  b y  h o m o g e n e o u s  * r ea c tio n  as  
d ed u ced  from  e x p e r im en t. It is  im p o r ta n t  to  n o te , h o w ev e r , th a t  
w h en  th e  o b serv ed  p r o d u ct  o f  h o m o g e n e o u s  r ea c tio n  is r em o v e d  from  
th e  sy s te m  b y  refr ig era tio n  o f th e  d isch a rg e  tu b e  w a ll, th e  c o n d it io n s  
corresp on d  c lo se ly  w ith  ca se  [a) (p . 1082) a n d  w ith  th e  r e s tr ic t io n s  for  
w h ic h  th e  so lu t io n s  o f e x p r ess io n s  (14 .3 ) a n d  (19 .2 ) are a v a ila b le  ; for  
h o m o g e n e o u s  d e str u c tio n  is  th e n  u s u a lly  u n im p o rta n t.

Summary.
T h e in d iv id u a l fa c to rs co m p ris in g  th e  q u a n tity  <P, th e  e lectro -ch em ica l  

an a logu e o f th e  p h o to -ch em ica l q u a n tu m  y ie ld , a re  sp ec ified . T h is  
q u a n tity  d en o tes  th e  nu m ber o f m o lecu les  o f a n  o b serv ed  p ro d u ct w h ic h  
are form ed p er  e lec tro n -rea c ta n t c o llis io n  g en era tin g  th e  a c t iv e  sp ec ies  
w h ich  in it ia te s  reaction , an d  is  u sed  to  re la te  th e  ra te  o f su ch  e le c tr o n -

* I t  is possible that a given active species yields the same observed product 
by  homogeneous reaction and by heterogeneous reaction a t the wall of the 
discharge tube.



R. W. LU N T AND G. E. SW IN D ELL 1087

r e a c ta n t co llis io n s to  th e  ra te  o f fo rm ation  o f th e  observed  p rod u ct. O f 
th e se  fa c to rs th e  o n ly  on e  th a t  u su a lly  depend s o n  th e  ex p erim en ta l  
c o n d itio n s  is  th e  fra ctio n a l u tilisa tio n  of th e  a c t iv e  sp ec ies . F ro m  a c o n ­
s id era tio n  o f d isch arge  rea c tio n  proceed ing  in  a  s te a d y  s.tate, form al 
ex p ressio n s are d er ived  for th e  depen d en ce  o f th e  fractio n a l co n cen tra tio n  
o f th e  a c t iv e  sp ec ies  o n  th e  ex p erim en ta l co n d itio n s a n d  th e  ra te  o f th e  
r e le v a n t e lec tro n -rea c ta n t co llision s. T h e  corresponding d ep en d en ce  o f  
th e  fra ctio n a l u t il isa t io n  o f th e  a c t iv e  sp ecies, and  h en ce  th a t  o f 0 ,  is  
th e n  r ea d ily  d ed u cib le . T he  e x ten sio n  o f th is  a n a ly sis  t o  th e  co n d itio n s  
in  u n iform  p o s it iv e  co lu m n  an d  n eg a tiv e  g lo w  reaction , and  to  o ther  
sp ec ies , is  b r iefly  o u tlin ed .

T h e  a u th o rs  h a v e  m u ch  p lea su re  in  th a n k in g  P rof. K . G. E m eleu s  
fo r  e n a b lin g  th e m  to  read  th e  p ap er  o f E m eleu s an d  B e ck  in  d ra ft, an d  
e x p r ess  th e ir  g r a t itu d e  to  P rof. E m el6 u s a n d  to  th e ir  c o llea g u e  Mr.
H . C. H a ll fo r  h e lp fu l d iscu ssio n s . T h e y  a lso  ten d er  th e ir  th a n k s  to  
M essrs. C a llen d er's C ab le a n d  C on stru ctio n  Co., L td ., for o p p o r tu n itie s  
to  c o m p le te  th is  in v e s t ig a t io n  and  for c o n se n t to  p u b lish  th e  resu lts.
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K ir k b y ,1- 2- 3 w o r k in g  in  T o w n se n d ’s  la b o ra to ry , descr ib ed  the  
first q u a n t ita t iv e  e x p e r im en ts  on th e  rea ction  b e tw e en  h y d ro g en  and  
o x y g e n  in  d isch a rg es, a n d  d em o n stra ted  th e  fu n d a m e n ta l d ifferen ce  
b e tw e e n  th e  ch e m ic a l a c t iv i ty  o f th e  n e g a tiv e  g lo w  (N .G .) a n d  th e  
p o s it iv e  co lu m n  (P .C .). S u b seq u e n tly , in  n u m ero u s p a p ers w id e ly  
d iv e r g e n t  v ie w s  on  th e  m ech a n ism  o f th e  rea ctio n s h a v e  b een  ex p ressed . 
In  th is  p a p er  w e  co n sid er  th e  r ea c tio n  in  th e  N .G . o n ly . O ur p u rp o se  
is  to  su m m a rise  th e  e x is t in g  d a ta , a n d  on  th e  b a sis  o f  th e  g en era l th e o r y  
o f d isch a rg e  r ea c tio n  g iv e n  in  P a rt I 23 o f th is  ser ies to  in terp re t th em  
in  te rm s o f r ea c tio n  m ech a n ism s w h ich  are c o n s is te n t  w ith  th e  k n o w n  
p h y s ic a l d a ta  fo r  th is  d isch a rg e  zo n e  and  w ith  th e  k in e tic s  o f  th e  o x id a ­
tio n  o f h y d ro g e n  in it ia te d  b y  lig h t  a b so rp tio n .

In  th e  p io n ee r  w o r k  o f K irk b y , and  in  la ter  w ork , th e  rea c tio n  p r o ­
d u c ts  w ere  r a p id ly  r em o v ed  from  th e  rea c tio n  z o n e  so  th a t  th e  g a s  in  
th a t  z o n e  c o n s is te d  m a in ly  o f r ea c ta n t m o lecu les , a  c o n d it io n  th a t  
s im p lif ie s  th e  a p p lic a t io n  o f th e  g en era l th e o r y  o f P a r t I. I t  w a s  n o t

1 K ir k b y ,  P h i l .  M a g . ,  1904, 7, 223. '  Ib id . ,  1905, 9, 131.
3 Ib id . ,  1907, 13, 2S9.
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o b serv ed  w h e th e r  th e  im m e d ia te  p r o d u ct o f  th e  r ea c tio n  is w a te r  or 
h y d ro g e n  p ero x id e  b e c a u se  th e  p h o sp h o ru s p e n to x id e  or  su lp h u r ic  a c id  
so m e tim e s  u sed  to  r em o v e  w a te r  from  th e  sy s te m  m u s t  h a v e  d eco m p o sed  
a n y  p e r o x id e  fo rm ed  ; fo r  th is  rea so n  th e  d a ta  a re  d iscu ssed  ev ery w h ere  
in  th is  p a p er  in  term s o f  th e  e q u iv a le n t  w a te r  fo r m a tio n . U s in g  a  
rea c tio n  v e sse l refr ig era ted  e x te r n a lly  6 to  — l8 o ° ,  i t  is rep o rted  th a t  
o n e-fifth  o f  th e  to ta l r ea c tio n  p r o d u ct is  p e r o x id e ; b u t  i t  is n o t  c lear  
w h eth er  th is  o r ig in a te s  in  th e  n e g a t iv e  g lo w  or in  th e  d isch a rg e  as a 
w h o le  in c lu d in g  th e  p o s it iv e  co lu m n .

T h e  a v a ila b le  q u a n t ita t iv e  d a ta  fo r  th e  o x id a t io n  o f h y d ro g e n  in  
th e  n e g a t iv e  g lo w  m a in ta in e d  in  h y d r o g e n -o x y g e n  m ix tu r e s  h a v e  b een  
a n a ly se d  in  d e ta il  to  d er iv e  v a lu e s  fo r  th e  “ e le c tr ica l r ea c tio n  v e lo c i ty  
c o n sta n ts  ” ¡3 a n d  77 w h ic h  th e  c o n s id e r a tio n s  a d v a n c e d  in  P a r t  I sh o w  
to  be th e  s ig n ifica n t q u a n tit ie s . 7S is th e  e q u iv a le n t  n u m b er  o f  w a te r  
m o lec u les  fo rm ed  in  th e  n e g a t iv e  g lo w  p er  e le c tr o n ic  c h a rg e  carried  b y  
th e  cu rren t as m ea su red  in  th e  e x te r n a l c ir cu it, a n d  is  k n o w n  a s th e  
cu rren t e f f ic ie n c y ; * 77 is  th e  e n e rg y  e ffic ien cy  in  m o lec u le s  p er  e lectro n -  
v o lt  (ev .) * a n d  is eq u a l to  w h ere  FN is  th e  p o te n t ia l  d ifferen ce
req uired  to  m a in ta in  th e  n e g a t iv e  g lo w . S tr ic t ly  sp ea k in g , /? a n d  77 
re la te  to  th e  c h e m ic a l a c t iv i t y  o f  a ll th e  d isch a rg e  z o n es , in c lu d in g  th e  
n e g a t iv e  g lo w , w h ic h  are  m a in ta in e d  b y  th e  e le c tr o d e  p o te n t ia l  d ifferen ce  
Vs  ; b u t  s in c e  th e  a v a ila b le  d a ta  fo r  d isch a rg e  r ea c t io n  s tr o n g ly  su g g e s t  
th a t  o f  th e  “  n e g a t iv e  z o n e s  ” (cf. P a r t  I) th e  n e g a t iv e  g lo w  is m a in ly  
resp o n sib le  fo r  th e  o b ser v e d  ch e m ic a l a c t iv i ty ,  w e  fo llo w  th e  u su a l  
proced u re  o f sp e a k in g  o f  “  n e g a t iv e  g lo w  ” r ea c tio n . In  o n e  or tw o  
ca ses, h o w ev e r , s tr o n g  e v id e n c e  is  fo u n d  fo r  a t tr ib u t in g  p a r t  o f th e  
o b serv ed  ch e m ic a l a c t iv i t y  o f th e  d isch a rg e  to  a  z o n e  c lo se  to  th e  c a th o d e  
su rfa ce. F o r  th e  m o st  p a r t  /3 a n d  77 e x h ib it  th e  c h a r a c te r is t ic  p ro p er tie s  
m e n tio n e d  in  P a r t  I. O v er  a  v e r y  w id e  ra n g e  o f  c o n d it io n s  in  e le c tr o ­
ly t ic  g a s  th e  resu lts  o f  d ifferen t in v e s t ig a to r s  p r e se n t  a  rem a rk a b le  u n i­
fo r m ity  : th e  in d iv id u a l v a lu e s  o f  J3 d o  n o t  d iffer  from  th e ir  m e a n  b y  
m ore th a n  a  fa c to r  o f  a b o u t  2, a n d  th e  d e v ia t io n s  o f  th e  v a lu e s  o f  77 
from  th e ir  m e a n  is  e v e n  sm a ller . A  d e ta ile d  e x a m in a t io n  o f  th e se  d a ta  
(cf. T a b le  I) s tr o n g ly  su g g e s ts  th a t  in  m a n y  ca ses  th e se  d e v ia t io n s  from  
th e  m e a n  are a t tr ib u ta b le  to  sp ec ific  fa c to rs . O f th e se , th e  v a r ia t io n  of  
/3 w ith  th e  p ressu re  o f  th e  r ea c tin g  g a s  a p p ea rs to  b e  th e  m o s t  c lea r ly  
d efin ed . In th e  “ lo w  p ressu re  ” r a n g e  e x te n d in g  from  a b o u t  0-3 to  
7 m m ., th e  m ea n  v a lu e  o f  7S is  a b o u t  8, a ll v a lu e s  ly in g  b e tw e e n  5-4 a n d
11. In th e  “ h ig h  p ressu re  ” ra n g e  from  30  to  9 0  m m ., th e  m e a n  v a lu e  
o f /? is  a b o u t tw ic e  as la rg e  a s in  th e  lo w  p ressu re  ra n ge , b u t  is s t ill  
p r a c tic a lly  in d e p e n d e n t o f  th e  p r e s s u r e ; th e  d e v ia t io n s  from  th e  m ea n  
are so m e w h a t la rg er  in  th is  ra n g e , a n d  i t  a p p ea rs th a t  th e y  are to  b e  
a sso c ia te d  w ith  th e  m e ta l o f  th e  c a th o d e . T h e  fe w  d a ta  a v a ila b le  for  
th e  “ in te r m e d ia te  ”  p ressu re  ra n g e  s tr o n g ly  s u g g e s t  th a t  in  th is  ran ge  
/3 a t  first in crea ses  b e fo re  b e c o m in g  c o n s ta n t  a g a in  in  th e  “ h i g h ” 
range.

In a t te m p tin g  to  tra ce  th e  m e ch a n ism  o f r ea c tio n  w e  m a k e  u se  o f  
th e  form al th e o r y  o f P a r t  1 23 as e x te n d e d  in  P a r t  I I I ,25 a n d  p a r ticu la r ise  
th is  b y  su p p o s in g  th a t  th e  p a r ticu la r  e le c tr o n -r e a c ta n t co llis io n s  in it ia t in g  
th e  o x id a t io n  o f h y d ro g e n  in  th e  n e g a t iv e  g lo w  r ea c tio n  e ffe c t  th e  sa m e  
prim a ry  ch a n g es  a s d o es  th e  a b so rp tio n  o f  l ig h t  in  th e  u n se n s it ise d

* For sim plicity we om it the subscripts p ,N  which are used in Part I to 
qualifyJS and 7;; similarly, ¿?PiS of P art I becomes R r , and other changes w ill be 
immediately obvious from the text.
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a n d  m ercu ry  se n s it ise d  rea c tio n  in  h y d ro g e n -o x g e n  m ix tu r es , n a m e ly ,  
th e  fo r m a tio n  o f an  “ a c t iv e  sp ec ies ,"  r esp e ctiv e ly , o x y g e n  a n d  h y d ro g en  
a to m s. In  e ffec t, th is  p ro v id es tw o  rea c tio n  m ech a n ism s, n o w  term ed  
11 A  ” a n d  “ C ” r e sp e c tiv e ly , w h ic h  in  a n y  ca se  m u s t  o ccu r  to  so m e  
e x te n t .  T h e  a p p lic a tio n  o f th ese  m ech a n ism s to  th e  d e ta iled  e x p la n a ­
t io n  o f  th e  c h a r a c te r is tic s  o f (3 and  77 as rev ea led  b y  ty p ic a l gro u p s o f  
r e p r e se n ta tiv e  e x p e r im en ts  in  th e  three pressu re ran ges is th en  ex p lo red . 
A fte r  in tr o d u c in g  cer ta in  p la u sib le  an d  en e rg e tic a lly  a c ce p ta b le  a ssu m p ­
t io n s  sp e c ify in g  th e  r a te  o f th e  e lec tro n -rea c ta n t co llis io n s  g e n e r a tin g  th e  
tw o  a c t iv e  sp ec ies , th e  v o lu m e  of th e  rea ctio n  zon e , an d  th e  co llis io n a l 
effic ien c ies  o f  th e  in it ia l  step  in  th e  u n sen s itised  p h o to -re a c tio n , i t  is  
fo u n d  th a t  m e ch a n ism s “ A  ” and  “ C ” p ro v id e  a  d e ta iled  e x p la n a tio n  
fo r  th e  r esu lts  o f  th e se  ty p ic a l ex p er im en ts . T h e  coh eren ce  o f th e  
r em a in in g  d a ta  w ith  th o se  se lec ted  for  d e ta iled  d iscu ss io n  is sa t is fa c to r y . 
F u rth erm o re , th e se  sa m e  rea c tio n  m ech a n ism s h a v e  b een  fo u n d  b y  
L u n t, M eek  an d  S w in d e l l26 to  p ro v id e  a  q u a n t ita t iv e  e x p la n a tio n  for  
th e  o x id a t io n  o f h y d ro g e n  in  th e  orig inal ex p er im en ts  o f K ir k b y 4 on  
p o s it iv e  co lu m n  d isch a rg es in  e le c tr o ly tic  gas.

A  n u m b er  o f o th e r  p o ssib le  rea ctio n  m ech a n ism s are con sid ered  
b riefly , a n d  th e  reason s are o u tlin ed  w h y  th e y  c a n n o t c o n tr ib u te  
s ig n if ic a n t ly  to  th e  n e g a t iv e  g lo w  reaction .

F o r  c o n v e n ie n c e , th e  a b so lu te  v a lu e s  o f  th e  co llis io n  ra tes o f th e  
p r in c ip a l s te p s  in  th e  r ea c tio n  m ech a n ism s are su m m a rised  b r iefly  in  
a n  A p p e n d ix .

A s fa r  as p o ss ib le , q u a n tit ie s  an d  sy m b o ls  defined  in  earlier  p a rts  
o f  th is  ser ies are n o t  red efin ed  in  th is  pap er.

1. Experimental Data.
T h e  v a lu e s  o f 78 a n d  77 w h ich  w e  h a v e  d er iv ed  from  th e  p u b lish ed  d a ta  

fo r  th e  n e g a t iv e  g lo w  r ea c tio n  in  e le c tr o ly t ic  g as are g iv e n  in  T a b le  I ; 
a n d  a  n u m b er  o f  o th e r  ch a ra cter istic s  o f  th ese  q u a n tit ie s  are su m m a rised  
la ter . K ir k b y ’s d a ta  L 2» 3> 4 sh o w  th a t  in  th e  lo w  p ressu re  ra n g e  th e se  
q u a n tit ie s  are, to  a  c lo se  a p p ro x im a tio n , in d ep en d e n t o f  th e  a p p a ra tu s , 
th e  m e ta l o f  th e  c a th o d e , th e  cu rren t d e n s ity , and  th e  p r e s s u r e ; an d  
th a t ,  in  c o n tr a s t  w ith  th e  p o s it iv e  co lu m n  rea c tio n  a t  p ressu res a b o v e  
a b o u t  4  m m ., th ere  is  n o  te n d e n c y  to w a rd s ex p lo sio n . T h ese  ch a r ­
a c te r is t ic s  are co n firm ed  b y  la ter  research es 5> 6- 7> 8- 9> 10- u > 12>13 w h ich  
e x te n d  to  h ig h er  p ressu res ; th e y  rev ea l, h o w ev er , th e  e x is te n c e  o f so m e  
se c o n d a r y  fa c to rs . T h e  fa c t  th a t  7S an d  77 are so  l it t le  d e p e n d en t on  th e  
a p p a ra tu s  a n d  th e  e x p e r im en ta l co n d itio n s  lea d s to  th e  d e d u ctio n  th a t  
th e  m a in  r ea c tio n  in  e le c tr o ly t ic  g as does n o t  in v o lv e  th e  c a th o d e  
su rfa ce , th e  w a lls  o f  th e  rea c tio n  v e sse l, or b ra n ch in g  ch a in  m e ch a n ism s.

I K irkby, Proc. Roy. Soc., A , 1911, 85, 151.
Guntherschulze, Z. Elektrochem., 1924, 30, 637.

6 Brewer and Westhaver, J . Physic. Chem., 193°» 34> 2343'
7 Finch and Cowan, Proc. Roy. Soc., A , 1926, i l l ,  257.
8 Brewer and Westhaver, J . Physic. Chem., i 932> 3G 2133.
9 Finch and Mahler, Proc. Roy. Soc., A , 1931, 133. 172-
10 Guenault and Wheeler, J .C .S ., i 934> 1®95»
II Brewer and Kueck, J . Physic. Chem., 1934» 3®» 330, 1051.
12 Gregg and Lunt, unpublished experiments.
13 Finch, J .C .S ., 1935, 32-



T A B L E  I.

F ormation of W ater  from E le ctr o lytic  G as in th e  N e g a tiv e  Glo w .

M =  cathode metal.
Eif =  cathode fall in volts.
/  =  current, or current range, in ma.
p  — pressure, or pressure range, in mm. Hg.
T  «= temperature of surroundings in 0 C. (RT =  room temperature). 
jS =  current efficiency in molecules H ,0  per electron-cliarge carried by  the 

current.
ri =  energy efficiency in molecules H aO per electron-volt used in maintaining 

the discharge.
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M P Ik l T JS TJ • 10» Ref.

Mg . 4“ 43° 20“ — So“ 6*4s i '5 o 8
A 1 . 4 6 358 20 — 80 5 '7o t-5 . 6

4 6 374 3° - 8 0 6-4s 1-73 6
4 6 3S6 40 - 8 0 7*3o 1-8, 6
4* 391 5° — 80 7 '9j 2-0, 6
8« 370 20 - 8 0 6-os I '63 6

16» 372 20 - S o 6*20 1-6, 6
i6-4d 35° 25<i 20 60 1-8 11
16 -4* 35° 25d 320 6-o i-8 11
4" 420 20“ — 80“ 5*9 I-4o 8

Ca . 4" 420 20“ — 80“ 5-85 1-3» S
Cr-Fe 4 ' 73° 20 - 8 0 S-x i- i 12
alloy 8' 4 io / 40 - S o IO"]> 2*5«/ 12

I3 ‘ 424» 20 — 80 9-2» 2 *1 a» 12
16» 425* 20 -8 0 ii-,» 2-62» 12
16s 387* 40 - 8 0 11-3» 2‘8gA 12
24* 445“ 20 — 80 i 3V S'Oe5 12
24* 427* 40 — 80 13-7* 3-i«a 12

Fe . 0-36 to 7 1200 to 20 -8 0 8'38 0-7 to 6
400

— 80
2-74

4 * 345 IO 5 '3s I-5c 6
4 b 397 20 — 80 8 '3s 2-1, 6
4 6 470 40 — 80 l i -5 2-45 6
4“ 480 20 — 80 6 '9s 2-45 8

io * 400 20 — 80 9'45 2-3 j 6
I56 400 20 — 80 I2-0 3-o 6
20» 420 20 — 80 13-3 3 - i6 6
25 ‘ 435 20 — 80 14-4 3-3a 6
3°  6 440 20 — 80 15-4 3*5o 6
35 * 445 20 — 80 15-4 3 '4s 6

5 '5 ‘ 380 5° R T 9- i t 2-44 5
14-0* 380 5° R T 9*9 o 2-6, 5
22-5* 380 50 R T 9 '52 2-5l 5
3 1-o' 380 5° R T l°-o 2-63 5
39-5 ' 380 5° R T 9 '72 2*56 5

N i .
48-0* 380 5° R T 9-52 2*5i 5

4 “ 460 20“ — So“ 7*°5 1*54 8
Cu . 3° ' 360*'. “ i  to 3 20 l 9-i 5*3i 7

45* 360*. “ i  to 3 20 i 8-5 5*G 7
6o* 360fc* “ 1 to 3 20 i 8-5 5*14 7
75’' 360** U 1 to 3 20 IS-, 5*14 7

Zn .
901 360** U 1 to 3 20 18-5 5*14 7

1*4* to 6-5 400 1 to 3 R T 7-6 ± I*2n 1*9 ±o-3m 1
i*2nt o 9*3 400 < 5 R T 7-64 ± 0-50 1*9, ±o-i° 2
o-6r to 9-3 400 2-75 R T 7-50 ±0-4» i *75 ±0-1« 3

A g •
4° 46O 20“ I 00 0 ft 6-4 i *4 8

0-98” to 400 5 R T 7 '44r i *86 ± o - ir 2
7-6

30' 35°  *= i-8 to 2-55 20 i i -. 3*4 o 9
6ot 35°* i-8 to 2-55 20 12-4 3*54 9
90J 35°* i-8 to 2-55 20 12-8 3*6 » 9
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T A B L E  I— continued.

M P I'x / T P TJXIO- Ret.

Cd . 4° 460 20° —So" <5-45 I-4s 8
Sn . 4“ 560 20° — 80“ 8-2„ I-4o 8
Sb . 4“ 520 20a — So0 7 '7s l ’4e 8
T a  . 3°* 345* i-8 to 2-55 20 I2-j 3-6o 9

601 345* i-8 to 2-55 20 12-8 3 '7s 9
W  .

go1 345* i-8 to 2-35 20 13-3 3-8 , 9
4" 530 20“ — 8o° 8-i0 i-53 8

w  . 3°* 345* 1-8 to 2-55 20 17-1 4 '4 « 9
601 345* 1-8 to 2-55 20 17-8 5-1» 9

P t  .
go1 345* i-8 to 2-55 20 iS 'i 5 ’2S 9
3°i 35°* ' “ 1 to 3 20 27-8 7-85 7
45* 35°* ' “ 1 to 3 20 27-0 7 'Se 7
60* 350*. u 1 to 3 20 28-0 8-o0 7
75* 350*. « 1 to 3 20 27-8 7-Ss 7

P t-Ir
goi 350*- “ 1 to 3 20 28-0 8-o0 7
20* 375* 0*2 to 1-9 R T 24-3 6'4s 10

alloy
A u . 0-2 to 2*0P 400 o-i to 0-5 R T 8’3e 2-0, 4

30* 340* 1-8 to 2-55 20 lo -9 3-2i 9
601 34°* 1-8 to 2-55 20 n -4 3-35 9
go1 34°* i-8 to 2-55 20 ii-» 3 '5o 9

P b . 4° 54° 20° — 8o° S -i, i '5i 8

LEG EN D  TO T A B L E  I.

0 No experimental details given, but these were stated to be the same as in earlier
experiments, that is, probably the experimental arrangements detailed in 
note 6 below, and p =  4, I  =  20.

6 Plane cathode facing anode in a cylindrical glass tube 5 cm. diameter immersed 
in a bath at — 8o° C.

c Solid cylindrical cathode and anode mounted parallel in a  glass tube 5 cm. 
diameter immersed in a bath at — 8o° C.

d For higher currents it  was stated that a  temperature effect on /3 was just 
detectable, but no data were given.

'  Plane cathode facing plane anode in a cylindrical glass tube 4 cm. diameter 
and immersed in a bath a t — 8o° C.

1 Mean of 2 experiments.
1 Mean of 4 experiments.
* Mean of 3 experiments.
' Plane cathode facing anode in a tube 20 cm. diameter in free air a t room 

tem perature; spacing continuously adjusted to maintain normal cathode fall.
1 Small point electrodes in a bulb of 100 cm.3, immersed in a bath a t 20° C.
* Finch, private communication.
1 Plane cathode facing plane anode in glass tube about 10 cm. diameter in free 

air a t room temperature.
m Mean of 35 experiments.
” Plane cathode facing plane anode in glass tube 10 cm. diameter in free air at 

room temperature.
0 Mean of 27 experiments.
n Plane cathode facing anode in a tube 2-2 cm. diameter in free air at room 

temperature.
5 Mean of 15 experiments.
r Mean of 27 experiments.
* W ater cooled needle shaped electrodes 6-8 mm. apart situated a t centre of

glass bulb of 550 cm.3, in free air at room temperature.
* This value assumed b y  original authors (Wheeler, private communication).

“ The present authors, however, find the following values of Vu from a considera­
tion of the original authors' data for the electrode potential as a  function 
of the electrode spacing : Cu, 420 volts ; Pt, 400 volts.
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Other Aspects of the Experimental Data.
( i )  T h e  E f f e c t  o f  T e m p e r a t u r e . — W h e n  c o n s i d e r i n g  t h e  e f f e c t  o f  

t e m p e r a t u r e  o n  a  d i s c h a r g e  r e a c t i o n ,  i t  m u s t  b e  r e m e m b e r e d  t h a t  p r e c i s e  

i n f o r m a t i o n  a b o u t  t h e  g a s  t e m p e r a t u r e  i s  d i f f i c u l t  t o  o b t a i n  ;  t h e  i n d i c a ­

t i o n s  o f  t h e r m o m e t e r s  o r  t h e r m o - j  u n c t i o n s  p r o b e s  a r e  l i a b l e  t o  u n c e r t a i n  

e r r o r s  a r i s i n g  f r o m  t h e  h e a t  e v o l v e d  o n  s u r f a c e s  w h e r e ,  f o r  e x a m p l e ,  

a t o m i c  a n d  i o n i c  r e c o m b i n a t i o n  p r o c e s s e s  o c c u r .  F o r  t h e  t y p e  o f  e x p e r i ­

m e n t a l  c o n d i t i o n s  w i t h  w h i c h  w e  a r e  n o w  c o n c e r n e d ,  t h e  a v a i l a b l e  d a t a  11 
i n d i c a t e  t h a t  t h e  g a s  t e m p e r a t u r e  i s  n o t  m o r e  t h a n  a b o u t  i o o °  a b o v e  

t h a t  o f  t h e  d i s c h a r g e  t u b e  s u r r o u n d i n g s .  T h e  t h e r m a l  c o n d u c t i v i t y  o f  a  

g a s  i n c r e a s e s  w i t h  t e m p e r a t u r e ,  a n d  h e n c e  a n  i n c r e a s e  o f  i o o °  i n  t h e  s u r ­

r o u n d i n g s  p r o b a b l y  c o r r e s p o n d s  w i t h  a  r i s e  o f  n o t  m o r e  t h a n  8o °  i n  t h e  

g a s  i t s e l f .  T h e  g a s  t e m p e r a t u r e s  c o r r e s p o n d i n g  w i t h  t h e  t h r e e  t e m p e r a ­

t u r e s  c i t e d  i n  T a b l e  I  m a y ,  t h e r e f o r e ,  b e  t a k e n  t o  b e  a p p r o x i m a t e l y  300° ,  

380° ,  a n d  620°  K .  S i n c e  t h e r e  i s  n o  e v i d e n c e  o f  a  t e m p e r a t u r e  e f f e c t  i n  

a n y  o f  t h e  e x p e r i m e n t s  r e p o r t e d  i n  T a b l e  I ,  w e  c o n c l u d e  t h a t  n o  s t a g e  o f  

a n y  o f  t h e  r e a c t i o n  m e c h a n i s m s  i n v o l v e d  h a s  a n  a p p r e c i a b l e  t e m p e r a t u r e  

c o e f f i c i e n t .

( l i )  T h e  E f f e c t  o f  t h e  C u r r e n t . — N u m e r o u s  c a s e s  a r e  t o  b e  f o u n d  

i n  T a b l e  I . 1 '  2> ’ • 4- 5- 7* *> 10- “ ■ i n  w h i c h  p i s  a l m o s t  c o n s t a n t  o v e r  a  c o n ­

s i d e r a b l e  r a n g e  o f  c u r r e n t .  I n  s o m e  o f  t h e s e  p r e c i s e  d a t a  f o r  V t h e  p o t e n ­

t i a l  d i f f e r e n c e  b e t w e e n  t h e  e l e c t r o d e s  a r e  l a c k i n g ,  b u t  t h e  a u t h o r s  a p p e a r  

t o  h a v e  b e e n  o f  t h e  o p i n i o n  t h a t  t h i s  q u a n t i t y  w a s  s e n s i b l y  c o n s t a n t ,  a n d  

i n  m a n y  o t h e r  c a s e s  i t  c e r t a i n l y  w a s  s o .  W h e n  F H  i s  i n d e p e n d e n t  o f  I ,  
t h e  c u r r e n t ,  t h e  r e g i m e  i s  t h a t  o f  t h e  n o r m a l  c a t h o d e  f a l l  (cf. P a r t  I ) ,  a n d  

Z ,  t h e  v o l u m e  o f  t h e  N . G .  i s  t h e n  a p p r o x i m a t e l y  p r o p o r t i o n a l  t o  I  i n  a  

g i v e n  a p p a r a t u s  a t  a  g i v e n  p r e s s u r e .14 F o r  e l e c t r o d e s  o f  F e  a n d  A 1  i n  t h e  

r e g i m e  o f  a b n o r m a l  c a t h o d e  f a l l  6 f t  i n c r e a s e s  w i t h  I .
( i l l )  T h e  E f f e c t  o f  P r e s s u r e . — W h i l s t  t h e  i n f l u e n c e  o f  p r e s s u r e  o n  

t h e  N . G .  r e a c t i o n  i s  i n c o m p a r a b l y  s m a l l e r  t h a n  t h a t  o b s e r v e d  f o r  t h e  

t h e r m a l  r e a c t i o n  i n  t h e  s a m e  s y s t e m ,  a  c a r e f u l  s c r u t i n y  o f  t h e  d a t a  r e v e a l s  

c e r t a i n  d e f i n i t e  a n d  s y s t e m a t i c  e f f e c t s .  F o r  a n  F e  c a t h o d e  ( —  8o ° )  *  p 
i s  c o n s t a n t  f r o m  0-3 t o  7  m m . ,  b u t  V s  f a l l s  r a p i d l y  a n d  b e c o m e s  c o n s t a n t  

a b o v e  a b o u t  3 m m .  i n  t h e  s a m e  r a n g e ;  6 a b o v e  7  m m .  p r i s e s  a t  f i r s t  

r a p i d l y  a n d  t h e n  m o r e  s l o w l y ,  b e c o m i n g  c o n s t a n t  i n  t h e  r a n g e  30-35 m m .  9. f  

F u r t h e r  c o n f i r m a t o r y  e v i d e n c e  i s  a f f o r d e d  b y  t h e  d a t a  f o r  a  c a t h o d e  o f  

F e - C r  a l l o y , 12 a n d  f o r  o n e  o f  A 1  i n  t h e  r a n g e  4-16  m m . 6 F o r  c a t h o d e s  o f  

A g  a n d  A u  i n  t h e  r a n g e s  1 - 7-6 m m . ’ ,  a n d  0 -2-2 m m .4 r e s p e c t i v e l y ,  p  i s  

p r a c t i c a l l y  c o n s t a n t ;  b u t  i n  t h e  r a n g e  30-90 m m .  p f o r  e a c h  o f  t h e s e  m e t a l s  

i s  a g a i n  n e a r l y  c o n s t a n t  b u t  a b o u t  h a l f  a s  l a r g e  a g a i n  ;  a n d  a  s i m i l a r  

d i f f e r e n c e  o c c u r s  b e t w e e n  p f o r  a  W  c a t h o d e  a t  4 m m .11 a n d  i n  t h e  r a n g e  

30-90 m m . 8 F o r  e l e c t r o d e s  o f  T a ,  C u ,  a n d  P t ,  p i s  a g a i n  n e a r l y  c o n s t a n t  

f r o m  30-90 m m . ,  b u t  t h e r e  a r e  n o  d a t a  f o r  t h e  l o w  p r e s s u r e  r a n g e .  O n  

t h e  o t h e r  h a n d ,  f o r  a  c a t h o d e  o f  F e  i n  t h e  r a n g e  6-48 m m .  p  i s  r o u g h l y  

c o n s t a n t : 6 t h i s  a p p a r e n t l y  c o n t r a d i c t o r y  r e s u l t  i s  s h o w n  l a t e r  t o  b e  

p r o b a b l y  e x p l i c a b l e  i n  t h e  s p e c i a l  c o n d i t i o n s  ( w a l l s  o f  t h e  r e a c t i o n  v e s s e l  

v e r y  m u c h  m o r e  r e m o t e  f r o m  t h e  d i s c h a r g e  z o n e  t h a n  i n  a l l  o t h e r  e x p e r i ­

m e n t s )  t o  w h i c h  t h e  d a t a  r e l a t e .

( i v )  T h e  E f f e c t  o f  t h e  C a t h o d e  M e t a l — I n  t h e  l o w  p r e s s u r e  r a n g e  

( b u t  cf. n o t e  a, T a b l e  I )  t h e  d a t a  f o r  p l i e  c l o s e  t o  t h e i r  m e a n ,  b u t  a r e  

a p p r o x i m a t e l y  p r o p o r t i o n a l  t o  F K  ;  t h i s  i s  e m p h a s i s e d  b y  t h e  g r e a t e r  

c o n s t a n c y  o f  t h e  c o r r e s p o n d i n g  v a l u e s  o f  q [cf. T a b l e  I ) .  I n  t h i s  r a n g e

14 Darrow, Electrical Phenomena in  Gases, London, 1932.
* This temperature is  th a t of the surroundings.
f  Incidentally, the cessation of this increase in  p a t  the upper end of this 

pressure range, and its constancy over a  w ide range in other experim ents,7- 8 
excludes the possibility that it  is attributable to  the use of a  constant electrode  
spacing and the consequent gradual increase in  the to ta l a c tiv ity  of th e  discharge 
arising from a corresponding growth of a P.C.
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t h e r e  i s  n o  i n d i c a t i o n  t h a t  p d e p e n d s  o n  t h e  e a s e  w i t h  w h i c h  t h e  c a t h o d e  

s p u t t e r s .  I n  t h e  h i g h  p r e s s u r e  r a n g e  F i n c h  a n d  M a h l e r  ®. 13 c l a i m  t o  h a v e  

f o u n d  a  d e p e n d e n c e  o f  p o n  t h e  e x t e n t  o f  t h e  c a t h o d e  s p u t t e r i n g ,  b a s i n g  

t h e i r  c o n c l u s i o n s  i n  p a r t  o n  d a t a  r e l a t i n g  t o  m i x t u r e s  o t h e r  t h a n  e l e c t r o ­

l y t i c  g a s .  B u t  t h e  f a c t  t h e s e  a u t h o r s  r e p o r t  t h a t  e l e c t r o d e s  o f  T a  a n d  W  

d o  n o t  s p u t t e r ,  w h i l s t  p i n c r e a s e s  a l o n g  t h e  s e r i e s  A u ,  A g ,  T a ,  W ,  C u ,  P t ,  

a s  d e t e r m i n e d  i n  p r a c t i c a l l y  i d e n t i c a l  e x p e r i m e n t s  s h o w s  t h a t  a l t h o u g h  

s p u t t e r i n g  i s  c l e a r l y  n o t  t h e  f a c t o r  c o n t r o l l i n g  t h e  m a g n i t u d e  o f  p, t h e r e  i s  

s o m e  f a c t o r  a s s o c i a t e d  w i t h  t h e  m e t a l  o f  t h e  c a t h o d e .  S i n c e  t h e  d i f f e r e n c e s  

b e t w e e n  t h e  v a l u e s  o f  p f o r  c a t h o d e s  o f  A u ,  A g ,  a n d  T a ,  a r e  s m a l l ,  i t  i s  

a p p a r e n t  t h a t  t h i s  e f f e c t  a s s o c i a t e d  w i t h  t h e  c a t h o d e  m e t a l  i s  o f  c o n s i d e r ­

a b l e  m a g n i t u d e  o n l y  f o r  c a t h o d e s  o f  W ,  C u ,  a n d  P t . *

( v )  T h e  E f f e c t  o f  v a r y i n g  t h e  H y d r o g e n - O x y g e n  R a t i o . — F o r  a  

c a t h o d e  o f  A 1  a t  4 m m .  ( —  8o ° )  a n d  a  c o n s t a n t  c u r r e n t ,  p r i s e s  s l o w l y  

f r o m  a  v e r y  s m a l l  v a l u e  a s  t h e  h y d r o g e n  c o n t e n t  o f  t h e  g a s  i s  p r o g r e s s i v e l y  

i n c r e a s e d ,  r e a c h i n g  a  b r o a d  m a x i m u m  a t  a b o u t  90 %  h y d r o g e n  ;  w i t h  

f u r t h e r  i n c r e a s e  i n  t h e  h y d r o g e n  c o n t e n t  p f a l l s  r a p i d l y  t o w a r d s  z e r o . "  

A  c l o s e l y  s i m i l a r  d e p e n d e n c e  o f  p o n  t h e  g a s  c o m p o s i t i o n ,  n e a r l y  i n d e p e n d e n t  

o f  t h e  p r e s s u r e ,  i s  f o u n d  f o r  c a t h o d e s  o f  A u  a n d  A g  i n  t h e  h i g h  p r e s s u r e  

r a n g e  ;  9 a n d  a  s i m i l a r  e f f e c t  i s  r e p o r t e d  f o r  a n  F e  c a t h o d e  a t  a n  u n s p e c i f i e d  

p r e s s u r e ,  p r o b a b l y  b e t w e e n  6 a n d  48 m m .6 O n  t h e  o t h e r  h a n d ,  i n  t h e  

h i g h  p r e s s u r e  r a n g e  a n d  i n  t h e  s a m e  a p p a r a t u s  i n  w h i c h  c a t h o d e s  o f  A g  

a n d  A u  w e r e  i n v e s t i g a t e d , 9 f o r  a  T a  c a t h o d e  p f o l l o w s  m u c h  t h e  s a m e  

c o u r s e  u n t i l  t h e  h y d r o g e n  c o n t e n t  i s  r a i s e d  t o  a b o u t  70 % ;  w i t h  f u r t h e r  

i n c r e a s e  i n  t h e  h y d r o g e n  c o n t e n t  p i n c r e a s e s  r a p i d l y ,  a t t a i n i n g  t h e  a s t o n i s h ­

i n g  v a l u e  o f  a b o u t  42 f o r  t h e  r i c h e s t  m i x t u r e  i n v e s t i g a t e d ,  99-5 %  h y d r o g e n ; 

t h i s  d e p e n d e n c e  o f  p f o r  a  c a t h o d e  o f  T a  i s  i n d e p e n d e n t  o f  t h e  p r e s s u r e  a n d  

c u r r e n t  i n  t h e  "  h i g h  ”  r a n g e ,  a n d  i s  s t a t e d  t o  b e  p a r a l l e l e d  b y  t h a t  o f  a  

W  c a t h o d e . 9- 13
T h e r e  i s  l i t t l e  d a t a  a v a i l a b l e  f o r  t h e  c o r r e s p o n d i n g  v a r i a t i o n  i n  t h e  

c a t h o d e  f a l l ,  Vs . F o r  a n  A 1  c a t h o d e  a t  4 m m .  Vs i s  p r a c t i c a l l y  i n d e p e n d e n t  

o f  t h e  c o m p o s i t i o n  ;  f o r  t h e  F e  c a t h o d e  m e n t i o n e d  a b o v e  F N p a s s e s  t h r o u g h  

a  s l i g h t  m a x i m u m  i n  t h e  n e i g h b o u r h o o d  o f  t h a t  o f  p. I n  t h e  e x p e r i m e n t s  

i n  t h e  h i g h  p r e s s u r e  r a n g e  w i t h  c a t h o d e s  o f  A u ,  A g ,  T a ,  a n d  W ,9 VN [cf. 
T a b l e  I )  r e m a i n e d  p r a c t i c a l l y  c o n s t a n t  u n t i l  t h e  h y d r o g e n  c o n t e n t  b e c o m e s  

v e r y  l a r g e  w h e n  i t  f a l l s  s l i g h t l y .15
( v i )  T h e  E f f e c t  o f  t h e  A d d i t i o n  o f  W a t e r  V a p o u r ,  H e l i u m ,  a n d  A r g o n  

t o  E l e c t r o l y t i c  G a s . — T h e  a d d i t i o n  o f  s m a l l  a m o u n t s  o f  w a t e r  v a p o u r  

i n  t h e  h i g h  p r e s s u r e  r a n g e  s l i g h t l y  i n c r e a s e s  p f o r  a  c a t h o d e  o f  T a ,  b u t  

i s  w i t h o u t  e f f e c t  o n  o n e  o f  A u . 9 F o r  a  c a t h o d e  o f  A 1  a t  18 m m .  p r e m a i n s  

c o n s t a n t  u n t i l  m o r e  t h a n  40 %  w a t e r  v a p o u r  i s  a d d e d ,  l a r g e r  a m o u n t s  

p r o d u c i n g  a  r a p i d  f a l l  i n  p . 11 F o r  a  c a t h o d e  o f  A 1  a t  4 m m . ,  t h e  a d d i t i o n  

o f  h e l i u m  h a s  l i t t l e  e f f e c t  u n t i l  t h e  h e l i u m  c o n t e n t  i s  l a r g e ,  m o r e  h e l i u m  

t h e n  d i m i n i s h i n g  p ;  u n d e r  s i m i l a r  c o n d i t i o n s  t h e  a d d i t i o n  o f  a r g o n  d i ­

m i n i s h e s  p r o u g h l y  i n  p r o p o r t i o n  t o  t h e  a m o u n t  a d d e d .6

2. The Interpretation of the Negative Glow Reaction.
T h e  d a ta  fo r  th e  rea c tio n  in  th e  lo w  p ressu re range, 0-3 to  a b o u t  

10 m m ., sh o w  th a t  th e  o x id a tio n  o f h y d ro g en  is  ca u sed  m a in ly  b y  a  
h o m o g e n e o u s  p ro cess w h ich  does n o t  in v o lv e  b ra n ch in g  c h a in s  ; in  
p a r ticu la r  /3 is  p r a c t ic a lly  in d ep en d e n t o f th e  pressu re an d  tem p era tu re , 
th e  g e o m e tr y  o f th e  a p p a ra tu s, an d  th e  m e ta l o f th e  ca th o d e . In m o st  
o f th e  e x p e r im en ts  VN lie s  c lose  to  4 0 0  v o lts . T h e  s lig h t v a r ia t io n s  o f 
£  w ith  th e  c a th o d e  m e ta l are fo u n d  for th e  m o s t  p a r t to  corresp on d  w ith  
v a r ia t io n s  in  th e  sa m e  sen se  o f VN ; and  w h en  j8 v a r ie s w ith  th e  cu rren t

*  P r o b a b l y  a  c a t h o d e  o f  P t - I r  a l l o y  {cf. T a b l e  I )  a t  20 m m .  a l s o  b e l o n g s  t o  

t h i s  g r o u p .
16 Finch, private communication.
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Fn  v a r ie s  a lso  a n d  in  th e  sa m e  sen se . A ll th e se  ch a r a c te r istic s  o f  jS 
are p ro v id ed  fo r  in  th e  fo rm a l th e o r y  o f P a r t  I for  th e  ca se  o f h o m o ­
g e n e o u s  n e g a t iv e  g lo w  r ea c tio n  ; a n d  from  th e  p o in t  o f v ie w  o f  th e  
th e o r y  o f P a r t I I I  th e  in v a r ia n ce  o f s tr o n g ly  su g g e s ts  th a t  in  th e  w h o le  
range o f c o n d it io n s  co n cern ed  th ere  is an  a c t iv e  sp ec ie s  fo rm ed  b y  th e  
d isch a rg e  th e  u t il is a t io n  o f  w h ic h  in  w a te r  fo r m a tio n  is p r a c tic a lly  
c o m p lete .

T h e  d a ta  fo r  th e  h ig h  pressu re  range , 3 0 -9 0  m m ., sh o w  a g a in  p ressu re  
a nd  cu rren t in v a r ia n ce  o f  jS b u t  th is  q u a n t ity  is n o w  a b o u t 50  %  larger  
in  th e  ca ses in  w h ic h  co m p a r iso n s ca n  b e  m a d e  (c a th o d e s  of A g , A u , W ), 
an d  VK s t ill  lie s  c lo se  to  4 0 0  v .  T h is  w o u ld  b e  e x p lic a b le  if, in  a d d itio n , 
a  seco n d  a c t iv e  sp ec ie s  e ffe c ts  th e  o x id a t io n  o f h y d ro g e n , a lso  u n d er  
c o n d it io n s  o f se n s ib ly  c o m p le te  u t il isa t io n  ; b u t  in  th is  ca se  th e  u t i l is a ­
t io n  o f th is  se c o n d  a c t iv e  sp ec ie s  m u s t  b e  in s ig n if ica n t  in  th e  lo w  p res­
su re  range , a n d  its  g ra d u a l d e v e lo p m e n t  m u s t  o ccu r  in  th e  in te r v e n in g  
range w ith  a  co rresp o n d in g  p ro g ress iv e  in crea se  in  /?. S u ch  a  c h a n g e  
in  (3 is c le a r ly  sh o w n  b y  o n e  g ro u p  o f e x p e r im en ts , a n d  p a r tia lly  b y  tw o  
o th ers .11’ 12

O n e x te n d in g  th e se  c o n s id e r a tio n s  r e la tin g  to  th e  m a in  b o d y  o f  
d a ta  for  in  e le c tr o ly t ic  g a s  to  o th er  m ix tu r es , i t  is  c lea r  th a t  i f  ea ch  
r e a c ta n t p r o v id e s  o n e  a c t iv e  sp ec ie s  w h ich  m u s t  th e n  rea ct w ith  th e  
o th er  r ea c ta n t, th e  to ta l a c t iv i t y  o f th e  d isch a rg e  fo r  th e  o x id a t io n  o f  
h y d ro g e n  w ill ten d  to  d im in ish  a s th e  fr a c tio n a l c o n c en tra tio n  o f e ith er  
r ea c ta n t is  in d e fin ite ly  in crea sed . In  b o th  th e  lo w  a n d  h ig h  p ressu re  
ran ges th ere  are e x a m p le s  o f  a  d e p e n d en ce  o f  /3 o n  th e  g a s  co m p o sitio n  
w h ic h  acco rd s w ith  th is  e x p e c ta t io n .

T h ere  are, h o w ev e r , a  fe w  d a ta  r e la t in g  to  ra th er  n a rro w  ra n g es o f  
c o n d it io n s  w h ic h  do n o t  a p p ea r  to  b e  c o m p le te ly  e x p lic a b le  in  term s o f  
tw o  r ea c tio n  m e ch a n ism s in it ia te d  b y  th e se  tw o  a c t iv e  sp ec ies , th e  
seco n d  b e in g  c o m p le te ly  d e v e lo p ed  o n ly  in  th e  h ig h  p ressu re  range . 
In  e le c tr o ly t ic  g a s  in  th e  h ig h  p ressu re  ra n g e  jS for c a th o d e s  o f  W , Cu, 
and  P t ,  a lth o u g h  s t ill  p ressu re  an d  cu rren t in v a r ia n t, is  a b n o rm a lly  
large ; i t  is a lso  a b n o rm a lly  large  in  th e  sa m e  pressu re  range  b u t o n ly  
in  h y d ro g en -r ich  m ix tu r e s  fo r  c a th o d e s  o f T a  an d  W . T h e se  a b n o rm a l  
v a lu e s  are a ttr ib u te d  to  th e  e ffec t o f a n  a d d itio n a l r ea c tio n  c o n n e c ted  
w ith  th e  c a th o d e  s u r f a c e ; th is  m a tte r  is  d iscu ssed  in  d e ta il in  th e  n e x t  
pap er  o f  th is  ser ies. L a s t ly , in  o n e  a p p a ra tu s  m a r k e d ly  d ifferen t from  
all th e  o th ers co n cern ed , fi is c o n s ta n t  in  e le c tr o ly t ic  g a s  a t  a  v a lu e  
in te rm e d ia te  b e tw e e n  th o se  c h a r a c te r istic  o f th e  lo w  a n d  h ig h  pressu re  
ran ges in  a  ran ge  w h ic h  e x te n d s  s l ig h t ly  in to  b o th  th e se  ranges.

T h e  ch a ra cter  o f th e  e x p la n a t io n  for  th e  pressu re  a n d  cu rren t in ­
v a r ia n ce  o f  th e  cu rren t e ffic ien cy , /?, fo r  a n y  p r o d u ct o f  h o m o g e n e o u s  
n e g a tiv e  g lo w  r ea c tio n  w h ic h  is  p r o v id e d  b y  th e o r y  in  P a r t  I, an d  
e la b o ra te d  in  P a r t  I I I , m a y  b e  su m m a rised  a s fo llo w s. In  th e  s im p le st  
ca se , co llis io n s  o f so m e  sp ec ified  ty p e  in  th e  n e g a t iv e  g lo w  b e tw e en  
e lec tro n s a n d  a  r e a c ta n t  sp ec ie s  en g en d er  th e  fo r m a tio n  o f a n  a c t iv e  
sp ec ies  w h ic h  lea d s u lt im a te ly  to  th e  sy n th e s is  o f  th e  o b serv ed  p ro d u ct.  
T h e  ra te  o f su ch  e le c tr o n -r ea c ta n t c o llis io n s  is  th e n  a  fa c to r  c o n tr o llin g  
th e  ra te  a t  w h ic h  th e  o b serv ed  p r o d u c t  is  fo rm ed . B u t  th e  a c t iv e  sp ec ie s  
m a y  rea c t o th e r  th a n  b y  fo rm in g  th e  o b ser v e d  p r o d u ct . T h e  c h a n c e  
th a t  th e  a c t iv e  sp ec ie s  rea c ts  to  form  th e  o b serv ed  p r o d u ct is  term ed  
th e  fr a c tio n a l u t il isa t io n  o f th is  sp ec ies , a n d  is c le a r ly  a n o th er  fa c to r  o f  
prim e im p o r ta n c e  in  c o n tr o llin g  th e  ra te  a t  w h ic h  th e  o b serv ed  p r o d u ct
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is formed. The theory of Part I shows that, when the cathode fall 
Fn is sensibly constant, the rate of the specified electron-reactant col­
lisions, and hence of the production of the active species, is likely to be 
proportional to the current and independent of the pressure; that is, 
the current efficiencies for both these processes are likely to be current 
and pressure invariant. The theory of Part III shows that, in general, 
the fractional utilisation of the active species in the formation of the 
observed (or any specified) product is likely to depend on the pressure 
and the current in the following way. For any given value of the 
current, the fractional utilisation tends to approach unity asymptotically 
as the pressure is increased ; thus at all pressures above some lower 
limit the fractional utilisation is practically unity, this limiting pressure 
increasing with the current. The range of pressure in which the fractional 
utilisation is practically constant is then a range in which the rate of 
synthesis of the observed product is governed by the rate of the specified 
electron-reactant collisions; and the existence of such a pressure range 
then offers an explanation for those cases in which it is observed that 
above some limiting pressure the current efficiency for the observed 
product is practically independent of the pressure and current. This 
explanation is acceptable, however, only when the number of product 
molecules formed per active species reacting in that way is also inde­
pendent of the pressure, this case arising when branching chain 
mechanisms are not operative. And when the active species is identified 
together with the mechanism by which it reacts to give the observed 
product, the only quantity unknown in accounting for the magnitude 
of the current efficiency for the formation of the observed product, 
/3, in this limiting case of practically complete utilisation of the active 
species is , the current efficiency, or rate constant, for the occurrence 
of the particular electron-reactant collisions that generate the active 
species. This quantity is not usually known from experiment, but its 
magnitude must obviously conform to the condition that the rate at 
which electron energy is absorbed in effecting these collisions in the 
negative glow is less than the total rate at which energy is supplied to 
this zone; for there are, of course, many other types of collisions in­
volving energy losses occurring simultaneously.

Detailed consideration of the fractional utilisation clearly requires 
not merely the identification of the active species and a knowledge of 
all the processes by which it can react or be destroyed in the given 
reactant gas, but it also requires a knowledge of the absolute rates at 
which it is consumed in the various possible ways including the for­
mation of the observed product. This in turn demands a knowledge 
of the extent of the region in which it is produced and of that in which 
it reacts. The physical data for the negative glow show that the 
production of the active species must occur almost entirely within this 
zone, but that it is not uniform : it is therefore necessary to deal with 
the volume average rate of the formation of the active species, and hence 
if Z  cm.3 is the volume of the zone, Rer, the average rate of a specified 
type of electron-reactant collisions cm.-3 sec.-1 is, by the definition of 
the quantity j8f (cf. Part I), given by

Rer =  P fA lZ ,  . . . .  (I)

where l e is the current carried by the discharge in electronic charges 
sec.-1. The corresponding rate of formation of the active species is then
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fa Rer where fa is the number of active species produced per electron- 
reactant collision of the specified kind. For the identification of the 
region in which the active species reacts in the experiments under con­
sideration we rely on the observation of Brewer and Westhaver e that, 
in a cylindrical discharge tube of diameter little greater than that of 
the cathode, water is frozen out only on that part of the wall surrounding 
the negative glow; that is, the regions of generation and reaction are 
identical. It then follows that R p , the volume average rate of water 
formation in molecules cm.-3 sec.-1 is given by an expression similar to 
(I) or

R , =  lBI’JZ , . . . . (2)
where f l 'e is the time rate of water production found directly by experi­
ment. In any given apparatus it is known from experiments with 
other discharges that, when the current and FN are constant, the volume 
of the negative glow varies approximately inversely as the pressure : 
we therefore introduce for convenience the approximate relation

Z  =  Z 0l p , ................................................... (3)

where p is the pressure in mm., and Z 0 cm.3 is the equivalent volume of 
the zone at unit pressure.

When the reaction is proceeding steadily the rate of production of 
the active species throughout the zone equals the rate at which it is 
lost in all possible ways; hence when the discharge and reaction zones 
are co-extensive

Z . f a R er =  Z . ( R ac +  R h), . . . (4)

where ~Rac and i?L denote, respectively, the volume average time rate at 
which the active species is lost in forming the observed product, and 
the corresponding combined rate at which it is lost by all other processes. 
From (i) this may be written

R ao +  R h =  f a f a l ’J Z ,  . . . (4.1)

or, when (3) is applicable,

Rac +  RL =  p fa P ,l 'J Z 0. . . . (4.2)
When the reaction mechanism together with the processes otherwise 
destroying the active species are completely specified, R ac and Rh can 
be expressed as functions of A„, the volume average fractional concentra­
tion of the active species, and of the particular conditions in any given 
experiment; consequently when fa is also known A0 is the only unknown 
in (4.1) and (4.2) and hence may be evaluated for any given experimental 
conditions. When A„ is known the numerical values of Rac and Rh 
can be computed; and it is then possible to compute f a , the average 
fractional utilisation of the active species in forming the observed product, 
which (cf. Part III) is given by

fa  =  Rac/{Rac +  -^l)- • ■ • • (5)
From (4) it then follows that

Rac ~  fa  fa  Rer i • • • (5-t)
and if each particle of the active species yields fa  molecules of the ob­
served product when it reacts in that way, it follows that RatP, the
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calculated volume average time rate of the formation of the observed 
product in molecules cm.-3 sec.- 1  is

R a.v  =  412 ^ac 1

which, from (1) may be written

R a,v ~  fa  41!  $2 ftf le/Z,
or, when (3) is applicable

^a,j> — P fa f l  ftf JJZ0
A comparison between Ra,pl the calculated rate of production of the 
observed product as given by (6.1 ), with RP , the rate found from experi­
ment by (2), shows that the quantity

ft a ~ ~ fa  4*1 $2  ft, =  ftf ■ • • • (7)
is the theoretically computed current efficiency for the reaction cor­
responding with the specified type of electron-reactant collisions and 
resulting active species reacting and being otherwise destroyed by the 
specified mechanism. The validity of any hypothetical reaction mechan­
ism in any given experimental conditions in which /? is measured may 
thus be examined by comparing ft with fta as computed from (7) for the 
same conditions. When ft, is not known from experiment, the balance 
between the energy gained and lost by the electrons in the negative glow 
(cf. p. 1095 supra, and Part I) introduces the additional requirement that

V, ft, < o - i7 VN i . . . .  (7.1)
where Vt ev. is the energy absorbed per elctron-reactant collision of 
the specified kind.

The theory of Part I does not lead to the identification of the active 
species concerned in any particular case, but only indicates the one or 
more types of electron-reaction collisions that are likely to be the main 
sources of any given active species. For this identification we turn to 
the data for reaction in hydrogen-oxygen mixtures initiated by light 
absorption, partly because any excitation process involved in the 
photo-reaction is likely also to be effected by electron impact in the 
negative glow. In the unsensitised photo-reaction oxygen atoms are 
the active species, and in the mercury sensitised case hydrogen atoms ; 
the corresponding excitation process in oxygen is likely to be important 
in the negative glow {cf. Part I) but the generation of hydrogen atoms in 
this zone is quite different from the process operative in the mercury 
sensitised photo-reaction. In this paper we therefore explore the 
possibility that the same two active species initiate the oxidation of 
hydrogen in hydrogen-oxygen mixtures in the negative glow reaction : 
for oxygen atoms we invoke a reaction mechanism 11 A ” based mainly 
on the data for unsensitised photo-reaction, and for hydrogen atoms 
another mechanism based on the kinetics of the mercury sensitised 
photo-reaction. A further mechanism 11 B ” which is purely hypothetical 
is considered as an alternative to “ A,” but is, however, ultimately re­
jected. These mechanisms are specified in detail later.

We state next the particular forms of the expressions developed earlier 
which are appropriate to these particular mechanisms. For the collisions 
generating oxygen atoms we replace p. by 2 j3/i0 because more than one type

■ (6) 

• (6. 1)

. (6.2)
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of such collision is likely to be involved ; and from (i) the gain and loss 
of this species from (4} is given by

1̂,0 11 — [Rac,o +  Rt,o) ■ Z  . . . (S-i)
or, when (3) is applicable, and after re-arranging

Rac.O +  Rl.o =  PP. 1,0 ¿jS/,0 I't/Z0 ■ • • (S'2)

This expression is to be solved for A0 the fractional concentration of oxygen 
atoms, for the particular values of p ,  / ' ,  Z 0 and 0 corresponding with 
the particular experimental conditions in which the validity of mechanism 
" A  ” is investigated, the i t ’s being then computable in terms of ^ , and 
the composition and pressure of the reactant gas. For the same range of 
conditions /0 is computed from (5 ) ; and finally jSA, the contribution to 
by this mechanism, follows from (7) as

Pa — fo  $1,0 $2,a ZPr,o — ^a Wf,o ■ ■ ■ (8 ’3)
being a characteristic of the mechanism. A  similar procedure is  

applicable in the case of mechanism “ B  ” but </>, „ has a different value. 
Similarly, for the collisions generating hydrogen atoms jS, is to be replaced 
by nnd then for mechanism " C ” we find expressions analogous to-
(S-i) and (8-2), namely

■£i,h EPf,h 7« == (Rat,h +  Rl,ii) ■ Z  . . . (8-4)
and Rac.n +  R l,h  =  P K k  ZPf.u K /Z *  . . . (8-5}

these have to be solved similarly for An , the average fractional concentra­
tion of hydrogen atoms, for the same range of experimental conditions. 
Similarly, f n is then found from (5), and |30, the contribution to /S by this- 
mechanism follows as *

Pc — f n  îh.n ŝ,o ^Pf, 11 =  ^0 EPf, h • • (8-6}
The validity of the mechanisms “ A ” and " C  ” is then demonstrated 

by a comparison between /3 and £A +  f!0 for the particular experimental 
conditions under consideration. The alternative combination “ B  " and 
“ C " is tested similarly by comparing /3 with j3n +  /3B,C .* In  either case 
the energy restriction stated in (7-1) now requires that’

2 (V,,oPf,o) +  -£(R,h Pf,n) <0*171^ ■ ■ ■ (8*7)
where the F /s  relate to the particular electron-reactant collisions con­
cerned.

Manifestly, it would be extremely laborious to examine the validity 
of expressions (8) to (8.9) for all experiments to which Table I relates 
we have therefore investigated their validity for the mechanisms “ A,”' 
“ B,” and “ C,” to be specified in detail later, only for particular groups 
of experiments, noted later, which typify the principal characteristics 
of ft, especially those associated with the three pressure ranges.

3. The Reaction M echanism s “ A , ” “ B , ” and “ C .”
Mechanism “ A .”—The unsensitised photo-reaction in hydrogen- 

oxygen mixtures leads to the oxidation of the hydrogen partly as 
peroxide and partly as water ; because the devices used in the discharge 
experiments do not distinguish between these substances but relate 
to the equivalent water formed, it is convenient now to discuss the

* When mechanism " B ” replaces " A ,” as is shown later, there is a further 
term to be added to jS/>H in (8-4), (8-5), and (8-6) ; and the corresponding con­
tribution by mechanism “ C ” to j3 is then denoted by /3CiB.
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oxidation in terms of the equivalent water formation. For the range 
A 1719-1725, corresponding with the excitation of the3i7~ level of oxygen, 
at ordinary temperature and in the pressure range 0-25-1 atm., the 
results of Kistiakowsky and Smith 22 indicate a yield of from 0-75 to
1-75 equivalent water molecules per quantum absorbed. In the range 
A 1350-1750 (— 180°, and ca. O-i mm.) the data of Neujmin and Popoff 
lead to O-i water molecules as a very rough estimate, but the uncer­
tainties in their determinations do not by any means exclude a value 
ten times higher.20 We adopt here the maximum value of the quantum 
yield of Kistiakowsky and Smith, and since two oxygen atoms are formed 
per oxygen molecule excited, this is equivalent to writing <j>2tA =  o-88. 
The mechanism proposed by these latter authors assumes that there 
is no difference between the chemical activities of the two kinds of 0 
atoms produced, and that the initial and rate determining step involves 
the ternary collisions 0  -f- H2 +  M where M is either̂  an oxygen or 
hydrogen molecules : the rate of such collisions is therefore to be
identified with f?aCl0 ; * and for purposes of computation it is assumed 
that the collisional efficiency with respect to the somewhat arbitrary 
collisions numbers adopted in Part III is 10, a value that is not excluded, 
we believe, by any of the data for the kinetics of the photo-reaction.

We assume that the only other significant processes removing the active 
species are homogeneous recombination and diffusion to the wall, the total 
rate being identified with i?Li0. The rate of loss by recombination is 
given by twice the rate of the ternary collisions O -f O +  M where M 
has its previous significance ; * and the collisional efficiency is taken to be
o-i to allow for the fact that in most of these collisions at least one atom 
will be in the 3P  state and thus be characterised by assymetry in the 
electron cloud which introduces a steric effect. The equivalent average 
volume rate f  of loss of the active species by diffusion to the walls for the 
special case in which (3) is applicable follows from expression (18-2) of 
Part I I I  for the particular case of a cylindrical reaction vessel of radius r 
as

~Rv'0 =  0-5 k w fif fp N c 0/r. . . . (9-1)

where A0 is the average fractional concentration of oxygen atoms,

N  =  3-55 • 1016
is the number of particles in a gas per cm.5 at 1 mm. and the standard 
temperature,-]- c0 is the velocity of thermal agitation of oxygen atoms and 
is taken to be about 6 . 104 cms. sec.-1 at the standard temperature, and 
A „i0 is the probability of destruction at the wall. For hydrogen atoms at 
a  glass surface saturated with water Poole 17 finds the corresponding 
quantity A„;I[ to be 1-6 . io~4, and since it is known that oxygen atoms 
are not less’ readily destroyed at a surface, we adopt the conservative 
estimate A „0 =  io~4.

A  complete identification of all the electron-reactant collisions leading 
to the formation of oxygen atoms is not possible, but the data for the 
photo-reaction together with the considerations advanced in Part I  indicate 
that the excitation of the and 3Z+  levels of oxygen are those likely 
to be of principal importance ; the corresponding values of V, are about 
8 and 5-5 ev., respectively. For these levels <j>t =  2 ; and for reasons 
stated later (cf. pp. 31, 32) T/3/>0 is estimated to be about 4-3 when K, 
is about 400 volts.

* T h e  p a r t i c u l a r  e x p r e s s io n s  f o u n d  f o r  t h e s e  a n d  s im i la r  r a t e s  in  e le c t r o ly t i c  
g a s  a n d  o t h e r  m ix tu r e s  a r e  g iv e n  in  t h e  a p p e n d ix .

f  I f  t h e  t e m p e r a t u r e  i s  n o t  t h e  s t a n d a r d ,  t h e  a p p r o p r i a t e  c o r r e c t io n  m u s t  b e  
m a d e .
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Mechanism “ B .”—The following sequence of reactions in which 
oxygen atoms are again the active species, and for which <j>2 has a 
maximum value of unity is the basis of mechanism “ B ”

0  +  H2lt> =  OH* +  H . . .  (¿1) 
followed by OH* -fi LI2 =  H20  +  H, . . . (b2)
where H2,„ denotes a molecule in the first vibrational level, and OH* 
also denotes a vibrationally excited molecule ; but it is to be noted that 
reaction (bi) requires that , the current efficiency for the eleetron- 
reactant collisions generating H2i„ molecules shall amount to at least 
2Z ft,t 0 , a process for which Ve is 0-53 ev. * On account of the large 
internal energies of the molecules involved in these reactions it is to be 
anticipated that the collisional efficiencies are likely to be high; f  
on the other hand their occurrence is not known from experiment. 
An important aspect of this mechanism, which later leads in part to its 
rejection, is that it provides for the generation of two hydrogen atoms, 
the active species of mechanism “ C,” per water molecule formed : this 
is equivalent to a generation of hydrogen atoms numerically equal to 
2/?n , where ftB is the contribution to ft by this mechanism.

Mechanism “ C .”-—The quantum yield for the oxidation of hydro­
gen in the mercury sensitised photo-reaction in hydrogen-oxygen mixtures 
in equivalent water molecules 18 is about 2-5, and since each quantum 
absorbed leads ultimately to the generation of two hydrogen atoms, it 
follows that 1-25 referred to these atoms as the active species.
The initial and rate determining step is generally accepted to involve 
the ternary collisions LI +  0 2 -+• _H2, and hence the rate of these 
collisions is to be identified with Rac,H; i  for the collisional efficiency 
we adopt Bodenstein’s 28 value 0-17 which is based on a review of all 
the relevant data.

We assume that the only other significant processes removing the active 
species are again homogeneous recombination and diffusion to the wall, the 
total average rate of these being identified with f?L>I! ; § for the collisional 
efficiency of the recombination process we adopt the value 10 given by 
Farkas and SachseW The equivalent average volume rate of loss of the 
species by diffusion to the wall for the special case in which (3) is applicable 
and for the case of a cylindrical reaction vessel then follows by analogy 
with (9-1) as {

R d.u =  o-5kw>u \ n p N c u/r . . . .  (9-2)

where Ayl is the average fractional concentration of hydrogen atoms, cn is 
the velocity of thermal agitation of hydrogen atoms, and is taken to be
2-5 . t o 5 cm. sec.-1, and k KtJI is the probability of destruction at the wall 
for which we adopt Poole's 17 value for a water saturated glass surface, 
1*5 . io-*.

Again, the identification of the electron-reactant collisions leading to 
the formation of hydrogen atoms (apart from the processes considered in 
mechanism “ B  ” ) is incomplete, but the considerations advanced in

* A l th o u g h  t h i s  a d d i t i o n a l  lo s s  s t i l l  f u lf i ls  (S-7), t h e  margin o f  e n e r g y  th e n  
a v a i l a b l e  f o r  o t h e r  p ro c e s s e s  i s  t h e n  to o  s m a l l  t o  b e  a c c e p ta b l e  ; in  a d d i t i o n ,  s u c h  
a  h ig h  v a lu e  f o r  ¡¡ft, i s  i m p r o b a b le .18

t  F o r  a b s o lu t e  r a t e s ,  s e e  A p p e n d ix .
18 B o n h o c i f e r  a n d  H a r t e c k ,  Photochemie, L e ip z ig ,  1933 .
J F o r  t h e  c o r r e s p o n d in g  n u m e r i c a l  e x p r e s s io n  s ee  A p p e n d ix .
17 Poole, Proc. Pay. Soc., A , 1937, 163, 446.
l * Massey, Trans. Faraday Soc., 1934, 31, 556.
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Part I , and the data for other discharges,14 indicate that those leading to 
the excitation of the and possibly 1I7U levels are likely to be
of principal importance ; * for these, the corresponding values of F , are, 
respectively, 9-5, 12, and 12 ev. For all these levels =  2 ; and for 
reasons stated below Z fi, n is estimated to be about 1-6 when Fs is about 
400 volts.

4. The Experiments selected for and the Detailed Exam ina­
tion of the Validity of Mechanisms “ A ,” “ B ,” and “ C .”
Before stating these experiments and investigating the validity of 

the mechanisms, it is convenient to refer firstly to the conclusion that 
in the low pressure range ft has value about 8 and that this is likely to 
correspond with the full development of one mechanism; this is 
identified as “ A ” so that the maximum possible value of.d>A Zftf,o is 
to be identified as about 8, and hence the maximum value of Zftf,0 
must be about 4 . Secondly, there is also the conclusion that in the 
high pressure range /? is about 12 for cathodes of Ag, Au, Ta, and W, 
and that this is likely to correspond with the full development of another 
mechanism in addition : this is identified as “ C ” so that the maximum 
possible value of ^>c^ftf,n >s about 4, and hence the maximum value of 
Zftf<n must be about 1 -6. The alternative possibility is that mechanism 
" B ” replaces “ A.” It transpires that, in investigating the validity 
of the various mechanisms, in the particular experimental conditions it 
is not for the most part necessary to consider the implications of the 
simultaneous operation of the mechanisms, and this, of course, involves 
a somewhat complicated procedure.

4.1. Low and Intermediate Pressure Range.
The experiments selected are those of Brewer and Wcsthaver 0 relating 

to a cylindrical vessel immersed in a bath at — 8o°, a constant current of 
20 milliamps., and the pressure range 0-3 to 35 mm. of electrolytic gas ; 
FN is, however, constant in the middle of this range only, whilst /9 is 
constant at 8-4 from 0-3 to 7 mm. No data are given for Z  : for the range 
of constant FN =  400 volts, we estimate from the dimensions of the 
apparatus and experience with other discharges that F 0 is about 10 cm.3, 
but admit a range of uncertainty from about 5 to 20 cm.3; f  and for larger 
values of Rj we make the plausible assumption based on experience with 
other discharges that F„ varies directly as FN. For the reasons stated on 
page 1092 we take the temperature of the gas as about 300° K .

For reasons already stated, we begin by considering the validity of 
mechanism " A  ” at the upper end of the low pressure range in which p 
is constant at 8-3,,, p  =  7, by supposing that 0 A has its maximum value of 
2 x  o-88 =  1-76. But, although the constancy of /? in this range at first

* F o r  a  d is c u s s io n  o f  t h e  c ro s s -s e c t io n s  f o r  t h e  e x c i t a t i o n s  o f  t h e s e  le v e ls  s ee  
L u n t  a n d  M e e k .21 D r .  T e l le r  h a s  p o in te d  o u t  t h a t  th e r e  is  s o m e  l ik e l ih o o d  t h a t  
m o le c u le  i n  t h e  ln u l e v e l  m a y  d e c o m p o s e  o n  c o ll is io n  ; 13 im p r i s o n m e n t  o f  t h e  
r e s o n a n c e  r a d i a t i o n  f r o m  s u c h  e x c i te d  m o le c u le s  is  a  f a c to r  t e n d in g  to  e n h a n c e  
t h i s  p ro c e s s  o f  a t o m  p r o d u c t io n .

t  I t  w il l  b e  a p p r e c i a t e d  t h a t  Z 0 e n te r s  i n t o  t h e  c a l c u la t io n s  in  a  s u b s id ia r y  
w a y  o n ly ,  t h a t  is , f o r  t h e  e s t i m a t i o n  o f  t h e  r e l a t i v e  r a t e s  o f  c o m p e t in g  r e a c t io n s .  
T h e  b a s ic  f a c t o r  f o r  t h e  c a l c u la t io n  o f  t h e  a b s o lu t e  r e a c t io n  r a t e  in  t h e  n e g a t iv e  
g lo w  is  t h e  r a t e  o f  e le c t r o n - r e a c t a n t  c o ll is io n s  o f  s p e c if ie d  k in d s  w h ic h  in v o lv e s  
p r i m a r i l y  o n ly  t h e  c u r r e n t  a n d  th e  p o t e n t i a l  fa l l  m a in t a in in g  t h e  d is c h a rg e .

12 T e l le r ,  private communication.
20 N e u jm in  a n d  P o p o f f ,  Z. pliysik. Chetn., B , 1 9 3 4 , 27, 15.
21 L u n t  a n d  M e e k , Proc. Roy. Soc., A ,  1 9 3 6 , 157, 146.
22 K i s t i a k o w s k y  a n d  S m i th ,  J.A .C.S., 1936« 57> ®35 .
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sight suggests that this 
is the only mechanism 
operative, the examin­
ation of mechanism 
" C ” reveals that its 
contribution, j3c, for 
p  =  7 is about o-76 
when 2 fir,u is taken 
to be i-6 as indicated 
above. We therefore 
identify the full de­
velopment of mechan­
ism " A  ” with the bal­
ance so that /3a =  7-63, 
and find for 2pft0 the 
value 7-63/1-76 =  4-3. 
This result and the 
value 1-6 adopted for 

refer to R. =  ca. 
400 volts. Since the 
corresponding quan­
tity for ionisation in 
electron beam experi­
ments (the P t(V) of 
Part I) varies approxi­
mately linearly with 
the electron energy,33 
it is a reasonable ex­
pectation that a simi­
lar relationship is valid 
for the dependence of 
Zflr,o and A'/R h on IR, 
which is the view now 
adopted. It  is then to 
be seen that Z(Ve,0 f},i0) 
+  2  {K ,u  Pf.u) complies 
with (8-7) for all values 
of Kj, and leaves a 
reasonable margin of 
energy for the other 
processes occurring. 
The next step is to 
solve (8-2)_for and 
(8-5) for Au for the 
particular values of p  
and in the experi­
ments. For p  =  1 mm. 
or le s s jt  is found that
1 — (''o +  ĥ) =  >
the total average frac­
tional concentration of 
the reactants, begins 
to depart appreciably 
from unity. Under 
these conditions the 
values derived for the 
P /s  are no longer ap­
plicable because they 
relate to electrolytic 
gas. We make a
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rough allowance in such cases b}r supposing that the effective values of 
these quantities are given by their values in electrolytic gas multiplied by 
XP : in this case it is necessary to solve for A0 and A„ by successive approxi­
mation. From the values thus found for A0 and Aa , the corresponding 
values o f/0 and/„ are found from (5), the appropriate substitutions being 
made for each mechanism. Finally, jSA and p0 are computed from (8-3) 
and (8-6) ; these, and the other data relating to the calculations are 
reported in Table I I .

We consider next the possibility that mechanism “ B  ” is operative in 
place of “ A .” Again the constancy of p in the low pressure range suggests 
that full utilisation occurs for p  — 7 mm. Now it has already been seen 
that at full utilisation this mechanism requires that =  2 Z p ,t0 , but 
some allowance must be made for other destructive processes ; we there­
fore suppose that for Fs  =  400, pftV is about 9, that is, 0-4 units in excess 
of 2T/3r>0 .* For the destructive processes we make the generous assump­
tion that the probabilities per collision for homogeneous destruction 
(degradation of internal energy) and at the wall are, respectively, about 
io~4 and io -2. If, as has been supposed, reactions (£>i) and (62) have 
collisional efficiencies close to unity, we may write an expression for the 
generation and destruction of vibrationally excited hydrogen molecules 
analogous to (S-2) which is simultaneous to (8-2) itself ; the solution of 
these simultaneous expressions yields values for A0 and A„, the average 
fractional concentration of vibrationally excited hydrogen molecules. 
Then f 0 and /„ may be found after making the appropriate substitutions 
in (5) ; and finally /?B, the contribution to p by mechanism B  is found from 
(8-3) when these new values of Y> are inserted and is replaced by 
■¿a,b =  l - This mechanism has been seen to generate hydrogen atoms 
equivalent in amount to an addition to ¿T,,u of 2/3B . On solving (8*5) 
after this correction to Zp/iK has been made, new values are found for AH; 
these in turn yield new values fo r/H from (5); and finally (8-6) after again 
introducing the corrected value for Zpf,u yields j30,„ , the contribution 
to p by this modification of mechanism “ C ” . The relevant data are given 
in Table I I .

Discussion of Table II.—An inspection of Table II shows that 
the combination of mechanisms “ A +  C ” provides a detailed explana­
tion for the constancy of ft in the low pressure range, and for the observa­
tion that as the pressure is diminished below this range ft diminishes 
rapidly.6 In the intermediate range the initial increase and the 
tendency towards a constant value of ft at the upper end of this range is 
predicted ; ftA -|- ftc is, however, a little smaller than ft.

On the other hand the combination “ B +  C ” does not provide so 
good an explanation for the constancy of ft in the low pressure range; 
ftji +  ftc.B tends to rise as the pressure is diminished at the lower end 
of this range, and the calculations indicate that this sum does not begin 
to diminish until pressures much lower than 0’3 mm. are reached. In 
the intermediate range ftB -j- /?CiB parallels the trend of ft more closely 
than does ftA ftc except at the’upper end of the range where it shows 
little tendency to become constant.

* (8-7) is still fulfilled, but the margin for other processes is rather small to be 
acceptable.

23 Emeldus and Lunt, Trans. Faraday Soc., 1936, 32, 1504.
21 Lunt, Trans. Faraday Soc., 1936, 32, 1691.
35 Lunt and Swindell, Trans. Faraday Soc., previous paper.
26 Lunt, Meek, and Swindell, shortly to be communicated.
27 Farkas and Sachse, Z . physik. Chem., B, 1934, 27, i n .
28 Bodenstein, private communication.
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We conclude that the balance of evidence is in favour of the com­
bination “ A - r - C ” ; and it is pertinent to recall that mechanism “ B ” 
is purely hypothetical, and that it does not leave an acceptably large 
margin of energy for the other processes that must occur simultaneously 
[cf. footnotes *, f  to p. noo).

It is now convenient to consider some other aspects of the data for 
the low pressure range. For the dependence of /3 on the current we 
consider the experiments at 4 mm. relating to the same apparatus to 
which Table II relates ; 6 and since the data show that the conditions 
relate to the regime of abnormal cathode fall,14 in order to take account
of the increase of Z  with VN which is to be anticipated from experience
with other discharges,14 we suppose for simplicity that Z  varies linearly 
with . For the combination “ A ” +  “ C ” we then find the data

given in Table III. From this 
it is seen that the mechanisms 
account roughly for the vari­
ation in /3 ; and it can be shown 
that a closer parallelism is at­
tained if it is supposed that Z 
varies as V™ where m is less 
than unity, which is not ex­
cluded by the physical data for 
other discharges. Next, there 

is the slight dependence of on the metal of the cathode accompanied, 
however, by a similar variation in Vs  [cf. Table I). In one series of 
experiments, the cathode metal is the only factor changed : 8 for these 
we deduce from the considerations of Part I that ■£/?/,0 and vary
directly as VN ; and if, in addition Z does not change much, which is 
likely, it is readily shown that +  flc is proportional to FN, that is, 
that Q3a +  /Sc)/Fn is constant. But from the definitions in Part I, this 
latter quantity is the theoretical counterpart to the energy efficiency of 
equivalent water formation 77: thus the constancy of (fiA -f- /3C)¡Vy 
provides in this way an explanation for the constancy of 77 evidenced 
for these experiments 8 in Table I. The influence of the gas composition 
is difficult to discuss because there is no evidence for the corresponding 
variation of the 73/s .  If, however, we make the plausible assumption 
that, when/^, p ,  and are constant, which is the case for one group of 
experiments,6 the 73/ s  each vary with the fractional concentration of the 
reactant to which they relate, then it is easily shown that -J- t5c 
parallels the behaviour of 73 in the sense that this sum passes through a 
maximum, but the composition corresponding with the maximum cannot 
be predicted.

It remains to consider Aw, the fractional concentration of water vapour 
in the experiments, and the corresponding quantities other species than 
the reactants likely to be present. Because the wall of the reaction 
vessel is refrigerated to — So0 practically no water molecules are reflected 
on reaching the wall; in this case expression (19-4) of Part III is applicable 
to this species, and yields for . the maximum fractional concentra­
tion of the species

il\v,max. =  /3I «/( r̂.VD )̂, . . . .  (10)
where Dw is the diffusion constant for water vapour in the reacting gas 
at 1 mm., and is now estimated to be about 103. On substituting the 
experimental values for p ,  73, and / ' ,  we find Aw max- to be less than o-oi

T A B L E  I I I .

T h e  D e p e n d e n c e  o f  ß  o n  t h e  C u r r e n t .

Current, ma. 10 20 40
vs 345 397 470
ß 5’4 3-4 I I -5

Ai +  Ao 6-S 8-1 9‘4
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over the whole range of conditions ; and the average value, Aw, must be 
considerably smaller than this. The fact that the addition of water vapour 
to electrolytic gas has no effect on p for values of Aw less than 0-4 11 leads 
to the expectation that in any case the small amount of water present is 
likely to have exerted little net effect. Ideally, the fractional concentra­
tion of all other species should be considered similarly ; but in view of the 
uncertainty concerning the detailed steps of the photo-reaction,22 we have 
not felt justified in attempting this. I t  is, however, a reasonable inference 
that since the A's for the active species and the observed product are thus 
found to be acceptably small, the same is likely to be true for all inter­
mediate species.

4.2. High Pressure Range.
We consider in detail most of the experiments relating to this range. 

The first group (Finch and Mahler •) relates to hydrogen-oxygen mixtures 
in which x, the fractional concentration of oxygen, varies from 0-005 to 
about 0-95 ; the gas is circulated through a discharge tube immersed in a 
bath at 20° ; the pressure range is 30-90 mm., and the current range
I-5-2-5 ma. The only factor varied in these experiments is the metal of 
the cathode ; the corresponding variations in Vs  are very small, 340-350 
volts (cf. Table I). From the little data available,*- 15 we estimate Z 0 to 
be about 10 cm.2, but admit a range of uncertainty from about 5 to 20 
cm .2 (cf., footnote f, p. 1101). The second group relates to electrolytic gas 
in the same pressure and practically the same current ranges in a closely 
similar apparatus, but there is no circulation of the gas.6 The electrodes 
are Cu and Pt, and Fs is about 400 volts ; and the above estimate for Z 0 
is applicable. In  all these experiments p is independent of the current 
and, in electrolytic gas, increases very slightly with the pressure. It  is 
convenient to deal firstly with the data relating to electrolytic gas, and 
then with those for other mixtures.

We examine firstly the validity of the same combination of mechanisms 
as before, but, on account of the high pressure, it is at once apparent that 
the f ’s for mechanisms " A ” and " B  ” must be sensibly unity so that it is 
necessary to consider in detail the chemical activity attributable to hydro­
gen atoms only. The results of the calculations for electrolytic gas and 
for a current of 2-5 ma. are given in Table IV  below, the reaction zone 
being assumed to be co-extcnsive with the discharge zone.

T A B LE  IV.

T h e  C a l c u l a t e d  C o n t r i b u t i o n  t o  t h e  C u r r e n t  E f f i c i e n c y  o f  E q u i v a l e n t
W a t e r  P r o d u c t i o n  i n  t h e  H ig h  P r e s s u r e  R a n g e  f o r  t h e  M e c h a n is m s  

A  +  C  ”  AND "  B  +  C  "  IN E l e c t r o l y t i c  G a s , p  d e n o t i n g  t h e  m ea n
v a l u e  f o u n d  b y  E x p e r i m e n t  f o r  C a t h o d e s  o f  S i l v e r  a n d  G o l d .8

A + C ; b a -  7.6
p

B +  C; ffB = 8.6

p
>a fa Pc Pk + Pc Pb "t̂ C,B >a fa Pc,a

30 0-O32 o -93 3 ' 7i I I -3 ix-4 16-5 0-004 0-31 7-9

60 o -o 46 0 9 8 3'9î i i -5 i i -9 21-5 0-002 0-51 12-9
90 0043 0 9 9 3 ' 9s II-5 12-2 291 0-0,7 073 18-5

Discussion of Table IV.—There is insufficient data about the 
streaming of the gas to attempt any detailed allowance for the effect 
of streaming. Qualitatively, the effect is to increase the effective 
volume of the reaction zone ; and since the time rate of production of 

41 *
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the active species is still proportional to the sum of the I  P/s it is easily 
seen that streaming must tend to reduce the A’s below the values as 
computed in the above Table, and hence to increase the / ’s. In the 
case of the combination “ A -j- C ” this can have little effect of the cal­
culated values PA +  pc because, without allowing for any effect of 
streaming, the f ’s for mechanism “ A ” have been taken to be unity 
because of the high pressure concerned, and those for mechanism “ C ” 
are already very close to unity. On the other hand, for the combination 
“ B +  C,” whilst again the f ’s for mechanism “ B ” are taken to be 
unity on account of the pressure, the effect of streaming must tend to 
increase the f ’s associated with mechanism “ C,” and hence jSB -f- /?CiB 
must tend to approach the maximum value of 32-1 . The combination 
“ A -j- C ” thus provides a satisfactory explanation for the absolute 
values of p found for cathodes of Ag, Au, and T a; but in this case it 
must be supposed that an additional mechanism is operative to account 
for the much larger values of ¿8 found for cathodes of W, Cu, and Pt. 
On the other hand, the combination “ B +  C ” leads to large values 
for pB -j- pCtB which, although just adequate to account for the value 
of p found for Pt cathodes (no streaming) at the highest pressure, fail 
to account for the absence of any pressure effect. In addition, to 
account for absence of any pressure effect on p for cathodes of W (stream­
ing gas) and Cu (no streaming), it must be supposed that an additional 
destructive mechanism is operative at the higher pressures only; and to 
account for the same effect in the case of cathodes of Ag, Au, and Ta 
(all streaming gas) the destructive mechanism must be considerable 
even at the lowest pressure and increase rapidly as the pressure is in­
creased. Finch 9>13 proposed a destructive mechanism which makes 
no attempt to account for the pressure invariance of /? and which 
assumes that the metal sputtered from the cathode (or the resulting 
oxide) is the destructive agent; since he reports that W and Ta do 
not sputter whilst the other four metals sputter freely, there is clearly 
no connection between the extent of sputtering and the values of p, 
and hence this suggestion is to be rejected. We have been unable to 
find any destructive mechanism having the required properties. The 
fact that in all these experiments the principal factor changed is only 
the metal of the cathode, VN changing but slightly, strongly suggests 
that the excess in P over the minimum value of about 12 for cathodes 
of Ag, Au, and Ta, is attributable to an additional mechanism associated 
with the cathode surface, a conclusion that is elaborated in Part V. 
We now adopt this conclusion, and reject the combination “ B +  C ” 
because of the defects just mentioned and those cited in discussing the 
data of Table II, and in view of the evidence discussed below concerning 
the reaction in hydrogen-rich mixtures in this pressure range. That is, 
we conclude that the combination “ A +  C ” is operative and affords 
a satisfactory explanation of the characteristics of p when allowance 
is made for the possible existence of a reaction associated with the 
cathode surface. In this case it is easily shown that in the narrow 
range of current concerned pA -f- pc is practically independent of the 
current in accordance with experiment.

The fractional concentration of water vapour in these experiments is 
difficult to estimate because the conditions do not correspond closely with 
those which are considered in Part I I I .  Neglecting any effect of streaming, 
expression (10) yields Aw < 10-3 which is satisfactorily sm all; and so are
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the values of A’s for the active species in Table IV . These latter indicate 
the A's for all intermediate species are probably very small too.

We consider next the data for the effect of the gas composition on 
¡3 as found from the experiments on streaming gas.9 As in the discussion 
of the low pressure data, the mechanisms lead to the expectation that 
¡3A -f  pc passes through a maximum and tends to zero towards each end 
of the composition range : this provides a qualitative explanation for 
the values of ¡3 for cathodes of Ag and Au over the whole range, and 
for those of Ta and W in mixtures less rich in hydrogen than electrolytic 
gas. To discuss the abnormally large values of ¡3 found for these latter 
metals in mixtures richer in hydrogen than electrolytic gas we consider 
the value ¡3 =  42 found for the most extreme composition investigated, 
0-005 % oxygen. The oxygen content is then so low that the excitation 
of oxygen must be extremely small and most of the electron energy 
absorbed by hydrogen molecules. Mechanisms “ A ” or “ B ” contribute 
insignificantly to ¡3; and the restriction expressed in (8.7) then leads 
to an estimate of about 6 for the maximum possible value of 2 )8/iH 
If the discharge and reaction zones are co-extensive f3c amounts to 
about 0-15 at 30 mm. In discussing Table IV it has been seen that 
the effect of streaming for a comparable value of 2$/,h cannot be large ; 
thus the true value of /?c is likely to be a little greater than 0-15 , and 
probably ten times this value is a reasonable estimate for its upper limit. 
These values agree satisfactorily with the extrapolated values of ¡3 for 
cathodes of Ag and Au. Mechanism “ C ” is thus quite inadequate 
to account for the large values of ¡3 found in hydrogen-rich mixtures for 
cathodes of Ta and W. Since the metal of the cathode is the only factor 
changed, and since FN tends to fall slightly as the hydrogen content is; 
progressively increased,15 we conclude that some additional mechanism 
connected with the cathode surface is operative; this conclusion is 
elaborated in Part V.

I t  remains to mention the one group of data in which f¡ is constant at 
about 9-6 from 6 to 48 mm.5 and which thus stand in opposition to all the 
others exhibiting the transition from one value of ft in the low pressure 
range to a higher one above 30 mm. Whilst the maximum values of pk or 
pk +  pa account roughly for the observed value of p, no explanation 
appears to be available for the absence of the pressure effect in the inter­
mediate range. We suspect, however, that this explanation is probably 
to be found in the unusual conditions in the experiments ; the reaction 
vessel wall is very much more remote from the discharge zone than in all 
the other experiments, and the current is very large, 50 ma., although

is constant at 380 volts.

Sum m arising Statement.—Apart from the above exception, mech­
anisms “ A ” and “ C ” provide a detailed explanation for the char­
acteristics of ¡3 deduced from the selected typical experiments extending 
over the whole pressure range after allowing in a few cases for the effect 
of a cathode surface reaction. The coherence of the data as a whole 
indicates that this explanation is likely to be general.

5. The Effect of Water Vapour and other Diluents.
Water Vapour.— Before attempting to interpret the data for p when 

water vapour is added to electrolytic gas,11 it is pertinent to consider the 
data for /3W, the number of water molecules decomposed per electron by
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the N.G. in water vapour. Linder’s data 30 relate to a discharge tube 
6 cm. diameter and lead to a value of about 5-5 ; but since his data demon­
strate that some reformation of water occurred, the true value is somewhat 
larger. The collisions of lowest energy in water vapour that lead to 
decomposition almost certainly correspond with excitation to a repulsive 
level, the products being H  and OH  32; since neither of these fragments 
can react with water to cause further decomposition, the value of /Jw, 
after correction for the re-formation of water in the experiments, is to be 
identified with , the number of water molecules decomposed per fast 
electron reaching’ the N.G. from the C.D .S. (cf. Part I). On the other 
hand, the data of Guntherschulze and Schnitger 31 relating to a vessel 
25 cm. diameter lead to /3W =  ca. 0-2. An obvious explanation for this 
apparent discrepancy is that the re-formation of water is much more 
extensive in the latter experiments, for it is known that the reaction 
H  -j- OH  =  H jO  occurs readily in the gas phase.23

Since experiment shows that ¿3/ w for pure water vapour is at least 5-5, 
and is thus comparable in magnitude with our estimates Z p, 0 =  4-3 and 
ZP/,u — I-6 in electrolytic gas, we deduce that when water vapour is 
added to electrolytic gas in comparable amount to its oxygen content, the 
water vapour competes with the oxygen and hydrogen for the available 
electron energy. The part of this energy that is diverted to the excitation 
of water produces two active species, H  and OH ; the H  atoms can react 
by mechanism " C " ; the O H  molecules can react by OH +  OH  =  H aO -f O, 
and the O atom can then react by mechanism " A , ” but there is the 
additional possibility of the reaction OH  -f- H Sit, =  H aO -f H, since there 
must be some direct production of vibrationally excited hydrogen by  
electron impact. Neglecting the reaction between two OH  molecules, 
these possibilities give a maximum yield of 3 water molecules synthesised 
per molecule of water decomposed, or a nett yield of 2 ; and this must 
compensate for the diminution in pk -f p0. A t 18 mm., however, f u will 
certainly be less than unity (cf. Table II) , and the nett yield will be corres­
pondingly less. Thus, although the data are inadequate to predict quan­
titatively the effect of adding water vapour to electrolytic gas at 18 mm.,11 
the foregoing considerations provide a possible explanation for the ob­
servation that p is unchanged by the addition of water vapour up to 40 %  ; 11 
the diminution in p with further increase in the amount of water vapour 
present finds an explanation in the decreasing availability of hydrogen and 
oxygen for mechanisms “ A " and " C .”

H e liu m  and  A r g o n .— Since the lowest critical potential of helium is 
19-8 volts, it is to be expected that no significant fraction of the electron 
energy in the negative glow is absorbed by this gas when mixed with 
electrolytic gas, and hence that p remains unchanged, until the fractional 
concentration of helium is large ; this is the result of experiment.0 On 
the other hand, since the lowest critical potential of argon lies but little 
above those of electrolytic gas, it is to be expected that the addition of 
argon to electrolytic gas results in a reduction of the energy absorbed by  
electrolytic gas, and hence also in p ; this again is the result found by  
experiment.6

6 . Other Possible Mechanisms.
We state here a number of alternative possibilities to mechanisms 

“ A ” and '' C ”  which we have considered in detail; we find that none 
of them can contribute significantly to the observed large formation of 
water, and for brevity, merely outline the principal considerations which 
lead to this conclusion.

( i) M o le cu la r  P o s it iv e  Io n s  o f th e  R e a c ta n ts .— We deduce that

29 Rodebush and Campbell, J .  Chem. Physics, 1936, 4, 293.
30 Linder, Physic. Rev., 1931, 38, 679.
31 Guntherschulze and Schnitger, Z . Physik, 1936, 103, 627.
32 Oldenberg, J .  Chem. Physics, 1933, 3, 266.
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p/>{, the number of ions produced per fast electron reaching the N .G . 
does not exceed about 0-5 for each reactant because in hydrogen and in 
nitrogen the total number of ions formed by an electron of about 70 ev. 
is about unity.33 To account for the observed value of p then requires 
that 0  should be at least about 8 ; branching chain mechanisms being 
excluded, there appears to be no possible reactions which would yield so 
large a value for 0  ; and there is the additional likelihood that the activa­
tion energy of bimolecular reactions between molecular ions and the 
reactants is not inconsiderable.21

( ii)  R e c o m b in a tio n  b e tw een  0 2~ and H a+ Io n s .—-Whilst no data 
are available for the production of 0 2-  ions in electrolytic gas, an upper 
limit to the extent of this process is set by the value of p,t{ for H 2+ which 
(cf. supra) is estimated to be about 0-5. Even if every recombination 
yields two OH molecules, these would lead to a maximum production of 
one water molecule in the low pressure range ; that is, the maximum con­
tribution to p in this way could not exceed about 0-5. Furthermore, since 
the ion concentrations are likely to be roughly proportional to the current, 
it is to be expected that water formation by this process would be propor­
tional to a power of the current higher than unity. Similar considerations 
exclude the recombination between 0 ~ and H 2+.

( i ll)  0 + Io n s .— Since the four lowest states of 0 2+ are attractive, we 
estimate that p/i{ for the lowest repulsive state, dissociating into O -|- 0+, 
does not exceed about i/2oth of P,;t for direct production of Oa+ in its 
lowest state from the uncharged ground state molecule ; that is, for the 
production of 0 + ions p!ti does not exceed about 0-03. Even if reaction 
with molecular hydrogen occurs yielding OH  -j- H, in the low pressure 
range the maximum contribution to p from the reaction 

OH +  OH =  H 20  +  O 
is 0-03 (0-5 -j- o-88), assuming that the O atom reacts by mechanism “ A .” 
The O atom produced in the initial dissociation can react by mechanism 
" A ,” but the contribution to p in this way does not exceed 0-03 x o-88.

( iv )  H+ Io n s .— Since the lowest excited state of H 2+ is repulsive, we 
estimate p, { for the production of ions in this level to be about 1/4 of 
that for the direct production of H 2+ ions ; that is, p,t, for the production 
of H+ ions is about o-r. Nothing is known about the reaction between 
such ions and molecular oxygen ; but the bimolecular reaction would be 
endothermic unless the energy of dissociation of 0 H+ is greater than that 
of 0 2. In  any case, the maximum contribution to p by such a reaction 
in the low pressure range could not amount to more than about twice 
P t j , or about 0-2.

(v ) T h e  D ir e c t  F o rm a tio n  of H y d r o x y l.— Although the formation 
of hydroxyl must occur to some extent by ternary collisions involving an 
atom from each reactant, the rate of this process cannot exceed about 
3A0 times that of the first step in mechanism " C ” ; the low values found 
for A0 in the low pressure range show that the reaction is therefore insigni­
ficant in this range, and the same is true in the high pressure range because 
the values of A0 are then very much smaller.

S u m m a ry .
The quantitative data for the oxidation of hydrogen in the negative 

glow reaction in hydrogen-oxygen mixtures have been collected, recalcu­
lated to facilitate comparisons, co-ordinated, and critically reviewed.

I t  is shown that the main features of the reaction find a detailed ex­
planation in terms of the general theory of Part I  and of particular reaction 
mechanisms involving oxygen and hydrogen atoms as the active species 
based mainly on the kinetics of the non-sensitised and mercury sensitised 
photo-reactions in hydrogen-oxygen mixtures.

33 L angm uir and  Jones, Physic. Rev., 1 9 2 8 , 3 1 , 4 0 2 .
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A P P E N D IX .

T h e  A b so lu te  V a lu e s  o f  th e  C o llis io n  R a te s  u s e d  in  th e  d e ta ile d  a p p l i ­
c a t io n  o f M e c h a n is m s  “ A , ”  “  B ,”  a n d  “  C ” .— The approximate 
collision numbers introduced in Part I I I  and used here are based on the 
estimate that at atmospheric pressure the rate of binary collisions suffered 
by a'single particle of species (a) in gas consisting of species (b) is about 
io 10 cm.-3 sec.-1, and that the fraction of binary collisions which are 
ternary is io -3. I f  A2 denotes the collisional efficiency for some particular 
consequence of a binary collision process, it follows that A 2, the rate of 
such fruitful collisions is given approximately by

R t =  4-6 X io 23 k2 A„ Xbp- . . . .  (n )

where p is the total pressure in mm. Hg, and A„, As, denote, respectively, 
the fractional concentrations of the species (a) and (b). Similarly, if A'3 
denotes the collisional efficiency for some particular consequence of a 
ternary process involving a third species (c) at the fractional concentration 
Ac, it follows that R , , the rate of such fruitful collisions is given approxi­
mately by

R 3 — 6 . io 17 A3 A„ A„ A„^3 . . . .  ( i i- i)
For mechanism “ A  ” in electrolytic gas it  is thus found that

Rac,0 — 3' 8 - IO18 Aq >̂3 . . . (I 1 - 2 )

and Rdt0 =  i i '4  • io :e Aj^3 . . . (11-3)
where R  , , i 0  is the volume average rate of loss of the active species by 
homogeneous recombination, and allowance is made for the fact that two 
particles are thus lost per ternary collision. For mechanism “ B  ” in 
electrolyic gas it  follows from (n )  that the rate of the reaction (fix) (cf 
p. 1100) when the collisional efficiency is unity is given by

Rac,0,b =  4 ‘ 6 X i o 23 Aq At £ 2 . . . ( 1 1 -4 )

but R d0 remains unchanged. Similarly, for mechanism “ C ” in electro­
lytic gas it follows that

=  2-1 x xojgA^3 . . . (1 1 -5 )
and R dn = i-i., x io^A)^3 . . . (xx-6)
where R J>n is the volume average rate of loss of the active species by 
homogeneous recombination, and allowance is made for two particles being 
lost per collision. For mechanism “ C  ” in a mixture containing 99-5 %  
pf hydrogen (cf. p. 1107) it is found similarly that

Rac,h =  4 7  X io 11 A^p3 . . . .  (11-7)
but R du remains unchanged. Finally, the total consumption of the active 
•species is given by

Ri.,0 — Rd,0 4  Rp,o . . . .  (xx'8)
'■and R l,h ”  R<i,\i Ra,a . . . .  (xi ‘9)
where k B 0 and ]?DiK are given by (9-1) and (9-2), respectively.

University College, Imperial College,
London. London.



N O T E  ON A N  E X C H A N G E  R E A C T IO N  B E T W E E N  
H Y D R O G E N  A N D  H Y D R O G E N  IO D ID E .

B y  H. St e in e r .

Received I Jth July, 1940.

Some years ago Rosenbaum and Hogness 1 investigated the con­
version of para-hydrogen into ori/io-hydrogen in equilibrium mixtures of 
hydrogen, iodine and hydrogen iodide. They attributed the conversion 
to the reaction sequence

H2j, +  I, =  2HI 
2HI =  H2o +  I2

but the rate was much too fast to be accounted for by this mechanism 
alone, and it was obvious that an additional reaction was taking part. 
Rosenbaum and Hogness believed this additional conversion to be due 
to paramagnetic iodine atoms, present in thermal equilibrium concen­
tration. The kinetics observed were in agreement with this assumption, 
in addition the absolute value for the rate as calculated from the experi­
ments was in rough agreement with that calculated according to Wigner’s 
theory of the ortho-para-hydrogen conversion catalysed by paramagnetic 
gases.2 The only point of divergence was the considerable temperature 
coefficient observed. After allowance is made for the temperature 
dependence of the iodine dissociation equilibrium (I2 ^  2I) there still 
remains an activation energy of 24 kcal. to be accounted for. An activa­
tion energy of this magnitude has never been observed in a reaction of 
this kind, and is also in complete disagreement with Wigner’s theory, 
which in general reproduces the experimental facts fairly well.

Note added in proof.—It was thought that, by reason of the great 
sensitivity of the paramagnetic conversion on the distance of nearest 
approach of the colliding partners (inverse sixth power), an interpene­
tration of the van der Waals fields of H2 molecule and I atom might 
cause an appreciable temperature coefficient. However an estimation 
of this effect, using an inverse power function for the van der Waals 
field and plausible values for the constanta, led to a temperature co­
efficient corresponding to an activation energy of only about 2-4 kcal.

In this note an alternative mechanism is put forward. This me­
chanism is in agreement with the experimental facts available, and like­
wise accounts for the large temperature coefficient. It has an additional 
interest in that it makes the occurrence of an exchange reaction of 
hydrogen and hydrogen iodide likely. Similar exchange reactions of 
hydrogen chloride and hydrogen bromide have been studied recently, 
and it is now possible to make a comparison of all three reactions.3

Instead of introducing the reaction H2„ +  I =  H2o +  I, it is pro­
posed to attribute the additional conversion to the exchange reaction

1 E .  J .  R o s e n b a u m  a n d  T .  R .  H o g n e s s ,  J .  Chem. Physics, 1934 , 2 ,  2 6 7 .
'- E  W ig n e r ,  Z. physik. Chem., B, 1933 , 2 3 , 28 .
3 P h .  G ro s s  a n d  H .  S te in e r ,  J .  Chem. Physics, 1938 . 4» 183  ; H .  S t e in e r  a n d  

E .  K .  R id e a l ,  Proc. Roy. Soc., A, 1939 , ' 73 . 5°3  J H .  S te in e r ,  ibid., 5 3 1 .
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H2j! +  HI =  H2o +  HI. It will now be shown that under the experi­
mental conditions used by Rosenbaum and Hogness this change is 
fully compatible with the kinetics observed. Rosenbaum and Hogness 
assumed the following simultaneous reactions to occur :—

H2j) -f- I2 =  2HI, kx
2HI =  H2o +  I2 . . - ( f )

H23) +  I =  H2o +  I, k2 . . . (II)
H2b +  H =  H20 +  H, k3 . . (Ill)

Reactions I and II have been dealt with, reaction III represents the 
well-known ortho-para-hydrogen conversion initiated by hydrogen 
atoms, which at the temperature of the experiments occurs only to a 
minor extent. Using this scheme, the following expression is derived 
for the rate of reaction :—

ln^ = r f =  ( i f j «  +  4*,[I] +  *,[H])i . . (I)
In formula (1 ) x0 and x t stand for the Jwa-hydrogen content at times 

0 and t respectively, and the k's are the rate constants of the reactions 
as indicated above. On introduction of the equilibria

[I]2 _  K  anrl [H]2 _  K  
T Ij ~  2 [H J “  1

one obtains

In =  ( ^ - [ I 2] +  4k2 V W +  k3 V l c 3 V [H Ü )*  (2)

Formula (2) was shown to be in good agreement with the experi­
mental results. Introduction of reaction IV

H2j, +  HI =  H2o +  HI, k \  . . . (IV)
in place of reaction II, but otherwise leaving the previous scheme 
unchanged, leads to the following expression for the rate :—

(3)

In this expression /c4 counts all the exchanges, whether leading to an 
inversion of nuclear spins or not. The equilibrium constant is 
given by

[Ha] [I,]
4 ~  [HI]2

Formula (3) is identical in form with (2), with the exception of the 
second term, which contains the square root of the hydrogen concentra­
tion. However, in all experiments of Rosenbaum and Hogness the 
hydrogen concentration was the same,* it can therefore be treated as a 
constant, and there is then no difference in the variables of formulas (2) 
and (3). Consequently, it is impossible on the basis of their data to 
distinguish on kinetic grounds between the two mechanism. It would 
not be difficult, of course, to come to a decision by further experiments 
in which the hydrogen concentration is varied, or by experiments with 
deuterium.

* The author is much indebted to Professor Hogness for this additional in­
formation not contained in the original paper. The hydrogen concentration in 
all experiments was 1-17 x io _t mol./c.c.
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In Table I are given the values for the rate  constant of the reaction 
H 2j) - f  H I =  H 2o -f- H I as calculated from equation (3) and from the

T° abs.
693
716
753

T A B LE  I.

A4 (mol./c.c.-
1-09
2-II
io-6

sec.-1)

data of Rosenbaum and Hogness. The 
average values only are given, since the 
percentage deviations of the single con­
stants from the mean are the same as 
those given in Rosenbaum and Hogness 
paper. The activation energy calculated 
from the data of Table I is 44 rh 3 
kcal. Using the usual formula of the collision theory, this leads to a 
collision diameter of I X  IO-8 cm. In view of the approximate nature 
of the collision theory and of the large uncertainty in the value for the 
activation energy, this seems quite reasonable. In general, it seems 
justifiable to conclude that the exchange reaction H2J1 -f- HI =  HI +  H2o 
accounts for the experimental data concerning the additional ortho- 
para-hydrogen conversion, including the large temperature coefficient 
observed.

As indicated, the exchange reaction of hydrogen and hydrogen 
iodide can be compared with the similar one of hydrogen chloride and 
hydrogen bromide. In these cases the exchange is due partially to 
atomic reactions, but in the hydrogen chloride reaction a bimolecular 
reaction analogous to the hydrogen iodide one could be observed and 
measured with some accuracy. Activation energies calculated by the 
Eyring-Polanyi method 4 were in agreement with the experiments in 
that they gave a reasonable value for the activation energy of the hydrogen 
chloride reaction, and also showed that in the hydrogen bromide case 
the bimolecular reaction was too slow to compete with the atomic one. 
The activation energy for the hydrogen iodide reaction has now been

calculated. Seventeen per cent. 
T A B L E  I I . additive binding was adopted,

which was shown to be appro­
priate in all cases of bimolecular 
four-atom reactions studied so 
far. The results are given in 
Table II, and are compared 
with those obtained for hy­
drogen chloride and hydrogen 
bromide. The latter values 

have been recalculated, and differ slightly from those given previously.
The agreement seems good, but it must be noted that in all these 

calculations no correction for the zero point energy of the initial and the 
transition state has been applied, since this would necessitate the 
laborious calculation of the vibration frequencies of the transition state. 
The inclusion of this correction would not alter the agreement, but it 
may very well cause small shifts in the individual values.

Laboratory of Colloid Science,
Cambridge.

* H . E yr in g  and  M. P o lan y i, Z. physik. Chem., B, 1 9 3 2 , 12 , 2 7 9 .

Reaction.
Activation energy (kcal.).

Calculated. Observed.

Ha +  HC1 57 57 ± 4
H2 +  HBr 50 >  51
H 2 + HI 41 44 ±  3



T H E  I N F R A - R E D  A B S O R P T I O N S  O F  S O M E  P O L Y -
H Y D R O X Y L I C  C O M P O U N D S .

B y  M. M. D a v ie s .

Received 19th August, 1940.
A considerable interest attaches to those compounds in which more 

than one hydroxyl group appears to be joined to a single carbon atom. 
A recent infra-red study of chloral hydrate has indicated a consider­
able interaction between the OH groups and the adjacent CC13 radical.1 
This interaction is of the type of that in o-chlorphenol, and seems 
to be largely electrostatic in nature. Some further observations on 
chloral hydrate, more particularly in its relation to trichloracetic acid 
(CCI3 . COOH) and its monohydrate (CCl3COOH . H20) are presented 
here, together with an examination of the monohydrate of diphenyl-
f-ri b 'p t r tn  p

(C6Hs . CO . C(OH),. CO . C„H5) 
and related compounds.

Experimental.
Quartz and fluorite prisms in the Hilger D . 83 instrument have been 

used in the present work. The setting of the prisms, done in the visible 
with a small Hg-arc, was checked by plotting the 2-764  ̂benzyl alcohol band 
in C C lj,2 and the absorption centred at 5-991 ¡j. in liquid benzene.3 Cells 
with fluorite windows have been used throughout for solutions, whilst 
solid films have been prepared by melting a little of the substance to be 
examined between two thin rock-salt plates pressed together. Corrections 
for cell and solvent absorptions have been applied in all cases. Trichlor­
acetic acid solutions were made from the middle third distilling in an all­
glass apparatus, from a sample freshly recrystallised from benzene. The 
hydrate was prepared by adding the calculated quantity of water to a 
few grams of the anhydrous acid. Solvent chloroform has been prepared 
from B .P . grade by repeated shaking with water, then standing over CaCL  
and twice distilling from P 20 5.

Results.
Owing to its greater solubility, chloral hydrate is better examined in 

CHCI3 than in CC14 or in CS2 where the previous results were obtained.
The absorption corresponding to the OH valence 

Cl H fundamental gives the band at 2-825 ±  0-005 P
\  \ q  (Fig. 1 ). This is shifted to a very slightly longer

\  /  wave-length (SA=o-oo5 p.) from its centre in CC14,
Cl------C—C—H as is generally the case for this change of solvent.

/  \ q Its displacement from the normal position, at
/  /  2-77 p, of the absorption for simple alcohols and

Cl H phenols is a measure of the intramolecular inter-
(I) action which is apparently sufficient to tie the

hydrogens towards the chlorines.
1 Davies, Trans. Faraday Soc., 1940, 36, 333.
2 Fox and Martin, Proc. Roy. Soc., A , 1937, 162, 419.
3 Bailey, Hale, Ingold and Thompson, J .  Chem. Soc., 1936, 931.
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From the absence of the characteristic water absorptions, of which 
the principal may be expected near 275  ¡x, it follows that chloral hydrate

F ig . i .— Saturated solution of z ' 7°  2t0 300 3" °
chloral hydrate in CHC13, 0-35 F ig. 2.—0-073 M- trichloracetic acid 
mm. cell. hydrate in CHC13, 0-35 mm. cell.

in these solutions is not decomposed to any great extent. This does not 
apply to trichloracetic acid hydrate for which observations in CC14 and

CHCI3 indicate the presence of a considerable proportion of water. 
Fig. 2 is typical of the results in CH C13. The peak at 275  ¡x is due to 
water. Whether the subsidiary peak at 2-84 /x arises from the hydrate

2-70 2-SO 2-90 300
F ig . 3.— 0-241 m. trichlor­

acetic acid in benzene, 
0-35 mm. cell 

A =  anhydrous solution.
B  =  anhydrous s o lu t i o n  

after saturating with 
water.

F ig . 4.
A  =  chloral hydrate (approx. 1-4 m .) in 

CHC13, 6-05 mm. cell.
B  =  0-0405 M. trichloracetic acid hydrate 

in CHC13, 0-35 mm. ceil.
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is an open question : the monomeric anhydrous acid has its OPI absorp­
tion at 2-86 p. It is clear from Fig. 2 that the association band for the

acid is quite pronounced and 
this again suggests the presence 
of anhydrous molecules—cf. Bell 
and Arnold’s molecular weight 
results.4

In benzene solutions, how­
ever, clearer indications were 
obtained of the existence of the 
hydrate, as shown in Fig. 3 . 
The peak at 2-8i p. in curve B 
presumably corresponds to the 
hydroxyl groups of the hydrate : 
it is absent in the anhydrous 
solution and water gives a peak 
near 276  p in this solvent. 
After consideration of the other 
possible formulations,4 this 
result favours the structure 
CCI3 . C(OPI)3, analogous to that 
of chloral hydrate, for the acid 
derivative.

The loss of water from either 
chloral hydrate or trichloracetic acid hydrate should be detected in the 
infra-red from the appearance of the characteristic C =0 absorption near

F i g . 6.
A = 0 072 m. trichloracetic acid in CC14, 0-35 mm. cell.
B  = 0-024 M- trichloracetic acid.

57  p. Both these compounds show this absorption in CHC13 (Fig. 4).
1 B e ll and  A rnold , / .  Client. Soc., 1 9 3 5 , 1 4 3 2 .

F i g . 5 .—Absorption of thin films between 
rock-salt plates.

A = chloral hydrate.
B = trichloracetic acid hydrate.
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It is to be noted in the case of chloral hydrate that despite the strong 
absorption, probably only a very small fraction of the hydrate is de­
composed in solution, as both the concentration and cell length were 
about twenty times that for the trichloracetic hydrate.

Repeated examination failed to show any appreciable absorption 
near 57  /a for thin films of solid chloral hydrate, although the C =0  
band was again obvious in a film of liquid corresponding in composition 
to trichloracetic acid hydrate (Fig. 5). Thus chloral hydrate is com­
pletely stable in the solid state but may be decomposed to the extent of 
about O-i per cent, in CHC13 solution.

Trichloracetic acid provides an excellent opportunity for determining 
the extent of the OH band arising from the associated (dimeric) carboxylic 
acid molecules. In most other cases this absorption is confused by the 
presence of the C—FI fundamental bands in the range 3-2 fx to 3-5 ¡x. 
A careful plot of trichloracetic acid in CC14 has accordingly been made, 
using the fluorite prism (Fig. 6a). This shows the very great width of 
the association band which extends from 3-0 fx to about 4-2 fx. Although 
rather poorly defined, the peaks at 3-25 ¡x, 3-30 ¡x and 3-48 ¡x form the 
strongest elements in the band, whilst two maxima at 3-83 ¡x and 4-02 fx 
are also pronounced. In the curve shown, the monomeric hydroxyl 
absorption is only just noticeable as a weak peak about 2-86 fx : it is 
sharply defined in the more dilute solution examined with the quartz 
prism (Fig. 6b). Possible reasons for the extent of the band for the 
dimer have been discussed elsewhere.5 One point of interest is the 
location of its centre, as from the corresponding frequency it is possible 
to estimate the OH distance in the dimer. Davies and Sutherland 
almost certainly took too high a value for the dimer frequency,5 but the 
latter cannot fairly be placed at less than 2860 cm.-1 (i.e. corresponding 
to 3-50 fx) for which the OH bond length would be i- I2 2 a. Fo x  and 
Martin have pointed out6 that 4-20 ¡x gives a frequency on the basis of 
which the bond length would be calculated so as to place the hydrogen 
mid-way between the oxygens of the two molecules. But this structure 
seems to be of little significance if only in view of the small and well- 
defined changes found in the C =0 and C—0 bonds for the same structure 
as compared with the monomer.

In discussing the carboxylic acids an interesting point relating to a 
recent interpretation of the strengths of the di- and tri-chloracetic acids 
may be mentioned. Jenkins has suggested 7 that, in the 
case of trichloracetic acid, resonance between twelve y
structures of the type II contributes enhanced stability ~ \+  
to the ionic form as compared with the unsubstituted Cl C 0 
or monochloracetate ions. Were this contribution con- /  \ -
siderable, the C—Cl bonds would approach the state of Cl 0
double bonds and the valence frequencies, at least, of (H)
the CClg group would be considerably modified. Ac­
cording to Kohlrausch and Cabannes and Rousset,8 the two valence 
vibrations of the CC13 group in chloroform (of which is doubly 
degenerate) are to be assigned as =  668 cm.-1, va  =  760 cm.-1.

5 Badger and Bauer, / . Chem. Physics, 1937, Si 839 ; Davies and Sutherland, 
ibid.. 1938, 6, 755.

0 Fox and Martin, Faraday Society Discussion on the Hydrogen Bond. This 
vol., p. 897.

'■ Jenkins, Nature, 1940, 145, 625.
8 Kohlrausch, Z. physik. Chem., B , 1935, 28, 340 ; Cabannes and Rousset, 

Ann. Physique, 1933, 19, 229.
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Both these frequencies occur almost undisturbed as principal lines 
in the Raman spectrum of sodium trichloracetate at 664 cm.-1  and 
742 cm.- 1 .9 They appear at very much the same positions in trichlor­
acetic acid and chloral hydrate and their location has been confirmed 
by infra-red observations of these two compounds.1 If, in addition, it 
is stated that the frequency corresponding to vx of the CC13 group

CO

C(OH)., c6h 5 . c- -c—c- - c . CcH5

0  I-I— 0  0 —H  0  
(IV)

occurs at 654 cm.-1 in ethyl chloride and has been further detected 
as an infra-red absorption at 15-0 p. (666 cm.-1) for lead trichloracetate, 
it is obvious that the C—Cl valence force constant changes very little 
in these compounds. Accordingly, Jenkins’ interpretation of the acid 
strengths does not receive any support from these data.

It is well known that polyketonic compounds form hydrates whose
stability suggests that the water is 
attached to the molecule forming a 
poly hydroxy derivative. Ketomalonic 
acid and its salts appear to be known 
only as hydrates, (HO)2C(COOM)2; 
the hydrate of triketohydrindene, 
used as a biochemical reagent, is 
formulated as III. Of these com­
pounds we have examined the hydrate 
of diphenyltriketone,

CcH5 . CO . C(OH)2. CO . C6H5.
That this compound is best repre­
sented as IV appears from its ab­
sorption in the region of the OH 
fundamental (Fig. 7). The curve is 

somewhat complex, but the main absorption is certainly located at 
2-92 p, which is far (Av =  190 cm.-1) from the normal position of the 
OH band at 2-77 p. The shift measures the degree of interaction of 
the hydroxyl groups with the adjacent carbonyls. A similar case, where 
the absorption is again broad, is benzoin V, 
there the shifted OH band is centred at 2̂ 89 p.

The examination of the effect of the inter­
action upon the frequency of the remaining 
carbonyl groups, as shown by a comparison 
of the triketone and its hydrate in the region 
of the C =0 valence frequency, is represented in Fig. 8. The carbonyl 
frequency seems to be split into two components; the weaker, at 5*81 p 
(1720 cm.-1), remaining unchanged, whilst the other moves from 5-98 p 
(1672 cm.-1) in the triketone to 5-94 p (1684 cm.-1) in the hydrate. 
Although small, the direction of this displacement is unexpected, as the 
interaction with the hydroxyls would be anticipated to decrease the 
strength and hence the frequency, of the C =0 bond. Presumably

• G hosh and  K ar, / .  Physic. JZhem., 1 9 3 1 , 3 5 ,. 1 7 3 5 .

F ig . 7.—Dilute solution of diphenyl 
triketone hydrate in CHC13 
0-35 mm. cell.

c 6H5. c-

0

-c . C„H,

H—0
(V)
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other factors, possibly arising from the adjacency of the three equivalent 
vibrators in the triketone, eliminate the expected effect. It appears 
desirable to emphasise the influence of the phenyl group on the frequency 
of an adjacent ketonic bond. In the ketones R . CO . CH3 the carbonyl 
frequency is almost constant at 1710  cm.-1, when R is an aliphatic

group, decreasing only to 1702 cm.-1, 
when R is a tertiary aliphatic radi­
cal ; but in acetophenone it is 
found at 1677 cm.-1 (5-96 /a), co­
incident with the main absorption 
in Fig. 8. This effect possibly re­
sults from the ability of the phenyl 
group to favour resonance with the

F ig . 8.
A = dilute solution diphenyl- 

triktone in CCI,.
B  =  saturated solution diphenyl- 

triketone hydrate in CC14. 
Cell = 0-35 mm.

F ig. 9.—Saligenin  (o-hydroxy 
benzyl alcohol) in CC14 at 
730 C. Solution saturated at 
room temperature.

structure VI. The results for o-hydroxybenzyl alcohol (saligenin) in 
the OH region are of importance in elucidating the factors controlling 
the appearance of two separate hydroxyl frequencies in compounds of 
this type. In his interpretation of two distinct hydroxyl frequencies 
Pauling suggested,10 in the case of catechol, for instance, that the inter­

action was due to the preliminary 
fixture of the OH groups in the plane 
of the benzene ring through resonance 
with a structure VII. It now appears 
that the interaction is much greater in 
saligenin than in catechol, the fre­
quency separation of the components 
being 157 cm.-1 and 64 cm.-1  respec­
tively in the fundamental. As in the 

former, there is no possibility of an initial fixture of one of the hydroxyl 
groups in the benzene plane this factor is best omitted from the ex­
planation. The greater extent of the interaction in saligenin is easily 
accounted for by the much closer approach possible for the hydroxyl

10 Pauling, J. Arner. Chem. Soc., 1936, 58» 94-

c 6h 5-
+

-c- -R

0 -
(VI)
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groups in this case, but whether the molecules assume form VIII or 
IX, or an equilibrium of both, cannot be decided. The temperature

CH.
c h 2 h

0  

H
\ / \ /  

0

(VIII)

\ / \

0
1

H

0

H
(IX)

effect on the relative intensities of the two components between i8° C. 
and 73° C. was practically negligible in carbon tetrachloride solutions.

S u m m a ry .
The infra-red absorptions of a number of polyhydroxylic compounds 

are reported. In  particular, the results for trichloracetic acid and its 
hydrate, diphenyl-triketone hydrate and saligenin are discussed in relation 
to the structure of these molecules.

The author wishes to thank Dr. R. P. Bell for drawing his attention 
to the existence of trichloracetic acid hydrate. He is indebted to the
D.S.I.R. for a Senior Research Award and to the Chemical Society for 
a grant.
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General Physics for Students of Science. B y  Prof. R . B . L in d s a y .
(Chapman & Hall, London. John W iley & Sons, New York. 1940.
Pp. xiv +  534. Price 22s. 6d. net.)

Prof. Lindsay's text-book is intended to provide a survey of physics 
for the use of students who have some acquaintance with quite elementary 
calculus. Its five sections— General Introduction, Mechanics, Heat, 
Electricity and Magnetism, Radiation— cover rather more than the 
course usually given to students of intermediate grade, but this statement 
must not be taken to imply that an intermediate student will find the 
book too much for him. On the contrary ; the author’s treatment of his 
subject is admirably calculated to hold the reader’s interest, and he lays 
stress on many points which are apt to be hurried over in an elementary 
course. The discussion of fundamental mechanical principles is unusually 
full, and the treatment of the mass and force concepts much more satis­
factory than is commonly the case. The student who has worked through 
this section of the book will be competent to attack, not only puzzles 
concerned with stones dropped into wells, but also simple and practical 
problems in two-dimensional rigid dynamics.

Each chapter is accompanied by a well-selected set of problems ; the 
book may be unreservedly commended. A. F .
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Reports on Progress in Physics. Vol. vi. Pp. v +  434. (London : 
The Physical Society, 1940.) 22s. 6d.

This volume appears in the usual form and size. The general scheme 
which has characterised these Reports from their inception has been con­
tinued with undoubted success ; it consists in presenting, in addition 
to accounts of recent developments in the more common branches of the 
subject, a number of articles on special topics. A  new editor is to be 
congratulated on having made an attractive and varied selection for these 
articles, all of which are written by men with first-hand knowledge of 
their subject. I t  will be some years before even the most important of 
these developments appears in the text-books and thus the present work 
enables readers who have not access to a large range of periodicals nor 
the time to collect the information, to have at hand carefully written 
accounts of recent progress. The mathematical work, which is inseparable 
from the matter of some of the reports, is generally confined to that which 
is essential for the proper understanding of the subject.

Readers of the Transactions w ill welcome particularly the articles 
on induced radioactivity and on the separation of isotopes and will find 
much of interest in the accounts of the Zeeman effect in atomic and mole­
cular spectra, where some excellent photographs are given. As might 
be expected from recent developments, the solid state claims attention 
in several directions, luminescence, solid reactions and electrical break­
down being reviewed in the light of recent work, while in X -ray analysis, 
progress with organic structures and silicates is discussed. Other articles, 
which cannot be mentioned individually, maintain the high standard 
which is generally associated with these reports. The book is as com­
prehensive in its range as its forerunners and is to be thoroughly recom­
mended to those who wish to keep their knowledge up to date.

R . H . H.

C o n v er s io n  of P e tr o le u m . P ro d u c tio n  of M o to r  F u e l b y  T h e r m a l and  
C a ta ly tic  P r o c e s s e s .  B y  A. N. Sachanen. (Chapman & Hall, 
London; 1940. Pp. 413. Price 36s. net.)

The author, in this book, relating to the fundamental principles and 
modern practices of converting petroleum into fuels, has included much 
information derived from recently published papers on the subject, includ­
ing his own, and he has arranged in a concise and orderly manner the 
scattered information on hydrocarbon chemistry both in its academic and 
commercial aspects. There are at frequent intervals in the text useful 
summaries of facts and conclusions.

To the organic research chemist the book is of considerable value ; 
nearly a half of the 413 pages is given to the chemistry of hydrocarbons, 
their thermal and catalytic hydrogenation and dehydrogenation, splitting 
decomposition, isomérisation, alkylation, aromatisation, polymerisation 
and other chemical changes which have recently been studied. To the 
fuel technologist and motor engineer the book can be of considerable 
service, as it contains a survey, up to 1940, of important commercial 
methods of manufacturing petroleum fuels and oils and of their engine 
behaviour. To the industrial chemist there is an abundance of data for
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devising methods of analysis, together with criticisms of existing tests, 
which, in the light of newly discovered facts, must become obsolescent. 
The book is also invaluable to students preparing for the Institute of 
Chemistry Examination in the fuel technology section.

The experimental results are represented “ molecularly ” ; there are 
204 tables and 56 figures, and there are few typographical errors. The 
book is carefully balanced in its treatment of the different sections of the 
subject. The descriptions are clear and adequate, and the refinery nomen­
clature, such as for example, " lubdistillate," “ paraffinicity," “ crack- 
per-pass,” etc., becomes self-explanatory from the text.

Descriptions and methods of manufacture of the high knock-rating 
synthetic aviation spirits such as iso-octane and neo-hexane (2, 2-dimethyl 
butane) are given, together with recent data on the subject of knock- 
rating and “ lead ” response.

E .  M.

E R R A T U M .

Page 8 19 . The figure to which reference is made is as follows:—
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SPECIAL GENERAL MEETING : The business of this meeting 
will be to approve a temporary alteration in the Rules by the addition of 
a new rule 20* as follows :—

“ During the present war, those provisions of Rules 19 and 20 
whereby the President, Vice-Presidents and ordinary Members of 
Council are not eligible to hold office for more than the periods in 
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Authors submitting papers for publication are requested to note the 
following particulars :—

i. All communications made to the Society are the property of 
the Society. When papers have been accepted for publication, authors 
are not at liberty, save by permission of the Council, to publish them 
elsewhere. Such permission will not be unreasonably withheld. 
Communications which have appeared in any other Journal may not 
usually be published in the Transactions.

ii. (a) Papers should be as brief as is compatible with clarity, 
and no experimental details should be included which are not necessary 
for the understanding of the paper or for verifying any conclusions that 
may be drawn. Paragraphs should not be unnecessarily sub-divided.

(¿) Tables should be reduced to a minimum and, where possible, 
results should be shown by means of curves rather than tables. Only in 
exceptional cases may tables be published as well as graphical representa­
tions of their contents.

(c) Each paper should include a brief summary indicating in general 
terms its purpose and conclusions.

iii. (a) Papers must be typewritten, with double spacing, on one 
side only of the paper, with a good margin on the left side.

(i) References should be typed in numerical order (and in the 
following sequence : journal ; date ; volume number ; page) at the end 
of the paper; the necessary reference numbers only should appear 
in the text.

(ic) Symbols, formulae and equations should be written or typewritten 
with great care. The symbols recommended in the Report of the J oint 
committee of the Chemical Society, the Faraday Society and the Physical 
Society should be employed.

iv. (a) Line drawings may in the first instance be submitted in sketch 
form. For publication, however, they must be made with Indian ink on 
Bristol-board or preferably tracing cloth. Freehand must not be employed 
and all lines must be firmly and evenly drawn. Drawings should, generally, 
be capable of reduction to about one-half scale, depending on their nature 
and complexity ; all drawings relating to one paper should be so 
made that they will all be reduced to the same extent. In the case of 
curves the ordinates and abscissae must be drawn in ink and reliance 
must not be placed on the printed lines of scale paper.

(b) Where possible, lettering should be outside the diagram. Letter­
ing should be put in lightly with lead pencil.

(v) Rapidity of publication is facilitated if papers are submitted in 
duplicate with duplicate photographs or tracings of diagrams, so that each 
paper with its drawings and photographs will go into a foolscap envelope.

(vi) Authors must retain copies of their communications.
Correction of Proofs.—The address to which proofs are to be sent

should be written on every paper. Authors resident overseas may name 
agents in Britain to whom may be referred matters concerning their papers, 
Including the correction of proofs, in order that delay in publication may 
be avoided.

Two galley proofs are provided, one of which duly corrected should be 
returned to the Editor. Authors are required to submit their communica­
tions in such form that corrections other than of printer’s errors will be un­
necessary. Authors making other corrections will be required to bear 
the cost thereof.

Reprints.—Twenty-five reprints (without covers) -are presented to 
each author who is a member of the Society. Other reprints may be 
obtained by authors or co-authors at cost price.


