
The Faraday Society reserves the Copyright in  all Communications 
published in the " Transactions ",

No. 2 2 8 .

t r a n s a c t i o n s  o f  ~ 3 F a ra ô a ?  

S o c ie t y .

F o u n d e d  1 9 0 3 .
,y  -----------

TO  PRO M O TE T H E  S T U D Y  OP ELEC TRO C H EIY1 ISTR Y . E LE C T R O M ET A LLU R G Y , 
C H E M IC A L  P H Y S IC S . IY IETA LLO C R A P H Y , AND K IN D R E D  S U B JE C T S .

Vol. XXXVI. Part 4 . APRIL, 1940 . 5 s.

Contents
PAGE

Studies in Membrane Permeability. II. The Adsorption of Sucrose 
and Two Salts on Cupric Ferrocyanide. By B. C. McMahon,
E. J. Hartung and W. J. Walbran . . . . .  515

The Catalytic Exchange of Hydrogen Atoms between Molecular
Deuterium and Propane and Butane. By A. Farkas . . 522

Calculation of the Third Law Entropy of Ethyl Chloride. By J. W.
Linnett . . . . . . . . . .  527

The Chemisorption of defines on Nickel. By G. H. Twigg and
Eric K. Rideal . . . . . . . . .  533

Elastic Recovery and Plastic Flow in Raw Rubber. By L. R. G.
Trcloar . . . . . . . . . .  538

Nuclear Gold Sols. III. Lower Limit of Particle Size. By A. Baker
and F. L. Usher . . . . . . . . .  549

Viscosity of Electrolytic Mixtures in Dilute Solution. By A. S.
Chacravarti and B. Prasad . . . . . . .  557

The Effect of Hydrochloric Acid on the Viscosity of Barium and 
Magnesium Chloride Solutions. By A. S. Chacravarti and
B. Prasad . . . . . . . . . .  561

An Electron Diffraction Study of the Surface Reaction between 
Nickel Oxide and Corundum. By H. R. Thirsk and E. J. 
Whitmore . . . . . . . . . .  565

The Dielectric Constant of Diamond. By L. G. Groves and A. E.
Martin . . . . . . . . . . .  575

The Latent Photographic Image : Additivity of Part-Exposures and 
Micro-Crystalline State of Silver Halide Grains. By J. C. M. 
Brentano and S. Baxter . . . . . . .  581

Monolayers of Compounds with Branched Hydrocarbon Chains.
I. Di-Substituted Acetic Acids. By Einar Stenhagen . . 597

Note on Heats of Formation of Ethyl and Propyl Peroxides. By
E. C. Stathis and A, C. Egerton . . . . . .  606

Reviews of Books . . . . . . . . 607

G U R N E Y  A N D  J A C K S O N  
L O N D O N :  9 8  G R E A T  R U S S E L L  S T R E E T  

E D I N B U R G H :  T W E E D D A L E  C O U R T



OFFICERS AND COUNCIL, 1939-1940.

President.
Prof. E. K. Rideal, M.B.E., D.Sc., F.R.S.

Vice-Presidents who have held the Office o f President.
S i r  R o b e r t  R o b e r t s o n ,  K.B.E., D.Sc., F.R.S.
P r o f .  F. G. D o n n a n ,  C.B.E., P h . D . ,  F.R.S.
P r o f .  C. H. D e s c h ,  D.Sc., F.R.S.
P r o f .  N. V. S i d g w i c k ,  Sc.D., D.Sc., F.R.S.
P r o f . M. W. T r a v e r s ,  D.Sc., F.R.S.

V ice-Presidents.
P r o f .  J .  E. C o a t e s ,  O.B.E., D.Sc. P r o f .  W .  C. M .  L e w i s ,  D . S c . ,  M . A . ,  F . R . S .
P r o f . A. F e r g u s o n ,  D . S c . C. C. P a t e r s o n ,  D . S c . ,  O.B.E.
P r o f .  R. H. F o w l e r ,  O.B.E.,  P r o f .  R. W h y t l a w - G r a y ,  O.B.E., Ph.D.,

M.A., F.R.S. F.R.S.
Honorary Treasurer.
R. E. S l a d e ,  D.Sc.

Chairman o f the Publications Committee.
P r o f . A .  J. A l l m a n d ,  D.Sc., F.R.S.

Council.
E .  J .  B o w e n , M . A . ,  F . R . S .  F .  D .  M i l e s ,  D . S c .
C .  R .  B u r y ,  B . A .  W .  J .  S h u t t .
J .  J. Fox, O.B.E., D.Sc. D. W. G. S t y l e ,  Ph.D.
P r o f .  W. E. G a r n e r ,  D.Sc., F.R.S. P r o f .  S. S u g d b n ,  D.Sc., F.R.S.
R. L e s s i n g ,  Ph.D. O. J. W a l k e r , Ph.D.

Secretary and Editor.
G. S. W. Marlow, 13 South Square, Gray's Inn, London, W.C. x.

(Telephone: Chancery 8101.)

Publication Committee.
P r o f .  A .  J .  A l l m a n d ,  D . S c . ,  F . R . S .  ( C h a i r m a n ) .

P r o f .  F. G .  D o n n a n ,  C.B.E.. F.R.S. 
P r o f .  A. F e r g u s o n ,  M.A., D.Sc. 
P r o f .  W. E. G a r n b r ,  D.Sc., F.R.S. 
C. F. G o o d e v b ,  D.Sc., F.R.S.
E. H a t s c h e k ,  F . I n s t . P .
P r o f .  C. N. H i n s h e l w o o d ,  Sc.D., 

F.R.S.
Miss D. J o r d a n - L l o y d ,  D.Sc.
P r o f .  J .  E. L b n n a r d - J o n e s ,  D.Sc., 

F.R.S.

P r o f .  W. C. M. L e w i s ,  D.Sc., F.R.S.
H. M o o r e ,  C.B.E., D.Sc., Ph.D.
P r o f .  J .  R. P a r t i n g t o n ,  D.Sc.
P r o f .  M. P o l a n y i ,  Ph.D., M.D.
J .  N. P r i n g ,  D.Sc.
P r o f .  E. K. R i d e a l ,  M.B.E., D.Sc.,

F.R.S.
S i r  R o b e r t  R o b e r t s o n ,  K.B.E., D.Sc., 

F R S
D. W .  G .  S t y l e ,  Ph.D.

O. J. W a l k e r ,  Ph.D.
P ast Presidents,

1 9 0 3 - 1 9 0 4 — S i r  J o s e p h  S w a n ,  F.R.S.
1 9 0 5 - 1 9 0 7 — L o r d  K e l v i n ,  O.M., G.C.V.O., F.R.S.

1 9 0 7 — S i r  W i l l i a m  P e r k i n , LL.D., F.R.S. 
1 9 0 8 - 1 9 0 9 — S i r  O l i v e r  L o d g e ,  F.R.S.

1 9 0 9 - 1 9 1 1 — S i r  J a m e s  S w i n b u r n e ,  B a r t . ,  F.R.S. 
1 9 1 1 - 1 9 1 3 — S i r  R. T. G l a z b b r o o k ,  K.C.B., F.R.S. 

1 9 1 3 - 1 9 2 0 — S i r  R. A .  H a d f i e l d ,  B a r t . ,  D . M e t . ,  F.R.S. 
1 9 2 0 - 1 9 2 2 — P r o f .  A l f r e d  W .  P o r t e r ,  D . S c . ,  F.R.S. 

1 9 2 2 - 1 9 2 4 — S i r  R o b e r t  R o b e r t s o n ,  K.B.E., D.Sc., F.R.S. 
1 9 2 4 - 1 9 2 6 — P r o f .  F. G .  D o n n a n ,  C.B.E., P h . D . ,  F.R.S. 

1 9 2 6 - 1 9 2 8 — P r o f .  C. H. D e s c h ,  D . S c . ,  P h . D . ,  F.R.S. 
1 9 2 8 - 1 9 3 0 — P r o f .  T. M. L o w r y ,  D . S c . ,  F.R.S. 

1 9 3 0 - 1 9 3 2 — S i r  R o b e r t  L. M o n d ,  LL.D., F.R.S. 
1 9 3 2 - 1 9 3 4 — N .  V. S i d g w i c k ,  S c . D . ,  D . S c . ,  F.PS 

1 9 3 4 - 1 9 3 6 — W .  R i n t o u l ,  O.B.E.
1 9 3 6 - 1 9 3 8 — P r o f .  M. W .  T r a v e r s , D.Sc., F.R.S.



S T U D I E S  IN  M E M B R A N E  P E R M E A B I L I T Y .  II . 
T H E  A D S O R P T IO N  O F  S U C R O S E  A N D  T W O  
S A L T S  O N  C U P R IC  F E R R O  C Y A N ID E .

B y B . C. M c M a h o n ,  E. J. H a r t u n g  a n d  W . J . W a l b r a n .

Received 13II1 November, 1939.

T he adsorption of so lu tes b y  cupric ferrocyanide is of in terest in 
regard to the com position  of the precipitated m aterial and to its  pro
perties as an osm otic m em brane, b u t re latively  little  work w ith  any claim  
t o  accuracy has been  d evoted  to  the question. T he in vestigation s of 
T in k er  in 1916 1 m erely show ed th a t dried cupric ferrocyanide rem oved  
w a ter  preferentially  to sugar from  an aqueous sucrose solution. One 
of the present authors in 1 9 1 9 2 gave careful m easurem ents on the ad 
sorption  of KC1 and K 2S0 4 from  aqueous so lu tion  b y  the precipitated  
■gel w hich show ed th a t K 2S0 4 w as defin itely  adsorbed to a greater ex ten t  
than KC1, and th is result w as correlated w ith  the greater d iffusib ility  of 
■the chloride through the cupric ferrocyanide m em brane. T hese other
w ise very  con sisten t m easurem ents are unreliable a t low  concentrations, 
■owing to the presence of residual sa lt in the w ashed gel. H . B . W eiser 
in  1930 3 published analyses of so lu tions in  w hich  cupric ferrocyanide  
ihad been precip itated  from  aqueous CuCl2 b y  K 4Fe(C N )8, N a4Fe(C N )8 
-and H 4F e(C N )a from w hich the ex ten t o f adsorption of the precip itant 
■was inferred. A s a typ ica l case, free K 4F e(C N )8 did n ot appear in  solu 
t io n  u ntil th e  m olar ratio of excess K 4Fe(C N)6 to Cu2Fe(C N )6 in  the  
p recip ita te  w as about 0-4, w hich  W eiser regarded as irreversible 

.adsorption of the precip itant on pure Cu2Fe(C N)8, w hile subsequent 
•molar ratios up to 0-8 in  so lu tions contain ing excess soluble K 4Fe(CN)„ 
■were classed as due to  reversible adsorption. T hese ratios w ere low er  
•,for N a4Fe(C N)8 and for H 4Fe(C N )6 b u t were still large. E xperim ents  
w ith  K 2S0 4 and CuCl2 on m aterial precip itated  b y  H 4Fe(C N )8 indicated  
■small positive  adsorptions in each case. A  sim ilar p o in t of v iew  is shown  
in  a later paper 4 using cupric ferricyanide an adsorbent.

I t is, how ever, unusual to class com position  changes of such m agni
tude, other than those due to hydration  of gels, as dem onstrating ad 
sorption. Much w ork has been done on the com position  of precipitated  
cupric and other ferrocyanides 5 from  w hich  it  seem s clear th a t these  
substances form  solid so lu tions very  readily w ith  soluble ferrocyanides, 
and the com position  of these solid so lu tions varies, as one w ould expect, 
w ith  the com position  of th e liquid phase from  w hich th ey  separate. 
M oreover, the w ork of Messner 6 and of R eihlen and Zim m erm ann 7 

.m akes it clear th at part of the copper in  Cu2Fe(C N)8 is in the anionic

1 F . T inker, Proc. Roy. Soc., A ,  1916, 9 2 , 357 ; 1917, 93 . 266.
2 E . J . H ärtu ng , Trans. Faraday Soc., 1920, 15, 160.
3 H . B . W eiser, Coll. Sym p. A n n .,  7 ,  275 ; J . physic. Chem., 1930, 34 , 335,
* H . B . W eiser, ibid., 1826.
5 E . M üller, W egelin  and  K ellerhoff, J . prah. Ch., 1912, (2), 8 6 , 82.
* M essner, Z. anorg. Chem., 1895, 8 , 368 ; 9, 126.
" H . R eih len  and  W . Z im m erm ann, Annalen, 1927, 45 1 , 75.
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form, so th at the sa lt should be form ulated Cu[CuFe(CN)e], T his is 
borne out b y  the X -ray  analysis of K eggin  and Miles 8 w hich  in d icates  
th at the structure is probably akin to  Prussian blue, w ith  alternate  
biva len t copper and iron atom s occupying the corners of a cubic la ttice  
and cyanogen groups along the edges. T he position  of the b iva len t  
copper cations is doubtful. One m ight suppose them  to occupy the  
centres of alternate cubical cells, b u t Fordham  and T y so n ,9 w hose electron  
diffraction stud ies confirm com pletely  the cubical la ttice  w ith  5 a .  
spacing, were n ot able to  find them  at all. T h ey  believe, how ever, th at 
th ey  cannot lie in these positions w ith ou t g iv ing rise to  diffractions of an  
in ten sity  too great to  be overlooked. N evertheless, these cations m ust 
be som ew here in the la ttice , and it is possible th a t th ey  m ay  be d is
tributed  sta tis tica lly  to g ive a pseudo-cubic sym m etry, in conform ity  
w ith  other know n cases. D efinite crystalline com pounds of the ty p e  
M "[CuFe(CN)6]" are know n in w hich M is an alkaline earth m eta l and  
w here one m ay reasonably assum e com plete replacem ent of ca tion ic  
copper. C om plete replacem ent b y  N a or K  w ould  in vo lve  filling the 
centres of all cells as in the Prussian blues, and th is appears also here 
to have been a tta in ed .6 One m ay therefore regard precipitated cupric 
ferrocyanide as exh ib iting  partial replacem ent of this kind, and not 
adsorption of one ferrocyanide in very  large am ount on another. The 
X -ray  evidence adduced b y  W eiser, M illigan and B ates 10 in support of 
adsorption does n ot conflict w ith  the v iew  given  above. T hese authors, 
assum e th a t either adsorption or double-salt form ation  takes p la c e ; 
th ey  do n o t consider the possib ility  of solid solution , and rule ou t double
salt form ation on the ground th at their X -ray  photographs show  no
special structure to be developed in gels contain ing m uch alkali ferro
cyanide. B u t their diffraction patterns of gels precip itated  by  
K 4Fe(C N )6 a t different excess concentrations, and b y  H 4Fe(C N )6, are 
identical, thus show ing th a t their m ethod  is unable to d istingu ish  betw een  
cation ic copper, potassium  and hydrogen.

P recip itation  of cupric ferrocyanide in the continuous presence of 
excess cupric ions excludes adsorption of ferrocyanide ions, y e t  th e  gel 
so prepared m ay contain  m uch firm ly bound alkali ferrocyanide. On 
w ashing it peptises u ltim ate ly  due to cationic loss to the solution , form ing  
the usual negative s o l ; th is is prom oted by  addition  of soluble  
ferrocyanide, due to true adsorption. W e h ave found th a t the gel pre
pared from excess CuAc2 and th e acid itself cannot be peptised  b y  w ashing, 
although  it  contains som e excess of ferrocyanic acid over the sto ich io
m etric ratio, y e t  a  sligh t concentration  of the acid or a soluble ferro
cyanide peptises the w ashed gel a t once, as the anions are adsorbed. It 
is ev id en t therefore th a t soluble ferrocyanides are unsu itab le solu tes for 
adsorption w ork w ith  cupric ferrocyanide because of their so lid-solution  
form ing propensity. T he present w ork w as undertaken to afford 
accurate data  for sucrose and tw o salts for w hich reliable diffusion data  
through a cupric ferro-cyanide m em brane are also availab le .11 Great 
pains were taken in  regard to an alytica l procedure and p u rity  of reagents,, 
and distilled  w ater w as prepared in silica.

8 J . F . K eggin  an d  F . D . M iles, Nature, 1936, 137, 577.
8 S. F ordham  and  J. T. T yson , J . Chem. Soc., 1937, 483.
10 H . B . W eiser, W . O. M illigan and J. B . B a tes , J . physic. Chem., 1938, 43 > 945-
11 E . J. H artu ng , F . H . K elly  and  J. W erth eim , Trans. F araday Soc., 1937- 33>-
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Experimental.
Cupric ferrocyanide w as prepared b y  p rec ip ita tin g  excess o f C u A c s 

solution  w ith  aqueous H 4F e(C N )s, th e  a cid  bein g m ade b y  th e  m eth od o f 
C um m ing.12 A s  th e  gel so m ade could n ot be p ep tised  b y  w ashin g, a ll 
soluble m a tte r w as co n ven ien tly  rem oved from  it  b y  centrifuging. T h is  
beh avio u r rendered subsequent sep aration  from  sucrose solutions re la tiv e ly  
easy, w hereas th e  gel p repared from  alkali ferrocyanide peptises before 
soluble e lectro lytes are co m p lete ly  rem oved an d  then  cann ot be sep arated  
from  sucrose solutions w ith o u t a lterin g th e  com position o f th e  la tter. 
A fte r  m uch p relim inary  w o rk  w e selected th e  gel m ade from  ferrocyan ic 
a cid  and a t  least 10 %  excess o f copper a cetate , and  h a v e  used it  e xclu siv ely . 
I t  w as stored in  distilled  w ater a t  room  tem p eratu re  and appears then  to  
keep indefin itely. A fte r  vigorous shakin g, th e  tu rb id  suspension could 
be sam pled w ith  a  w ide-m outhed p ip ette  w ith  less th a n  o -i %  variatio n . 
A n a ly sis  p ro ved  difficult, th e  m ethod adopted  fin a lly  bein g to  determ ine 
th e  Cu/Fe ratio  g rav im etrically . D ifferen t batch es o f ge l agreed closely 
in  g iv in g  th is  ratio  as 2-20 (C u2Fe(CN ) 0 requires 2-28) in d icatin g  th a t  the 
m ateria l con tain ed 3-6 m oles H .,Fe(CN ) , p er 100 m oles of C u ,F e(C N ) 6. 
F o r com parison, th e  gel m ade from  a lk a li ferrocyanide and 25 ”%  excess 
copper salt ga ve  a fte r  com plete w ashin g a  Cu/Fe ratio  of 2-06, in d icatin g 
10-4 m oles o f K 4F e(C N )6 per 100 m oles of C u sFe(CN )

Adsorption of Sucrose.
M easurem ents w ere perform ed in  th e  usual w a y  in  stop p ered  capped 

100 c.c. glass tu b es ro ta te d  fo r tw o  d a y s  (an am ple tim e) in  a  th e rm o stat 
a t  250. A fte r  centrifuging, th e  clear liquid  w as in  p a rt rem oved and the 
p ip ette  w ashed b a ck  in to  th e  tube. T h e  sucrose w as determ ined w ith  th e  
Zeiss interferom eter, and then m ore sucrose and w ater added to  th e  tu b e  
for a  n ew  experim en t, th e  sy n th e tic  com position  of th e  tu b e  con ten ts 
bein g  con trolled  e n tire ly  b y  w eigh t. A scen din g and descending concen
tra tio n  series w ere perform ed on th e  sam e tubes, and  each  e xp erim en tal 
p o in t w as determ ined in  qu ad ru p licate  w ith  four d ifferent tubes and often  
d ifferent batch es o f gel. T h is  m ethod of w orkin g is convenient, b u t m a y  
in troduce cu m u lative  errors. H ow ever, the ascending and  descending 
series agreed v e r y  w ell, p a rticu la rly  a t  th e  low er concentrations, thus 
in d icatin g  th e  p ra ctica l re ve rsib ility  o f th e  phenom ena and  th e  depend
a b ility  o f th e  exp erim en tal results. T h e ratio  of gel (estim ated as d ry  
m aterial) to  w ater w as a lw a y s  m aintained co n stan t a t  4-6 %  ; it  is d ifficult 
to  w o rk  w ith  h igher ratio s th a n  th is  ow ing to  th e  p a sty  n ature of the 
system s.

Adsorption of NaCl and Na2S 0 4.
T h e general procedure for each salt fo llow ed closely th a t  for sucrose, 

and the sam e gel-w ater ra tio  w as a lw a ys m aintained. In  sp ite  of a ll 
care, how ever, the results are defin itely  less concordant. M oreover, a  s ligh t 
am o u n t o f cation ic displacem ent of Cu from  th e  gel b y  N a  w as observed, 
th e  m axim um  con cen tration  o f C u ”  ever appearing in solution being 
a b o u t 40 m g. per litre b u t  u su ally  v e r y  m uch less w as present. A s  app reci
able  errors m igh t h a v e  been introduced, th e  Cu w as determ ined in th e  
w ith draw n  sam ple colorim etrically, and a  com pensating am ount added 
to  the tu b e  for th e  n e x t determ ination  to  avo id  cum ulative  loss of Cu, th e  
interferom eter readings being also corrected. N um erous experim en ts w ith  
v a ria tio n  of procedure in dicated  th a t o n ly  a  v e ry  sm all am ount o f copper 
m a y  be displaced in th is w a y , and th a t th e  exch an ge tak es p lace large ly  
a t  the s ta rt o f a  series o f m easurem ents w ith  the sam e m aterial. In d iv id u al

12 Cum m ing, J .  Soc. Chem. In d .,  47, 84.
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experim ents on tubes o f fresh  gel instead o f series w ith  th e  sam e tu b es were 
perform ed, b u t th is m ethod, besides bein g  v e r y  w astefu l o f tim e and 
m aterial, afforded no greater concordance in  results. I t  is possible th a t 
cation ic exch an ge m a y  affect th e  ad sorp tive  pow ers of th e  gel for anions 
b u t prolonged in vestigation  has failed  to  afford a n y  p o sitive  evidence for 
this. T h is  applies also t o  those cases w here a  second form  o f cupric ferro
cyanide appeared in  som e of th e  tubes (as described later). V e r y  ea r ly  
changes in  ad sorp tive  p ow er m a y  tak e  p lace a fte r  ad d ition  o f sa lt  to  the 
gel, b u t  w e h a ve  n ot been ab le  to  devise a n y  m ethod for p ro vin g th is w ith  
cupric ferrocyanide system s w here adsorption  equ ilibrium  is ra p id ly  
a tta in ed . In  no case w as anionic exch an ge noted.

Adsorption of NaCl and NajSC^ in Presence of Sucrose.
These experim en ts w ere u n dertaken  in  th e  hope o f using sucrose as 

a  reference substan ce to  determ ine th e  h yd ratio n  o f th e  gel. A  special 
form  of w eigh t p ip e tte  enabled sam ples to  be taken  from  th e  tubes so th a t 
th e  to ta l sam ple could  be a ccu ra te ly  w eighed. Chloride w as estim ated 
vo lu m etrica lly  and su lp hate grav im etrica lly  a fte r  due in vestigatio n  o f the 
errors in vo lved . Sucrose w as  determ ined w ith  th e  in terferom eter b y  
m atch in g in  each case w ith  com parison solutions in w h ich  th e  con cen tra
tio n s of the other solutes w ere m aintained a t  th e  predeterm ined a n a ly tica l 
values. T h e  sucrose-w ater ratio  w as a lw a ys 5 % .

Discussion of Results.
T h e  resu lts  o f th e  ex p e r im en ts  w ith  su cro se  a lo n e  are sh o w n  in  F ig . 1, 

w h ere  in crea se  in  c o n c en tra tio n  o f th e  so lu tio n  o v er  th e  s y n th e t ic  su gar—  
to ta l  w a te r  ra tio  (in  m g. p er  100 g. w a ter) is  p lo t te d  a g a in st  th e  eq u ili
br iu m  co n c en tra tio n  o f  su cro se  (in  g . per 100 g. w a te r ). E a ch  p o in t  on  
th e  grap h  rep resen ts  th e  m e a n  o f 4  d e te rm in a tio n s  on  d ifferen t tu b es , 
w h ic h  w ere  u su a lly  so  c lo se ly  co n co rd a n t th a t  th e y  co u ld  n o t  b e  sh o w n  
a p a r t o n  th e  sca le  o f  th e  cu rv e , a n d  th r e e  d ifferen t b a tc h e s  o f  g e l are  
rep resen ted . I t  w ill b e  seen  th a t  a d so rp tio n  is  a lw a y s  n e g a tiv e , th a t  th e  
cu rv e  sh o w s e x c e lle n t  lin e a r ity  a n d  p a sses th ro u g h  th e  orig in . W ith o u t  
m a k in g  a r tific ia l a n d  u n lik e ly  a ssu m p tio n s  as to  th e  w a y  in  w h ic h  su cro se  
a d so rp tio n  m a y  v a r y  w ith  c o n c en tra tio n , th e  o n ly  in te rp re ta tio n  o f th ese  
resu lts  is  th a t  th e  b o u n d  w a te r  o f th e  gel {i.e., w a te r  u n a v a ila b le  to  
su crose) is c o n s ta n t  and  th a t  th ere  is  n o  su cro se  a d so rp tio n  a t  a ll. I t  is  
a t  first s ig h t  rem a rk a b le  th a t  th e  b o u n d  w a te r  sh o u ld  n o t  v a r y  
w ith  su cro se  c o n c en tra tio n , i.e., w ith  c h a n g e  in  th e  a c t iv i ty  o f th e  w a te r  
in  so lu tio n . S o  fa r  as w e  are aw are, su ch  b e h a v io u r  is  q u ite  e x c e p tio n a l  
(see  th e  r ev iew  b y  B r ig g s  13). T h e  d ifficu lty  is  rem o v ed  if  w e  co n sid er  
th e  b o u n d  w a te r  to  c o n s is t  o f tw o  p a r ts— a sm a ll a m o u n t o f  tr u ly  a d 
so r b e d  or p o la r ised  w a te r  on  th e  su rfa ce  or e v e n  in  th e  s tr u c tu r e  o f th e  
g e l  c r y s ta llite s , a n d  a  larger a m o u n t o f im b ib ed  w a te r  b e tw e e n  th em . 
If a ll o f  th is  b o u n d  w a te r  is  o u t  o f  reach  o f th e  su crose , w h ic h  is  l ik e ly  

s in c e  e v e n  v e r y  th in  m em b ra n es o f  cu p r ic  ferro cy a n id e  are im p erm ea b le  
to  su crose , c a lc u la tio n  fro m  th e  c u rv e  sh o w s th a t  IO-6 m o les  o f  w a te r  
are b o u n d  b y  o n e  m o le  o f Cu2F e(C N )6. S u ch  a  d egree  o f  h y d ra tio n  is 
m ore c h a ra cter istic  o f  h y d ro p h ilic  th a n  o f e le c tr o c ra tic  so ls  o f th is  ty p e .  
M oreover, it  is  im p o ss ib le  to  fin d  room  for su ch  a  large  a m o u n t o f w a te r  
in  th e  Cu2F e(C N )g la t t ic e , or e v en  on  its  su rface  b y  p o la r ised  a d so rp tio n ,  
a n d  i t  is  l ik e ly  th a t  m o s t  o f i t  is  m e re ly  im b ib ed  b y  th e  g e l, b e in g  th e r e b y  
e x c lu d e d  from  th e  large su g a r  m o lec u les  in  th e  sa m e  w a y  th a t  w a te r  in

13 D . R . B riggs, J .  physic. Chem., 1932, 36, 367.



B. C. McMAHON, E. J. H AR TU N G  AND W. J. W A L B R A N  519

sw o llen  g e la t in e  m a y  b e  e x c lu d ed  to  co llo id a l p a r tic les  o f su ita b le  size. 
I t  is  th en  u n d ersta n d a b le  th a t  th e  p o la r ised  w a te r  in  th e  gel m a y  v a r y  
w ith  su cro se  co n c en tra tio n  as o n e  w o u ld  e x p e c t , a lth o u g h  th e  to ta l  
p ola r ised  a n d  im b ib ed  w a te r  rem ain s in d ep en d e n t o f i t  b eca u se  th is  
b o u n d  w a te r  is  in  e ffec t d e term in ed  in  th e  g e l b y  sp a tia l c o n sid era tio n s .

E q u itib  'V  C one C (q . s u ja r  p e r  100  Cf. cua ier.)

If th is  a r g u m e n t b e  correct h o w ev er , su crose  c a n n o t be u sed  w ith  
se c u r ity  to  m ea su re  th e  a m o u n t o f b o u n d  w a te r  in  th e  ge l in  r e la tio n  to  
o th e r  so lu te s . F o r  if  th e se  so lu te s  are a b le  to  p e n e tr a te  th e  cupric  
ferro cy a n id e  m em b ra n e, i t  is l ik e ly  th a t  th e  im b ib ed  w a te r  m a y  be  
a v a ila b le  to  th e m  a lth o u g h  n o t  to  su crose . In d eed  th e  resu lts  fo r  N aC l 
a n d  N a 2S 0 4 w ith  a n d  w ith o u t  su crose  in  so lu t io n  g iv e  so m e  in d ica tio n  
t h a t  th is  is  th e  case .

In F ig s . 2 a n d  3 r e sp e c tiv e ly  are p lo tte d  fo r  N aC l a n d  N a 2S 0 4 increase  
in  c o n c en tra tio n  o f th e  so lu tio n  o v er  th e  sy n th e t ic  c o n c en tra tio n  (in
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m g, ions per 100 g. w ater) w ith  and  w ith o u t sucrose p resen t in  fixed 
co n cen tratio n  of 5 g- per 100 g. w a te r  a g a in st the equ ilib riu m  con cen tra-

Equilib'P ConcO ( <j. ions p e r  1 0 0 y .  w a ter.)  

F ig . 2.

tion  of th e  so lu tion  (in g. ions p er 100  g. w ater). In  sp ite  o f a ll care in th e  
a n a ly tic a l w o rk , con siderable  d e v ia tio n s in  th e  exp erim en ta l p o in ts are

show n since th e  errors are 
throw n  on sm all differences. 
T h e re  is, h o w ever, no d o u b t 
a b o u t th e  d irectio n s o f the 
cu rve s  in  each  case. T h e  
a p p a re n t anion ic adsorp tio n  
is n eg a tive , b u t  there is 
evid en ce  th a t  it  becom es 
d e fin ite ly  p o sitiv e  a t  low  
co n cen tratio n s, e sp ecia lly  
fo r  su lp h ate , as th e  cu rves 
do n o t p ass d ire c tly  th rou gh  
the origin. It  is also  e v id e n t 
th a t the p resence o f sucrose 
d im in ishes th e  n e g a tiv e  
an io n ic a d sorp tio n  in each  
case, b u t  it  is p ossib le  to 
a cco u n t fo r  th is b y  su p 
po sin g  th a t  sucrose d im in 

ishes th e  p o larised  w a te r  on th e  gel o w in g  to th e  low ered  a c t iv it y  of 
th e  w a te r  in th e  so lu tion  w h ile  th e  im b ib ed  w a te r  is a v a ila b le  to th e  ions
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o f  th e  sa lts , w h ich  o n e  w o u ld  e x p e c t  o w in g  to  th e ir  rea d y  p e n e tr a tio n  of  
th e  gel m em b ran e.

T h e  n e g a t iv e  a d so rp tio n  of N aC l an d  N a 2S 0 4 is in  m ark ed  c o n tr a st  
w ith  th e  r esu lts  o b ta in ed  b y  on e  o f u s 2 fo r  K C 1 and  K 2S 0 4 on  th e  gel 
prepared  from  K 4F e(C N )6 w h ic h  sh o w ed  p ro n o u n ced  p o s it iv e  a d so rp tio n . 
N o  sig n ifica n t d ifferen ces in  a d so rp tio n  b e tw e e n  N aC l an d  N a 2S 0 4 h a v e  
b e e n  fo u n d , in  sp ite  o f  th e  g rea ter  d iffu s ib ility  o f N aC l th ro u g h  th e  
cu p ric  ferro cy a n id e  m em b ra n e, in  on e  ca se  in  th e  ra tio  o f 4-5 to  i . 11 
O ur resu lts  sh o w  th erefore  n o  c o n n e c tio n  in  th e  case  o f th e se  sa lts  b e tw e en  
a d so rp tio n  a n d  d iffu s ib ility  th ro u g h  th e  m em b ra n e, a lth o u g h  th e y  in 
d ic a te  th a t  th e  in d iffu sib le  n o n -e le c tr o ly te  su cro se  is  n o t  ad so rb ed  a t  a ll. 
T h e  resu lts  o f C ollander 11 w ith  cupric  ferro cy a n id e  a n d  of M ich a e lis 15 
a n d  co -w ork ers w ith  ce llo id in  in d ic a te  th a t  th e se  m em b ra n es  b e h a v e  
lik e  m o lecu la r  s ie v e s  to  d iffu sin g  n o n -e le c tr o ly te s , so  th a t  m o lecu la r  
d ia m e ter  in  r e la tio n  to  pore  size  is th e  d o m in a tin g  fa c to r . T h e  p rob lem  
is  le s s  s im p le  in  th e  ca se  o f e le c tr o ly te s , w h ere  d ifferen tia l p e r m ea b ility  
to  io n s  is re la ted  to  d ifferen tia l a d so rp tio n . W o rk  n o w  in  p rogress in  
th is  la b o r a to ry  o n  cu p ric  ferro cy a n id e  m em b ra n e  p o te n t ia ls  in  p resen ce  
o f sa lts  confirm s su b s ta n t ia lly  th is  v ie w  d e v e lo p ed  b y  M ich a e lis ,16 in  
sp ite  o f our d iff icu lty  in  e s ta b lish in g  d ifferen ces in  a d so rp tio n  e x p e r i
m e n ta lly  w ith  N aC l and  N a 2S 0 4 w h ere  th e y  m ig h t b e  e x p e c te d  o n  o th er  
g rou n d s.

Two Forms of Hydrated Cupric Ferrocyanide.

A s som e of th e  exp erim en ts w ith  the sa lt solutions in co n ta ct w ith  the 
gel progressed, it  w as n oted th a t  th e  gel show ed a  ten d en cy to  separate 
on centrifuging in to  tw o  layers w hich  in  certain  cases w ere v e ry  d istin ct 
and strik in g. T h e  upper la ye r w as ligh t reddish-brow n and  th e  low er the 
original deep chocolate. T h e  pale form  appeared to  be m ore fin ely  divided 
th a n  th e  o t h e r ; i t  -was m ore e asily  dispersed on  shakin g and  peptised 
rea d ily  011 w ashing b u t  did n ot change colour a ga in  on  coagulation  w ith  
C u S0 4. Separation  of the tw o  layers for an alysis w as fa ir ly  easily  accom 
plished and th e  Cu/Fe ratio  w as determ ined for each. T h e average value  
for the p ale  m ateria l w as 2-18 and for the d a rk  2-17 w hile  th a t  o f th e  original 
w as 2-20 to  2-21. B o th  show  therefore loss o f Cu w hich, as before stated , 
w as found in solution  b u t th e  a n a ly tica l differences are triflin g in v ie w  of 
th e  grea t a ltera tio n  in  appearance. W e w ere also unable to  d etect a n y  
certain  differences in ad sorp tive  pow er betw een  th e  tw o form s and have 
n ot y e t  succeeded in  d iscoverin g their n ature. Ionic exchan ge cann ot be 
responsible for th e  form ation  of th e  pale v a r ie ty  for w e h a v e  som etim es 
found i t  in  sucrose solutions in  th e  absence of e lectro lytes. L ittle  difference 
in  h yd ratio n  o f th e  tw o  form s can  be d etected  ; b o th  becom e ligh ter in 
colour on dryin g, th e  p ale  form  bein g then  yellow , b u t th e  orig inal app ear
ance returns in  each  case on  h y d ratio n  in  m oist a ir and th e  differences in 
colour persist.

I f  th e  d ry  yellow ' form  be exposed to  benzene or eth er vapour, or w etted  
w ith  th e  liquids, i t  ra p id ly  becom es deep indigo, the colour bein g rou ghly 
com p lem en tary  to  th a t  of the d ry  m aterial. T h is  chan ge is reversible and 
can  be in duced rep eated lv . P relim in ary  experim en ts give  some indication  
th a t  th e  indigo m ateria l is a  new' phase, as ju d ged  from  benzene vap our 
pressure m easurem ents in  co n ta ct w ith  it, an d  th e  m a tter is now  being 
fu rth er in vestigated .

14 R. Collander, Kolloidchem. Beihefte, 1924, 19, 72.
15 L. Michaelis, Coll. Sym . Monog., 1928, 5, 135.
18 Ibid., J . gen. P hysiol.,. 1925, 8, 33.
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Summary.
1. C areful m easurem ents of th e  adsorption  of h y d rate d  cupric ferro- 

cyan id e  for sucrose and  fo r N a C l and N a 2S 0 4, alone and in  presence of 
sucrose, h a ve  been perform ed.

2. T he app aren t adsorption  o f sucrose is n egative  an d  results in dicate  
th a t no sucrose is adsorbed b y  th e  gel, th e  h yd ratio n  o f w h ich  rem ains 
constant, independent of sucrose concentration.

3. T his bound w ater is regarded as being p a r tly  polarised on th e  gel 
surface and p a rtly  im bibed betw een  th e  crysta llites. O n ly  th e  form er 
depends on the a c tiv ity  o f the w ater in  th e  solution.

4. N aC l and N a 2S 0 4 are also n eg a tive ly  adsorbed, b u t a t  low  concen
tration there is evidence of p o sitive  adsorption. S ligh t cation ic exchan ge 
occurs betw een  th e  gel and th e  salts, b u t  no anionic exch an ge has been 
detected.

5. In  presence o f sucrose, th e  n eg ative  adsorption  o f th e  salts is 
dim inished, in d icatin g  th a t  th e  im bibed w ater m a y  be a va ilab le  to  th e  
ions th ough  n o t to  sucrose. H ence sucrose can n ot be used to  m easure th e  
h yd ratio n  o f th e  gel in presence o f th e  salts.

6. A  n ew  form  o f cup ric ferrocyanide is recorded.

W e  w ish  to  record  our th a n k s  to  D r. E . H e y m a n n  an d  D r. J . S . 
A n d erso n  for  v e r y  h e lp fu l d iscu ssio n .
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E x a m p le s  o f th e  c a ta ly t ic  e x c h a n g e  o f  h y d ro g e n  a to m s  b e tw e en  
m o lecu la r  h y d ro g e n  a n d  sa tu ra te d  h y d ro c a r b o n s w ere  first g iv en  b y  
T a y lo r  a n d  h is  co lla b o ra to rs .1» 2 A c co r d in g  to  th e se  a u th o rs , m e th a n e ,  
e th a n e  a n d  p ro p a n e  w ill e x c h a n g e  o n  a  n ic k e l-k ie se lg u h r  c a ta ly s t  a t  
tem p era tu res  a b o v e  1 8 0 0, 110° a n d  6 5 ° C. r e s p e c t iv e ly  a t  p ressu res  
arou n d  h a lf  a n  a tm o sp h ere , w ith in  so m e  h o u rs . L a te r  i t  w a s sh o w n  
b y  F a rk a s a n d  F a rk a s 3 th a t  b o th  c y c lo h e x a n e  a n d  w -h exan e  w ill u n d ergo  
ex ch a n g e  r ea c tio n s  o n  a  p la t in u m  c a ta ly s t  a t  tem p er a tu r e s  s l ig h t ly  a b o v e  
room  tem p era tu re . T h e  p resen t p a p er  refers to  e x p e r im en ts  on  th e  
e x c h a n g e  of p ro p a n e  an d  b u ta n e  o n  th e  sa m e  ty p e  o f c a ta ly s t .

Experimental Method.
T h e exp erim en tal arran gem en t w as th e  sam e as used in p revious in 

v estiga tio n s.8 I t  consisted o f a  reaction  vessel con tain in g a  platin ised  
p latin um  fo il c a ta ly s t  (10 x  18 m m .), a  U -tu b e  cooled to  — 40° to  — 8o° C.

1 Morikawa, Benedict and Taylor, J . A m . Chem. Soc., 1936, 58, 1445, 1793.
2 Morikawa, Trenner and Taylor, ib id ., 1936, 59, 1103.
3 Farkas and Farkas, Trans. F araday Soc., 1939, 35, 917. .
‘  Farkas and Farkas, J . A m . Chem. Soc., 193S, ¿0, 22.
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an d  a  m ercu ry  m anom eter. T h e  b u ta n e  used w as prepared  b y  h y d ro 
ge n atin g  w-butene, w hich  in tu rn  w as prepared  from  « -b u ty l alcohol. 
T h e  p ropan e w as obtain ed  b y  h yd ro gen a tin g  a ceto n e .6 In  one exp erim en t 
eth an e w as used. I t  w as p roduced from  eth ylen e  b y  h ydrogen ation .

Exchange of Butane.
A  ty p ic a l exch an ge exp erim en t (No. 11) betw een  16 m m . b u ta n e  and  

30 m m . deuterium  a t 67° is show n  in  F ig . 1, cu rve  1 1 . In  th e  first 40 
m in utes of th e  exp erim en t th e  
b u ta n e  w as condensed in  a  side 
tu b e . T h e  absence o f a n y  de
crease in th e  D -con ten t in d i
ca te d  c le arly  th a t  th e  c a ta ly s t  
d id  n o t co n ta in  app reciable  
am ou n ts o f lig h t h yd rogen . A s  
soon  as the b u tan e w as e va p o 
rated , a  rap id  exch an ge s e t in, 
a n d  th e  D -co n ten t of th e  h e a v y  
h yd ro gen  fell in  33 m in utes from  
96 %  to  18 % .

A llo w in g  fo r th e  re la tiv e  
am o u n ts o f h yd ro gen  an d  b u 
ta n e  in th e  reactio n  m ix tu re  
a n d  assum ing th a t  a ll te n  h y 
drogen ato m s o f th e  butan e 
m olecule p a rtic ip a te  in  th e  e x 
chan ge, a  D -con ten t o f 29-4 %  
in  th e  bu tan e can  be ca lcu la te d  from  th e  decrease o f th e  D -co n ten t in  the 
h e a v y  hydrogen . T h is  figure corresponds to  a  d istribu tio n  ra tio  of

F ig . 1.

70 m/ns.

atE xpt. 1 1 :  16 mm. Butane +  30 mm. D 
67° C.

E xpt. 12 : 14 mm. Butane (29% D) +  20 
mm. D , at 66° C.

(H /D )h y d ro g e n  . ( D /H )b u ta n e  —
82 29-4

=  1-89
18 ' 70-6

w h ich  agrees w ith  th a t  d erived  fro m  th eo retica l considerations 6 an d  from  
exch an ge  exp erim en ts w ith  o th er h yd ro carb o n s.2" 2 T h is  p ro ves th a t  in

fa c t  a ll hydrogen  
a to m s of th e  butan e 
m olecule p artic ip a te  
e q u a lly  in  th e  e x 
change.

In  exp erim en t No. 
12, 14 m m . butan e 
con tain in g 29 %  D  
o btain ed  in  th e  above 
e x p e r i m e n t  w a s  
b ro u gh t in to  co n ta ct 
w ith  20 m m . fresh D  
a t  66° C. A s  show n 
b y  cu rve  12 in  F ig . 1, 
th e  exch an ge p ro
ceeded a t  a  sim ilar 
speed as in  th e  pre
v i o u s  e x p e r i m e n t .  
T hese experim ents 
proved  d efin itely  th a t 

th e  observed  exch an ge in vo lve d  a c tu a lly  b u tan e and n o t butene, w hich 
m igh t be said  to  h a v e  been con tain ed  in  it  as im p u rity , as a n y  such butene 
w o u ld  h a ve  been hyd ro gen ated  in th e  p revious exp erim en t. T h e  final D -

5 Farkas and Farkas, J . A m . Chem. Soc., 1939, 61, 1336.
8 W irtz, Z. Elektrochemie. 1937, 43, 662.

1 9 *

E x p t. 16 : 28 mm. Butane -f- 28 mm. D„ at 26° C. 
E x p t. 17 : 27 mm. Butane (18% D) +  27 mm. D 2 at 

26° C.
E x p t. 18: 27 mm. Butane (34% D) -f- 19 mm. H 2 at 

26° C.
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co n ten t o f 31 %  in  th e  h e a v y  h yd ro gen  corresponds to  a  D -con ten t o f
48 %  in  th e  bu tan e a n d  to  a  d istrib u tio n  ra tio  o f 69/31 . 48/52 =  2-05,
w hich  is v e r y  close to  th e  v a lu e  g iv en  ab ove.

O n a fre sh ly  p latin ised  c a ta ly s t  (E x p t. N o . 16) a  ra p id  exch an ge occu rs 
a t  room  tem p eratu re, as is show n  b y  F ig . 2. C u rve 16 represents th e

in teractio n  of 28 m m . of 
b u ta n e  and  28 m m . of deu
teriu m  (96 %  D) an d  cu rve  17, 
th a t  o f 27 m m . deuterium  
(97 % ) and  27 m m . of b u ta n e  
co n ta in in g 18 %  D  o btain ed  
in  th e  p revious exp erim en t. 
In  exp erim en t N o. 17, th e  D - 
co n ten t in  th e  h e a v y  h yd ro gen  
fell to  17-5 %  a fte r  19 hours, 
a t  w h ich  tim e th e  equ ilibrium  
m ust h a v e  been reached. A s  
in  th e  course of th is exch an ge 
th e  D -con ten t of th e  b u ta n e  
rose to  34 % , th e  equ ilibrium  
corresponds to  a  d istrib u tio n  
ratio  of

82-5 /I7-5 • 34 /66  =  2-43.

In  exp erim en t N o. 18, 27 m m . b u tan e co n tain in g 34 %  D  w ere b ro u g h t 
into  co n ta ct w ith  19 m m . H 2. In  th e  first 35 m in utes th e  b u ta n e  w as 
condensed in a  side tu b e  and  during th is tim e no increase in th e  D -con ten t 
appeared in  th e  hydrogen . T h e  progress o f th e  exch an ge  reactio n  a fte r  
th e  evap o ratio n  o f th e  butan e is show n b y  cu rve  18, F ig . 2.

T h e  progress o f exp erim en t N o. 19 is show n in T a b le  I. T h e  equ ilibrium  
corresponds to  a  d istribu tio n  ratio  o f 85/15 . 29-6/40-4 =  2-38.

T h e  progress o f th e  ex ch a n g e , r ea c tio n  w ith  t im e  can  b e  s a t is fa c to r ily  
rep resen ted  b y  th e  fo rm u la

D t -  Dm =  (I>0 -  Dm) e - Jii . . . ( i>

w h er e  D0, D t a n d  Dm d e s ig 
n a te  th e  D -c o n te n t  o f  th e  
h e a v y  h y d ro g e n  a t  th e  t im e  
t =  0 , I a n d  t =  00 {i.e., a t  
eq u ilib r iu m ), a s  is sh o w n  b y  
F ig . 3, in  w h ich

lo g  [Dt -  Dm)/{D0 - D m)}

is p lo t te d  a g a in s t  th e  tim e.
T h e  d e p e n d en ce  o f th e  

ra te  o f e x c h a n g e  o n  te m p er a 
tu re  is  sh o w n  in  T a b le  I I  for  
th ree  ser ies o f e x p e r im en ts .
T h e  h a lf  p er io d s o f  e x ch a n g e  
lis te d  in  th is  ta b le  w ere  d e 
term in ed  on  th e  b a s is  o f  
fo rm u la  (1). T h e  a p p a ren t  
e n e rg y  o f a c t iv a t io n  of th e  
e x c h a n g e  r ea c tio n  as c a lc u 
la ted  from  its  d ep en d en ce  on  tem p era tu re  is 26-3 k .ca l. in  th e  te m p er a 
tu re  reg io n  2 6 ° -4 i°  C. a n d  fa lls  to  II-O k .ca l. a t  77°-95° C.

T A B L E  I.
T A B L E  I.— E x p t .  19, 21 mm. H a +  26 mm. 

B u t a n e  C o n t a i n i n g  32 %  D. T e m 
p e r a t u r e  26° C.

Time.

D-content in % .

In Hydrogen, In Butane 
(Calculated).

0 mins. 0-0 32-0
14 » 5-4 —
21 7-8 —
31 ». 9-3 3°'5
5° i i -8 —

78 .. 13-0 —
4S hours 15-0 29-6
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No. Deuterium
(mm.).

Butane
(mm,).

Temp.
( ° c . f .

Half Period 
(mins.J.

Energy of 
Activation 

(k.cal.).

13 29 28 41 25 1
14 25 22 26 2 10  J
1 4 a 25 22 59 10 '5 17-9
28 26 26-5 27 120
27 26 26 52

1 6  /
J5 '7

40 22 21 77 32 \
39 20 21 95 16  /

Exchange of Propane.
T w o  ty p ic a l exch an ge exp erim en ts w ith  p ropan e are show n in  F ig . 4. 

C u rve  21 (E x p t. N o. 21) refers to  an  exp erim en t in  w hich  th e  c a ta ly s t  w as 
in  a  v e r y  a c tiv e  state . In  th e  64th m in u te  th e  tem p eratu re  o f  th e  c a ta ly s t  
w as raised from  26° to  530. In  th e  course o f th e  exch an ge th e  D -co n ten t 
o f th e  h yd ro gen  fell fro m  98 %  
to  15-2 % . C u rve 25 represents 
an  exp erim en t (No. 25) carried  
o u t a t  73° on th e  sam e c a ta ly s t  
in  a  som ew h at less a c tiv e  state.
I t  wall be seen th a t  w h ile  th e  
decrease in  th e  D -con ten t w as 
v e r y  s ligh t in th e  course o f th e  
first 37 m inutes, during w h ich  
th e  propane w as k e p t con
densed in  a  side tu be, a  rap id  
exch an ge set in  as soon as 
th e  propane w as a d m itted  to  
th e  deuterium  in  th e  reaction  
vessel.

I f  i t  is assum ed again  th a t  
a ll h yd ro gen  atom s in  th e  p ro 
pane m olecule p a rtic ip a te  in 
th e  exch an ge from  th e  results 
of exp erim en t N o. 2 1, a  final 
D -con ten t of 27-2 %  can  be ca lcu la ted  in  th e  propane. T h is  figure corre
sponds to  a  d istrib u tio n  ratio  o f 84-8/15-2 • 27-2/72-8 =  2-08 a t  53 0. 
P ro b a b ly  equ ilibrium  w as n o t co m p lete ly  reached in  th is  exp erim en t 
an d  therefore th e  a c tu a l va lu e  o f th e  d istribu tio n  coefficient should be 
s lig h tly  higher. M orikaw a, T u rn er and. T a y lo r  2 foun d fo r th e  equilibrium  
co n sta n t fo r th is  exch an ge reactio n  K  =  2*57 a t  8o°. T h e  agreem ent 
w ith  th is figure can  be regard ed  as su fficien tly  good.

T A B L E  III.

Fig- 4-
E xpt. 2 1: i7 '5  mm. Propane - f  23 mm. D ,. 

A t a  the temperature was raised from 26 
to  530 C.

E xpt. 25: 28 mm. Propane -f- 27 mm. D 2 at 
73° C. Propane added at b.

No. Deuterium
(mm.).

Propane
(mm.).

Temp.
<°c.J.

Half Period 
(mins.).

Energy of 
Activation 

(k.cal.).

21 23 21-5 26 901 I I -621 a 23 21-5 53 iS  J
31 22 19 40 160 10*231a 22 19 73 33 J
38 22 24 97 671

8'8
37 21 20 126 28 J
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T h e  dependence of th e  rate  o f exch an ge on tem p eratu re  is g iven  in  T a b le  I I I , 
to geth er w ith  th e  energies o f a c tiv a tio n . I t  is possible th a t  in  exp erim en t 
21, som e d e a ctiv atio n  o f th e  c a ta ly s t  occurred  b y  h eatin g  it  to  53 so
th e  o btain ed  en ergy  o f a c tiv a tio n  app ears sm aller th an  i t  a c tu a lly  is.

T h e rate  o f exch an ge o f propane has been com pared w ith  th a t  o f b u tan e 
a t  26° and 950, an d  w ith  th a t  of eth an e a t  720. T h e  resu lts obtain ed  are 
listed  in  T ab le  IV . I t  w ill be n oted th a t  w hile  exch an ge of b u tan e p ro 
ceeds a b o u t 4 tim es faster in  th e  tem p eratu re  region 26° to  9 70 th a n  th a t  
o f propane, th a t  o f ethan e is 36 tim es sm aller.

T A B L E  IV .

Pressure (mm.).
Half Period 

(mins,).No.
Temperature

rc.).
Deuterium. Hydrocarbon.

20 19 25 Butane 26 25
21 23 21-5 Propane 26 90
38 22 24 Propane 97 67
39* 21 20 Butane 97 14-5
25 27 28 Propane 72 20
24 28 24 Ethane 72 720

* H alf period calculated from experiment No. 39 a t  95°.

T h e se  r esu lts  in d ic a te  th a t  th e  ra te  o f  e x c h a n g e  o n  a  p la t in u m  
c a ta ly s t  in crea ses  in  th e  ser ies  C2H 6 <  C3H 8 <  C4H 10. T h is  ser ies is 
in  a g r ee m en t w ith  th e  ra te  o f e x c h a n g e  o b ser v e d  w ith  h e x a n e ,3 w ith  
th e  ser ies C H 4 <  C2H a <  C3H a o b ta in e d  b y  T a y lo r  a n d  h is  co lla b o ra to rs  
fo r  th e  e x c h a n g e  o n  a  n ick e l c a ta ly s t  a n d  a lso  w ith  th e  gen era l s ta b il i ty  
o f  th e se  h y d ro ca rb o n s .

T h e  n a tu re  o f th e  h y d ro c a r b o n  e x c lu d e s  th e  p o s s ib il ity  o f a sso c i
a t iv e  m ech a n ism  a n d  th e  s im p le s t  m e ch a n ism  for th is  ty p e  o f e x ch a n g e  
r ea c tio n  is  th e  d is s o c ia t iv e  m e ch a n ism

D 2 =  2 D  
C71H 2n+2 — CnH 2n+1 +  H  

D  +  CnH 2n+x — C „H 2n+1D , e tc .

T h is  m e ch a n ism  w a s  o r ig in a lly  su g g e s te d  for  th e  e x c h a n g e  r ea c tio n  for  
e th y le n e  4>7 a n d  la ter  a p p lied  to  th e  r ea c tio n  o f  a n u m b er  o f o th er  
u n sa tu ra te d  and  sa tu ra te d  h y d ro c a r b o n s .1- 2> 3> 8> 9

In  th e  l ig h t  o f th e  p r e se n t  e x p e r im en ts , tw o  recen t p ap ers d eserv e  
r e c o n s id er a tio n . T h e  first 5 refers to  th e  c a ta ly t ic  in te r a c tio n  o f a c e to n e  
a n d  h e a v y  h y d ro g e n . In th is  rea c tio n  a n  e x c h a n g e  w a s  o b serv ed  w h ic h  
■was a ttr ib u te d  to  a  r ea c tio n  in v o lv in g  a c e to n e . A s in  th e  in te ra c tio n  
-of a c e to n e  a n d  h y d ro g e n  p ro p a n e  is  fo rm ed , o n e  w o u ld  th in k  th a t  in  
th e  e x c h a n g e  r ea c tio n  a c tu a lly  th e  p ro p a n e  m ig h t h a v e  b e e n  in v o lv e d  
a ls o .  A  co m p a riso n  o f th e  p resen t resu lts  w ith  th e  p r e v io u s  e x p e r im en ts  
•show s, h o w ev er , th a t  a  rea so n a b ly  fa s t  e x c h a n g e  of p ro p a n e  ca n  b e  
fo u n d  a t  lo w  tem p era tu re  o n ly  on  a  v e r y  a c t iv e  fr e sh ly  prepared  c a ta ly s t .  
S in c e  th e  c a ta ly s t  u sed  in  th e  e x p e r im en ts  w ith  a c e to n e  w a s  o n ly  an  
o r d in a ry  c a ta ly s t ,  i t  w o u ld  n o t  b e  e x p e c te d  to  b e  su ffic ien tly  a c t iv e  to  
ca u se  a n  e x c h a n g e  w ith  p rop an e.

’  Farkas, Farkas and Rideal, Proc. R oy. Soc. A .,  1934, M6, 630.
8 Farkas and Farkas, Trans. F araday Soc., 1937, 33 . .827.
8 Farkas, ibid., 1939, 35, 906.
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In th e  seco n d  p a p er ,10 th e  h y d r o g e n a t io n  a n d  e x c h a n g e  o f  p r o p y le n e  
an d  b u ten e  on  a  n ic k e l c a ta ly s t  is  d escr ib ed  b y  T w ig g . H e  th o u g h t  
th a t  th e  p a r tic ip a tio n  o f  a ll h y d ro g e n  a to m s o f th e  h y d ro ca rb o n s m o le 
cu les in  th e  e x c h a n g e  is  in c o n s is te n t  w ith  th e  d is s o c ia t iv e  m e ch a n ism  
a n d  c a n  b e  e x p la in ed  o n ly  b y  th e  a s s o c ia t iv e  m ech a n ism . T h e  p resen t  
e x p e r im en ts , h o w ev er , d e f in ite ly  e s ta b lish  th e  e x c h a n g e  o f  a ll h y d ro g e n  
a to m s  in  h y d ro ca rb o n s o f  su c h  a  ty p e  th a t  th e  a s so c ia t iv e  m ech a n ism  
c a n n o t b e  o p e r a tiv e  a t  a ll.

S u m m a r y .

T h e  exch an ge o f h yd ro gen  atom s betw een  m olecular h yd ro gen  an d  
propane an d  b u ta n e  on a  K  c a ta ly s t  has been in ve stig ated  a t  pressures 
aroun d 40 to  50 m m . a t  26 to  126° C . T hese h yd ro carbo n s exch an ge a ll 
th e ir  h yd ro gen  ato m s in  a  reversib le  m anner. O n a  v e r y  a c tiv e  c a ta ly s t  
th e  exch an ge ta k es  p lace re a d ily  a t  room  tem p eratu re. T h e  exch an ge o f 
p ropan e is 4 to  5 tim es slow er th a n  th a t  o f b u ta n e  b u t 36 tim es faster 
th a n  th a t  o f eth an e.

T h e en ergy  o f a c tiv a tio n  for th e  exch an ge  o f b u ta n e  is 26 k .ca l. in 
th e  region  2 6 °-4i° C. an d  fa lls  to  11  k .ca l. a t  77°-95° C. T h e en ergy  of 
a c tiv a tio n  fo r the exch an ge of propane is 12-9 k .ca l. I t  is suggested th a t  
th e  exch an ge reactio n  proceeds b y  th e  d isso ciative  m echanism .

Department of Physical Chemistry,
The Hebrew University,

Jerusalem.

10 Tw igg, Trans. F araday Soc., 1939, 35, 934.

C A L C U L A T IO N  O F T H E  T H I R D  L A W  E N T R O P Y  
O F E T H Y L  C H L O R ID E .

B y  J .  W . L i n n e t t .

Received 20th December, 1939.

A  co m p a r iso n  o f th e  o b ser v e d  v a lu e s  fo r  th e  th e r m o d y n a m ic  q u a n 
t it ie s ,  e n tr o p y  a n d  h e a t  c a p a c ity , w ith  th o se  o b ta in e d  b y  th e o r e t ic a l  
c a lc u la t io n s  h a s  b e e n  u sed  in  a t te m p ts  to  d e te rm in e  w h e th e r  o r  n o t,  
in  c er ta in  m o lec u le s , th e r e  is  free  in te rn a l r o ta t io n  o f  o n e  p a r t  o f  th e  
m o lec u le  w ith  r e sp e c t  to  a n o th e r  p a r t. In  so m e  ca ses , su ch  as th a t  o f 
e th a n e , a  q u ite  d e fin ite  d e c is io n  h a s  b e e n  rea ch ed . I f  th e  e n tr o p y  o f  
e th y l  c h lo r id e  co u ld  b e  o b ta in e d  a n d  if  th e  n e c essa ry  c a lc u la t io n s  co u ld  
b e  m a d e , i t  sh o u ld  b e  p o s s ib le  to  d e te rm in e  w h e th e r  free  r o ta tio n  o f th e  
m e th y l g ro u p  o ccu rs in  th is  m o lecu le .

T h e  th ird  la w  e n tr o p y  o f e th y l  ch lo r id e  h a s  n o t  b e e n  d e te rm in e d  
d ir e c t ly , b u t  a  v a lu e  sh o u ld  b e  o b ta in a b le  fro m  d a ta  o n  th e  e q u ilib r iu m  
in  th e  sy s te m  C2H 5C1 =  C2H 4 +  H C 1, s in c e  th e  e n tr o p ie s  o f e th y le n e  
a n d  o f  h y d ro g e n  ch lo r id e  are k n o w n  w ith  c o n sid era b le  c e r ta in ty . D a ta  
o n  th is  sy s te m  h a v e  b e e n  o b ta in e d  b y  R u d k o v sk ii ,  T r ife l a n d  F r o s t ,1 
w h o  s tu d ie d  th e  eq u ilib r iu m  o v er  th e  ran ge  170° to  2 30° C. T h e  sta n d a r d  
e n tr o p y  c h a n g e  fo r  th is  r ea c tio n  m a y , th erefo re , b e  e s t im a te d  a n d  from  
i t  th e  th ird  la w  e n tr o p y  o f  e th y l  ch lo r id e  a t  2 0 0 °  C. o b ta in e d .

1 R u d k o vsk ii, T rifel and F rost, U krain. Khetn. Zhem ., 1935, 10, 277.
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F o r  th e  th e o r e tica l c a lc u la t io n  of th e  e n tr o p y  i t  is  n e c essa ry  to  k n o w  
(ia) th e  th r e e  p r in c ip a l m o m e n ts  o f in e r t ia  o f  th e  e th y l  c h lo r id e  m olecu le,- 
a n d  (b) th e  fu n d a m e n ta l v ib r a t io n  fr eq u e n c ie s  o f th e  m o lecu le . T h e  
o n ly  ser io u s u n c e r ta in ty  in  th e  d im e n sio n s  o f  th is  m o le c u le  is  in  th e  
ca rb o n -ch lo r in e  d is ta n ce , so  th a t  in  th e  p r e se n t p a p er  th e  m o m e n ts  o f  
in e r t ia  h a v e  b e e n  c a lc u la te d  fo r  se v e ra l v a lu e s  o f th is  b o n d  len g th .  
F rom  th e  o b serv ed  R a m a n  a n d  in fra -red  sp e c tr a  o f e th y l  ch lo r id e , a n d  
b y  co m p a r iso n  w ith  th e  fr eq u e n c ie s  o f  r e la ted  m o lec u le s , i t  h a s  b e e n  
p o ssib le  to  o b ta in  a  s e t  o f fu n d a m e n ta l v ib r a t io n  fr eq u e n c ie s  w h ic h  are  
su ffic ien tly  a c cu ra te  fo r  th e  p r e se n t p u rp o se .

T h e  c a lc u la t io n  o f th e  v ib r a t io n a l c o n tr ib u tio n  to  th e  e n tr o p y  w a s  
m a d e  w ith  th e  a id  o f  ta b le s  co m p ile d  b y  C ross a n d  C raw ford, th e  v ib r a 
t io n s  b e in g  a ssu m ed  to  b e  o f  a  s im p le  h a r m o n ic  ch a ra cter . T h e  tr a n s 
la t io n a l a n d  r o ta tio n a l c o n tr ib u tio n s  w ere  c a lc u la ted  u s in g  th e  u su a l  
form ula;, a ssu m in g  th e  r o ta tio n a l le v e ls  to  b e  fu l ly  e x c ite d . A ll th e  
e n tr o p ie s  c a lc u la te d  refer to  th e  s ta n d a r d  s ta te .

E n t r o p y  o f  H y d r o g e n  C h lo r i d e .

T h e  th ird  la w  e n tr o p y  o f  h y d ro g e n  ch lo r id e  h a s b e e n  d e te rm in e d  
e x p e r im e n ta lly  b y  G ia u q u e  a n d  O v e r str e e t ,2 w h o  g iv e  44-5 c a l./d e g r e e  
C. a s th e  v a lu e  for  th is  q u a n t ity  a t  2 9 8 °  K . S in ce  th e  in te rn u c le a r  
d is ta n c e , v ib r a t io n  fr eq u e n c y  a n d  iso to p ic  c o n s t itu t io n  o f  th is  m o lec u le  
are  k n o w n  v e r y  a c c u r a te ly  th e  e n tr o p y  m a y  b e  c a lc u la te d  w ith  a  cer 
ta in t y  th a t  is g rea te r  th a n  th a t  o f th e  e x p e r im en ta l r e su lts . T a k in g  th e  
in te r -n u c le a r  d is ta n c e  a s 1-272 a .  a n d  th e  v ib r a t io n  fr eq u e n c y  as  
2 9 8 9  c m .- 1 , th e  e n tr o p y  is  c a lc u la te d  to  h a v e  th e  v a lu e s  l is te d  in  T a b le  I. 
T h e  figu re, 44 -62 , for  th e  e n tr o p y  a t  2 98° K . ag rees c lo s e ly  w ith  th e  
e x p e r im e n ta lly  d e te rm in e d  v a lu e .

E n t r o p y  o f  E t h y l e n e .

S m ith  a n d  V a u g h a n  3 h a v e  c a lc u la ted  th e  e n tr o p y  o f e th y le n e , g iv in g  
th e  v a lu e  a t  2 9 8 °  K . as 52-55 c a l./d e g r e e  C. In  th is  p a p er  th e  e n tr o p y  
h a s  b een  c a lc u la te d  u s in g  ra th er  d ifferen t v a lu e s  fo r  th e  c o n s ta n ts . T h e  
m o m e n ts  o f  in e r tia  o f th e  e th y le n e  m o lec u le  h a v e  b een  d e term in ed  
r e c e n t ly  b y  T h o m p s o n 4 w h o  g iv e s  th e  v a lu e s :  33-197  X  i o -4 0 ,
2 7 -4 8  X  IO-40, a n d  5-714  X  IO-40 g ./c m .2. T h e se  r esu lts  ag ree  c lo s e ly  
w ith  th e  earlier  v a lu e s  o f B a d g e r  5 d e te rm in e d  b y  a  q u ite  in d e p e n d e n t  
m e th o d .

T h ere  is ’ s t i l l  so m e  u n c e r ta in ty  reg a rd in g  th e  v ib r a t io n  fr eq u e n c ie s  
o f e th y le n e . S m ith  a n d  V a u g h a n  e m p lo y e d  th e  a ss ig n m e n t su g g e s te d  
b y  B o n n e r .0 In th e  p r e se n t ca se  th e  fo llo w in g  fr eq u e n c ie s  h a v e  b e e n  
u sed  : P la n a r  v ib r a t io n s  : R a m a n  a c t iv e  : 3 0 1 9 , 1623 a n d  1342 ; 307 6  
a n d  1 2 4 0 ;  In fra -red  a c t iv e  : 2 9 8 8  a n d  1 4 4 4 ;  31 0 7  a n d  9 5 0 ;  N o n -p la n a r  
v ib r a t io n s :  R a m a n  a c t iv e :  I I I O ;  In fra -red  a c t iv e :  9 4 0 ; I n a c t iv e :  
740  c m .- 1 . T h is  a ss ig n m e n t e x p la in s  a ll th e  R a m a n  a n d  in fra -red  
sp ec tra l d a ta  a n d  h a s  th e  a d v a n ta g e  th a t  i t  rep ro d u ces th e  o b ser v e d  
h e a t  c a p a c it ie s  m u c h  m o re  s a t is fa c to r ily  th a n  d o es th e  a ss ig n m e n t  d u e  
to  B o n n er . F o r  th is  reason , p a r ticu la r ly , i t  h a s  b e e n  u sed  in  th e  e n tr o p y

- Giauque and Overstreet, J .A .C .S ., 1932, 54, 1742.
5 Smith and Vaughan, J . Chem. Physics, 1935, 3, 341.
4 Thompson, Trans. F araday Soc., 1939, 35, 697.
5 Badger, Physic. Rev., 1934, 45, 648.
6 Bonner, J .A .C .S .,  1936, 58. 34-
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c a lc u la t io n s . T h e  c a lc u la ted  v a lu e s  o f  th e  tr a n s la t io n a l a n d  r o ta tio n a l  
e n tr o p y , th e  v ib r a tio n a l e n tr o p y , a n d  th e  to ta l  e n tr o p y  are g iv e n  in  
T a b le  I. I t  w ill  b e  n o te d  th a t ,  in  th is  ta b le , th e  e n tr o p y  a t  2 98° K . is 
g iv e n  a s 52-41 , w h ic h  d o es  n o t  d iffer g r e a tly  from  th e  v a lu e  o f S m ith  an d  
V a u g h a n . In  th e  la s t  co lu m n  o f T a b le  I are g iv e n  th e  su m s o f th e  
e n tr o p ie s  o f  h y d ro g e n  ch lo r id e  a n d  e th y le n e  a t  th e  v a r io u s  tem p er a tu r e s  
lis te d  in  th e  first co lu m n .

T A B L E  I.— T h e  C a l c u l a t e d  E n t r o p i e s  o f  G a s e o u s  H y d r o g e n  
C h l o r i d e  a n d  E t h y l e n e .

r (°K). SHC1.

Ethylene.

SHC1 +  SCsH4.

+ f -A-ib. ^total-

273 4 4 0 1 51-08 o -47 51-55 95-56
29S 44-62 51-77 0-64 52-41 97-°3
323 45 ' i S 52-51 o-86 53-37 98-55
373 46-18 53-56 1-37 54-93 IOX-XX
423 47-06 54-56 1-97 56-53 103-59
473 47-84 55-44 2-63 58-07 105-91
523 48-54 56-24 3-33 59-57 10 8 -11
573 49-18 56-97 4-05 61-02 110-20

Entropy of Ethyl Chloride.
T h e  M o m e n t s  o f  I n e r t i a .  A s  h a s  b e e n  rem a rk ed  p r e v io u s ly , th e  

d iff ic u lty  th a t  a r ises in  th e  c a lc u la t io n  o f th e  p r in c ip a l m o m en ts  o f  in e r tia  
o f  th is  m o lec u le  is  th e  f ix in g  o f th e  c a rb o n -ch lo r in e  in te r a to m ic  d is ta n ce .  
T h e  v a lu e  o f th is  d is ta n c e  in  m e th y l  c h lo r id e  is  u n ce r ta in  as h a s  b e e n  
in d ic a te d  b y  S u th e r la n d .7 T h e  d is ta n c e  in  th e  e th y l  c o m p o u n d  h a s  b e e n  
d e te rm in e d  b y  e le c tr o n  d iffra ctio n . A n  e a r ly  d e te rm in a tio n  b y  Brfi 8 
g a v e  th e  in te rn u c le a r  d is ta n c e  a s  i - 8 i  ±  0-08  a . ,  b u t, m ore  r ec en tly ,  
B e a ch  a n d  S te v e n so n  0 h a v e  r e -e x a m in ed  th e  p ro b lem  a n d  g iv e  th e  
resu lt  1-76 i  0 -02  a .  B e c a u se  o f th is  u n c e r ta in ty , c a lc u la t io n s  h a v e  
b e e n  m a d e  a ssu m in g  th e  b o n d  le n g th  to  b e  (a) 1-70, (b) I *75» a n d  (c ) I '8 o  a .  
T h e  ca rb o n -ca rb o n  d is ta n c e  h a s  b e e n  ta k e n  to  b e  1 *54. an(i  th e  carb on -  
h y d ro g e n  d is ta n c e  1-093 A- A ll th e  a n g le s  h a v e  b e e n  a ssu m ed  to  b e  
te tr a h e d r a l. T h e se  a ssu m e d  d im e n sio n s  c a n n o t d iffer  g r e a t ly  fro m  th o se  
e x is t in g . T h e  r e su lts  fo r  th e  p r in c ip a l m o m e n ts  o f in e r tia  are : (a) 
Cl35 : 1 6 -2 3 ,9 5 -4 1  a n d  8 5 -60  ; Cl3 7 : 1 6 -2 6 ,9 7 -2 4 a n d  8 7 -40  ; (b) Cl35 : 16-44, 
98-63  a n d  88-62  ; Cl3 7 : 16-46, 100-54  a n d  9 0 -5 0  ; (c) Cl35 : 16-63, 101-93  
a n d  91-72  ; Cl3 7 : 16-66, 103-92 a n d  93-68 . A ll th e  a b o v e  figures are  
g iv e n  in  a to m ic  w e ig h t  a n d  A n g str o m  u n its .

T h e  V i b r a t i o n  F r e q u e n c i e s .  T h e  in fra -red  a b so rp tio n  sp ec tru m  of  
e th y l  ch lo r id e  h a s  b e e n  e x a m in ed  b y  C ross a n d  D a n ie ls .10 A t  freq u en c ie s  
b e lo w  1500  c m .-1  b a n d s  h a v e  b e e n  o b serv ed  a t  ca . 750 , 7 90 , 9 7 5 , c a - *050, 
ca . 1090, ca . 1120 , 1400  a n d  1455 c m .- 1 . T h e  ea r ly  w o r k  o n  th e  R a m a n  
sp ec tru m  o f e th y l  ch lo r id e  is  su m m a rised  in  K o h lra u sc h ’s Smekil-Raman 
Effekt. T h e  sp ec tru m  h a s  a lso  b e e n  e x a m in ed  b y  H a rk n ess  a n d  H a in e s .11

7 Sutherland, Trans. F araday Sac., 1938, 34, 325.
8 Bru, Anales soc. espan. f is  quim., 1933, 3 1, I][5-
® Beach and Stevenson, J .A .C .S .,  1939. 61, 2643.
10 Cross and Daniels, J . Chem. Physics, 1933, I, 52-
11 Harkness and Haines, J .A .C .S .,  I 932 , 54, 392 °-
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T h e  R a m a n  freq u en c ie s  are : 3 37 , 4 3 8 , 6 5 5 , 966 , 1071, 1276, 1448, 2 8 7 5 , 
2 9 3 0  a n d  2 9 6 6  c m .-1 .

E th y l ch lo r id e  h a s  s e v e n te e n  d is t in c t  fu n d a m e n ta l v ib r a tio n s  in  
a d d itio n  to  th e  p o ss ib le  to r s io n a l o sc illa t io n . O f th e se  e ig h te e n  m o tio n s  
e le v e n  m a y  b e  regard ed  a s sy m m e tr ic a l a n d  se v e n  a s a n tisy m m e tr ic a l  
F ro m  th e  a v a ila b le  sp ec tro sco p ic  d a ta  i t  is q u ite  im p o ss ib le  to  m a k e  an  
u n a m b ig u o u s a ss ig n m e n t of th e  fu n d a m e n ta l freq u en c ie s . B y  a n a lo g y  
w ith  sim ila r  m o lecu les , h o w ev e r , i t  is  p o ss ib le  to  f ix  th e  p ro b a b le  m a g 
n itu d e s  o f th e  fr eq u e n c ie s  a n d  th e n  b y  co m p a r iso n  w ith  th e  sp ec tro sco p ic  
d a ta  to  o b ta in  a  l is t  o f fu n d a m e n ta l fr eq u e n c ie s  a c cu ra te  en o u g h  fo r  th e  
p resen t ca lc u la tio n s .

T A B L E  II.

Group
Vibrating.

Framework

Methyl

Methylene

Sym
metry.

A
S
S

A
S
A
S
S
A
A

Description of 
Vibration.

C— C v a le n cy -----
C— Cl valency ----
C— C— Cl deiorm. 
C— H valency ----

C— H valency

C— H valency 
CH , Symm. deform.

CH . deform.

CII3 deform.

CH 3 deform.
C— H valency 
C— H valency - 
C H 2 deform. —  
C H 2 bending f  • 
C H j rocking f  - 
C H . twisting f

Related Vibration of 
Simpler Molecules.

-C — C valency 
-C — Cl valency 
-C — C— Cl deform. 
-C — H Symm. va l

ency

"C— H Degenerate 
valency

-CH 3 Symm. deform.

CH j Degenerate 
deform.

CH3 Degenerate 
deform.

-C— H valency (SS) *
-C— H valencv (SA) 
-C H 2 deform.'(SS) '  
-C H , bending (AS) 
-C H . rocking (SA) 
-C H j twisting (AA)_

Approx.
Frequency.

950
700
350

2940

3050

1350

1450

1000

295°  
3° 5°  
1400 
1 100 
1050 

850

* The letters S and A  indicate the sym m etry of the vibration in the molecules 
of the type Y  . C H j . Y  w ith respect to the two planes of symmetry.

f  For the significance of the terms bending, rocking and twisting, see
J . Chem. Physics, 1938, 6, 695.

T h e  v ib r a t io n s  o f th e  e th y l ch lo r id e  m o lec u le  m a y  b e  d iv id e d  in to
th ree  s e t s  : (1) V ib r a tio n s  o f th e  C— C— Cl fra m ew o rk , (2) V ib r a tio n s  of  
th e  m e th y l g ro u p , (3) V ib r a tio n s  o f th e  m e th y le n e  g ro u p . T h e  to rs io n a l  
o sc illa t io n  is  n o t  in c lu d e d  in  th e  p r e se n t c o n sid e r a tio n s . T h e  v ib r a t io n s  
o f s e t  (1) m a y  b e  re la ted  to  th e  v ib r a t io n s  o f  a  n o n -lin ea r  tr ia to m ic  
m o lecu le , th o se  o f s e t  (2) to  th e  v ib r a tio n s  of th e  m e th y l group  in  th e  
m e th y l h a lid es, C H 3X , a n d  th o se  o f s e t  (3) to  th e  v ib r a t io n s  o f th e  m e th y 
le n e  grou p  in  th e  m e th y le n e  h a lid e s , Y  . C H 2 . Y . T h is  co rresp o n d en ce  
b e tw e e n  th e  v ib r a tio n s  o f  th e  e th y l c h lo r id e  m o lec u le  a n d  th e  v ib r a tio n s  
o f th e  m ore  s im p le  m o lecu les  is  sh o w n  d ia g r a m m a tic a lly  in  T a b le  II , 
T h e  a p p ro x im a te  m a g n itu d e s  o f th e  v ib r a t io n  freq u en c ie s  fo r  th e  s im p ler
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m o lec u le s  are g iv e n  in  th e  la s t  c o lu m n . F ro m  th e  a b o v e  c o rresp o n d en ce  
a  rou gh  s e t  o f fr eq u e n c ie s  fo r  th e  e th y l  c h lo r id e  m o lec u le  is  d e d u ce d  to  
b e  : F iv e  o f 30 0 0 , tw o  o f  1450, 1400, 1350, IIOO, 1050, tw o  o f 1000 , 9 5 0 , 
8 5 0 , 700 , a n d  350  c m .- 1 . C o m b in in g  th e se  w ith  th e  fr eq u e n c ie s  o b serv ed  
in  th e  R a m a n  an d  in fra -red  sp e c tr a  w e  are  le d  to  th e  fo llo w in g  l is t  o f  
fr eq u e n c ie s  : F iv e  o f 3 0 0 0 , tw o  o f  1450 , 1400, 1290 , 1120, 1070, 1050  a n d  
1000 , 9 7 0 , 7 90 , 655 a n d  337  cm .- 1 . T h e se  fr eq u e n c ie s  h a v e  b e e n  u sed  in  
c a lc u la t in g  th e  v ib r a tio n a l c o n tr ib u tio n  to  th e  e n tr o p y . I t  is n o t  su g 
g e ste d  th a t  th e  a b o v e  a ss ig n m e n t w o u ld  b e  su ff ic ien tly  a c cu ra te  fo r  g en era l  
u se, b u t  i t  is c e r ta in ly  g o o d  en o u g h  for th e  p r e se n t  e n tr o p y  c a lc u la t io n s ,  
a n d  w ill lea d  to  a n  error in  th e  v ib r a tio n a l c o n tr ib u tio n  a t  2 0 0 °  C. o f  n o t  
m o re  th a n  0-5 ca l. per g ./m o l.°C .

C a l c u l a t io n  o f  t h e  E n t r o p y  o f  E t h y l  C h lo r i d e .  U s in g  th e  
a b o v e  v a lu e s  fo r  th e  m o m e n ts  o f in e r t ia  a n d  th e  v ib r a t io n  fr eq u e n c ie s  
c a lc u la t io n s  o f th e  e n tr o p y  h a v e  b e e n  m a d e  for  th e  tw o  e x tr e m e  c o n 
d it io n s , n a m e ly  (1) c o m p le te ly  free  r o ta tio n  o f th e  m e th y l g rou p , a n d  
(2) c o m p le te ly  r es tr ic te d  r o ta tio n  o f  th e  m e th y l g ro u p , e x c lu d in g  e v e n  
th e  c o n tr ib u tio n  to  th e  e n tr o p y  a r is in g  fro m  a  to r s io n a l o sc illa t io n .  
A s su m p tio n  o f  a  to r s io n a l o sc illa t io n  or a  p a r tia lly  r e s tr ic te d  r o ta tio n  
w o u ld  g iv e  a  v a lu e  b e tw e e n  th e se  l im its . F o r  th e  c a lc u la t io n  o f th e  
r o ta tio n a l e n tr o p y  w h en  free  in te rn a l r o ta tio n  of th e  m e th y l g ro u p  is  
in v o lv e d  th e  tr e a tm e n t  g iv e n  b y  K a s s e l12 h a s  b e e n  e m p lo y e d . T h e  
v a lu e s  c a lc u la te d  fo r  th e  e n tr o p y  o f e th y l  c h lo r id e  a re  g iv e n  in  T a b le  I I I .

T A B L E  I I I .— C a l c u l a t e d  V a l u e s  o f  t h e  E n t r o p y  o f  E t h y l  C h l o r i d e .

T(°K).
Completely Restricted Rotation. Completely Free Rotation.

,Cci -  i '7o. 1-75- 1*80. 1-70 1-75- i*8o A.

273 62-94 63-02 63-IO 66-29 66-37 66-45
298 64-07 64 -I5 64-23 67-51 67-59 67-67
303 65-18 65-26 65-33 68-69 68-77 68-85
373 6 7‘35 67-43 67-50 71-00 7 1 -oS 7 1-16
423 69-47 69-55 69-62 73-25 73-33 73-41
473 71-53 7 I-6 I 71-69 75-42 75-50 75-58
523 73-54 73-62 73-7° 77-53 77-6 1 77-69
573 75-51 75-59 75-67 79-59 79-67 79-75

T h e  O b s e r v e d  C h a n g e  in  E n t r o p y  f o r  C 2H 4 +  H C 1 =  C 2H 6C 1.

T h e  eq u ilib r iu m  in  th e  sy s te m  e th y l  ch lo r id e , e th y le n e  a n d  h y d ro g e n  
ch lo r id e  h a s  b een  in v e s t ig a te d  b y  R u d k o v sk ii , T rife l a n d  F ro s t. T h e y  
s tu d ie d  th is  sy s te m  a t  170°, 2 0 0 °  a n d  2 3 0 ° , th e  ra te  o f  a t ta in m e n t  o f th e  
eq u ilib r iu m  b e in g  a c ce le r a ted  b y  th e  p resen ce  o f b ism u th  ch lorid e  on  
s ilica . T h e y  o b ta in e d  th e  fo llo w in g  e x p r ess io n  fo r  K P as a  fu n c tio n  of  
th e  a b so lu te  te m p er a tu r e  :

lo g  =  4-96

T h e  a b o v e  v a lu e  o f is  o b ta in e d  from  a  p rocess o ccu rrin g  a t  c o n s ta n t  
p ressu re , a n d  so  th e  e n tr o p y  c h a n g e  o f — 22-7 ca l. per °C. c a lc u la ted  
from  it  rep resen ts  th e  c h a n g e  in  e n tr o p y  o n  p a s s in g  from  a  m ix tu r e  o f  
I g . m o lec u le  o f e th y le n e  a n d  1 g. m o lec u le  o f  h y d ro g e n  ch lorid e  a t

12 K assel, J .  Chem. Physics, 1936, 4, 276.
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a tm o sp h er ic  p ressu re  a n d  2 0 0 °  C. to  i g . m o lec u le  o f e th y l  ch lo r id e  a t  
a tm o sp h e r ic  p ressu re  and  2 0 0 °  C. T o  o b ta in  th e  sta n d a r d  e n tr o p y  
ch a n g e , S C2h4 +  -S'nct — ■S'csHscn ^  n e c essa ry  to  in tr o d u c e  a  co rrectio n  
fo r  th e  e n tr o p y  c h a n g e  on  m ix in g  th e  e th y le n e  a n d  h y d ro g e n  ch lo r id e . 
T h is  w ill m a k e  “F -^hci — -^C2H5Ci ^ qual to  I9’9 ca l. p er  C.

Discussion.
If  19-9 is  su b tr a c te d  fro m  th e  su m  o f th e  en tro p ies  o f h y d ro g e n  

ch lo r id e  a n d  e th y le n e  a t  2 0 0 °  C., th e  v a lu e  o b ta in e d  for  th e  e n tr o p y  o f  
e th y l ch lo r id e  a t  th is  te m p er a tu r e  is 86, C o m p a rin g  th is  v a lu e  w ith  
th o se  g iv e n  in  T a b le  I I I ,  i t  w ill b e  seen  to  b e  c o n s id e r a b ly  h ig h er  e v e n  th a n  
th e  v a lu e  c a lc u la te d  a ssu m in g  free  r o ta tio n . In  th is  ca se  th e  d isc r ep a n c y  
is  a b o u t 10-4 e n tr o p y  u n its , w h ile  for  res tr ic te d  r o ta tio n  th e  d isc r ep a n c y  
is  14-3 u n its . B o th  th e se  errors are c e r ta in ly  o u ts id e  th a t  w h ic h  co u ld  
p o ss ib ly  a r ise  in  th e  th e o r e tica l c a lc u la t io n s . I t  m u s t  b e  co n c lu d e d ,  
th erefo re , t h a t  th e  e x p e r im e n ta l v a lu e  fo r  th e  e n tr o p y  c h a n g e  is u n 
sa tis fa c to r y . In  T a b le  IV  are g iv e n  th e  c a lc u la ted  v a lu e s  for  th e  e n tr o p y  
ch a n g e .

T A B L E  IV .— C a l c u l a t e d  V a l u e s  o f  t h e  S t a n d a r d  E n t r o p y  C h a n g e  
f o r  t h e  R e a c t i o n  C 5H 5C1 =  C .H , -j- HC1.

Completely Restricted Rotation. Completely Free Rotation.

T(°K).
reel =  i'?°- 1-75. I '80. t -70. t-75- i-8o A.

273 32-62 32-54 32-46 29-27 29-19 29-11
29S 32-96 32-88 32-80 29-52 29-44 29-36
323 33'37 33-29 33-22 29-86 29-78 29-70
373 33-76 33-68 33-61 30-11 30-03 29-95
423 34-12 34-04 33-97 30-34 30-26 3° - i 8
473 34"3S 34-30 34-22 30-49 30-41 30-33
523 34-57 34-49 34-41 30-58 30-50 30-42
573 34-69 34-61 34-53 30-61 30-53 30-45

T h e  error in  th e  e x p e r im e n ta l v a lu e  o f th e  e n tr o p y  c h a n g e  m a y  arise  
b e c a u se  o f  sm a ll errors in  th e  v a lu e s  o f  K v a t  ea ch  o f th e  tem p er a tu r e s  
stu d ie d  c a u s in g  a  lin e  w ith  th e  in co rrec t s lo p e  to  b e  d raw n w h en  lo g  K v 
is p lo t te d  a g a in s t  th e  rec ip ro ca l o f  th e  a b so lu te  tem p era tu re . A lte r 
n a t iv e ly  th e  eq u ilib r iu m  c o n s ta n ts  a t  th e  th ree  te m p er a tu r e s  m a y  b e  
b a d ly  in  error b e c a u se  o f so m e  u n n o tic e d  e ffec t, su ch  as, for  ex a m p le ,  
a  s id e  r ea c tio n . I t  w o u ld  c e r ta in ly  seem  th a t  l i t t le  e ffo r t w a s  m a d e  to  
p r o v e  th a t  th e  s im p le  r ev ers ib le  r ea c tio n  C2H 5C1 =  C2H 4 +  H C 1 w a s  a ll  
th a t  w a s ta k in g  p la c e  in  th e  sy s te m  e x a m in ed  b y  R u d k o v sk ii ,  T r ife l and  
F ro st. In  fa v o u r  o f th e  first p o s s ib il ity  i t  is  to  b e  o b ser v e d  th a t , th o u g h  
th e  in d iv id u a l r e su lts  a t  2 3 0 °  C. are  q u ite  c o n s is te n t , th o se  a t  th e  lo w er  
te m p er a tu r e s  sh o w  co n sid era b le  v a r ia tio n .

T h e  d ifferen ce  b e tw e e n  th e  e n tr o p y  c h a n g e  c a lc u la te d  a ssu m in g  free  
r o ta tio n  a n d  th a t  c a lc u la te d  a ssu m in g  c o m p le te ly  res tr ic te d  r o ta tio n  is  
a p p r o x im a te ly  4  e n tr o p y  u n its . T h is  w o u ld  m e a n  a  d ifferen ce  fo r  th e  
tw o  e x tr e m e  c o n d it io n s  in  th e  te m p er a tu r e  in d e p e n d e n t term  o f th e  
e x p r ess io n  fo r  lo g  K v o f a b o u t  o n e  u n it . I t  m u s t  b e  co n c lu d e d , th e r e 
fore , th a t  if  a c cu ra te  d a ta  w e re  a v a ila b le  on  th e  e q u ilib r iu m  in  th is  
sy s te m  it  w o u ld  b e  p o s s ib le  to  o b ta in  in fo r m a tio n  reg a rd in g  th e  m o tio n  
o f  th e  m e th y l g ro u p  in  th e  e th y l  ch lo r id e  m o lec u le .



S u m m a r y .

T h e en tro p y  of e th y l chloride betw een  2730 and 5730 K . h as been 
ca lcu la ted  b o th  assum ing restricted  and assum ing free  ro ta tio n  o f th e  
m e th y l group. B y  com bin ing these results w ith  th e  ca lcu la ted  entropies 
o f eth ylen e an d  h yd ro gen  chloride th e  en tro p y  chan ge fo r th e  reactio n  
C 2H sC1 =  C 2H 4 +  H C 1 has been ca lcu la ted  fo r th e  sam e ran ge of tem 
p erature. F ro m  d a ta  on th e  equ ilibrium  in  th e  a b o v e  system  it  h as been 
possible to  o b tain  an exp erim en tal va lu e  for th e  en tro p y  chan ge a t  200° C. 
I t  is foun d th a t th e  ca lcu lated  and exp erim en tal va lu es a t  th is  tem p eratu re 
are w id e ly  different, and  i t  is concluded th a t  th e  exp erim en tal resu lt is in 
error. T h e  p ra ctica b ility  of using th e  en tro p y  chan ge for th is  reaction  to  
o b tain  inform ation  regard in g th e  p roblem  of in tern al ro ta tio n  in  e th y l 
chloride is discussed.
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R e c e n t  in v e s t ig a t io n s  w h ic h  h a v e  b e e n  carr ied  o u t  on  th e  e x c h a n g e  
r ea c tio n s  b e tw e en  o lefin es a n d  d e u te r iu m  1 h a v e  in d ic a ted  th a t  e x c h a n g e  
p ro ceed s th ro u g h  a n  a sso c ia t iv e  m ech a n ism , e.g.

C H 2D

I
C H ,— C H 2 +  d  C H 2 _  h C H 2— C H D

N i N i N i N i N i

T h is  im p lie s  th a t  w h e n  th e  d e f in e  is  c h em iso rb ed  on  th e  c a ta ly s t ,  th e  
d o u b le  b o n d  is o p e n e d  a n d  a t ta c h m e n t  ta k e s  p la c es  b e tw e e n  th e  tw o  
ca rb o n  a to m s  o f th e  d o u b le  b o n d  a n d  tw o  n ick e l a to m s. I t  is  th erefo re  
o f  in te r e s t  to  c a lc u la te  h o w  e th y le n e  a n d  h ig h er  o le fin es f it  in  th is  m a n n er  
to  a  n ick e l su rfa ce .

T h e  first c a lc u la t io n  is c o n cern ed  w ith  th e  f it t in g  o f  th e  d e f in e  
m o lec u le  b e tw e e n  th e  tw o  n ick e l a to m s  (F ig s . 1 (a) a n d  (&)). T h e  e th y le n e  
m o lec u le  is u sed  fo r  th e se  c a lc u la t io n s  a s th e  in te r a to m ic  d ista n ce s  are  
n o t  a p p re c ia b ly  a ffec ted  b y  su b s t itu t io n  o f a lk y l gro u p s fo r  h y d ro g e n  
a to m s  o n  th e  d o u b le  b o n d . T h e  e th y le n e  th e n  fits  to  th e  c a ta ly s t  a s  
sh o w n  in  F ig s . I (a) a n d  (b).

T h e  fo llo w in g  v a lu e s  fo r  th e  le n g th s  o f  th e  b o n d s are u sed  :—
(a) N i— N i 2-47 a .  (D a v y , Physic. Rev., 1925, 2 5 , 7 5 3 ).
(b) N i C 1 '82 a .  (C raw ford a n d  Cross, J. Chern. Physics, 193®, 6> 

525)-
(c) C— C 1-52 a .  (B r o ck w a y , Rev. Mod. Physics, 1936, 8 , 2 61).

S in ce  th e  n ick e l c r y s ta l h a s  a  fa c e -c en tre d  cu b ic  stru c tu re , th ere  are  
tw o  n ic k e l-n ic k e l d is ta n ce s  to  b e  co n sid ered , th e  d is ta n c e  o f c lo se s t

1 Tw igg and Rideal, Proc. Roy. Soc., A ,  1939, 171, 55 ; Twigg, Trans. Faraday  
Soc., 1939, 35, 934.



p a c k in g  2-47 a .  an d  th e  u n it  ce ll s id e  3-50  a .  (D a v y , loc. cit.). I t  can  b e  
sh o w n  th a t  th e  d is ta n ce  3 -50  a  is to o  g r ea t for  a d so rp tio n  in  th e  m a n n er  
p o s tu la te d  a b o v e ; a d so rp tio n  m u s t  th erefo re  ta k e  p la ce  o n  th e  2-47 a .
d ista n ce . T h e  n ick e l-ca rb o n  d is ta n c e  is  n o t  e a sy  to  d e t e r m in e ; i t  is
ta k e n  h ere  as b e in g  eq u a l to  th e  N i - C d is ta n c e  in  n ick e l c a rb o n y l  
N i(C O )4. T h e  C- C d is ta n c e  is  ta k e n  as th e  s in g le  b o n d  d is ta n c e  in  
paraffins. F rom  F ig . 1 (a) it  is  seen  th a t  a  =  c — 2b co s 6 a n d  s u b 
s t itu t in g  for  a, b, a n d  c, w e  find  6 =  I0 5 °4 ', in  p la c e  of th e  te tr a h e d r a l  
a n g le  109° 28 ' w h ic h  o n e  w o u ld  e x p e c t . T h u s  b y  a  s l ig h t  d ecrea se  o f th e  
an g le , th e  m o lec u le  fits  v e r y  w e ll to  th e  su rfa ce . T h e  c h a n g e  in  th e

a n g le  6 from  th e  te tr a h e d r a l a n g le  
req u ired  fo r  a  g o o d  fit  w ill a c tu a lly  
b e  m u c h  less , a s  th e  m o lec u le  ca n  a c 
c o m m o d a te  it s e lf  b y  tw is t in g  s l ig h t ly
so  th a t  th e  C— C a x is  lie s  a t  a  sm a ll
a n g le  to  th e  N i— N i a x is . I t  is  a lso  
p o ss ib le  th a t  th e  p ro cess o f  fo rm in g  
an a c t iv e  c a ta ly s t ,  b y  o x id a t io n  f o l 
lo w e d  b y  red u c tio n , c a u se s  a n  in crea se  
in  th e  in te r a to m ic  d is ta n ce . T h e  p r o 
m o tio n  of n ick e l c a ta ly s ts  b y  o x y g e n  2 
m a y  b e  d u e  to  th e  o x y g e n  a to m s m a in 
ta in in g  th e  c r y s ta l la t t ic e  in  a n  e x 
p a n d ed  s ta te .

T h e  in te r a to m ic  d is ta n c e  o f th e  
c a ta ly s t  a to m s a p p ea rs to  b e  a n  im 
p o r ta n t  fa c to r  in  d e te rm in in g  th e  
a c t iv i t y  o f  th e  c a ta ly s t ,  w h e th e r  on  
a c c o u n t o f th e  f it t in g  o f th e  a d so rb ed  
m o lec u le s  a s  d isc u sse d  a b o v e  or b e 
ca u se  o f d is to r t io n  o f th e  la t t ic e  
c h a n g in g  th e  p ro p er tie s  o f th e  c a ta ly s t  
a to m s. T h e  e x p e r im en ts  o f  M a x ted  
a n d  c o -w o r k e r s3 su g g e s t  th a t  th e  
a c t iv i t y  o f a  c a ta ly s t  is n o t  d u e  to  
iso la te d  a c t iv e  a to m s, b u t  is  p r e se n t  

in  r e la t iv e ly  large  areas o f th e  c a ta ly s t . T h e  lo w  te m p er a tu r e  a t  w h ic h  
a c t iv a t io n  o f  a  n ic k e l c a ta ly s t  b y  o x id a t io n  a n d  r ed u c tio n  (90° C. in  o n e  
e x p e r im e n t here) c a n  b e  b r o u g h t a b o u t  m ilita te s  a g a in s t  th e  v ie w  th a t  
iso la ted  h ig h ly  u n sa tu r a te d  a to m s  are b e in g  p ro d u ced . A c t iv a tio n  is  
th e n  p r o b a b ly  d u e , n o t  o n ly  to  an  in crea se  in  area, b u t  a lso  to  a n  a lte r a tio n  
in  in te r a to m ic  d ista n ce .

In  th e  c h e m iso rp tio n  o f o lefin es in  th e  m a n n er  d escr ib ed  a b o v e , if  
th e  a n g le s  b e tw e e n  th e  v a le n c e s  w ere  th e  te tra h ed ra l a n g le s , th e  d is ta n c e  
b e tw e e n  th e  n ick e l a to m s  w o u ld  h a v e  to  b e  2-73 a .  T h is  m a y  b e  ta k e n  
a s a p p r o x im a te ly  a n  u p p er  lim it  fo r  th e  c a ta ly s t  sp a c in g . T h is  agrees  
w ith  th e  fa c t  th a t  c a ta ly s ts  a c t iv e  in  h y d r o g e n a tio n  h a v e  in te ra to m ic  
d is ta n c e s  (d ista n ce s  o f c lo se s t  a p p ro a ch ) ly in g  b e tw e e n  2-47 a .  a n d  2-54  a .  
(F e , N i, Co, Cu) a n d  b e tw e e n  2-7 a .  a n d  2-8 a .  (P t , P d ). I t  is n o te w o r th y  
t h a t  in  th e  la t te r  g ro u p  w h ere  th e  d is ta n c e  is  n ea r  th e  m a x im u m , th e  form  
o f  th e  c r y s ta l la t t ic e  h a s  b e c o m e  im p o r ta n t, fo r  o n ly  th o se  m e ta ls  w ith

5 Juliard and Herbro, Bull. Soc. Chim. Belgique, 193S, 47, 717 ; Ablezova and 
Zellinskaja, J . Physic. Chem. P uss., 1937, 9> 252- 

s J .C .S ., 192S, 1600.
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Scale in  A.
F ig . x.— (a) Chemisorbed ethylene 

molecule— side view.
(6) Chemisorbed ethylene mole

cule— plan.
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in te r a to m ic  d is ta n c e  b e tw e e n  2 7  a . a n d  2-8 a . w h ic h  h a v e  a lso  a  fa c e  
cen tred  cu b ic  la t t ic e  are a c t iv e  in  h y d r o g e n a tio n . T h e  g rea te r  a c t iv i t y  
o f th e  fa c e  cen tred  cu b ic  c r y s ta l la t t ic e  w a s sh o w n  b y  L o n g , F ra zer  a n d  
O tt ,4 u s in g  a llo y s , to  e x is t  a lso  fo r  th e  o th e r  grou p  o f m e ta ls  (F e , N i, Co, 
C u).

T h a t  th e  f it t in g  o f th e  d e f in e  to  th e  c a ta ly s t  su rfa ce  is  a n  im p o r ta n t  
fa c to r  in  su ch  a  rea c tio n  as h y d r o g e n a t io n  se e m s to  b e  sh o w n  b y  a  p re
lim in a r y  e x p e r im e n t w h ic h  w a s m a d e  w ith  a  tu n g s te n  c a ta ly s t .*  U n d e r  
v e r y  r ig o ro u s c o n d it io n s  o f  c le a n lin e ss  a  w ire  c a ta ly s t  w a s  o b ta in e d  v e r y  
a c t iv e  fo r  th e  p a ra -h y d ro g en  c o n v e rs io n  (h ig h  te m p er a tu r e  m e c h a n is m ); 
th e  h a lf  l ife  o f  th e  c o n v e rs io n  w a s  5 m in u te s  a t  — 130° C. A  m ix tu r e  
o f  e th y le n e  and  h y d ro g e n  in  c o n ta c t  w ith  th is  c a ta ly s t  sh o w e d  n o  a p 
p r e c ia b le  h y d r o g e n a tio n  in  h a lf  an  h ou r d u r in g  w h ic h  th e  te m p er a tu r e  
o f  th e  c a ta ly s t  w a s  ra ised  fro m  — 130° C. to  2 0 0 °  C. T h e  a b sen ce  o f  
r ea c tio n  w a s  d u e  n o t  to  th e  in a b il ity  o f  th e  c a ta ly s t  to  “ a c t iv a te  ” 
h y d ro g e n , b u t  to  its  in a b il i ty  to  “ a c t iv a te  ” th e  e th y le n e  w h ic h  in  tu rn  
se e m s b o u n d  up  w ith  th e  q u e s t io n  o f c a ta ly s t  sp a c in g .

T h e  in te r a to m ic  sp a c in g  m u s t  th erefo re  e x e r t  a  c o n sid e r a b le  in flu en ce  
on  th e  a b i l ity  o f  su b s ta n c e s  to  c a ta ly s e  r ea c tio n s , th o u g h  i t  is n o t  su g 
g e s te d  th a t  th is  is  th e  c o m p le te  e x p la n a tio n .

T h e  se c o n d  c a lc u la t io n  w h ic h  h a s  b e e n  m a d e  o n  th e  f i t t in g  o f  th e  
d e f in e  m o lec u le s  to  th e  su rfa ce  co n cern s th e  in te r a c t io n  o f  n e ig h b o u r in g  
a d so rb ed  m o lec u le s . F ig . X (b) rep resen ts  a  p la n e  p r o je c tio n  o f th e  a d 
so rb ed  e th y le n e  m o lec u le  from  a  p o in t  a b o v e  th e  su rfa ce.

T h e  v a r io u s  d is ta n c e s  a n d  p o s it io n s  o f th e  a to m s  h a v e  b e e n  c a l
c u la te d  as fo llo w s . I t  h a s b een  a ssu m e d  th a t  a ll th e  a n g le s  b e tw e e n  th e  
v a le n c e s  o f th e  ca rb o n  a to m s  are eq u a l to  th e  te tr a h e d r a l a n g le  109° 2 8 '. 
T h e n , if  d is  th e  le n g th  o f th e  C— H  b o n d ,5 1-09 a . ,  th e  d is ta n c e  x is  g iv e n  
by x =  dj3 =  0*36 a . ,  a n d  th e  d is ta n c e  y  b y  y — =  0 -89  a .

In  order to  fin d  o u t  w h e th e r  th e r e  is a n y  in te r a c t io n  b e tw e e n  th e  
a d so rb ed  d e f in e  m o lec u le s , a  p la n  o f  th e  a d so rp tio n  o n  th e  n o  a n d  I I I  
n ic k e l p la n es  h a s b een  d ra w n  to  sc a le  (F ig . 2) u s in g  th e  a b o v e  d is ta n ce s .

T h e se  p la n es  w ere  ch o sen  fo r  c a lc u la t io n  s in ce  i t  h a s  b e e n  sh o w n  (E . C. 
W illia m s, p r iv a te  c o m m u n ic a tio n )  b y  m e a n s o f e x p e r im e n ts  o n  e v a p o r a te d  
n ick e l film s, th a t  th e  110 n ick e l p la n e  w a s  c a ta ly t ic a l ly  a c t iv e  w h erea s  
th e  100 p la n e  w a s  q u ite  in a c t iv e .

T h e  a d so rp tio n  o f e th y le n e  o n  th e se  tw o  p la n es  is  d e m o n stra te d  in  
F ig . 2 ; th e  e ffe c t iv e  s iz e s  o f  th e  h y d ro g e n  a to m s  h a v e  b e e n  draw n  in  
(fu ll c ircles). T h e  e f fe c t iv e  d ia m e ter  of th e  h y d ro g e n  a to m  is  ta k e n  as  
th e  d ia m e ter  o f th e  h y d r o g e n  m o lec u le  fro m  v is c o s ity ,  e tc ., m e a su r em e n ts ,  
le s s  th e  in te rn u c le a r  d is ta n c e . T a k in g  th e  d ia m e ter  6 as 2-3 a ., an d  th e  
in te rn u c le a r  d is ta n c e  7 as 0 7 5  a ., th is  g iv e s  0 7 8  a . fo r  th e  ra d iu s o f  th e  
h y d r o g e n  a to m . I t  w ill b e  seen  th a t  if  th e  m o le c u le s  are a d so rb ed  on  
th e  i l l  n ick e l p la n e  (F ig . 2 A ), th ere  is  a  c er ta in  a m o u n t o f  in te r a c tio n  
b e tw e e n  th e m , th o u g h  th is  m a y  n o t  b e  su ffic ien t to  p r e v e n t e th y le n e  
c o v er in g  th e  w h o le  su rfa ce . O n th e  o th e r  h a n d , if  a d so rp tio n  is  o n  th e  
n o  p la n e  (F ig . 2B ) th ere  is  n o  in te r a c t io n  b e tw e e n  n e ig h b o u r in g  a d 
so rb ed  m o lecu les , a n d  th e  e th y le n e  c a n  e a s i ly  c o v er  th e  w h o le  su rface,

4 J .A .C .S .,  1934, 56, n o i .
* This experiment was carried out in collaboration w ith Mr. D. D. E ley of 

this department.
5 Sutherland. Ann. Reports Chem. Soc., 1936, 33, 55.
6 Farkas and Melville, Experim ental Methods in  Gas Reactions, p. 2. Macmillan 

& Co., London, 1939.
7 Mecke, H and- Jahrbuch chem. Physik, 1934, 9> 283.



a s h a s  b e e n  sh o w n  e x p e r im e n ta lly  to  b e  th e  c a se  u p  to  l6 o °  C. (T w ig g  
a n d  R id e a l) .1 T h ere  m a y , o f co u rse , b e  h o le s  in  th e  e th y le n e  la y e r  o w in g  
to  th e  tw o -p o in t  c o n ta c t  req u ired  for  th e  e th y le n e  m o le c u le .8
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F ig . 2 .-

O I 2 3  4  5 

S C A L E  IN A.

-Plan of chemisorbed ethylene and methyl ethylenes on the nickel surface. 
A  on the i n  plane. B  on the n o  plane.

In  th e  ca se  o f  th e  m e th y l s u b s t itu te d  e th y le n e s , in te r a c tio n  b e tw e e n  
n e ig h b o u r in g  a d so rb ed  m o lec u le s  is  v e r y  g rea t, p a r t ic u la r ly  if  a d so rp tio n  
is  o n  th e  I I I  p la n e . T h e  s ize  o f  th e  — C H 3 g ro u p  is  in d ic a te d  b y  th e  
d o tte d  c irc les  in  F ig . 2 . T h e  d ia m e ter  o f  th e  — C H 3 grou p  is ta k e n  as

th e  sa m e  as t h a t  o f th e  m e th a n e  
m o le c u le ,9 3-06  a . I t  w ill  b e  se e n  
th a t  in te r a c tio n  b e tw e e n  a d so rb ed  
m e th y l su b s t itu te d  e th y le n e s , e v e n  
on  th e  n o  p la n e  w o u ld  b e  so  g r e a t  
th a t  th e  w h o le  su rfa ce  co u ld  n o t  
b e  c o m p le te ly  c o v ered . I t  ca n  a lso  
b e  seen  fro m  th e  fa c t  th a t  th e  
d o tte d  c ircles o f  th e  m e th y l g ro u p s  
o v er la p  w ith  th e  fu ll c ircles o f th e  
h y d ro g e n  a to m s, t h a t  e v e n  in  th e  
ca se  o f  p r o p y le n e  w ith  o n ly  o n e  
m e th y l g ro u p , th e r e  w ill  b e  c o n 
sid era b le  in te r a c t io n  b e tw e e n  th e  
a d so rb ed  m o lec u le s . T h is  c a lc u la 
tio n  th e n  sh o w s th a t  d e sp ite  th e ir  
h ig h er  m o lec u la r  w e ig h ts , th e  su b 
s t i tu te d  e th y le n e s  sh o u ld  b e  less  
s tr o n g ly  a d so rb ed  in  q u a n t ity  th a n  
e th y le n e  itse lf ,  th a t  th e y  sh o u ld  b e

• 0/
/

5° % T

1* IOOÇ

Z  Deuterium.
F ig . 3. —  Equilibration of hydrogen 

during exchange reactions, x  in 
presence of trimethylethylene a t 
160° C. o in presence of isobutene 
a t 84° C.

u n a b le  to  c o v er  th e  w h o le  su rfa ce  a n d  th a t  th ere  sh o u ld  b e  b are  su rfa ce  
o n  w h ic h  th e  e q u ilib ra tio n  r ea c t io n  H 2 -j- D 2 2 H D  ca n  ta k e  p la ce .

T h e se  c o n c lu s io n s  w ere  te s te d  b y  m ea n s o f  th e  te c h n iq u e  d escr ib ed  
p r e v io u s ly  (T w ig g  a n d  R id e a l) .1 T h e  o le fin e  a n d  d eu ter iu m  w ere  a llo w ed

8 Cf. Roberts, Proc. Roy. Soc., A ,  1935, 152, 464.- 
• Braune and Linke, Z . physift. Chem., A ,  1930, 148, 195.
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to  in te r a c t  o n  th e  c a ta ly s t , and  th e  co u rse  o f th e  e x c h a n g e  a n d  e q u ilib ra 
tio n  r ea c tio n s  w a s fo llo w ed  s im u lta n e o u s ly . T h e  d eu ter iu m  c o n te n t  u o f  
th e  h y d ro g e n  w a s  g ra p h ed  a g a in s t  th e  n o n -eq u ilib r iu m  c o n te n t  X — x. 
T h e  r e su lts  o b ta in e d  are sh o w n  in  F ig . 3.

U s in g  e th y le n e , th e  p o in ts  o b ta in e d  a t  te m p er a tu r e s  b e lo w  l6 o °  C. 
lie  o n  th e  d o tte d  lin e , sh o w in g  th a t  th e  e th y le n e  c o v er s  th e  w h o le  su rfa ce  
u p  to  th a t  tem p er a tu r e . A b o v e  th a t  te m p er a tu r e  th e  s lo p e  o f  th e  lin e  
d ecrea ses o w in g  to  d isp la c e m e n t o f th e  e th y le n e  b y  h y d ro g e n . W ith  
tr im e th y le th y le n e  a t  1600 C., h o w ev e r , th e  lo w e s t  lin e  w a s o b ta in e d .  
H ere  e q u ilib ra tio n  is  p ro ceed in g  v e r y  fa s t , sh o w in g  th a t  th e  su rfa c e  is  
c o n s id e r a b ly  bare . T h e  sa m e  p h en o m en o n  is  illu s tra te d  b y  th e  o th er  
lin e  w h ic h  w a s  o b ta in e d  b y  u s in g  iso b u te n e  a t  a s lo w  a s 8 4 ° C. T h e  
rap id  e q u ilib ra tio n  con firm s th e  c o n c lu s io n s  d raw n  a b o v e , th a t  th e  
m e th y l s u b s t itu te d  e th y le n e s , b e c a u se  o f  in te r a c t io n  b e tw e e n  n e ig h b o u r 
in g  a d so rb ed  m o lec u le s , are u n a b le  to  co v er  c o m p le te ly  th e  w h o le  c a ta ly s t  
su rfa ce.

Summary.

In form ation  derived  from  exch an ge reaction s show ed th a t  d e fin e s  are 
chem isorbed to  a  n ickel surface w ith  opening o f th e  double bond and  a d 
sorp tion  to  tw o  n ickel atom s. C alcu lation s h a v e  been  m ade w h ich  show  
th a t  th is m ode of adsorption  is possible w ith  v e r y  little  d isto rtio n  o f th e  
adsorbed m olecule. T h e  effect o f th e  in tera to m ic sp acin g  o f th e  c a ta ly s t  
a tom s is discussed an d  th e  v ie w  is ad va n ced  th a t  th is w ill be an  im p o rtan t 
fa cto r  in  th e  hyd ro gen atio n  of double bonds w here tw o  p o in t co n ta ct is 
required.

C alcu lation s w ere also m ade q u a lita tiv e ly  o f th e  in teractio n  betw een  
neighbourin g adsorbed d e fin e  m olecules. I t  has been show n th a t  fo r  
eth ylen e th ere  is little  or no in teraction , esp ecially  w hen  adsorp tion  is on 
th e  n o  cry sta l p la n e ; eth ylen e  can  therefore co ver th e  w hole  c a ta ly s t  
surface. F o r the h igher d e fin es, how ever, in teractio n  is considerable and  
these m olecules can n o t co ver th e  w hole surface. T h e  exp erim en tal 
evidence confirm s these conclusions.

W e  h a v e  to  th a n k  th e  C arnegie  T r u st  for  a  F e llo w sh ip  to  o n e  o f u s  
(G. H . T .)  a n d  D r. H . M elv ille  fo r  a  m ic r o c o n d u c t iv ity  g a u g e .

Dept, of Colloid Science,
Free School Lane,

Cambridge.
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1. Purpose of the Work.
A  sa t is fa c to r y  th e o r y  o f th e  str u c tu r e  o f  ra w  ru b b er  m u s t  b e  a b le  to  

a c c o u n t  fo r  a ll th e  p h y s ic a l p h en o m en a  d isp la y e d  b y  th is  m a ter ia l. I t  
is  o f  im p o r ta n c e , th erefo re , th a t  i t s  p h y s ic a l b e h a v io u r  sh o u ld  b e  ca re fu lly  
s tu d ie d  a n d  d escr ib ed  in  th e  m o s t  d ir ec t a n d  a c c u r a te  m a n n er  p o ss ib le .  
E x p e r im e n ta l s tu d ie s  o f  th is  k in d  m a y  a lso  b e  o f  a ss is ta n c e  in  su g g e s t in g  
th e  m o st  h o p efu l lin es  o f a p p ro a ch  to  th e  th e o r e t ica l s tu d y  o f  th e  
p ro b lem .*

T h e  first sp ec ific  p ro b lem  w h ic h  a p p ea red  to  req u ire  e x a m in a t io n  w a s  
th a t  o f th e  se p a r a tio n  o f th e  e la s t ic  a n d  p la s t ic  e ffe c ts  w h ic h  in  g en era l 
ta k e  p la c e  s im u lta n e o u s ly  w h en  raw  ru b b er  is  su b je c te d  to  a  d e fo r m a tio n .  
T h e  e x is t in g  in fo r m a tio n  on  th is  su b je c t  is  s c a n ty . T ru e , n u m ero u s  
s tu d ie s  o f  p la s t ic ity  h a v e  b e e n  carried  o u t, b u t  th e se  h a v e  b e e n  co n cern ed  
a lm o s t  e n t ir e ly  w ith  m a st ic a te d  ru b b er , w ith  w h ic h  i t  is n o t  p ro p o sed  
to  d ea l h ere. S tr e ss -s tra in  c u r v es  fo r  ra w  ru b b er  a t  d ifferen t te m p e r a 
tu res  h a v e  b e e n  g iv e n  b y  R o sb a u d  a n d  S c h m id .1 In c o n tr a s t  to  th o se  
fo r  v u lc a n ise d  rubber, th e se  sh o w  a  g rea t d e p e n d en ce  o n  th e  te m p er a tu r e  
a n d  o n  th e  ra te  o f e x te n s io n , e ffec ts  w h ic h  h a v e  g e n e r a lly  b e e n  a ttr ib u te d  
to  th e  o ccu rren ce  o f p la s t ic  flow , a lth o u g h  th e  m a g n itu d e  o f  th e  flow  h as  
n o t  b e e n  d e te rm in e d . O n  th e  o th e r  h a n d , se v e ra l w o rk ers, in c lu d in g  
in  p a r ticu la r  F e u c h te r ,2 h a v e  d ra w n  a t te n t io n  to  th e  fa c t  th a t  ra w  rubber, 
w h e n  s tr e tc h e d  q u ic k ly  to  a b o u t 6 0 0  %  e lo n g a tio n , reco v ers on  w a r m in g  
p r a c tic a lly  to  it s  o r ig in a l le n g th , i.e., th ere  is  no p la s t ic  flo w  in  th is  case . 
P erh a p s th e  m o st  su cc e ss fu l a t te m p t  to  d is t in g u ish  th e  p la s t ic  from  th e  
e la s t ic  d e fo rm a tio n  w a s  m a d e  b y  W h itb y  3 w h o  c lea r ly  d e m o n stra te d  
th e  k in d  o f  d iff icu lty  e n c o u n te r ed  in  a n  in v e s t ig a t io n  o f th is  k in d . 
W h itb y  m a in ta in e d  sp ec im en s  o f  ra w  ru b b er  e x te n d e d  to  a  c o n s ta n t  
le n g th  fo r  g iv e n  t im es  a t  v a r io u s  te m p er a tu r e s . T h e y  w ere  th e n  a llo w ed  
to  reco v er  fo r  se v e ra l d a y s  a t  ro o m  tem p er a tu r e , u n til th e  le n g th  h a d  
c ea sed  to  c h a n g e , b u t  o n  su b s e q u e n t ly  r a is in g  th e  te m p er a tu r e  to  100° C. 
a fu r th er  c o n tr a c t io n  w a s  o b serv ed . T h e  “ s e t  ”  rem a in in g  a fter  th is  
tr e a tm e n t w a s  regard ed  as a  p la s t ic  d e fo r m a tio n . T h is  v ie w  w ill b e  
sh o w n  n o t  to  h a v e  b e e n  e n tir e ly  ju stif ie d .

In  th e  p r e se n t  w o r k  W h itb y ’s  m e th o d s  h a v e  b een  ta k e n  as a  s ta r t in g -  
p o in t, b u t  g rea ter  care h a s  b een  ex erc ised  in  secu r in g  th e  c o m p le te  
r em o v a l o f c la s t ic  s tr a in . T h e  d a ta  c o v er  th e  fo llo w in g  a sp e c ts  o f  th e  
b e h a v io u r  o f ru b b er  :—

* A  review of existing knowledge o f the physical properties of raw  rubber is 
to be found in Chapter II, by  G. S. W hitby, in The Chemistry and Technology of 
Rubber (New York, 1937).

1 F. Rosbaud and E . Schmid, Z. techn. Physik, 192S, 9, 9S.
2 H. Feuchter, Kautschuk, 1926, 2, 260, 2S2.
3 G. S. W hitby, J . P hysic. Chem., 1932, 36, 19S.

53S



L. R. G. T R E LO A R 539

1. T h e  e la s t ic  r eco v ery  a t  c o n s ta n t  tem p era tu re .
2. F u r th e r  rec o v er y  o n  ra is in g  th e  tem p era tu re .
3. T h e  n o n -reco v era b le  e x te n s io n  or p la st ic  flow .
4. T h e  d e c a y  of te n sio n  a t  c o n s ta n t  e x te n s io n .

F in a lly  a n  a t te m p t  is  m a d e  to  d raw  cer ta in  in feren ces from  th e  resu lts  
o f th e se  ex p e r im en ts  co n cern in g  th e  stru c tu re  o f raw  rubber.

2. Experimental Methods.
T h e ru bber used in  these experim en ts w as M alayan  crepe. I ts  average  

m olecular w eigh t (M ) w as determ ined from  v isco sity  m easurem ents in 
d ilute  benzene solutions. T h e ra tio  o f specific v isco s ity  (r],v) to  concen
tration  (c), expressed in g. per 100 c.c. solution, extra p o lated  to  in fin ite 
d ilu tio n  w as 7-0. A p p ly in g  S tau d in ger's  equ ation

k = M  c

and assum ing his va lu e  4 of th e  co n sta n t k  fo r rubber, i.e ., 22,000, a  figure 
of 154,000 w as obtain ed  for th e  a verage  m olecular w eigh t.

P re p a ra tio n  of S p e c im e n s.— O ne d ifficu lty  experienced in  w orkin g 
w ith  ra w  ru bber is to  o b tain  th e  m ateria l in  a  form  su itab le  for ca rryin g  
o u t m echanical tests. F o r this p ur
pose it  is im p o rtan t th a t  th e  rubber 
should b e  o f uniform  te x tu re  and 
thickness. In  these respects crepe in 
its  com m ercial form  is un suitable.
T o  overcom e th is d ifficu lty  film s were 
prepared b y  pouring a  4 %  solution  
of th e  ru b b er in benzene on  to  a  fla t 
surface an d  d ryin g  off th e  solvent.
In  th e  first a ttem p ts th e  solution  w as 
p oured in to  a  fram e stan din g on  a 
glass p late, b u t  film s p repared in  th is 
w a y  w ere found to  be in a  state  of 
in tern al strain  w hich  arose from  th e  
in a b ility  of th e  solvent-sw ollen  ru b b er to  co n tract freely  during d ry in g  
o w in g to  its  adhesion to  th e  glass. T h is  w as a  serious difficulty, fo r th e  
strain  th u s  in troduced  could  n o t e asily  be rem oved, and i t  is c learly  of th e  
u tm o st im portan ce in  experim en ts o f th e  k in d  con tem p lated  th a t  the 
m ateria l w orked  on shall be strain-free in itia lly . T h e d ifficu lty  w as o ver
com e b y  pouring; th e  so lution  on  to  a  m ercu ry  surface w ith  a  confining 
b o u n d ary  consisting of a  z ig-zag  p ap er strip  flo atin g  edgew ise on th e  m er
cu ry, as depicted  in F ig . 1. Such a  b o u n d ary  offers no app reciable  resist
ance to  th e  uniform  co n tractio n  of th e  film  during dryin g, th e  co n tractio n  
a c tu a lly  obtain ed  am oun tin g to  35 %  of th e  lin ear dim ensions. F ilm s 
p repared b y  th is process w ere p ra ctica lly  strain-free, as ju d g ed  b y  th e  
m ethods to  be described later.

F ro m  th e  film s th u s prepared, w hose th ickn ess w as in  th e  neighbour
hood o f 0-3 m m ., s tra igh t test-p ieces 40 m m . long an d  5 m m . w ide w ere cut. 
In  th e  experim en ts a  free len gth  of 30 m m . betw een  grips w as used, m easure
m ents bein g ta k en  on  a  m arked len gth  o f 10 m m . in  th e  m iddle of th e  
specim en.

T h e  S tre tch in g  M a ch in e.— T h e essential details o f th e  stretch in g 
m achin e em ployed  are show n in  F ig . 2. T h e upper grip  G 2 w as h u n g b y  
a  steel w ire from  th e  fla t steel sprin g S th e  deflection of w hich  could  be read 
on th e  scale C. T h e  low er grip  G 2 w as connected b y  a  cord p assing round 
p u lleys P 2 P 2 P 2 to  th e  1 K g . w eigh t W . T h e  release o f th is w eigh t b y

4 H. Staudinger, A nn., 1931, 488, 127 ; Ber., 1930, 63, 921.

F i g  i .— P r e p a r a t i o n  o f  r u b b e r  f i lm s  
f r o m  s o lu t io n .
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m eans of th e  trig ger T  caused a  rap id  extension  of th e  test-p iece. T h e  
supporting rod R  w as of glass, a  m ateria l preferred to  m etal on acco u n t of 
its  low er therm al co n d u ctiv ity . T h e  specim en could be surrounded b y

a  tu b e A  w hich  w as im m ersed 
in  a  co n stan t - tem perature 
bath . In  no case w as liquid  
used in d irect co n ta ct w ith  th e  
rubber.

B y  this arran gem en t the 
tension could be observed w h ilst 
th e  specim en w as stretch ed  ap
p ro x im ate ly  to  a  con stan t 
len gth . T here w as, o f course, 
a sm all change o f len gth  due 
to  the m ovem ent of th e  s p r in g ; 
th is  w as n o t m ore th a n  2 %  
of th e  stretch ed  len gth  of the 
specim en during a n y  exp eri
m ent.

In  ca rry in g  o u t th e  exp eri
m ents th e  un stretch ed  speci
m en w as inserted in  the 
th erm ostat, and a fter a  su it
able  w arm ing-up tim e the 
w eigh t w as released. Com 
m encing 5 seconds a fter re
leasing th e  w eigh t, readings o f 
tension  w ere ta k e n  a t  su itable  
in tervals  th rou gh ou t th e  period 
o f extension. A t  th e  end of 
th is tim e the stan d  w as lifted  
so as to  rem ove th e  specim en, 
still stretched, from  th e  th e r

m ostat, and  an  in terval, gen era lly  5 m inutes, w as allow ed fo r th e  ru bber to  
cool dow n below  250 C. T h e  tension  w as then  released, th e  low er end of the 
specim en cu t off below  th e  m ark in g to  rem ove un n ecessary w eigh t, and the 
specim en transferred  to  the 250 C. th erm ostat. Subsequen t changes of 
len gth  w ere then  n oted o ver a  20-hour period.

The stretching machine.

3. The Removal of Strain from Stretched Rubber.
T h e general n ature o f the re co ve ry  phenom ena observed a fter raw  

ru b b er has been stretch ed  are show n in  F ig . 3, cu rve  (a), w hich  depicts th e

F ig . 3.— Elastic recovery 
of crepe at temperatures 
indicated after stretching 
to 390 °/0 extension for 
1 hour a t 50° C.

(a) Normal.
(b) Vacuum  treated.
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b ehaviour of a  specim en of crepe a fte r  stretch in g a t  50° C. for 1 hour a t  an 
e longation  o f 390 % . A t  25° C. there w as a n  im m ediate re co v e ry  to  260 %  
elongation  on releasing th e  tension. T h ereafter there w jis a  fu rth er recovery, 
rap id  a t  first, then  p rogressively  slower, o ve r a  period o f 20 hours. Increas-
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in g  th e  tem p eratu re  to  50° C. caused a sharp  increase in  th e  rate  of reco very , 
h u t  w ith  continued h eatin g  th e  rate  again  s lo w ly  dim inished. A t  io o °  C. 
th e  sam e phenom enon w as repeated. E v e n  then th e  e lastic  re co ve ry  w as 
n o t com plete. F o r th e  furth er rem oval of strain  tw o  m ethods w ere tried, 
bo th  depending on th e  sw elling actio n  of a  so lven t. In  th e  first m ethod 
th e  specim en w as h u n g in  a  vessel con tain in g som e benzene and th e  va p o u r 
a llo w ed  to  a c t on th e  ru bber for a  certain  tim e, a fte r  w h ich  i t  w as rem oved  
a n d  dried. T h e  perm issible sw elling w as lim ited  b y  th e  ten d en cy  of the 
ru b b er to  sag, so th a t  several successive treatm en ts w ere u su a lly  n ecessary 
t o  secure co n stan cy  o f len gth . In  th e  second an d  preferred m ethod th e  
ru b b er w as im m ersed in a  liquid  benzene-alcohol m ixture, rem oved a fte r  
a  su itab le  tim e, and dried. T h is  m ethod avo id s th e  saggin g d ifficu lty  
and  also perm its o f a  con trol o ver th e  am oun t o f sw elling b y  va ria tio n  of 
th e  benzene co n ten t o f th e  m ixtu re . T h e  results o btain ed  b y  the tw o  
m eth ods w ere in close agreem ent.

In  F ig . 3 th e  p o in t A  represents th e  rem aining extension  a fte r  tre a t
m en t for 16 hours b y  a  m ixtu re  co n tain in g equ al vo lu m es o f benzene and 
a lcoh ol. T h e  p o in t B  represents a  fu rth er tre a tm e n t for th e  sam e tim e b y  
a  m ixtu re  con tain in g 60 %  of benzene. I t  w ill b e  n oted th a t  these tre a t
m ents led  to  a  reduction  o f th e  residual extension  b y  m ore th a n  50 % . 
I t  is h a rd ly  possible to  use a  m ix tu re  con tain in g a  h igher p ercen tage of 
benzene, ow in g to  the d ifficu lty  o f h an dlin g such h ighly-sw ollen  rubber. 
H ow ever, since th e  effect o f th e  60 %  m ix tu re  w as n o t v e r y  m uch greater 
th a n  th a t o f th e  50 %  m ixtu re, i t  m a y  b e  assum ed w ith  som e confidence 
th a t  th e  final len gth  o f th e  ru b b er represents, i f  n ot a  com plete rem o val 
o f  e lastic  strain, a t  lea st a  close app roach  to  th a t  con dition . T h e  rem ainin g 
exten sio n  m a y  therefore b e  regarded as a  genuine p lastic  flow.

P o s s ib le  E ffects  due to R e ta in ed  S o lv e n t.— T h e p rep aratio n  of 
specim ens from  solution s is open to  th e  criticism  th a t  there m igh t be a  
tra ce  o f so lven t le ft  in  th e  ru bber even  a fte r  several d a y s ’ d ryin g  a t  room  
tem p eratu re , th e  presence o f w h ich  m igh t seriously a ffect th e  m echanical 
p roperties. T o  m eet th is criticism  a  p iece of ru b b er prepared  in  th e  u sual 
w a y  w as heated  to  50° C. fo r 8 hours in  a  high  vacu u m , -with liquid  
a ir  applied  to  th e  e va cu a ted  tu be, a  treatm en t w hich should  h a ve  been 
sufficient to  rem ove a n y  rem ainin g solvent. T h e  ru bber w as stretch ed 
a t  50° C. b y  m eans o f a  fa llin g  w eigh t, an d  th e  re co ve ry  w as observed  first 
a t  250 C. and th en  a t  h igher tem peratures, b o th  th e  stretch in g and  re co ve ry  
b ein g  com p leted  w ith o u t a d m ittin g  a ir  to  th e  tu b e . T h e  ru bber w as th en  
rem oved an d  tre ate d  w ith  benzene-alcohol m ix tu re  in  th e  u sual w a y . T he 
re su lt o f th is  exp erim en t is show n in  F ig . 3, cu rve  (b), from  w h ich  i t  is clear 
t h a t  the p recau tion s ta k e n  m ade no m arked  difference eith er to  th e  am o u n t 
o f  th e  e lastic  reco very  a t  a n y  tem p eratu re  or to  th e  p lastic  flow, and it  
m a y  therefore be concluded th a t  th e  results rep orted  are n o t in  error on 
a cco u n t of absorbed solvent. A t  th e  sam e tim e th is  exp erim en t p roves 
th a t  th e  possible presence in  th e  ru b b er of w a te r  absorbed  from  th e  atm o 
sphere w as n o t h a v in g  an  im p o rtan t effect.

4 . T h e  P h e n o m e n a  o f  E l a s t i c  R e c o v e r y .

R e co v e ry  a t  25 ° G . a fte r  S tre tc h in g  a t  2 5 ° C .— F ig. 4 show s th e  
re co ve ry  curves obtain ed a t  25° C. fo r sam ples stretch ed  fo r 1 hour a t  25° C. 
to  variou s elongations. N o tew o rth y  features o f these cu rves are th a t  for 
th e  h igher elongations there is no fu rth er reco very  a fter th e  first half-hour, 
w h ilst for th e  low er elongations th e  re co ve ry  is m ore grad ual, an d  also 
m ore com plete.

R e co v e ry  a t  25° C . a fte r  S tre tc h in g  a t  50° G .— Sim ilar d a ta  for 
sam ples stretch ed  for 1 h our a t  50° C. are g iv en  in  F ig . 5. I t  w ill be o b 
served th a t  th e  gradualness o f th e  re co v e ry  is m ore n oticeable  a t  th is 
stretch in g tem p eratu re  th a n  a t  25° C., and th a t th e  absence o f gradual 
re co ve ry  is a p p aren t o n ly  a fte r  re la tiv e ly  high  in itia l elongations.
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R e co v e ry  a t  T e m p e ra tu re s  a b o v e  2 5 ° C . C r y sta llisa tio n .— T h e
reco very  curves a t  25° C. th u s fall into  tw o  m ain classes. In  the first th e  
re co ve ry  a fter releasing th e  tension  is re la tiv e ly  sm all and ceases w ith in  
a b ou t 30 m inutes, w h ilst in th e  second th e  re co ve ry  is re la tiv e ly  large, and

F ig . 4.— Recovery at 25° C. after stretching 1 hour a t 25° C. Elongations as
marked.

continues a t  a  dim inishing rate  fo r a t  lea st 20 hours. T h e  high extensions 
y ie ld  reco very  cu rves o f th e  first ty p e , an d  th e  lo w  extensions those o f th e  
second. Increase o f stretch in g tem p eratu re  favo u rs th e  second ty p e .

F ig .  5.— Recovery at 25° C. after stretching 1 hour at 50° C. Elongations as
marked.

T w o  ty p e s  of b eh avio u r are also  observed w hen  th e  re co ve ry  a t  higher 
tem p eratu res is exam in ed. T h ere  is th e  ty p e  of b eh avio u r represented in  
F ig . 3, in  w hich  each increase in  tem p eratu re  g ives a  s ligh t increase in  th e  
r e c o v e r y ; th is ty p e  of b eh avio u r corresponds w ith  th e  low er degrees of 
extension. A n  e n tire ly  differen t ty p e  of beh avio u r is dep icted  in  F ig . 6, 
w hich  show s th e  effect o f ra ising th e  tem p eratu re a t  th e  Tate o f a b o u t i °  C. 
p er 3 m inutes. T h e  specim ens represented in  th is figure h a d  been  exten ded
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a t  250 C. for 1 h our and  su bsequ en tly  a llow ed to  recover for 20 hours a t  
250. F o r th e  h igher extensions p ra ctica lly  the w hole of th e  subsequen t 
re co ve ry  occurred qu ite  q u ick ly  over a  tem p eratu re in te rv a l o f on ly  i °  C.

Sim ilar experim ents on specim ens stretch ed  a t  50° C. are m ore in terestin g 
because th e y  show  clearly  th e  tran sition  betw een  th e  grad u al and  the 
critica l-tem p eratu re  ty p e s  of re co ve ry  (Fig. 7). F o r th e  h igh est exten sio n  
th e  tem p eratu re  range o ver w h ich  m ost of th e  re co ve ry  occurred w as as 
n arrow  as for a  stretch in g tem p eratu re o f 250, b u t as th e  in itia l e longation  
w as reduced th e  reco very  range show ed a  corresponding broadening, un til 
for an  in itia l e longation  of 480 %  a ll signs o f a  special re co ve ry  tem perature 
h ad  disappeared.

T hese phenom ena h a ve  been observed b y  a  n um ber of authors, in 
greater o r less degree, and an  exp lan atio n  of th e  sharpness of th e  reco very  
tem p eratu re fo r h igh ly-exten d ed  ru bber has been g iv en  b y  F eu ch ter an d  
H au ser.5 T hese w orkers found th a t  on  storin g ru bber "  racked  ”  to  600 %

F i g .  6 .— Recovery w ith rising F i g .  7 .— Recovery w ith rising temperature 
temperature after stretch- after stretching for 1 hour a t 50° C. to
ing for 1 hour at 25° C. extensions indicated,
to  extensions indicated.

extension  th e  re co ve ry  ran ge n arrow ed fro m  1 1° to  i° , and  a t  th e  sam e tim e 
there w as an  increase in  d en sity  of th e  ru bber and an  increase in  th e  in
te n s ity  o f th e  X -r a y  "  fibre "  p attern . T h e y  concluded th a t  these pheno
m ena w ere associated  w ith  a  high  degree o f crysta llin ity . O n th is v ie w  th e  
re co ve ry  tem p eratu re  is to  be identified  w ith  th e  m elting-point o f the 
crysta ls  form ed on stretch ing.

T he d a ta  here b ro u g h t forw ard g en era lly  ten d  to  su b s ta n tia te  th is  
v iew . I t  is  to  be ex p ected , a n d  i t  h as been  d em o n stra ted  b y  v o n  Su sich  8 
from  X -r a y  ev id en ce , th a t  th e  app earan ce  o f c ry sta llisa tio n  requires a  
h igh er  d egree  o f e x ten s io n  th e  h igh er th e  tem p era tu re  a t  w h ich  th e  e x ten sio n  
is  carried  o u t. H en ce  th e  critica l-tem p era tu re  ty p e  o f reco v ery  w ou ld  
b e  e x p e c te d  to  occur m ore rea d ily  a t  a  low er th a n  a t  a  h igh er  tem p erature , 
a s is  in d eed  fou n d  t o  b e  th e  case. T here is, how ever, on e  fea tu re  of th e  
ex p erim en ta l resu lts  for w h ich  no o b v io u s  e x p la n a tio n  ca n  b e  foun d, n a m ely  
th a t  th e  reco v ery  tem p era tu re  d ep en d s on  th e  tem p eratu re  a t  w h ich  th e  
stretch in g  is  perform ed (c/. F ig s . 6 and  7). O ne w o u ld  n o t  e x p e c t  th e

5 H . Feuchter and E. A. Hauser, Kautschuk, 1929, 5, 194, 218, 245, 276.
8 G. von Susich, N aturwiss., 1930, 18, 915.
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m elting-point o f th e  crysta ls  to  depend on th e  tem p eratu re a t  w hich  th e y  
w ere form ed.

5. Plastic Flow.
A fte r  reco very  a t  250, follow ed in som e cases b y  fu rth er re co ve ry  a t  

h igher tem peratures, th e  sam ples w ere treated  b y  a  benzene-alcohol m ix 
ture  con tain in g 50 %  of benzene fo r 16 hours, follow ed b y  a  fu rth er tre a t
m en t w ith  a  60 %  benzene m ix tu re  for th e  sam e tim e. T h e  extensions 
rem aining after th is treatm en t, representing p lastic  flow, are show n in

F ig . 8, for stretch in g 
tem p eratu res o f 2 50 and 
50° C. resp ective ly . A  
n um ber of con trol speci
mens, n o t stretch ed, w hich 
w ere su bjected  to  th e  sam e 
benzene-alcohol treatm en t, 
show ed con traction s ran g
ing from  o to  3 % , w hich 
in d icated  th a t  th e  original 
m ateria l w as n o t in  a ll cases 
p erfe ctly  free from  strain, 
in sp ite  of th e  precaution s 
ta k en  in  its  preparation. 
T h is  effect accou n ts for the 
fa c t  th a t  in  som e cases th e  
flow  appeared to  be nega
tiv e . W h ilst th e  a ccu ra cy  
w as n ecessarily  lim ited  on 
th is accoun t, th e  general 
n atu re  of th e  results can 
n ot h a ve  been seriously 
affected, and  th e  essential 
features of th e  d a ta  pre

sented w ere rep eated  in a  num ber of separate series o f experim ents. I t  is 
desired to  draw  atten tio n  esp ecially  to  th e  follow ing p oin ts :—

1. T h e  p lastic  flow increased to  a  m axim um  a t in term ediate  extensions, 
and fell again  a t  h igher extensions.

2. T h e  m axim um  flow  on stretch in g a t  250 C. occurred a t  an  elongation  
o f a b o u t 300 % , and  am ounted o n ly  to  a b o u t 2 %  of th e  original extension.

3. F o r a  stretch in g tem p eratu re o f 250 th e  flow  w as n eg lig ib ly  sm all for 
extensions exceed in g 400 % .

4. F o r a  higher stretch in g tem perature, i.e ., 50° C., the m axim um  flow  
occurred  a t  a  h igher elongation, and  th e  flow  a t  a n y  g iven  e lon gation  w as 
higher.

I f  w e a ccep t the v ie w  th a t  th e  to ta l e ffect o f cohesion betw een  m olecules 
in  a  crysta llin e  la ttice  is greater th a n  th a t  betw een  m olecules in  th e  dis
ordered state, th e  reduction  of flow  w hich  occurred w hen a  certain  extension  
w as exceed ed  m a y  be exp lain ed  as b ein g due to  th e  occurrence o f crysta llisa 
tio n . T h e  fa c t  th a t  th e  m axim um  flow  occurred a t  a  higher elongation  a t 
th e  h igher tem p eratu re  w ou ld  app ear to  be a  d irect result o f th e  lesser 
degree of c ry sta ilin ity  a t  a iiy  g iv en  elongation. T h e  general features of th e  
flow  phenom ena are th u s exp licab le  on  th e  sam e basis as th e  general features 
of th e  re co ve ry  phenom ena d ealt w ith  in  section 4.

W h itb y , from  his exp erim en ts,3 drew  th e  conclusion th a t  th e  am ount 
of flow  increased w ith  th e  elongation. H ow ever, he w orked o n ly  up  to  
3 5 ° %  elongation, i.e ., on one side o n ly  o f th e  m axim um  in  th e  flow- 
elongation  curve.

F ig . 8.-— Plastic flow expressed as percentage of 
undeformed length for specimens held for 
1 hour at various extensions at the tempera
tures indicated.
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Some Consequences of the Observed Flow Phenomena.
Besides bein g o f in terest from  th e  th eoretica l p o in t of v ie w  th e  p ecu liar 

re lation  betw een  p lastic  flow  and in itia l e lon gation  leads to  certain  con 
siderations of p ra ctical im portan ce. Since th e  flow  is greatest a t  in ter
m ediate  extensions, it  is n ecessary th a t  th e  in term ediate  region should be 
passed th rou gh  as q u ick ly  as possible if  th e  sm aller flow  ch aracteristic  o f 
th e  higher elongations is to  be observed. T h is is one of th e  reasons for 
th e  adoption, in  th e  p resent w ork, o f an  a u to m atic  m ethod o f securing 
rap id  extension  of the ru bber. M oreover, th e  effect u n d o u b ted ly  has a  
bearing on th e  shape of th e  stress-strain  curves obtain ed  b y  R o sb au d  and 
Sch m id.1 I t  accoun ts also for th e  o bservation  of H auser 7 th a t  an  X -r a y  
fibre d iagram  could n o t be o btain ed  w hen ra w  ru b b er w as stretch ed  v e ry  
slow ly, for in  th is case th e  region o f m axim um  flow  m a y  n ever h a ve  been

Minutes.
F ig . 9.— D ecay of tension at
constant extension at 25° C.

passed th rou gh  and  th e  m olecular extension  necessary for crystallisatio n  
th u s  n ot achieved . F in a lly , it  reveals th e  im portan ce of m akin g a  careful 
s tu d y  of th e  acco m p an yin g flow  before a ttem p tin g  to  discuss th e  m eaning 
o f th e  variatio n s in  th e  shape o f stress-strain  curves obtain ed a t  differen t, 
tem peratures and rates of e longation, and  of th e  hysteresis observed in  the 
stress-strain  relationship. T hese effects are fu rth er com plicated  b y  th e  
variatio n  o f tension  w ith  tim e, even  w hen th e  flow  is negligible. (See 
below.)

6. The Decay of Tension during Extension.
T h e  chan ge of tension w ith  tim e, fo r specim ens held a t  con stan t length, 

is show n in F igs. 9 and  10. In  p lo ttin g  these curves th e  observed tensions 
h a ve  been co n verted  to  K g . p er cm .2 referred to  th e  strained cross-section, 
assum ing th e  den sity  to  rem ain  un altered  b y  th e  extension. T w o  featu res 
of these curves ca ll for special com m ent. F irstly , for a  g iven  elongation  
th e  re lative  fa ll o f tension  is greater a t  th e  higher tem perature, w h ilst a t

7 E . A . H auser, K autschuk, 1927, 3, 288 ; In d . Eng. Chem., 1927, 1 9 , 169

Minutes.
F ig . 10.— D ecay of tension at 

constant extension at 50° C.
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a  g iven  tem p eratu re  it  dim inishes w ith  increasing elongation. S econ dly, 
th e  tension for a  g iven  elon gation  a t  50° is in a ll cases v e ry  m uch low er 
th a n  for th e  sam e elon gation  a t  25 °. T h is  second result is n o t con sisten t 
w ith  w h a t is deduced from  th e  sim plest app lication  of the statistica l th eo ry  
o f ru bber e la stic ity  developed b y  K u h n  8 am ong others, accordin g to  w hich 
th e  ten sion  a t  co n stan t elon gation  is d irectly  proportional to  th e  absolute  
tem p eratu re . A  linear rate  o f increase o f ten sion  w ith  tem p eratu re has 
in d eed  been observed b y  H a u k  and  N eum ann  9 for a  num ber of vu lcan ised  
ru bbers. T h e  d iscrep an cy can n ot be disposed of b y  ta k in g  acco u n t of the 
p lastic  flow  during stretching, th is effect bein g m uch too  sm all. A  d ifficu lty  
arises also in  exp lain in g th e  fa ll o f tension  a t  a  fixed extension. F o r e x 
am ple, reference to  F igs. 8  and 9  show s th a t  a  fa ll o f 30 %  m a y  o ccur in 
th e  course o f 1 h our fo r ru bber elongated b y  510 %  a t 250, th o u gh  th e  flow  
u n der these conditions is n egligib le. H ow , then, is the fa ll to  be explain ed ?

7. The Structure of Raw Rubber.
A s a  b a s is  for  th e  p r e se n t d iscu ss io n  th e  s ta t is t ic a l th e o r y  o f th e  

b e h a v io u r  of s in g le  m o lec u les  d e v e lo p ed  b y  K u h n  8 w ill b e  ta k e n  as fu n d a 
m e n ta lly  co rrect. A c co r d in g  to  th is  th e o r y  th e  e sse n tia l e la s t ic i ty  o f  
ru b b er  is  a  p r o p e r ty  o f  th e  lo n g -c h a in  m o lec u les  o f w h ic h  i t  is  c o m p o se d .  
T h e  te n s io n  e x er ted  b y  a n  e x te n d e d  m o lecu le  rep resen ts  th e  te n d e n c y  
fo r  i t  to  ta k e  u p  th e  s ta t is t ic a lly  m o st  p ro b a b le  o v era ll len g th .

In  order to  a c c o u n t  for  th e  e la s t ic  p ro p erties  o f  a  so lid , h o w ev e r , i t  
is  n e c essa ry  to  co n sid er  n o t  o n ly  s in g le  m o lecu les  b u t  a lso  th e  a g g reg a te  
o f  m o lec u le s  a n d  th e  fo rces b e tw e e n  th em . T h e  m o lec u le s  in  u n str e tc h e d  
ru b b er  m u s t  b e  v a r io u s ly  in te r tw in ed  in  an  irregu lar m a n n er . T h e  
p ro cess  o f  e x te n s io n , b y  w h ic h  th e  m o lec u le s  b eco m e  s tr a ig h te n e d  o u t , a t  
le a s t  p a r tia lly , a n d  o r ie n ta te d  in  th e  d irec tio n  o f s tr e tc h in g , m u s t  th e r e 
fo re  in v o lv e  c o n sid e r a b le  r e la t iv e  d isp la ce m en ts  b e tw e e n  a d ja c e n t  
p o r tio n s  o f  n e ig h b o u r in g  m o lec u le s , w h ic h  th e  co h esio n a l fo rces b e tw e e n  
th e m  are n o t  su ffic ien t to  p r e v en t. In  o th e r  w ord s, th e  m o lec u le s  ca n  
s l id e  o v e r  e a ch  o th e r  w ith  r e la t iv e  freed o m . O n th e  o th er  h a n d , th e  
fa c t  th a t  th e  flo w  is  n e g lig ib ly  sm a ll a t  tem p era tu res  b e lo w  25° C. p ro v es  
th a t  th ere  m u s t  b e  p r e se n t in  th e  ru b b er  a  stru c tu re  w h ic h  rem a in s  
u n b r o k e n  d u rin g  th e  d e fo rm a tio n . T h erefore, in  sp ite  o f  th e ir  r e la t iv e  
m o b ility , th e  m o lec u le s  o f ru b b er  m u s t  b e  h e ld  to g e th e r  a t  a  su ffic ien t  
n u m b e r  of p o in ts  fo r  th is  s tr u c tu r e  to  b e  p reserv ed . T h e  e x p e r im en ta l  
e v id e n c e  th u s  lea d s  d ir e c t ly  to  th e  fo llo w in g  im p o r ta n t c o n c lu sio n  :—

The molecules of rubber are held together at certain points, or over certain 
regions, so as to form a three-dimensional structure. On deformation at 
a temperature not exceeding 2 5 0 C. a sufficient number of these points of 
linkage or cohesion are maintained for this structure to remain substantially 
unchanged.

I t  is  n o t  su g g e s te d  th a t  th e  p o s tu la t io n  o f a  stru c tu re  o f th is  k in d  to  
a c c o u n t  for  th e  b e h a v io u r  o f  e la s t ic  b o d ie s  is  e ith er  n ew  or o r ig in a l, b u t  
in  v ie w  o f th e  fa c t  th a t  ra w  ru b b er  h a s  b e e n  co m m o n ly  regard ed  a s  b e in g  
v e r y  im p e r fe c t ly  e la s t ic , i t  d o es seem  im p o r ta n t th a t  th e  a b o v e  c o n c lu sio n  
sh o u ld  b e  e x p l ic i t ly  s ta te d . B y  w a y  o f  co m p a riso n , i t  is o f  in te r e s t  to  
q u o te  th e  c o n c lu sio n s  a rrived  a t  b y  B u s s e 10 reg ard in g  th e  n e c essa ry  
c o n d it io n s  fo r  th e  occu rren ce  o f  h ig h -e la s t ic ity  in  g en era l. T h e se  c o n 
d it io n s  are :—  *

8 W . Kuhn, Roll. Z ., 1936, 76, 258.
9 V . Hauk and W . Neumann, Z. physik. Chetn., A ,  1938, 182, 285.
10 W . F .  B u s s e ,  / . Physic. Chem., 1932, 36, 2862.
* Cf. also F irst Report on Viscosity and P lasticity , 2nd Edition, p. 9S.
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1. “ T h e  p resen ce  o f gro u p s o f  a to m s  w h ic h  form  str o n g , so m e w h a t  
flex ib le , fib ro u s u n its ,

2. “ w e a k  or u n ifo rm  c o h e s iv e  fo rces a ro u n d  th e  fibres,
3. “ a n  in te r lo ck in g  o f  th e  fibres a t  a  fe w  p la c es  a lo n g  th e ir  le n g th  

to  form  a  3 -d im e n sio n a l n e tw o rk . T h is  in te r lo ck in g  m a y  o ccu r  th r o u g h  
ch e m ic a l c o m b in a tio n , b y  se c o n d a r y  v a le n c e  forces, or b y  m e ch a n ica l  
e n ta n g le m e n t, a n d

4 . “ A  m ea n s o f s to r in g  up  free  e n e rg y  in  th e  fibres d u rin g  
d e fo r m a tio n .”

T h e  N a t u r e  o f  t h e  C o h e s iv e  L in k s  b e t w e e n  M o l e c u l e s . — T h e  
resu lts  b r o u g h t fo rw a rd  in  th is  p a p er  sh o w  th a t  th e  l in k s  b e tw e e n  th e  
ru b b er  m o lec u le s  [i.e., th o se  referred  to  u n d er  B u s se ’s 3rd  co n d itio n )  
b eg in  to  b rea k  d o w n  a t  an  a p p rec ia b le  ra te  a t  a b o u t 50° C. T h erefo re  
t h e y  c a n n o t  b e  p r im a ry  ch e m ic a l b o n d s . In  th is  r e sp e c t ra w  ru b b er  
differs fro m  th e  v u lc a n ise d  p ro d u ct, in  w h ic h  th e  b o n d s  b e tw e e n  m o le 
c u les  are o f h ig h  en erg y . In  raw  ru b b er , th e  lin k s  (c o n d itio n  3) m a y  be  
d u e  e ith er  to  v a n  d er  W a a ls ’ fo rces or to  m e ch a n ica l e n ta n g le m e n ts . N o w  
w e  h a v e  seen  th a t  w h en  fu lly  e x te n d e d , ra w  ru b b er  cry s ta llise s . In  
th is  ca se  th e  fo rces h o ld in g  th e  m o lec u le s  in  th e  c r y s ta llin e  la t t ic e  are  
u n d o u b te d ly  o f  th e  v a n  der W a a ls ’ ty p e , fo r  th ere  are n o  o th e r s  a v a ila b le .  
Y e t ,  e v e n  in  th is  v e r y  fa v o u r a b le  ca se , in  w h ic h  th e  a lig n m e n t in crea ses  
th e  e ffica cy  o f th e  v a n  der W a a ls ’ fo rces b e tw e e n  m o lec u le s , th e  c ry s ta ls  
are  fo u n d  to  b rea k  d o w n  c o m p le te ly  a t  a  te m p er a tu r e  in  th e  n e ig h b o u r 
h o o d  o f  30° C. S u ch  a  m e ch a n ism  c a n n o t th erefo re  of itself a c c o u n t  
fo r  th e  p e r siste n c e  a t  h ig h er  te m p er a tu r e s  o f th e  lin k s  (c o n d it io n  3) 
b e tw e e n  m o lec u le s . I t  is  n e c essa ry  th erefo re  to  in tr o d u c e  B u s se ’s su g g e s 
t io n , n a m e ly  th e  c o n c e p tio n  o f m e ch a n ica l e n ta n g le m e n ts , in conjunction 
with van der Waals' forces, to  a c c o u n t  fo r  th e  o b ser v e d  p ro p er tie s . 
S u ch  e n ta n g le m e n t-c o h e s io n s  w o u ld  p o sse ss  a  w id e  ra n g e  o f en erg ies, 
h e n c e  a t  a n y  s tr e tc h in g  te m p er a tu r e  so m e  w o u ld  b rea k  v e r y  m u c h  m o re  
q u ic k ly  th a n  o th ers . F lo w  w o u ld  o ccu r  w h en  th e  n u m b er  r em a in in g  
u n b ro k en  fe ll b e lo w  a  cer ta in  v a lu e . T h ere  w o u ld  a p p ea r  to  b e  a  s tr o n g  
a priori p r o b a b ility  o f  th e  fo r m a tio n  o f r e la t iv e ly  s ta b le  lin k a g e s  b y  
m e c h a n ic a l e n ta n g le m e n t  if  th e  v ie w  is  a c c e p te d  t h a t  th e  ru b b er  m o le 
cu les  are v e r y  lo n g  ( le n g th /d ia m e te r  >  IOOO), th a t  th e y  are a rran ged  
e n t ir e ly  a t  r a n d o m  w ith  r e sp e c t to  ea ch  o th e r  b u t  are a t  th e  sa m e  tim e  
d e n s e ly  p a c k e d . U n d e r  su ch  c o n d it io n s  tw o  or m o re  m o lec u les  m ig h t  
v e r y  w e ll b c o m e  tw is te d  to g e th e r  or lo o p e d  th r o u g h  ea ch  o th e r  in  su ch  
a  w a y  th a t  o n  th e  a p p lic a tio n  o f a  sh ea r in g  fo rce  a  lo n g  t im e  w o u ld  e la p se  
b efo re  se p a r a tio n  occu rred . Or, to  p u t  th e  m a tte r  in  a n o th er  w a y , th e  
e n ta n g le m e n ts  m a y  b e  regard ed  as reg io n s  p o sse ss in g  a n  e x c e p t io n a lly  
h ig h  r e s is ta n c e  to  flo w . I f  a  n u m b er  o f su ch  reg io n s w ere  in te rc o n n ec ted  
b y  e x te n s ib le  (b u t  u n b rea k a b le ) m o lecu les , th e  h ig h  v is c o s ity  ch a r a cte r 
is t ic  o f  th e se  reg io n s  w o u ld  b e  r e ta in e d  a s a  p r o p er ty  o f th e  su b s ta n c e  in  
b u lk , w h ils t  a t  th e  sa m e  t im e  th e  g en era l m o b il ity  o f  th e  in d iv id u a l  
m o lec u le s  b e tw e en  th e  p o in ts  o f e n ta n g le m e n t  w o u ld  rem a in .

A  m e ch a n ism  of th is  k in d  a c c o u n ts  q u a lita t iv e ly  fo r  a  n u m b er  of  
fe a tu r e s  o f  th e  m e ch a n ica l b e h a v io u r  o f  ra w  rubber. C on sid erin g  first  
th e  te n s io n , w e  h a v e  to  a c c o u n t fo r  (a) a  c o n tin u o u s  fa ll o f  te n sio n  a t  
c o n s ta n t  le n g th , w ith o u t  p la st ic  flow , a n d  (b) a  lo w er  te n s io n  a fter  a  g iv e n  
t im e  a t  a n y  e x te n s io n  a t  th e  h ig h er  tem p era tu re . W ith  regard  to  (a), 
a  fa ll o f  te n s io n  o f th e  ty p e  sh o w n  in  F ig . 9  is  j u s t  w h a t  w o u ld  b e  e x p e c te d  
fr o m  a ser ies  o f  l in k s  r ep resen tin g  a  w id e  ra n g e  o f b in d in g  en erg ies . T h e

20
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lo w -e n e rg y  lin k s  w o u ld  b rea k  q u ick ly , th o se  o f h ig h er  en erg y  le s s  q u ick ly ,  
a n d  th o se  o f s t i l l  h ig h er  e n e rg y  (i.e., in v o lv in g  c o n sid era b le  e n ta n g le m en t)  
v e r y  s lo w ly  or n o t  a t  a ll. C o n se q u en tly , th e  te n s io n  w o u ld  fa ll r a p id ly  
a t  first, and  th e r ea fte r  m o re  a n d  m o re  s lo w ly . T h e  sa m e  m ech a n ism  
a c c o u n ts  fo r  (b), fo r  a t  a  h ig h er  te m p er a tu r e  a ll th e  lin k s  w o u ld  b reak  
m ore q u ick ly .*

C on sider n o w  th e  rec o v er y  p h en o m en a . D u r in g  e x te n s io n , s im u l
ta n e o u s ly  w ith  th e  b r ea k in g  o f th e  o r ig in a l e n ta n g le m e n t-c o h e s io n s  
b e tw e e n  m o lec u le s , th ere  w ill o ccu r  a  fo r m a tio n  o f  w ea k er  e n ta n g le m e n t-  
c o h e sio n s  in  th e  d efo rm ed  s ta te . T h e  g rea ter  th e  d egree  o f m e ch a n ica l  
e n ta n g le m e n t  fo rm ed  in  th e  s tr e tc h e d  c o n d itio n , th e  g rea ter  w ill b e  th e  
e n e rg y  req u ired  to  relea se  th e  str a in  th u s  in tro d u ced . A n  in crea se  of  
te m p er a tu r e  w ill in crea se  th e  p o s s ib il ity  o f th e  fo r m a tio n  o f n e w  e n ta n g le 
m e n t-c o h e s io n s , f ir s tly  b e c a u se  o f th e  g rea ter  ra te  o f relea se  o f th e  o r ig in a l  
l in k a g e s , a n d  se c o n d ly  b e c a u se  o f th e  g rea ter  th erm a l a g ita t io n  o f th e  
m o lec u le s . O n th e  o th er  h a n d , th e  e m erg en ce  o f a  c ry s ta llin e  s ta te  w ill  
te n d  to  red u ce  th e  fo r m a tio n  o f co h e sio n s  o f th e  e n ta n g le m e n t ty p e .

T h e se  co n s id e r a tio n s  lea d  to  a  fu ller  u n d e rs ta n d in g  o f th e  reco v ery  
p h en o m en a . T h e  n e w  e n ta n g le m e n ts  fo rm ed  in  th e  s tr e tc h e d  co n d itio n ,  
th o u g h  of th e  sa m e  k in d  as th o se  o r ig in a lly  p r e se n t in  th e  u n str e tc h e d  
ru b b er , w ill b e  le s s  c o m p le x , a n d  th erefo re  m o re  r ea d ily  b ro k en  d o w n . 
A s w ith  th e  o r ig in a l lin k a g e s , th e r e  w ill b e  a  w id e  ra n g e  o f c o h e sio n a l  
en erg ies , b u t  th e  a v e r a g e  e n e rg y  w ill b e  low er . H en ce  o n  r e lea s in g  th e  
a p p lied  te n s io n  th e  fo rce  o f  re tr a c tio n  res id en t in  th e  in d iv id u a l m o lec u le s  
w ill ca u se  th e  b re a k in g  d o w n  o f th e  n e w  ra th er  th a n  o f  th e  o r ig in a l  
e n ta n g le m e n ts . T h ere  w ill b e  a  rap id  r ed u c tio n  o f  le n g th  co rresp o n d in g  
to  th e  b re a k in g  o f  e n ta n g le m e n ts  o f lo w  en erg y , fo llo w ed  b y  a  p r o 
g r e s s iv e ly  m ore  a n d  m o re  g ra d u a l reco v ery , co rresp o n d in g  to  th e  re lea se  
o f  th o se  o f  h ig h er  en erg y . A n  in crea se  o f  te m p er a tu r e  w ill c le a r ly  
in crea se  th e  ra te  o f  r eco v ery , w ith o u t  a lter in g  its  n a tu re .

T h e  th e o r y , o f  co u rse , a c c o u n ts  fo r  th e  rec o v er y  p h en o m en a  o n ly  
w h en  c r y s ta llisa t io n  is  n o t  p r e se n t to  a n  im p o r ta n t  e x te n t ,  fo r  u n d er  
th e se  c ir cu m sta n ce s , as w a s  p o in te d  o u t  a b o v e , th e  b e h a v io u r  is  c o n tr o lled  
b y  v a n  dcr W a a ls ' fo rces ra th er  th a n  b y  e n ta n g le m en t-c o h e s io n s .

Summary.
In  considering e x istin g  in form ation  on  th e  m echanical properties of 

ra w  rubber, i t  is n o t gen era lly  possible to  d istinguish betw een the effects 
o f e lastic an d  o f p lastic  deform ation.. In  th e  experim en ts described great 
care w as  ta k e n  to  secure th e  c o m p le te , rem o val o f e lastic strain, a fter 
stretch in g to  vario u s extensions a t  differen t tem peratures. T h e  p lastic  
flow  increased to  a  m axim u m  w ith  increasing elongation  and fell aga in  a t  
h igher elongations, an  effect a ttr ib u ted  to  th e  increase o f crysta llisatio n  
w ith  increasing extension. F o r ru b b er held  exten d ed  for one hour a t  
25° C. th e  flow w as n ever greater th a n  2 %  o f th e  original extension, w h ilst 
for extensions greater th a n  440 %  or less th a n  130 %  it  w as n eg lig ib ly  
sm all.

C urves show ing th e  d e ca y  of tension a t  co n stan t extension, and the 
re co ve ry  of len gth  a fte r stretch ing, in  con ju nction  w ith  th e  observation s 
on p lastic  flow, are  in terp reted  in  term s of a  th eo ry  proposed b y  Busse, 
accordin g to  w h ich  th e  ru bber m olecules are held to geth er a t  certain  poin ts

* For a discussion of the role of molecular entangelement in vulcanised rubber 
the reader is referred to the work of Long, Singer and D avey. (Ind. Eng. Chem., 
1934, 26, 543) on the time lag in the formation of the X -ray fibre pattern on 
stretching.
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b y  co h esion a l lin k a g es o f  lo w  energy , so m e o f w h ich  are brok en  d o w n  during  
stretch in g .

T h e  a u th o r  d esires to  e x p r ess  h is  in d e b te d n e s s  to  P ro fesso r  E . K .  
R id e a l w h o  p r o v id e d  fa c ilit ie s  a t  th e  L a b o r a to r y  o f  C ollo id  S c ien ce ,  
C am b ridge , fo r  ca rry in g  o u t  p a r t o f  th is  w ork , a n d  a lso  to  D r. J .  K . 
R o b er ts  o f  th e  sa m e  la b o r a to ry , w h o  w a s  r esp o n s ib le  for  d ir ec t in g  th e  
co u rse  o f th e  research  a n d  w h o se  a d v ic e  a n d  c r it ic ism  h a v e  p ro v ed  
in v a lu a b le .

T h e  a b o v e  w o r k  h a s b e e n  carried  o u t  a s  p a r t  o f  th e  p ro g ra m m e of  
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T h e  v e r y  fe w  p u b lish ed  in v e s t ig a t io n s  r e la tin g  to  p a r tic le  s ize  in  
n u clea r  g o ld  so ls  h a v e  b e e n  m a d e , w ith  o n e  e x c e p tio n , w ith  so ls  p rep ared  
b y  r ed u c tio n  w ith  p h o sp h o ru s in  e th e r  (F a r a d a y ’s m e th o d ). In  th e  
ea r lie st  o f th e se  Z s ig m o n d y 1 fo u n d  th a t  th e  sm a lle s t  d e te c ta b le  p a r tic le s  
c o n ta in e d  9 ’7 X  i o -20 g. o f g o ld , co rresp o n d in g  w ith  a  sp h er ica l ra d iu s 2 
j u s t  o v er  X m/x, a  figure su b s ta n t ia lly  co n firm ed  la te r  b y  Scherrer 3 b y  
X -r a y  m e th o d s . In 1909 S v e d b e r g 4 m ea su red  th e  d iffu s io n  co effic ien t  
o f  a m icro n ic  p a r tic le s  a n d  a rrived  a t  a  v a lu e  for th e  ra d iu s o f  0 -9 4  or
2-16  m/a, a cco rd in g  to  th e  fo rm u la  u s e d ;  b u t  th is  m u s t  b e  co n sid ered  
a  rou gh  a p p ro x im a tio n , a n d  th e  figure it s e lf  to o  sm a ll, s in c e  no a c c o u n t  
w a s  ta k e n  of th e  o sm o tic  e ffec t o f  th e  c o u n te r -io n s . R e it s to t te r ,5 in  
a  m u ch  fu ller  s tu d y  o f n u clea r  so ls , e x a m in ed  th e  e ffe c t  o f  v a r y in g  th e  
c o n d it io n s  o f p rep a ra tio n  (p u rifica tio n  o f m a ter ia ls , u se  o f d ifferen t s o l
v e n ts ) , a n d  o f d ilu t in g  th e  in it ia l g o ld  so lu tio n . H e  fo u n d  th a t  th e  
q u a n t ity  o f g o ld  per p a r tic le  c o u ld  b e  red u ced  from  4-9  X IO -1 9  to  
3 X IO -19  g. b y  a  tw e n ty -fo ld  d ilu t io n  o f th e  or ig in a l so lu tio n , w h ic h  
c o n ta in e d  1-25 x  i o -5  g. A u  p er  c . c . ; th e  sm a lle s t  p a r tic les  o b ta in e d  
in  th is  w a y  h a d  a  ra d iu s o f  1-5 m/a. T h ie s se n ,6 u s in g  p o ta ss iu m  th io -  
c y a n a te  as th e  red u c in g  a g en t, e s t im a te d  b y  a n  in g e n io u s  b u t  in e x a c t  
m e th o d  th a t  th e  sm a lle s t  n u cle i ca p a b le  o f g r o w th  h a d  a  ra d iu s a b o u t  
1 m ix. T h e  e v id e n c e  n o w  a v a ila b le  can  s t il l  b e  su m m a rised  a p p ro p r ia te ly  
as w a s  d o n e  b y  Z sig m o n d y  an d  T h ie ssen  :

1 Zsigmondy, Z . Eleklrochetn., 1906, 12, 633.
2 I t  should be noted th at in the German literature linear dimensions 

or “  diameters "  often refer to the length of a cube edge, not to a spherical radius.
3 Scherrer, Nachr. K . Ges. W iss. Gottingen, 19x8, 98 (Chem. Centr., 1919, 

I. 322)-
4 Svedberg, Z . physikal. Chem., 1909, 67, 105.
5 Reitstotter, K oiloid Beih., 1917, 9, 221.
6 Thiessen, Z . anorg. Chem., 1929. 180, II0 -
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"  U p  to  n ow  gold  p artic les w ith  linear dim ensions less th a n  1-5 m /i  h a ve  
not w ith  ce rta in ty  been show n to  exist, an d  i t  is question able w h eth er 
p artic les of m eta l w ith  few er th a n  a b o u t 300 gold  atom s are cap ab le  of 
existen ce an d  can  form  p a rt o f a  v e ry  hom ogeneous gold  sol. . . . W e 
m ust assum e th a t  in  th e  p ro d u ctio n  of gold  hydrosols th e  region  th a t  lies 
betw een  sim ple gold  m olecules and  aggregates w ith  m ore th a n  a b o u t 
300 gold  a to m s is skip ped  over ra p id ly . P a rtic les  of in term ed iate  size 
are n o t k n o w n .”  7

T h e  sm a lle s t  d e te c ta b le  n u c le i, w h a te v e r  th e ir  size , are b u ilt  u p  from  
g o ld  a to m s  lib er a ted  in  th e  c h em ica l r ea c tio n , a n d  i t  is h a r d ly  c o n c e iv a b le  
th a t  th is  p ro cess sh o u ld  ta k e  p la c e  b y  e n c o u n te r s  o f a b o u t 3 0 0  a to m s  
s im u lta n e o u s ly . T h e  a lte r n a tiv e s  are to  a ssu m e  (1) th a t  th e  p a r tic les  
are  b u ilt  u p  a to m  b y  a to m , or (2) th a t  th e y  are b u ilt  u p  b y  a  p rocess  
a n a lo g o u s  to  c o a g u la tio n . In  th e  form er  e v e n t  p a r tic les  o f  a ll p o ss ib le  
d e g r ee s  o f c o m p le x ity , a n d  in  th e  la t te r  o f  a  co n sid era b le  n u m b er, m u s t  
h a v e  a  tr a n s ie n t e x is te n c e  in  th e  reg io n  referred  to  b y  Z sig m o n d y .  
F a ilu re  to  d e te c t  su ch  p a r tic le s  c a n  b e  e a s ily  u n d e rs to o d  w h e n  i t  is  
rem em b ered  th a t  th e  m a g n itu d e  o f th e  s ta b ilis in g  ch a rg e  in crea ses w ith  
th e  s ize  o f th e  p a r tic les , a n d  m a y  b e  co n sid ered , to  a  first a p p ro x im a tio n ,  
p ro p o r tio n a l to  th e ir  su rfa ces . T h ere  m u s t  th erefo re  b e  a  c r itica l size , 
d e p e n d in g  on  th e  e x p e r im en ta l c o n d itio n s , a t  w h ic h  th e  a d so rb ed  io n o -  
g e n ic  la y er  ju s t  su ffices to  co n fer  p e r m a n e n t s ta b il ity .  P a r tic le s  o f  
sm a ller  s ize  w ill g row , e ith er  b y  th e  a c q u is it io n  o f g o ld  a to m s  or b y  
co a g u la tio n  w ith  o th e r  p a r tic les , u n til th e  c r itica l s iz e  is r ea ch ed  or  
e x ce ed ed . If th is  v ie w  is  co rrec t th e  c r itica l s ize , a n d  c o n se q u e n t ly  th e  
size  o f th e  sm a lle s t  s ta b le  p a r tic les , sh o u ld  b e  in flu en ced  b y  (a) in tr o 
d u c in g  in to  th e  r ea c tio n  m ix tu r e  io n s  w h ic h  m ig h t  b e  e x p e c te d  to  p ro m o te  
s ta b ilisa t io n , a n d  (b) d ilu t in g  th e  r ea c tio n  m ix tu r e  so  a s to  red u ce  th e  
to ta l  a m o u n t o f e le c tr o ly te  p resen t. E x p e r im e n ts  d e a lin g  w ith  th e se  
tw o  p o in ts  w ill n o w  b e  d escr ib ed .

Influence of Added Ions.
T h e  io n s u sed  w ere  a u r o c y a n id e  a n d  io d id e . T h e  first is  r e la t iv e ly  

s ta b le  a n d  sh o u ld  b e  r ea d ily  a d so rb a b le  o n  g o ld  b e c a u se  o f  i t s  ch em ica l 
stru c tu re , w h ils t  io d id e  h a s  b e e n  sh o w n  to  in crea se  th e  s t a b i l i t y  o f  o rd in a ry  
g o ld  so ls  to w a rd s e le c tr o ly te s .8

E ffect o f A u ro cy a n id e .— N aA u (C N ) 2 w as m ade b y  d igesting excess 
of fresh ly  p recip itated  A u C N  w ith  a  so lution  o f N a C N . A  s lig h tly  a lkalin e 
solution  o f K A u C L  w as d iv id ed  into  th ree  p arts, one o f w hich (A )  w as 
m ade 0-007 m., an d another (B) 0-0007 M- w ith  resp ect to  N aA u (C N ) 2, w h ilst 
th e  th ird  (C) con tain ed none. A ll  three w ere th e n  reduced w ith  phosphine 
under otherw ise id en tica l conditions, th e  resu ltin g  nuclear sols con tain in g 
io ~ 5 g. A u  per c.c . T h e size of th e  nuclei w as  determ in ed in  each  o f the 
three sols b y  th e  m ethod described in  P a r t  I.* T h e  resu lts w ere : Sol 
A, r =  1-49, 1-54, 1-64, 1-68, m ean i-6  m p .; sol B, r =  i-8 i, 1-79, 1-86, 1-90, 
i-So, m ean 1-85 m ^ ; sol C, r =  i-66, 1-52, 1-65, m ean i-6  m/a. T h u s th e  
p artic le  size w as n ot sm aller in  th e  presence o f aurocyanide. T h e  sols 
A  an d  B began  to  tu rn  purple a fter several d a y s  an d  show ed signs of 
sedim en tation  a fte r  a  m onth, w h ilst C rem ained q u ite  stable. I t  is e vid en t 
th a t  au ro cyan id e  lessens th e  s ta b ility  o f gold  sols.

7 Z s ig m o n d y  a n d  T h ie s s e n ,  D as kolloide Gold, L e ip z ig ,  1925, 84.
8 K ru yt and Nierstrasz, K olloid Z ., 1937, 7®> 2&--
0 Usher, Traits. F araday Soc., 1938, 34, 1230.
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E ffect o f Io d id e.— T h ree  solutions of K A u C 14, each  con tain in g i o -3 
g. A u  per c.c., w ere m ade o, 2 x  i o -5, and  2 x  xo—1 m. w ith  respect to  
K I , a n d  reduced w ith  phosphine. A fte r  stan d in g o vern igh t th e  sols con
ta in in g  iodide w ere still yellow , w h ilst th e  o th er h a d  turned  p ink. O n 
boiling, a ll th ree  w ere red. T h e  resp ective  p artic le  sizes w ere 2-8, 3-0, 
an d  4-8 m/i. I t  is th u s  clear th a t  th e  size is s lig h tly  increased b y  the 
presence o f potassium  iodide. T h e  sols w ith  iodide becam e purple after 
a  m on th  b u t show ed no sign o f sedim entation.

A n  a tte m p t w as m ade to  determ ine the effect o f au rate  ions, b u t the 
a u ra te  w as foun d to  b e  reduced b y  phosphine to  an  e x te n t depending on 
th e  pu  of th e  solution, and no tru stw o rth y  inference could be draw n. In  
no exp erim en t w as a n y  decrease of size found.

Influence of Dilution.
R c its to t tc r ’s e x p e r im e n ts 5 w ere  m a d e  w ith  so lu tio n s  co n ta in in g  

1-25 x  i o -5  g. A u  per c .c . w h ic h  w ere  d ilu te d  in  fo u r  s ta g e s  to  a  final 
c o n c en tra tio n  o f 6-25 X  IO-7  g . per c .c ., w h ils t  th e  a m o u n t o f  p h o sp h o ru s  
u sed  fo r  r ed u c tio n  w a s  k e p t c o n sta n t . I t  w a s  arg u ed  th a t  if  red u ctio n  
to o k  p la ce  a t  th e  su rfa ce  o f th e  c o llo id a l p h o sp h o ru s p a r tic le s  th e  m a ss  
o f th e  in d iv id u a l g o ld  n u cle i w o u ld  d ecrea se  p r o p o r tio n a lly  w ith  d ilu tio n , 
s in c e  th e  n u m b er  o f red u c in g  c en tre s  w o u ld  rem a in  a p p r o x im a te ly  th e  
sa m e . T h e  a c tu a l e ffec t o f th e  d ilu tio n , h o w ev e r , w a s  to  red u ce  th e  
n u m b er  o f  n u c le i from  2-6 X i o 13 to  2-1 x  IO12 p er  c .c ., co rresp o n d in g  
w ith  a  d ecrea se  in  ra d iu s from  1-8 to  1*5 m/x. T h is  d ecrea se  o f  size , 
co rresp o n d in g  w ith  a  d ifferen ce  o f  6 0  per c en t, in  th e  q u a n tit ie s  a c tu a lly  
m ea su red  (i.e. th e  n u m b er  o f p a r tic les  d er iv ed  from  a  g iv e n  w e ig h t  o f go ld ), 
is  w e ll b e y o n d  th e  lim its  o f e x p e r im en ta l error a n d  m u s t  b e  con sid ered  
real. I ts  s ig n ifica n ce  c o n s is ts  in  sh o w in g  th a t  d ilu t io n  is  on e  m ea n s b y  
w h ic h  th e  s ize  o f  g o ld  n u cle i c a n  b e  d im in is h e d ; no o th er  h a s  y e t  b een  
d isc o v e re d . T h e  tw e n ty -fo ld  ra n g e  o f c o n c en tra tio n  s tu d ied  b y  
R e its to t te r  e n a b led  h im  to  p r o v e  t h a t  n o  o b v io u s  re la tio n  e x is te d  b e tw e e n  
th e  n u m b er  o f  p h o sp h o ru s p a r tic les  a n d  th e  n u m b er  of g o ld  n u c le i, b u t  
to  g a in  a  sa t is fa c to r y  in s ig h t  in to  th e  r e la tio n  b e tw e e n  c o n c en tra tio n  and  
p a r tic le  s ize  i t  is c le a r ly  d esira b le  to  e x te n d  th e  ran ge  c o n sid era b ly .  
T h e  e x p e r im en ts  d escr ib ed  b e lo w  w ere  m a d e  w ith  th is  o b jec t.

T w o  series o f m easurem ents w ere m ade, th e  n uclear sols bein g  prepared 
b y  th e  phosphine m eth od 10 in  th e  first an d  b y  th e  hydrogen sulphide 
m eth od  10 in  th e  second. T h e  sols w ere m ade b y  addin g th e  phosphine 
or hydrogen  sulphide solution  to  30 c.c. o f a  solution  of K A u C 14, su ita b ly  
diluted , and  slig h tly  a lkalin e in  th e  first case b u t n eu tral in  th e  second ; 
th e  final vo lu m e w as a lw a y s  50 c.c. In  e v e ry  case th e  sols w ere boiled  for 
5 m in utes and  a ir w as b u bbled  th rou gh  th em  fo r 30 m in utes to  rem ove 
th e  excess of th e  reducin g a gen t (P H 3 or H sS). T h e  range o f con cen tration  
stu d ied  w as 2 x  i o -4 to  2 x  i o -5 g. A u  per c.c. in  th e  phosphine series 
an d  8 X i o -1 to  2 x  xo-0 g. per c.c. in  th e  hydrogen  sulphide series. F o r 
th e  size determ in ation s a  solution  of K A u C 14 co n ta in in g 1 m g. o f go ld  w as 
m ixed  w ith  such a q u a n tity  of th e  d iluted  nuclear sol as w ou ld  furnish 
p articles in  th e  size range corresponding w ith  a  purple colour, and  th e  
colour of th e  resu ltin g  sol w as  m atch ed  in th e  w a y  described in P a r t  1.» 
T o  ensure eve n  g ro w th  an d  to  reduce th e  chan ce o f fresh nuclei bein g form ed 
during reduction, th e  h yd ro xylam in e  (12-5 c.c. o f a  so lution  con tain in g
0-27 g. N H 2O H , H C 1 per litre) w as added v e ry  s lo w ly  from  a  Jen a glass 
b u rette  w ith  ungreased stop co ck  a t  th e  ra te  of 1 drop e v e ry  5 seconds fo r 
th e  first h a lf an d  a t  tw ice  th is  rate  for th e  second h a lf o f th e  reduction .

10 B ak e r and U sher, Trans. Faraday Soc., 1940, 36, 385.



552 LO W ER  LIM IT OF P A R T IC LE  SIZE

T h e  m ix tu re  u n dergoin g red u ction  w as con tain ed  in  a  100 c.c. P y r e x  flask  
clam ped to  a  tilte d  base w h ich  w as m ech an ica lly  shaken  w hile th e  m outh  
of th e  flask rem ained s ta tio n a ry  under th e  bu rette. Since th e  colour of 
th e  grow n  sols is determ ined on ly  b y  th e  p artic le  size  th e  n um ber of p a r
ticles  is obtain ed  b y  a  sim ple calcu lation , an d  if  th is  n um ber can  b e  assum ed 
to  be th e  sam e as th a t  of th e  nuclei in  th e  ad d ed  n uclear sol th e  size o f th e  
p artic les in  th e  la tte r  ca n  b e  ca lcu lated  from  th e  kn ow n  w eigh t o f gold 
con tain ed in  it. If, how ever, th e  operations in vo lved  in  grow in g th e  sols 
cause th e  form ation  of a n y  fresh  nuclei, th e  num ber u ltim a te ly  found w ill 
b e  to o  large, an d  th e  ca lcu la ted  size  to o  sm all. I t  is  therefore n ecessary  
first to  determ ine the m agn itu de of th e  correction  to  be app lied  if th is  
source of error is present.

F o rm a tio n  of F re s h  N u cle i D u rin g  R e d u ctio n .— A lth o u gh  h y d ro x y l- 
am ine is  a  reducin g agen t of th e  “  non-nuclear ”  ty p e , nuclei are in  fa c t  
produced w hen  i t  is  m ixed  w ith  a  gold  so lution  to  w h ich  no ready-form ed 
nuclei h a ve  been added. W estgren  11 show ed th a t  if  th e  con cen tration  of 
ready-form ed nuclei in  th e  reactio n  m ixtu re  fa lls  below  ab ou t 2 x  io 10 
per c.c . som e fresh nuclei are form ed w h en  h yd ro gen  p eroxide is used 
as  th e  reducin g agen t, b u t  th a t  i f  th is  con cen tratio n  is exceed ed a ll th e  gold 
form ed in  th e  reaction  is deposited  on th e  nuclei a lrea d y  p resent and  the 
to ta l num ber of p artic les rem ains th e  sam e. H y d ro x y la m in e  h as a  sm aller 
ten d en cy th a n  h yd ro gen  p ero xid e  to  produce nuclei, b u t no figures are 
ava ilab le  for it . H ow ever, i t  is possible to  fix  an upper lim it from  th e  d a ta  
for one of th e  sols m ade in  th e  course of ca lib ra tin g  th e  colour stan dard  
used in  th is in vestigatio n . T h is  sol w as m ade b y  reducin g 1 m g. o f gold 
as K A u C lj in  th e  presence of a  sm all q u a n tity  o f n uclear sol, an d  the 
resulting p artic les w ere found fro m  th e  ra te  o f sed im en tation  to  h ave  
a  rad ius of 84 m/x. T h is  size  corresponds w ith  2 x  io 10 particles, th e  
volu m e of th e  sol being 40-50 c.c. Since th e  ca lcu lated  n um ber o f p articles 
in the original n uclear sol agreed w ith  th a t  obtain ed  from  o th er sim ilar 
experim en ts in  w h ich  a larger proportion  of n uclear sol w as  used, i t  is cer
ta in  th a t  no extran eo u s n uclei w ere present, an d  i t  can  therefore be safe ly  
assum ed th a t th e  con cen tratio n  of n uclei p roduced b y  h y d ro xy la m in e  under 
these p articu lar conditions does n o t exceed  5 X i o 8 p er c.c., an d  is p ro b a b ly  
sm aller. T h e  correction  to  be app lied  o n  th is a cco u n t in  a n y  of th e  d eter
m inations g iv en  below  is sm aller th a n  th e  exp erim en tal error. A  fu rth er 
p o ssib ility  has n ow  to  be considered. T h e  red u cin g agen ts used in th e  
p reparation  of th e  nuclear sols, v iz .,  phosphine an d  h yd ro gen  sulphide, 
are sp ecia lly  a c tiv e  in  p ro m o tin g  th e  form ation  o f nuclei, and  a n y  tra ce  of 
th em  rem ainin g in  th e  nuclear sol w ill cause som e fresh nuclei to  be form ed 
as soon as th e  gold  solution  used fo r grow in g th e  p artic les is added. T h e  
procedure regu larly  ad o p ted  to  rem ove th e  gases from  solution, v iz .,  to  
boil th e  liq u id  for 5 m in utes and  th en  to  pass a ir  th rou gh  them  fo r h a lf 
an  hour, can n ot be exp ected  to  be co m p lete ly  effective, and  it  w as th ere
fore n ecessary  to  ca rry  o u t b la n k  exp erim en ts in  w h ich  p artic les  w ere 
grow n b y  th e  stan dard  m ethod in  th e  presence o f m easured q u a n tities  of 
a  “  n uclear sol ”  w h ich  h ad  been treated  e x a c t ly  as described above, b u t 
w h ich  con tain ed  no gold . W h en  th is w as done, fresh n uclei w ere form ed 
in num bers n ea rly  prop ortional to  th e  am oun t of b lan k  “  n uclear sol ”  
used, an d  these num bers w ere used as correction s to  th o se  found w hen  
real n uclear sols w ere su b stitu ted  fo r th e  b la n k  one. T h e  results are in 
T ab le  I.

T h ere  are thus tw o  sources o f un w an ted  n u c le i: one is th e  c o n d u c tiv ity  
w ater and other reagents, w hich  are responsible fo r  a b o u t 2 x  i o 10 w ith  
th e  q u a n tities  used in  these experim en ts, and th e  o th er is th e  residual 
traces of reducin g gas p resent in  th e  n uclear sols, w h ich  g iv e  rise to
4-7 x  i o 11 an d  2-8 X i o 11 per c.c . o f th e  p hosphine a n d  sulphide sols 
resp ective ly  ; these m ake up th e  to ta l [i.e ., th e  n um ber a c tu a lly  determ ined)

11 W estgren, Z . anorg. Chem., 19x5, 93, 156.
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shown in  th e  th ird  colum n of T ab le  I . In  experim en ts m ade to  determ ine 
th e  am oun t o f gold  [w„) in each p artic le  o f a  p articu lar n uclear sol th e  
corrected  va lu e  is then  w n =  c v w J ( io ~ 3 —  kvw „), w here w ,  is th e  exp eri
m e n ta lly  determ in ed w eigh t o f each  p artic le  in  th e  grow n sol, c  is th e  con 
cen tratio n  (g. p er c.c.) o f go ld  in th e  n uclear sol, v  th e  (undiluted) vo lu m e of 
th e  la tter, and  k  th e  num ber of e x tra  n uclei p roduced  b y  x c.c. o f n uclear sol, 
as derived  from  th e  d a ta  in  T a b le  I ; th e  io ~ 3 represen ts th e  to ta l w eigh t, 
i m g., o f gold  used in  e v e ry  case. T h e  correction  th u s in troduced 
is a  m axim u m  correction, since it  im plies th a t  a ll th e  e x tra  n uclei found 
w hen  a  b la n k  "  n uclear sol ”  is used are also  form ed in  th e  presence of 
added  nuclei. T h e  resu lts are show n in  T a b le  I I  to  tw o  sign ifican t figures.

I t  has been s h o w n 10 th a t gold  sulphide nuclei, w h ich  are p resent in 
th e  n uclear sols used in  th e  second series o f m easurem ents, fo rm  effective  
con den sation  centres fo r m eta llic  gold. T h e  p artic les gro w n  on these 
n uclei con tain ed  fro m  2000 to  2,000,000 tim es as m uch gold  as th e  n uclei

T A B L E  I.

Reducing Agent. Blank Nuclear 
Sol. (c.c.).

Radius of Par
ticles from i  mg. 

Au m/r. •

Total No. of 
Particles formed 

(X 10U).

No. of Particles 
per c.c. of Blank 

Sol (X ro11).

Phosphine X-0 29 5-02 5-0
,, 0-5 37 2-41 4-8
„ 0-33 4 °‘5 1-84 5-5

Mean .5 - 1
Hydrogen sulphide 2-0 28 5'59 2*8

,, 1-5 30-5 4-31 2-9
,, ,, 1-0 34'5 2-98 3-0
„ 0-67 33-5 2-14 3'2

Mean . 3-0

them selves, and  w ere of course in distin guish able fro m  p artic les grow n  on 
m eta llic  nuclei. T h e  resu lts in  th is  series are less regu lar th a n  those in  th e  
first, b u t are otherw ise sim ilar. T h e  o b vio u s m isfits (IV7, N 15 , N 2 6  and 
IV28) are n o t due to  a n y  error of m e a su rem e n t; th e y  are  p ro b a b ly  to  be 
a ttr ib u te d  to  a ccid en ta l va ria tio n s in  th e  ra te  o f m ix in g  th e  rea ctin g  
solutions, or in  th e  con cen tration  of th e  so lution  o f red u cin g a gen t used in 
m akin g th e  sols.

A fte r  m akin g allow an ce for these irregularities and  fo r exp erim en tal 
errors, th e  figures lea ve  n o  d o u b t th a t  th e  p artic le  size decreases w ith  
d ilu tio n  of th e  rea ctin g  solution s dow n to  an  a p p aren t lim it w here 
th e  n um ber o f atom s per p artic le  is a p p ro x im a te ly  th e  sam e as th e  num ber 
co n stitu tin g  a  u n it cell o f crysta llin e  gold. N o  useful purpose w ou ld  be 
served  in  ca rry in g  th e  d ilu tion  still further, since th e  correction  w ou ld  
th e n  becom e co n sid erably  larger th a n  th e  q u a n tity  b e in g  m easured and  
th e  resu lts -would h a ve  little  va lu e.

The Formation and Stability of Nuclei.
T h e  d is t in c t io n  g e n era lly  reco g n ised  b e tw e e n  th e  fo r m a tio n  o f n u cle i  

a n d  th e ir  su b se q u e n t g ro w th  to  larger  p a r tic le s  is  ju s t if ie d  o n  p r a c tic a l  
gro u n d s, s in ce  th e se  tw o  p h a ses o f  th e  fo r m a tio n  o f a  co llo id a l p a r tic le  
are o ften  a ffec ted  in  d ifferen t w a y s  b y  a  p a r ticu la r  s e t  o f  c o n d itio n s .  
T h is  d is t in c t io n , a s  w e ll a s  th e  u se  o f th e  term s “ n u cle i ”  a n d  “ p r im a ry  
p a r tic le s  ” w ith  reference  e ith er  to  a ero so ls  or to  h y d ro so ls , u n fo r tu n a te ly  
t e n d s  to  o b scu re  th e  e sse n tia l u n ity  o f  th e  p ro cesses b y  w h ic h  p a r tic le s
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o f a n y  size  are e vo lve d  from  th eir p aren t a to m s or m olecules. T h ese  
processes are collision  and  th e  m u tu a l adhesion  of the u n its  th a t  h a v e  
collided . In  an u n stab le  sy ste m  such  as an  aerosol th e  w h ole  process of 
b u ild in g  up  large  p artic les  from  m olecules is con tin uous, an d  m u st be

T A B L E  II.

Designation 
and Concn. 
of Nuclear 
Sol (g. Au] 

per c.c.).

Wt. of 
Nuclei 
Uncorr. 

(g.X io21).

Wt. of 
Nuclei 
Corr. 

(g.X io21).

No. of Au 
Atoms per 
Nucleus.

Designation 
and Concn. 
of Nuclear 
Sol (g. Au 
per c.c.).

Wt. of 
Nuclei 
Uncorr. 

(g.X io^)

Wt. of 
Nuclei 
Corr. 

(g.X JO)11.

No. of Au 
Atoms per 
Nucleus.

S o ls  m a d e  w ith P h o s p h in e :

Mean. Mean.
N l2 5400 5400 17000 N l6 30 33 IOO

2 X IO “ 4 6200 6300 19000 2 X I O - 7 38 42 130
6700 6800 21000 37 41 130
6000 6100 19000 19000 40 45 140 130

N i s 1 100 110 0 3500 N x y 27 31 96
S X I O - 5 1000 1000 3100 1 0 - 7 34 41 130

1000 1000 3100 40 5° 150
1000 1000 3000 320c 39 49 I50  120

N y 1900 2100 6300 A T S 1 7 20 63
IO~s 1S00 2000 6000 5 X I O - 8 16 19 60

1600 1800 5400 15 18 54
1600 1800 54OO 5800 13 15 46 56

A’ 2 690 750 2300 N ig 9-0 n -7 36
4-1 x  t o - 8 670 730 2200 2 x  10 -8 7-6 9 3 29

650 710 2200 7-2 8-7 27
45°  * 480 * 1500 * S -3 10-4 32 31
66O 720 2200 2200 A T o 3 0 4 ’9 15

N 14 ISO 200 6 10 4 X i o - ° 3-1 5 -o 16
IO -8 l8 0 200 600 3'2 5 '3 16

I4O 150 470 560 2-7 4-2 13  15
A7i 5 140 160 500 A T i 2'3 5-7 17

5 X I O - ’ 170 210 650 2 X 1 0 - 9 2-0 4'3 13
190 230 700 2-1 4-5 14
l8 0 220 680 630 2-2 5-2 16  15

S o ls  m a d e  w ith  H y d ro g en  S u lp h id e :
Ar24 700 710 2200 JV29 47 66 200

2 X IO“5 720 730 2300 5 X IO“ 8 56 84 260
660 ' 670 2100 60 93 2S0
600 600 1900 49 68 210 240
630 630 2000 At30 45 79 240
610 620 1900 2100 2 X IO3 37 85 260

N25 420 430 1300 37 81 250
10-5 410 410 1300

7731
35 73 230 240

390 400 1200 13 22 69
3S0 390 1200 1200 IO“ 8 16 29 88

N 26 530 550 1700 20 49 150
4 X 1 0 - 8 520 54° 1700 18 40 120 100

470 480 1500 7/32 6 0 11 33

N z y
440 460 1400 1600 4X IO -8 6-8 14 43
140 150 470 6-1 11 35

S x i o - 7 140 150 460 5-5 9 ’4 29 35
150 160 4S0 At33 2 '3 3‘4 11
160 170 520 480 2 X IO -9 2-1 3-1 9

ATS 34 36 n o 2-1 3 ’2 10
2 X 10 -7 29

3°
3°
31

92
96 99

2-4 3'9 12 10

* R ejected .
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p resu m ed  to  con form  in  a ll it s  s ta g e s  to  p u re ly  k in e t ic  p r in c ip les. T h e  
sa m e  is  tru e  o f a  s ta b le  h y d ro so l as far  as th e  p ro d u ctio n  o f  th e  sm a lle s t  
sta b le  p a r tic les— th e  so -ca lled  n u c le i ; b e y o n d  th is  p o in t  c o llis io n s  are  
n o t  fo llo w ed  b y  a d h esio n , o w in g  to  th e  e lectric' ch arge  w h ic h  is  a cq u ired  
w h en  a  cer ta in  d egree  o f c o m p le x ity  h a s  b e e n  rea ch ed . T h e  s ta b ilis in g  
ch arge  is g e n era lly  u n d ersto o d  to  b e  d u e  to  e ith er  a u to g e n o u s  or a d sorb ed  
ions, an d  P a u li a n d  o t h e r s 12 h a v e  sh o w n  th a t  in  th e  ca se  o f  go ld  
th e  sta b ilis in g  ion  is p ro b a b ly  A u C 12' or A u (O H )C l', p r e su m a b ly  form ed  
b y  th e  p a r tia l r ed u c tio n  o f th e  or ig in a l g o ld  co m p o u n d . U n fo r tu n a te ly  
th e  e ffe c t  o f v a r y in g  th e  c o n c en tra tio n  o f th is  io n  in  th e  r ea c tio n  m ix tu r e  
c a n n o t b e  stu d ied , s in ce  th ere  is  n o  k n o w n  w a y  o f c o n tr o llin g  th e  a m o u n t  
p ro d u ced . A t te m p ts  su ch  a s are record ed  in  th is  p ap er  to  im p a rt  
a h e a v ier  charge, or to  im p a r t a  ch arge  a t  a n  earlier  s ta g e  o f g ro w th , b y  
th e  a d d itio n  o f o th e r  io n s  w h ic h  m ig h t b e  e x p e c te d  to  b e  e ffe c tiv e , h a v e  
led  to  d im in ish ed  ra th er  th a n  im p ro v ed  s ta b il ity , a s  sh o w n  b y  th e  in 
creased  s ize  o f  th e  p a r tic les . I t  seem s p ro b a b le  e ith er  th a t  th e  s ta b ilis in g  
ion  th a t  h a p p e n s to  b e  fo rm ed  in th e  r ea c tio n  is  sp e c ia lly  e ffe c tiv e , or 
th a t  th e  so ls  th e m se lv es  are u n u su a lly  se n s it iv e  to  v e r y  sm a ll c o n c en tra 
t io n s  of e le c tr o ly te  e v en  w h en  th e  la t te r  c o n ta in s  a n  a d so rb a b le  a n io n .

T h e  d a ta  p r e se n ted  in T a b le  II  sh o w  th a t  th e  size  o f  th e  sm a lle s t  
s ta b le  p a r tic les  is  g r e a tly  a ffec ted  b y  th e  c o n c en tra tio n  o f  th e  so lu tio n  
u n d erg o in g  red u c tio n  ; th e  m a ss  o f th e  r esu ltin g  n u cle i is v e r y  ro u g h ly  
p ro p o r tio n a l to  th e  sq u a re  ro o t o f th e  g o ld  c o n c en tra tio n  in  b o th  th e  
su lp h id e  an d  th e  p h o sp h in e  ser ies. T h e  figures g iv en  fo r  th e  size  o f th e  
sm a lle s t  n u cle i are su b je c t  to  a n  error p erh ap s as large  a s 4 0  per cen t, 
o n  a c c o u n t o f th e  r e la t iv e ly  la rg e  co rrectio n  in v o lv e d , b u t  i t  s t i l l  rem ain s  
e v id e n t  th a t  p a r tic le s  o f  a b o u t th e  s ize  o f a  u n it  cell, i.e. 14 a to m s, can  
e x is t  a n d  can  b e  d e te c te d  in  a  s ta b le  so l.

A  su r v e y  o f th e  cou rse  o f e v e n ts  lea d in g  to  th e  fo rm a tio n  o f n u cle i  
in d ic a te s  th a t  th e  in flu en ce  o f d ilu t io n  on  p a r tic le  size  c a n n o t b e  e x p la in ed  
o n  p u re ly  k in e tic  g rou n d s. T h e  a d d itio n  o f th e  red u c in g  a g e n t ca u ses  
a  su d d en  a p p ea ra n ce  o f  g o ld  a to m s a t  a  cer ta in  c o n c en tra tio n  n0, and  
th e se  a to m s w ill a t  o n ce  b eg in  to  form  a g g r eg a te s  b y  a  p rocess a n a lo g o u s  
to  o rd in a ry  c o a g u la tio n . I f  no sta b ilis in g  fa c to r  is p r e se n t th e  p a r tic le  
size  w ill c o n tin u e  to  in crea se  in d efin ite ly , b u t  if, as is here a ssu m ed , th e  
p a r tic les  a fter  rea ch in g  a  cer ta in  d egree  o f c o m p le x ity  b e g in  to  adsorb  
s ta b ilis in g  io n s , th e  p ro cess m u s t  s lo w  d o w n  w h en  th a t  s ta g e  is  reached , 
a n d  m u s t  e v e n tu a lly  co m e  to  a  s to p  w h en  s ta b ilisa t io n  is c o m p le te , w h en  
no fru itfu l co llis io n s  w ill occu r. I t  is  c lear  th a t  th e  in flu en ce  o f  n0 w ill 
b e  s tr ic t ly  con fin ed  to  d e term in in g  th e  fr eq u e n c y  o f co llis io n s , a n d  th a t  
th e  e ffe c tiv e n e ss  o f th e se  m u s t  d ep en d  o n  o th er  fa c to rs. T h e  o b serv ed  
e ffec t o f  d ilu tio n  m u s t  th erefore  b e  d u e  to  so m e  fa c to r  o th e r  th a n  th e  
m ere d ecrea se  in  th e  in it ia l c o n c en tra tio n  o f  g o ld  a to m s, a n d  a n  e x p la n a 
t io n  o f i t  m a y  b e  fo u n d  in  th e  p ara lle l d ecrea se  in  th e  c o n c en tra tio n  o f  
e le c tr o ly te s . T h ie ssen  13 sh o w ed  th a t  th e  s ta b il i ty  o f g o ld  so ls  to w a rd s  
e le c tr o ly te s  in crea ses a s th e  s ize  o f  th e  p a r tic le s  d ecrea ses o v er  th e  
ra n g e  70  — 2 0  m ¡ i ; b u t  i t  is  a lso  k n o w n  th a t  th e  s ta b il ity  v a n ish e s  
a lto g e th e r  a t  a  s t i l l  low er  s i z e ; th ere  m u s t  th erefo re  b e  so m e  in te r 
m e d ia te  size  for w h ic h  th e  s ta b il ity  is  a  m a x im u m . H e n c e  in  th e  e a r ly  
s ta g e s  o f g ro w th  b efore  th is  m a x im u m  is  rea ch ed  th e  sa m e  d egree  o f

12E irichand Pauli, K olloid Beih., 1930, 30, 113 ; Pauli, Russer, and Brunner, 
K olloid Z ., 1925, 72, 26.

13 Thiessen, Thater, and Kandelaky, Z. anorg. Chem., 1929, 180, n .
20 *
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s ta b il i ty  w ill b e  a tta in e d  b y  a  p a r tic le  in  th e  p resen ce  o f  a  cer ta in  c o n 
cen tra tio n  o f fo re ig n  e le c tr o ly te  as is  p o sse ssed  b y  a  sm a ller  p a r tic le  in  
th e  p resen ce  of a  sm a ller  c o n c en tra tio n . T h ese  co n sid era tio n s  offer a  
s im p le  a n d  a d e q u a te  e x p la n a tio n  o f th e  e x p e r im en ta l resu lts , if  i t  can  
b e  a ssu m ed  t h a t  th e  s ta b il i ty  o f  g o ld  so ls  r ea lly  d ecrea ses w ith  in crea sin g  
c o n c en tra tio n  o f e le c tr o ly te  a t  th e  v e r y  sm a ll c o n c en tra tio n s  p r e v a ilin g  
d u rin g  th e ir  p rep a ra tio n . E v id e n c e  fo r  th is  is to  b e  fo u n d  in  Z sig m o n d y  
a n d  T h ie sse n ’s s t a t e m e n t 14 th a t  g o ld  so ls  m a y  b e  c o n c en tra te d  b y  
e v a p o r a tio n  to  a  m a x im u m  o f  a b o u t O-i per c en t ., b u t  o n ly  if  th e  e v a p o r a 
t io n  is  a c co m p a n ied  b y  d ia ly s is . T h e  m ore e ffic ien t m e th o d s  o f e le c tr o 
d ia ly s is  a n d  e le c tr o d e c a n ta tio n  h a v e  r e c e n tly  e n a b led  P a u li a n d  o th ers 15 
to  a c h ie v e  s t ill  h ig h er  c o n c en tra tio n s , u p  to  5 per cen t. T h u s i t  is c lear  
th a t  th e  s ta b il i ty  o f g o ld  so ls  is  in creased  b y  th e  rem o v a l o f e le c tr o ly te  
up to  th e  e x tre m e  lim its  m a d e  p o ss ib le  b y  m od ern  te ch n iq u e . A n o th e r  
p o ssib le  fa c to r , w h ic h  m a y  b e  im p o r ta n t a t  v e r y  lo w  c o n c en tra tio n s , is 
th e  r e la t iv e  q u a n t ity  o f  th e  sta b ilis in g  io n  fo rm ed  d u rin g  red u ctio n . 
N o th in g  is  k n o w n  a s to  h o w  th is  v a r ie s  w ith  th e  ex p e r im en ta l co n d itio n s , 
b u t  i t  sh o u ld  b e  k e p t  in  v ie w  as a  fa c to r  th e  e ffe c tiv e n e ss  o f w h ic h  m a y  
v a r y  w ith  th e  d ilu tio n  o f th e  go ld  co m p o u n d  as su ch , in d e p e n d e n tly  o f 
th a t  o f  th e  a c c o m p a n y in g  e le c tr o ly te .

T h e  q u estio n  h o w  far th e  resu lts  o b ta in e d  w ith  go ld  m a y  b e  e x p e c te d  
to  h o ld  for  o th er  su b s ta n c es  can  b e  an sw ered  o n ly  in  g en era l term s. 
I t  is  c h a ra cter istic  o f  co llo id a l so lu tio n s  o f g o ld  an d  o th er  n o b le  m e ta ls  
t h a t  th e ir  s ta b il i ty  in crea ses w ith  th e  p ro g ressiv e  r em o v a l o f  e le c tr o ly te s ,  
a n d  i t  is  fo r  th is  reason  th a t  in  th em  th e  sm a lle s t  p a r tic le s  are fo rm ed  
in  so ls  m a d e  from  th e  m o st  d ilu te  so lu tio n s . O n th e  o th e r  h a n d  su b 
s ta n c e s  w h o se  c o llo id a l so lu tio n s  b eco m e  u n sta b le  or le s s  s ta b le  u n d er  
p r o lo n g ed  d ia ly s is  w o u ld  form  th e  sm a lle s t  p a r tic les  a t  so m e  in te rm e d ia te  
d ilu tio n . I t  is  c lear  th a t  ea ch  so l m u s t  b e  co n sid ered  b y  its e lf  in  th e  l ig h t  
o f  in fo r m a tio n  a b o u t th e  e ffe c t o f d ilu tio n  o f th e  r ea c tin g  so lu t io n s  on  
it s  s ta b il i ty ,  a n  e ffec t w h ic h  m a y  b e  d u e  to  a lter a tio n  o f th e  q u a n t ity  or 
th e  c o m p o sitio n  of th e  sta b ilis in g  ion , as w e ll a s  to  th e  r em o v a l o f  n o n 
s ta b ilis in g  or “ fo re ig n  ” e le c tr o ly te s .

Homogeneity and Stability of Nuclear Sols.
W ith  referen ce  to  th e  p rep a ra tio n  o f u n id isp erse  g o ld  so ls  i t  is  o ften  

ta c it ly  a ssu m ed  th a t  th e  n u clea r  so l u sed  fo r  th is  p u rp o se  is  i t s e lf  u n i
d isp erse . T h is  a ssu m p tio n  is  u n fo u n d ed . O n ly  if  th e  n u cle i w ere  fo rm ed  
b y  th e  b u ild in g  up  o f a g g r eg a te s  a to m  b y  a to m  w o u ld  th e  p rocess s to p  
w h en  a ll th e  a g g reg a te s  w ere  o f  a p p r o x im a te ly  eq u a l size . S u ch  a  
p ro cess is  h a r d ly  co n c e iv a b le , s in c e  th e  p ro p o rtio n  of s in g le  a to m s  
b e c o m es v e r y  sm a ll a t  a n  e a r ly  s ta g e , a n d  fu r th er  g ro w th  m u s t  th erefo re  
occu r  ch ie fly  b y  th e  u n io n  of a g g r e g a te s ; th e  in e v ita b le  re su lt  o f th is  
is  th e  fo r m a tio n  o f  m ore  c o m p le x  a g g reg a te s  w h o se  s izes  w ill b e  d is 
tr ib u te d  o v er  a  c o n sid era b le  ra n g e . T h ere  can  b e  l it t le  d o u b t th a t  th e  
s iz e  d is tr ib u tio n  in  a  n u clea r  so l, th o u g h  p o ss ib ly  less  sy m m e tr ic a l, is  
o th erw ise  s im ila r  to  th a t  fo u n d  in  a n  ord in a ry  so l m a d e  w ith o u t  a n y  sp ec ia l  
p reca u tio n s . T h is  in feren ce  h a s a  p ra c tic a l b ea r in g  on  th e  p rep a ra tio n  
o f  u n id isp erse  so ls, for  i f  th e  s iz e  d is tr ib u tio n  cu rv es o f  n u clea r  so ls  
w ith  d ifferen t a v e ra g e  s izes  are  o f  s im ila r  sh a p e , i t  is  c lea r ly  a d v a n ta g e o u s  
to  grow  a  so l o n  n u cle i o f th e  sm a lle s t  p o ss ib le  a v era g e  s ize , s in c e  it  is

14 Zsigmondy and Thiessen, op. c it.', 47.
15 Pauli, Szper and Szper, Trans. Faraday Soc., 1939, 35, 117S.
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th e  a b so lu te  a n d  n o t  th e  p e r ce n ta g e  v a r ia t io n  in  lin ea r  d im e n sio n s  th a t  
is  rep rod u ced  in  th e  gro w n  p a r tic les  ; a n d  fo r  sim ila r  d is tr ib u tio n s  th e  
a b so lu te  v a r ia t io n  w ill b e  p r o p o r tio n a l to  th e  a v era g e  size .

A  fu r th er  co n seq u en ce  o f th e  su g g es ted  m o d e  o f e v o lu tio n  o f a  n u clea r  
so l is  th a t  th e  fr e sh ly  prepared  so l w ill b e  o n ly  ju s t  s ta b le  a n d  w ill th e r e 
fore  b e  v e r y  s e n s it iv e  to  sm a ll a d d itio n s  o f e le c tr o ly te . F o r  a  s im ila r  
reason  s lig h t  v a r ia t io n  in  th e  c o n d it io n s  p r e v a ilin g  w h ile  th e  so l is  b e in g  
p rep ared  m a y  (for e x a m p le  b y  a lter in g  th e  a m o u n t o f s ta b ilis in g  a g e n t  
fo rm ed ) ca u se  a  m a rk ed  c h a n g e  in  th e  a v e ra g e  p a r tic le  s ize . T h is  is 
p erh a p s th e  ch ief ca u se  o f th e  fe w  irreg u la r itie s  a p p ea r in g  in  th e  resu lts  
q u o ted  in  T a b le  II . I t  h a s b e e n  fo u n d  o n  se v e ra l o cca s io n s  th a t  th e  
p a r tic le  c o n c en tra tio n  o f a n  u n d ilu te d  n u clea r  so l h a s  d ecrea sed  a fter  th e  
la p se  o f a  fe w  m o n th s, p r e su m a b ly  b e c a u se  e v e n  w ith  th e  s tr ic te s t  p r e 
c a u tio n s  so m e  in crea se  in  e le c tr o ly te  c o n te n t  o ccu rs d u rin g  sto ra g e  in  
g la ss  v e sse ls . C h anges of th is  k in d  ca n  b e  a v o id e d  b y  d ilu t in g  th e  so l 
w ith  c o n d u c t iv ity  w a te r  im m e d ia te ly  a fter  p rep a ra tio n .

Summary.
1. P rev io u s  w o rk  o n  th e  m in im u m  s ize  o f  g o ld  n u c le i is  r ev iew ed .
2. A tte m p ts  t o  red u ce  th e  s ize  o f n u c le i b y  th e  a d d itio n  o f adsorb ab le  

a n io n s w ere u n su ccessfu l.
3. P rogressive  d ilu tio n  o f  th e  rea c tin g  so lu tio n s  ov er  a n  e x te n s iv e  range  

resu lted  in th e  p rodu ction  of s ta b le  n u cle i o f  less  th a n  o n e -ten th  th e  size  
o f th e  sm a lles t  h ith er to  b e liev ed  to  e x is t .  T h ese  n u cle i are o f  a p p ro x im a te ly  
th e  size  o f a  u n it  cell o f  c ry sta llin e  go ld .

4. T h e  e x p er im en ta l resu lts  are in  agreem en t w ith  th e  v ie w  th a t  th e  
form ation  of co llo id a l p a r tic les  from  a to m s or m o lecu les is  a  co n tin u o u s  
process g o vern ed  b y  th e  sam e k in e tic  p r in cip les a s  are u sed  to  e x p la in  
co a gu la tion . T h e  term s “ n u cle i ”  a n d  " p r im a ry  p a r tic les  ”  h a v e  n o  
sign ifican ce ap a rt from  th e ir  u se  t o  descr ib e  th e  sm a lle s t  p a r tic les  th a t  
are sta b le  or d e tec ta b le  un der e x is t in g  co n d itio n s .
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T h e  s tu d y  o f th e  v is c o s ity  o f s im p le  e le c tr o ly t ic  so lu tio n s  h a s rece iv ed  
m u ch  a tte n t io n  s in ce  J o n e s  a n d  D o l e 1 p ro p o sed  th e ir  e q u a tio n  
v/Vo =  1 ~r A \fc  J -  Be a n d  F a lk en h a g e n , D o le  a n d  V ern o n  2 g a v e  a  
th e o r e t ica l in te rp re ta t io n  o f “  A ” in  term s o f th e  in te r io n ic  a t tr a c t io n  
th e o r y , a n d  fo u n d  o u t  a  m a th e m a tic a l e x p r ess io n  fo r  i t  in v o lv in g  d i
e le c tr ic  c o n s ta n t  a n d  v is c o s ity  o f s o lv e n t  a n d  th e  m o b il ity  a n d  e lec tr ic  
ch a rg es o f  th e  io n s. T h e  p rob lem  o f so lu tio n s  c o n ta in in g  m o re  th a n

1 Jones and Dole, J . Am er. Chem. Soc., 1929, 51, 2950.
- Falkenhagen and Dole, Z. physik. Chem. B  1929, 6, 159 ; Physik. Z ., 1929, 

30, 611 ; Falkenhagen and Vernon, Phil. M ag., 1932, 14, 537.
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tw o  sp ec ies  o f io n s  w ith  r esp e ct to  v is c o s ity  h a s n o t  b een  stu d ie d  e x 
p e r im e n ta lly  a s  y e t  in  th e  l ig h t  o f  th e  in te r io n ic  a t tr a c t io n  th eo ry . S u ch  
w o rk s as th o se  o f S te a r n ,3 Y a jn ik  a n d  U b er o y ,4 R u b y  a n d  K a w a i,5 T o lle r t ,8 
B a n c h e tt i  7 a n d  Ish ik a w a  8 are co n cern ed  w ith  e ith er  th e  s tu d y  o f  c o m 
p le x  sa lt  fo r m a tio n  or th e  a p p lic a t io n  o f o n e  or th e  o th er  o f th e  v a r io u s  
m ix tu r e  la w  form ula: to  th e  v is c o s ity  o f m ix e d  e le c tr o ly te s  in  so lu tio n .  
O n sa g er  a n d  F u o ss  0 are th e  o n ly  w o rk ers w h o  h a v e  ta c k led  th e  p ro b lem  
from  a  th e o r e t ica l s ta n d p o in t , b u t  th e ir  tr e a tm e n t is so  h ig h ly  m a th e 
m a tica l th a t  th e ir  a n a ly s is  h a s  n o t  b een  a b le  to  s t im u la te  th e  in te re st  
th e  su b je c t  d eserv es . T h e  n e t  r e su lt  o f th e ir  a n a ly s is  is th a t  in  th e  case  
o f  m ix tu r e s  o f  e le c tr o ly te s  a lso  “ th e  e le c tr o sta t ic  c o n tr ib u tio n  to  v i s 
c o s ity  is p ro p o r tio n a l to  th e  sq u a re  ro o t o f c o n c e n tr a tio n .”

T h e  id e a  u n d e r ly in g  th e  p resen t in v e s t ig a t io n  w a s  to  e x a m in e  h o w  
a  m ix tu r e  o f  tw o  e le c tr o ly te s  (w ith  a  c o m m o n  ion ) in  a  d e fin ite  p ro p o r tio n  
b e h a v e d  w ith  resp ect to  v is c o s ity  w h en  th e  c o n c en tra tio n  w a s  ch a n g ed  
w ith o u t  a ffec tin g  th e  p r o p o r tio n  o f  th e  c o m p o n e n ts  o f  th e  m ix tu r e  
b y  d ilu t in g  w ith  w a te r  a n d  w h eth er  th e  v a r ia t io n  in  v is c o s ity  co u ld  b e  
rep resen ted  b y  a n  e q u a tio n  o f th e  J o n e s  a n d  D o le  ty p e . T h e  sa lt  pa irs  
e x a m in ed  w ere  (a) so d iu m  ch lo r id e  a n d  b a r iu m  ch lo r id e , a n d  (b) so d iu m  
ch lorid e  a n d  m a g n esiu m  ch lorid e . In ea ch  ca se  a  n u m b er  o f m ix tu r es  
c o n ta in in g  th e  tw o  sa lts  in  d ifferen t p ro p o r tio n s w ere  e x a m in ed .

Experimental, j
T h e exp erim en tal tech nique and  procedure h a v e  been described in 

previous com m unication s.10 11 T h e  visco m eter used h a d  a  ca p illa ry  of 
io  cm . len gth  and  0-028 cm . d iam eter w ith  an  up p er b u lb  of 5 c.c. ca p a c ity . 
T h e  ap p ro xim ate  tim e of efflux of w a ter w as  29 m inutes. N o  k in etic  
or surface ten sion  correction w as considered necessary. T h ree  readings 
for th e  tim e of flow  w ere ta k en  w ith  a  V en n er tim e  sw itch  grad u ated  in 
ten th s o f seconds, agreeing w ith  one another w ith in  0-2 sec. T h e  tim e  for 
w a ter  w as determ ined before and a fte r  each  solution. T h e  p y k n o m eter 
w as one of a b ou t 64 c.c. ca p a city . T h e  d e n sity  figures are th e  resu lts of 
tw o  determ inations, differing b y  less th a n  1 m g., th e  w eigh ts  bein g reduced  
to  va cu u m  stan dard .12 D oub le  d istilled  w a te r  w as  used in  a ll th e  e x p eri
m ents. T h e  th erm o stat w as m aintained a t  350 ±  0-005 C. T h e  error in  
v isco sity  m easurem ents is exp ected  to  b e  less th a n  three p arts  in  
ten  thousand an d  densities are a ccu rate  to  s ixteen  p arts  in  a  m illion.

M erck ’s p ro -a n a ly s i  B a C l2, rea gen t q u a lity  M gC l2 and p ro -a n a ly s i  
N a C l -were used. S tan d ard  solutions of these sa lts  w ere p repared and 
th e ir strength s w ere determ ined. B a riu m  chloride w as estim ated  gravi- 
m etrica lly  as B aSO , M gC l2 as A g C l a fter e lim in atin g M g b y  p recip itatio n  
as  M gC 0 3 and  N aC l b y  d irect w eigh in g a fte r  d ryin g  in  an a ir o ven  a t  130° C. 
M ixtu res h a vin g  th e  tw o  salts in  d ifferent proportions w ere p repared  b y  
m ixin g th e  solutions in proper proportion. T h e  m ixtures w ere th en  d iluted  
to  decrease their con cen tration  to  th e  required  level.

T h e  results are tab u lated  below . T o ta l con cen tration s are  g iv en  in  
gram  m oles per litre  and densities are expressed in  gram s per c.c. ij/ij„(obs.)

3 Stearn, / . Am er. Chem. Soc., 1922, 44, 670.
I Y ajn ik  and Uberoy, ibid., 1924, 46, 802.
5 R uby and Kawai, ibid., 1926, 48, 1120.
0 Tollert, Z. physik. Chem., A ,  1935, 172, 129.
7 Banchetti, Gazz. Cliim. Ital., 1934, 64, 229 ; 1935, 65, 159 ; 1936, 66, 446.
8 Ishikawa, Bull. Chem. Soc. Japan, 1937, 12(1), 16.
0 Onsager and Fuoss, J . Physic. Chem., 1932, 36, 26S9.
10 Srinivasan and Prasad, Trans. Faraday Soc., 193s, 34, 1139.
II Chacravarti and Prasad, ibid., 1939, 35, 1466.
12 Srinivasan and Prasad, ibid., 1462.
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and 7)/i;0(calc.) are th e  re lativ e  viscosities, observed an d  ca lcu lated  from  th e  
equation . T h e  divergen ce (A) betw een  th e  tw o  is g iven  in  th e  la st  colum n.

T A B L E  I.

Total
Concen
tration.

Density. rih ,
(calc.). A X io.4

Total
Concen
tration.

Density. 'ï/'Jo
(obs.).

vho  
(calc.). A x  io4.

P u re  N a C l ; 77/770 =  X +  O-OOÖvJT [N a C l]/[M gC l2] =  4  ; v h o  — 1
-f- 0 -I02C. +  o-oo9 V c  -+- o *i 65C.

0*0100 0-994478 I-OOI6 1*0016 0 0*0100 0-994547 1-0027 1*0026 4-1
0*0200 0-994870 1-0030 1*0028 J_ 2 0*0200 0*995020 1-0046 1*0046 0
0*0300 0-995255 1-0041 1*0041 O 0*0300 o-9955 i s 1-0067 1*0066 4-1
0*0400 0-995669 1-0053 1*0053 O 0*0400 0-995999 1-0083 1*0084 — i
0*0500 0-996076 1-0065 1*0064 - r i 0*0500 0-996499 r-0102 1*0103 —  i
0*0600 0-996467 1-0076 1*0076 0 0*0600 0-996982 I-0 I22 1*0121 - f i
0*0700 0-996872 1-0087 1*0087 0 0*0700 0-997468 1-0X40 1*0140 0

[N a C l]/[B a C l2] = 3 ! r¡¡T¡ == i [N a C l]/[M gC l2l =  3 /2 ; llVo  =  I
+  o - o o g v e  +  0-I32C. +  O -O IIV  c + 0-220C.

0*0100 0 -994771 1 - 0 0 2 0 1*0022 —  2 0*0100 0-994624 1-0034 1-0033 — 1
0*0200 0-995511 X-0039 1*0039 O 0*0200 0-995181 1-0059 1-0060 —  I
0*0300 0-996270 I-0056 1*0056 O 0*0300 0-995762 1-0083 1-0085 —  2
0*0400 0-997033 1-0074 I-007I +  3 0*0400 0-996306 I-0I09 I-O IIO —  I
0*0500 0-997767 i-o o S ö 1*0086 0 0*0500 0-996880 1-0134 I-O I35 — I
0*0600 0-998508 Ï-OIOI 1*0101 0 0*0600 0-997429 x -o i6 o I-O I59 - f i
0*0700 0-999257 1-0 115 1*0 116 —  i 0*0700 0-997998 1-0182 I-OI83 —  i

[N a C l]/[B a C l2] = 1 ; v h o =  i [N a C l]/[M gC l2] — 2/3  ; r/lrj —  I

-+- o - o i i v c  -j- 0-1701:. +  0-013 V c +  °" 282c.

0*0100 0 -995136 1-0026 1*0028 — 2 0*0100 0-994690 1-0042 I-004I 4- 1
0*0200 0-996236 1-0048 1*0050 — 2 0*0200 0-995327 1-0077 1*0074 +  3
0*0300 0-997344 1-0069 1*0070 —  i 0-0300 0-995963 1-0107 1*0107 0
0*0400 0-998421 I  -0090 1*0090 0 0*0400 0-996605 1-0138 1*0139 — i
0*0500 0-999519 I - 0I I 2 1*0110 +  2 O'OIOO 0 9 9 7 2 4 S 1-0 167 I-0 I70 - 3
0*0600 1-000595 I-O I29 1*0129 0 0*0600 0-997930 1-0198 1*0201 - 3
0*0700 1-001687 1-0150 1*0148 4-2 0*0700 0-998582 1-0230 I-023I —  i

[N a C l]/[B a C l2] =  1/3  ; ,/ ,„_ =  i
-j- 0-015 V e  +  0-205C.

0*0100 0 * 9 9 5 4 7 9 1-0034 I -0036 —2
0*0200 0-996S 66 1-0062 I *0062 0
0*0300 0-9983x 9 1-0086 1*0088 —2
0*0400 0*999720 1-0114 1*0112 4 - 2
0*0500 1*001152 10137 1*0137 0
0*0600 1*002580 1-0x 59 1*0160 —  I
0*0700 i -003987 1-0183 1*0184 —  I

Discussion.
T h e  a p p lic a b ility  or o th erw ise  

o f th e  J o n e s  a n d  D o le  eq u a tio n  
in  case  o f a n y  m ix tu r e  h a v in g  th e  
tw o  sa lts  in  a  fix ed  p ro p o rtio n  w a s  
te s te d  b y  p lo t t in g  — i ) /Vc  
a g a in st  ■\fc, w h ere  "c" is th e  to ta l  
c o n c en tra tio n  o f e le c tr o ly te  in  

In  e v e r y  ca se  a  s tr a ig h t  l in e  w a s  o b ta in e d ,  
sh o w in g  th e  a p p lic a b ility  o f  th e  e q u a tio n . T h e  coeffic ien ts  “ A ”  an d  
“ B ”  fo r  a n y  su ch  m ix tu r e  w ere  d e term in ed  as u su a l from  th e  p lo t. 
O n sa g er  a n d  F u o ss ’s e x p e c ta t io n , viz. th e  e x is te n c e  o f a  sq u are  ro o t term  
in  th e  v isc o s ity -c o n c e n tr a t io n  r e la tio n  o f e le c tr o ly t ic  m ix tu r es , th u s  
r ece iv es  th e  first e x p e r im en ta l v e r if ic a tio n . O f course , i t  h a s to  b e  
b o rn e  in  m in d  th a t  here, a s  in  th e  ca se  o f s in g le  su b sta n c es , th e  la w  is  
c o rrect o n ly  fo r  d ilu te  so lu tio n s .

g ra m  m o les  per  litre .



V ISC O SIT Y  OF E L E C T R O LY T IC  M IX TU R E S

A n o th er  b e h a v io u r  w h ic h  h a s b e e n  n o tic ed  is th a t  th e  v a lu e  of “ A ” 
in ca se  o f a  m ix tu r e  of tw o  e le c tr o ly te s  ch a n g es lin ea r ly  w ith  in crease  
or d ecrea se  o f th e  fra ctio n a l m olar  c o n c en tra tio n  c/{c  ̂ +  c2) for  o n e  of 
th e  e le c tr o ly te s . T h e  fo llo w in g  figu re  w ill m a k e  th is  p o in t  clear. A s  
th e  lin es  o b ta in e d  in  th e  c a se s  o f so d iu m  ch lo r id e-b a r iu m  ch lo r id e  an d  
so d iu m  c h lo r id e -m a g n esiu m  ch lo r id e  m ix tu r es  are sim ilar , o n ly  o n e  of 
th e m  is g iv en . T h e  v a lu e s  o f “ A  ”  fo r  p u re b ariu m  ch lorid e  a n d  m a g 
n e siu m  ch lo r id e  are ta k e n  fro m  a  p r e v io u s  p a p er .11

F i g . i .

T h u s, i t  fo llo w s  th a t  th e  v a lu e  o f “ A  ” for  a n y  m ix tu r e  c o n ta in in g  
th e  sa lts  in  th e  ra tio  Cj/c. is  g iv e n  b y  th e  e x p ress io n  A  =  xA1 +  ( i  — x)A2, 
w h ere  x, i.e. Cj/(cj +  c2) is  th e  fra ctio n a l m o la r  c o n c en tra tio n  o f th e  first 
c o m p o n e n t a n d  A1 a n d  A2 are th e  v a lu e s  o f  “ A ” for  th e  first a n d  seco n d  
c o m p o n e n t re sp e c tiv e ly .

F u r th e r  w o rk  o n  th e  v is c o s ity  o f m ix ed  e le c tr o ly t ic  so lu tio n s  is  in  
progress. T h e  a d d it iv i ty  o f th e  v a lu e s  o f  “ B ” fo r  m ix tu r es  w ill b e  
d iscu ssed  in  a  su b se q u e n t co m m u n ic a tio n .

O ne o f u s (A . S . C.) w ish es  to  record  h is  th a n k s  to  th e  G o v ern m en t  
o f  O rissa  fo r  th e  aw ard  o f a  R esea rch  S ch o larsh ip .

Summary.

1. V isc o s ity  an d  d e n s ity  o f m ixed, so lu tio n s o f barium  ch loride w ith  
sod iu m  ch lorid e  an d  m agn esiu m  ch loride w ith  so d iu m  ch lorid e  in  th ree  
d ifferent proportions as w ell a s  th e  v a lu es for  pure sod iu m  ch loride are  
reported .

2. O nsager an d  F u o ss 's  lim itin g  la w  for m ix ed  ion ic  so lu tio n s  h a s  b e e n  
esta b lish ed  in  th e se  cases.

3. A n  eq u a tio n  o f th e  J o n es and  D o le  ty p e  has b een  a p p lied  w ith  su ccess  
to  a ll th e  m ix ed  so lu tion s.

4 . T h e  coefficien t o f  th e  square root term  “ A ” h as b een  sh o w n  to  be 
a  linear fu n ctio n  o f  com p o sitio n .

Chemical Laboratory,
Ravenshaw College,

Cuttack, India.
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A  go o d  d ea l o f w o rk  h as b een  d on e o n  th e  v is c o s ity  o f  d ilu te  so lu tio n s  
o f e le c tr o ly te s  in  order to  te s t  th e  J o n e s  and  D o le  1 e q u a tio n  :

vho  =  1 +  ^  V i  +  Be,
as w e ll as to  co m p are  th e  e x p e r im en ta l v a lu e  o f “ A ” w ith  th a t  o b ta in e d  
from  F a lk en h a g e n  an d  V ern o n ’s 2 eq u a tio n . G en era lly , th e  a g reem en t  
h a s b een  g o o d . D iscrep a n c ie s  h a v e  b een  o b serv ed  in  th e  ca ses  o f  
la n th a n u m  ch lo r id e ,3 m a g n esiu m  su lp h a te ,3 and  n ick e l ch lo r id e .4 W h en  
th e  sa lts  are  lik e ly  to  b e  h y d ro ly se d , so m e  a u th o rs ad d  a  sm all a m o u n t  
o f a c id  to  rep ress h y d ro ly sis . T h u s, C ox  a n d  W o lfen d en  3 a d d ed  sm a ll 
a m o u n ts  o f  h y d ro ch lo r ic  a c id  to  la n th a n u m  ch lorid e  so lu tio n s . T h e  
p r e se n t  a u th o rs , w h ile  s tu d y in g  th e  e ffec t o f  h y d ro ch lo r ic  ac id  o n  th e  
v a lu e  of “  A  ” for  ca d m iu m  ch lo r id e ,5 fo u n d  th a t  th e  v a lu e  o f “  A  ”  
w a s a p p re c ia b ly  d ep ressed  in  d ilu te  so lu t io n s  o f  h y d ro ch lo r ic  a c id . 
T h e  J o n e s  a n d  D o le  e q u a tio n  h a d  n o t  b een  e x p e c te d  to  h o ld  g o o d  w ith  
h y d ro ch lo r ic  a c id  as so lv e n t , a s  th ere  is n o  a llo w a n c e  in  F a lk en h a g e n  
an d  V e rn o n ’s tr e a tm e n t for  th e  e lectr ica l field  d u e to  ch arged  io n s  from  
th e  so lv e n t  itse lf , e v e n  for th e  m o st  d ilu te  so lu tio n s . I t  w a s  con sid ered  
p ro b a b le  th a t  th e  v a l id ity  o f th e  eq u a tio n  as w e ll as th e  lo w er in g  o f th e  
v a lu e  of “  A  ” m ig h t b e  d u e  to  th e  fo rm a tio n  o f co m p lex  CdCl4 ion s, 
a n d  th a t  th e  e q u a tio n  m ig h t  b rea k  d o w n  if so lu tio n s  o f barium  ch lorid e  
or m a g n e siu m  ch lo r id e  in  d ilu te  h y d ro ch lo r ic  ac id  w ere tr ied , as th ere  
w a s n o  p o s s ib ility  o f co m p lex  io n s  b e in g  fo rm ed  in th e se  ca ses. W ith  
th is  o b je c t  in  v ie w  as w e ll a s  w ith  th e  id ea  o f s tu d y in g  th e  c h a n g e  in  th e  
v a lu e  o f “ A  ” w ith  c h a n g e  in  c o n c en tra tio n  o f h y d ro ch lo r ic  a c id  in  ca se  
th e  J o n e s  a n d  D o le  e q u a tio n  h a p p en ed  to  h o ld  g o o d , i t  w a s d ec id ed  to  
m ea su re  th e  v is c o s ity  o f  b ariu m  ch lorid e  an d  m a g n esiu m  ch lorid e  in  
so lu tio n s  c o n ta in in g  h y d ro ch lo r ic  a c id , w h o se  c o n c en tra tio n  w a s k e p t  
s ta t io n a r y  for on e  se t  o f m ea su rem en ts .

Experimental.
T h e exp erim en tal procedure is th e  sam e as th a t described in p revious 

p ap ers .6 4 T h e  tem p eratu re  w as m aintained a t  35° ±  0-005 C. D ouble 
distilled  w a ter w as used in  a ll th e  experim ents. N o kin etic  or surface 
ten sion  correction  w as n ecessary  w ith  the visco m eter used. T h e  len gth  
o f th e  ca p illa ry  tu b e  of th e  viscom eter w as xo cm ., its  d iam eter 0-028 cm .,

1 Jones and Dole, J . Amer. Chem. Soc., 1929, 51, 2950.
2 Falkenhagen and Vernon, Phil. M ag., 1932, 14, 537.
3 Cox and Wolfenden, Proc. Roy. Soc., A , 1934, *45> 475-
4 Chacravarti and Prasad, Trans. F araday Soc., 1939, 35, 1466.
5 Chacravarti and Prasad, J . Ind. Chem. Soc., 1938, 15, 479.
6 Srinivasan and Prasad, Trans. F araday Soc., 1938, 34, 1139.
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562 BARIUM  AND M AGNESIUM CH LO RID E SOLUTIONS

T A B L E  I.

Concen
tration.* 

(g. moles./ 
litre).

Density
(g./c.c.).

Relative
Viscosity

(observed).

Relative
Viscosity

(calcu
lated).

0-994503 1-0015 i -ooiS 0-0X00 0-994866 1-0059 1-0060
0-994969 1-0026 1-0027 0-0200 0-995665 10109 I-0I06
0-996711 X-00Ö2 1-0058 0-0300 0-996456 1-0149 1-0151
0-998463 1-0087 1-0087 00400 0-997251 1-0195 1-0195
I-OOIIOI I-0I2Ó 1-0129 0-0475 0-997831 1-0226 I-022S

1 . H G 1 ; 17/770 =  i  -j- o-ooöVT-f o-o6oc.
0-0020 0-994087 1-0005 1-0004
0-0040 0-994127 1-0007 1-0006
0-0070 0-994170 1-0007 1-0009
O-OIOO 0-994233 I-OOIO I-00I2
0-0150 0-994315 i-ooi8 1-0016
0-0500 0-994949 1-0047 1-0044
o-iooo 0-995834 1-0081 1-0079

2 . B a d ,  in  0-0020M . H C 1 ;
7)¡r)0 =  1-0004 +  0-014 V 7  +  0-240C 

0-0025 
0-0050 
0-OI5O 
0-0250 
0-0400

3 . B a G l

vlVo =
0-0010 
0-0040
O-OIOO
o-oiSo 
0-0250 
0-0400

4 . B aG l
y  h o  =

0-0025 
0-0050 
0-0150 
0-0250 
0-0400

5 . B a C l.
I -0012 +  0*006 V T +  0-270c.

1-0017 
1-0022 
1-0027 
1-0037 
1-0059 
1-0089 
1-0132

B a C l2 in  0 0150M . H C 1 ;
T)¡r)Q =  l-ooi6  -}- 0-3226.

in  0-0040M . HG1;
1-0006 4- 0-012 V c  4- 0-2006. 

1-0013 
1-0023 
1-0044 
1-0071 
1-0090 
1*0134

in  0-0070M . HC1 ;
1-0009 ■+■ 0-009V c  4- 0-2806.

0-994307
0-994848
0-995902
0-997322
0-998506
1-001155

1*0013
1-0024
1-0044
1-0069
1-0090
1*0134

• —--------d

vho = I -0012 4- 0*006 V T +
O-OOIO ° ‘9944I5 1-0014
0-0025 0-994681 I -0021
0-0040 0-994912 1-0025
0-0075 0-995543 I  -0040
0-0150 0*996856 1-0060
0-0250 0-998614 1-0086
0-0400 1-001232 1-0132

0-0025 0-994746 1-0024 1-0024 O-OIOO 0-995648 1-0089
0-0050 0-995223 1-0030 1-0032 0-0200 0-996434 1-0130
0-0150 0-997007 1-0065 1-0064 0-0300 0-997236 I-OI74
00250 0-998839 I-OIOI 1-0097 0-0400 0-998029 1*0215
0-0400 1-001534 1-0141 1*0145 00500 0-998784 1-0257

7 . B aC l2 in  0-0500M . HC1;

O-OOIO
0-0040
0-0075
00150
0-0250
0-0400

■nha
0-995132
0-995659
0-996251
0-997587
0-999317
1-001954

1-0044 4- 0 -2956. 
1-0048 
I-OO60
I-0067
I-0090
I-OII7
1*0159

1-0047 
1-0056 
I -0066 
1-0088 
1-0118 
1-0162

Concen
tration 

(g. moles./ 
litre).

Density
(g./c.c.).

Relative
Viscosity

(observed).

Relative
Viscosity

(calcu
lated).

8. M gClj in  0-0025M . HC1 ;
v lv 0 =  1-0005 +  0-014 V c  +  0-400C.

1-0059 
1-0105 
1-0149 
10193 
1-0236

9. M gC l2 in  0-0050M . HC1 ;
=  1-0007 +  o-oxx V c  -f  0-4I5C.

O-OIOO 0-994861 1-0059
0-0200 0-995669 1-0107
0-0300 0-996467 i * o i 4 70-0400 0-997239 I-OI93
0-0500 0-998046 1-0238

10. M gC l2 in  0-0075M . HC1 ;

0 1! M 
1

Ó 0 0 -f- 0 ó 0 CO <̂ 1 +  0 -430C

O-OIOO 0-994905 x-oo6o i  -0061
0-0200 0-995684 I-O IIO 1-0x06
0-0300 0-996481 I-OI53 I-O I530-0400 0-997276 1-0194 1-019S
0-0500 0-998059 1-0240 1-0243

11. M gC l2 in  0-0100M . HG1 ;
77/770 =  1-00X2 +  0-004 V c  +  0-445C.

0-994621 1-0023 I-002I 0-0025 0-994394 1-0022 1-0025
0-995063 1-0031 1-0029 O-OIOO 0-995007 I-OOÓX l-oo6x
0-996876 1-0060 I-OOÖI 00150 0-995400 1-0080 1-0084
0-998681 1-0096 1-0093 0-0200 0-995799 1-0109 1-0107
1-00x338 1-0137 1-0x39 0-0300 0-996590 I-OI53 I-OI53

in  0-0100M . HG1; 0-0400 0-997396 1-0198 1-0198

O-OIOO 0-994988 1-0064
0-0200 0-995773 1-0107
0-0300 0-996571 I-OI530-0400 0-997352 I-OI95
0-0500 0-998136 1-0239

12. M gC l. in  0-0125M . HC1 ;
77/770 =  1-0014 -f- 0-002 V c  +  0-450C.

i-oo6x 
1-0107 
1-0152 
x-oigS 
1-0243

13. MgCL, in  0-0500M . HC1;
77/770 =  1-0044 +  O-430C.

1-0087 
1-0130 
1-0x73
I-02IÖ
1-0259

* For (1)— of HC1 ; for (2H7)— of B aC l. ; for (S)-(i3)— of MgCl2.
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an d th e  ap p ro xim ate  tim e of efflux fo r w a ter  w as 29 m inutes. T hree 
readings for th e  tim e of flow  gen era lly  agreein g w ith in  0-2 sec. w ere tak en  
w ith  a  V en n er tim e sw itch  m arked off in  ten th s of seconds. T h e  m ass 
o f a  definite vo lu m e of th e  solution  w as determ ined in  a  p yk n o m eter 
(about 64 c.c.), described befo re.4 T h e  d en sity  figures are resu lts o f tw o  
determ inations, th e  w eigh ts bein g reduced to  va cu u m  as described in  a  
p revious co m m u n ication .7 In  e v e ry  case, re la tiv e  v isco sity  77/770 (viscosity  
of so lution /viscosity  o f w ater) w as ca lcu lated  as usual. V isco s ity  is 
accu rate  to  3 p arts  in  10,000 and den sity  16 in  a  m illion.

T h e B a C l2 used w as M erck ’s pro-analysi q u a lity , M gC L w as M erck ’s 
reagen t q u a lity , an d  H C 1 w as S ch erin g-K ah lb au m ’s pro-analysi q u a lity . 
A  sto ck  solution w as p repared in  each  case w hose stren g th  w as found 
grav im etrica lly . T h is  solution  w as d iluted  to  th e  p rop er con cen tration s. 
T h e  results are g iv en  in  th e  tab les on opposite  p age.

Discussion.
In th e  ca se  o f h y d ro ch lo r ic  a c id , “  A  ” a n d  “  B ” are  o b ta in e d  b y  

p lo t t in g  (tjjici/’Io — a g a in s t  V~c. T h e  in te r c e p t  o n  th e  o rd in a te
g iv e s  “ A " a n d  th e  s lo p e  o f th e  s tr a ig h t  lin e  g iv es  “ B ” .

In  ca se  o f b ariu m  a n d  m a g n e siu m  ch lo r id e  so lu tio n s  in  p resen ce  o f  

a  f ix ed  c o n c en tra tio n  o f  h y d ro ch lo r ic  a c id  (77/770 — '7?hci/’?o)/V/ c p lo tte d  
a g a in s t  V c  g iv e s  s tr a ig h t  lin es . H en ce , th e se  resu lts  ca n  b e  rep resen ted  
b y  a n  e q u a tio n  o f th e  sa m e  k in d  a s in a q u eo u s so lu tio n s  ;

vho  =  Vnciho +  A V c  +  Be.
O n ly  “ 1 ” , th e  r e la t iv e  v is c o s ity  o f w a te r  is  r ep la ced  b y  tjhci/ ’Io- th e  
r e la t iv e  v is c o s ity  o f th e  h y d ro ch lo r ic  a c id  so lu t io n , th a t  is  th e  so lv e n t

F i g . 1.

in  th e se  cases. “  A  ”  a n d  “  B ” in  acid  so lu tio n s  are fo u n d  as in a q u eo u s  
so lu tio n s . A s for th e  v a lu e  o f tjhciAjo th e  r e la t iv e  v is c o s ity  o f  th e  
h y d ro ch lo r ic  a c id  so lu t io n ), i t  w a s  c a lc u la ted  b y  m ea n s o f  th e  “ A ” 
a n d  “ B ” c o n s ta n ts  fo r  h y d ro ch lo r ic  a c id , w h ic h  w ere  o b ta in e d  from  th e  
m e a su r em e n ts  o n  pu re  H C 1 so lu tio n s  g iv e n  in  th e  ta b le .

T h e  su rp risin g  r esu lt th a t  w e  g e t  is  th a t  th e  J o n e s  a n d  D o le  e q u a tio n  
h o ld s  g o o d  e v e n  w h en  d ilu te  so lu tio n s  o f h y d ro ch lo r ic  a c id  are u sed  as  
so lv e n ts . T h e  e lec tr ica l field  d u e  to  th e  io n s from  th e  a c id  d o es n o t  
m a k e  th e  J o n e s  a n d  D o le  e q u a tio n  in a p p lica b le . T h e  e q u a tio n  h o ld s

7 Srin ivasan and Prasad, Trans. Faraday Soc., 1939, 35, 1 4 6 2 .
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go o d , b u t  th e  v a lu e  o f “  A  ” s te a d ily  decrea ses a s th e  c o n c en tra tio n  of 
h y d ro ch lo r ic  a c id  in crea ses, as is seen  in  th e  figure. A s th e  lin es  o b ta in e d  
fo r  b a r iu m  ch lo r id e  a n d  m a g n e siu m  ch lo r id e  are s im ila r , o n ly  o n e  o f th e m  
is  sh o w n . I t  c a n  b e  seen  from  th e  figu re  th a t  th e  d ecrea se  is lin ea r  up  
to  a  cer ta in  c o n c en tra tio n  o f h y d ro ch lo r ic  ac id  b e y o n d  w h ic h  “  A ’’ 
b e c o m es zero.

T h e  v a lu e  o f “ A  ” e x tr a p o la te d  to  zero  c o n c en tra tio n  o f a c id  is in  
fa ir  a g reem en t w ith  th e  e x p e r im en ta l 4 a s  w e ll as th e  th e o r etica l 2 v a lu e .

T h is  b eh a v io u r  
m a y  b e  u til is e d  in  
d e t e r m i n i n g  t h e  
v a lu e  o f  “ A  ” for  
sa lts  w h ic h  h y d r o 
l y s e  in  a q u e o u s  
so lu tio n . T h e  v a lu e  
o f “ A  ” in  a q u eo u s  

so lu tio n  for  th e se  sa lts  can  b e  fo u n d  in d ir e c t ly  b y  m a k in g  m e a su r e 
m e n ts  in  h y d ro ch lo r ic  a c id  so lu tio n s  o f  sev era l fix ed  c o n c en tra tio n s  a n d  
e x tr a p o la t in g  th e  s tr a ig h t  lin e  o b ta in e d  th erefro m  to  zero  c o n c en tra tio n  
o f  a c id . S o m e  tr i-u n iv a le n t  sa lts  w ill b e  ta k e n  u p  to  e x a m in e  th e  
p o s s ib il ity  o f th is  m e th o d .

O ne of u s (A . S . C.) w ish es  to  record  h is  th a n k s to  th e  G o v ern m en t of  
O rissa  fo r  th e  g r a n t o f a  R e se a rc h  S ch o la rsh ip .

Summary.

T h e J o n es a n d  D o le  ty p e  o f eq u ation  is  o b ey ed  b y  barium  ch loride and  
m agn esiu m  ch loride, if  a  d ilu te  so lu tio n  of hyd roch lor ic  a c id  is  u sed  as  
so lv e n t  in ste a d  o f pure w a ter . O f course, “  I "— th e  r e la tiv e  v isc o s ity  o f 
w a ter— h a s to  be rep laced  b y  i;n c i/’7o. th e  r e la tiv e  v isc o s ity  o f th e  h y d ro 
ch loric  ac id  so lu tio n  w h ich  is  u sed  a s so lv en t, th e  eq u a tio n  a ssu m in g  th e  
form  : v/ t,0 =  t;HCi/^o +  A V c +  Be.

T h e v a lu e  o f “ A ” decreases lin ea r ly  w ith  increase in  th e  co n cen tra tio n  
o f  th e  h yd roch lor ic  a c id  so lu tio n  u sed  as so lv e n t  u p  to  a  certa in  co n cen 
tra tio n  w h ere it  b eco m es zero. B e y o n d  th is  p o in t, th e  v a lu e  rem ain s  
s ta tio n a r y  a t  zero. T h e  v a lu e  of "A " e x tra p o la ted  to  zero co n cen tra tio n  
o f  a c id s is  in  fa ir  a g reem en t w ith  th e  e x p er im en ta l a s  w e ll a s  th e  th eo retica l 
v a lu e .

Chemical Laboratory,
Ravenshaw College,

Cuttack, India.

Theoretical. Experimental. Extrapolated.

“ A '* for B aC l2 0-015 0-018 0-016

“  A  ”  for MgCl2 0-017 0-017 0-017



A N  E L E C T R O N  D IF F R A C T IO N  S T U D Y  O F T H E  
S U R F A C E  R E A C T IO N  B E T W E E N  N IC K E L  
O X ID E  A N D  C O R U N D U M .

B y  H . R . T h i r s k  a n d  E . J . W h i t m o r e . *

Received 18th January, 1940.

T h e  s tr u c tu r e  a n d  o r ie n ta tio n  o f d e p o s its  o f  su b s ta n c e s  e v a p o r a te d  
o n  to  s in g le  c r y s ta l su b s tr a te s  h a v e  r e c e n t ly  b e e n  th e  su b je c t  o f so m e  
resea rch . M ost o f  th e  in v e s t ig a t io n s  h a v e  b e e n  d e v o te d  to  th e  s tu d y  of  
m e ta llic  film s fo rm ed  on  io n ic  c ry s ta ls . T h e  p r e se n t p ap er , h o w ev e r , is  
m a in ly  co n cern ed  w ith  a n  e x a m p le  o f a  k in d  of o r ie n ta t io n  n o t  p r e v io u s ly  
o b serv ed , n a m e ly  th a t  o f  a  n o n -m e ta llic  film  co n d e n sed  on  to  a  c ry s ta l  
n o t  d e f in ite ly  io n ic . T h e  e x a m p le  is th a t  o f  n ick e l o x id e  d e p o s ite d  
o n  co ru n d u m  s in g le  c ry s ta l su rfa ces . In te r e s t  in  th is  w a s  first a ro u sed  
b y  th e  o b se r v a tio n  o f  so m e  rem a rk a b le  e le c tr o n -d iffr a c tio n  p a tte r n s  
y ie ld e d  b y  a  sp ec im en  o f  co ru n d u m  w h ic h  h a d  b een  u sed  fo r  cer ta in  
e x p e r im e n ts  on  th e  e ffec t  o f h e a t  o n  th e  s tr u c tu r e  o f th e  p o lish  la y er . 
T h e  p a tte r n s  w ere  th en  id en tif ied  as b e in g  d u e  to  n ick e l o x id e  o r ig in a tin g  
from  a  n ick e l w ire  su p p o r t  u sed  d u rin g  a n  e x p e r im en ta l h e a t  tr ea tm e n t.  
T h e  o r ie n ta t io n  o f th e  n ick e l o x id e  c r y s ta ls  w a s su c h  as to  su g g e s t  th a t  
th e  o x id e  h a d  b een  fo rm ed  prior  to  d e p o s it io n , a n d  th a t  th e  co ru n d u m  
su rfa ce  w a s in  e ffe c t  an  a c t iv e  su b s tr a te  in  th a t  i t  d e term in ed  th e  n a tu re  
o f th e  o r ie n ta tio n  o f th e  n ick e l o x id e . In  v ie w  of th e  d iss im ila r ity  o f th e  
tw o  str u c tu r es  (N iO , fa c e -c en tre d  cu b ic , a =  4-17  a . ,  r o ck sa lt  s tr u c tu r e  ; 
a -A l20 3, rh o m b o h ed ra l, « = 5 - 1 3  a . ,  gc =  55° 6 ',  haem atite  stru c tu re),  
a n d  o f th e  fa c t  th a t  th e  e lec tro n  d iffra ctio n  p a tte r n s  in d ic a te d  u n u su a lly  
w e ll-d e fin e d  o r ie n ta tio n s , i t  w a s  d e c id ed  to  in v e s t ig a te  th e  p h en o m en o n  
in  so m e  d e ta il.

Experimental.
A lth o u gh  several other m eth ods of grow in g o rien tated  n ickel oxide 

deposits on th e  corundum  surfaces w ere tried, th e  m ost sa tis fa cto ry  con 
sisted of h eatin g  in a  B un sen  flam e a  h e lix  o f n ickel w ire w ound rou n d the 
specim en. A b o u t ten m in utes’ h eatin g  sufficed to  produce a  film  w hich, 
though q u ite  in visib le, g a v e  clear d iffraction  effects.

G rey-brow n, sem i-tran sparen t deposits o f n ickel on corundum  w ere 
obtain ed  b y  h eatin g  a  n ickel filam ent in  va cu o  near th e  surface o f th e  
heated  specim en. T hese film s could  rea d ily  be o xid ised  b y  h eatin g  in  air, 
w hen  th e y  becam e tran sp aren t and colourless. F ilm s o f sim ilar ap p ear
ance, b u t con sistin g o f a  m ix tu re  of n ickel and n ickel o xide  w ere obtain ed 
b y  evap o ratio n  in a ir  a t  a b o u t ro -2 m m . pressure.

T h e  corundum  crysta ls  w ere in  th e  form  of rectan gu lar b locks, each of 
w hich  h ad  one face  h ig h ly  polished. T hese faces w ere c u t  so th a t  their 
norm als w ere a t  a p p ro x im a te ly  o°, 30°, 60°, or 90° to  th e  o p tic  axis. T h e y  
y ie ld ed  electron  d iffraction  p attern s o f diffuse spots. A fte r  etch ing (w ith 
a  m ix tu re  o f co n cen trated  n itric  and  sulphuric acids) or ann ealing a t  ab ou t

* For Figs. 1-4 see Plate V I I ; Figs. 7, 8, 10, u ,  12 and 15 see Plate V III, and 
Figs. 16-19 see Plate IX .
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io o o ° C. these surfaces y ie ld ed  th e  Ivikuchi line p attern s ch aracteristic  o f 
w ell-form ed single crystals.

A  cam era len gth  of 22-5 cm . and variou s acceleratin g  p o ten tia ls near 
50 K V . w ere used.

N ick e l film s eva p o rated  on to  corundum  w ere foun d to  consist of 
co m p lete ly  random  crystals, to geth er w ith  a  few  h a vin g  one degree of 
orientation , th a t  is one ty p e  o f n et plane bein g p aralle l to  th e  surface b u t  
th e  crysta ls  otherw ise a t  random . N ickel o xide  film s prepared in  th e  
m anner outlined  a b o v e  consisted m a in ly  o f crysta ls  e xh ib itin g  tw o  degrees 
of orientation , th a t  is, h a vin g  certain  specific positions re la tiv e  to  the 
un d erly in g  crysta l. F ilm s of n ickel on corundum  h eated  in  a ir becam e 
colourless an d  transparent, and w ere found to  con sist of un orientated  
n ickel oxide. F ilm s p repared in a  v e ry  lim ited  su p p ly  o f a ir con sisted  of 
a  m ixed  deposit o f nickel and n ickel oxide, o f w hich  th e  n ickel w as random , 
and th e  n ickel o xide  orientated. H ence i t  w as clear th a t  o rien tation  in  
tw o  dim ensions o f n ickel o x id e  crysta ls  on  corundum  is o n ly  possible 
w hen  th e  deposit is b u ilt  up  from  th e  vap our, i.e .  m olecule b y  m olecule. 
E v id e n tly  th e  n ature of th e  o rien tation  observed in th is  case is d eter
m ined b y  th e  c ry s ta l stru ctu re  of corundum  and its  relation sh ip  to  th a t  o f 
n ickel oxide.

O f th e  e ig h t polished corundum  surfaces em ployed, five  w ere  crysta l- 
lo grap h ica lly  d ifferent and four ap p ro xim ated  c lo sely  to  im p o rtan t p lanes 
in  th e  crysta l. T hese planes w ere a p p ro x im a te ly  th e  b asal p lane {000,1}, 
th e  prism s {112,0}, and  {ioT .o}, an d  th e  rhom bohedron {10 1,1} . T h e 
fifth  surface con tain ed  a  b asal a x is  of th e  crysta l, and w as inclined b y  ab ou t 
30° to  th e  basa l p lane.

T h e  K ik u c h i line p a ttern  served fo r th e  a ccu rate  identification  o f th e  
crysta llo grap h ic d irections of th e  corundum  surfaces. T hus, if  in  th e  
K ik u c h i line p a ttern  from  a tric lin ic  cry sta l h a v in g  axes a, b, c, and  in ter- 
a x ia l angles a, ¡3, y, th e  tra ce  of a  la ttice  row  [A/zv] a p p ro x im a te ly  norm al 
to  th e  p late  be chosen as origin, th e  tra ce  o f a  p lane (uvw) co n tain in g 
[A/w] b e  ta k e n  as th e  ar-axis an d  th e  norm al to  it  as th e  y -a x is , then th e  
equ atio n  o f th e  m edian of th e  p air o f K ik u ch i lines arising from  th e  p lane 
(hkl) is g iv en  b y

Results.

P x  +  R y  +  L  =  o,
where

P

Xa- +  nab cos y /zft2 +  vbc cos a
-i- vca cos jS, +  Xab cos a,

vc- -(- Aca cos /3 
+  ¡xbc cos a 

wV(Xh +  nk +  vl) u V

h k
and

and, further,

L  — camera length.
V  =  volume of unit cell =  abcV  1 — ¿’cos2 a  +  2 cos a cos f} cos a,

ifoc„  =  net plane spacing of (uvw)
=  V¡VZu-b'2c2 sin2 a  — Z ivw aïbc  (cos a — cos jS cos y).

and Dxnr =  spacing of lattice row [A^v] =  V ZX 2a2 4- 2 cos a.

In the case of corundum it is simpler to use a  hexagonal unit cell, 

a — b, cja  =  c„, a  =  jS =  90°, y  =  120°.

Hence P  =  A — Ifi p. — AA vc„- __________
u v w -r  (AA +  /j.b +  vI)V (u2 +  uv +  t)2)c02 +  Ja>2).
h k I
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and R  =R  =
2V A 2 -  Afi +  /x2+  +  U )  +  v{/i +  P )  +  î “^ s j

(A/i +  /¿A +  v l ) . V 3  . A / « 2 +  « v  +  î'2 +  -  —,4 co"

F o r a  prism  face  (112,0) an d  th e  [001] azim u th

P  =  ~
V 3  J  ’ 

(A +  A)c0

T h e  equ ation  o f th e  m edian  of a  p air o f K ik u ch i lines in  th e  p attern  
(Fig. 18) is th u s

(k — h)x  +  V~3(k +  h )y  +  V 3  . I L /ca =  o.

T h e  first surface used w as w ith in  20 o f th e  prism  face  (112,0), and 
F igs. 1 an d  3 are e lectron  d iffraction  p attern s fro m  n ickel o xide  film s 
deposited  thereon. F ig . x w as obtain ed  w ith  th e  beam  in  th e  direction  
of th e  c-axis azim uth , and  sim ilar p attern s occurred a t  each  6o° a zim u th  
from  th is direction, w hile  th e  p a ttern  (Fig. 3), w as  o btain ed  a t  30°, g o 0, 
e tc. T h e  prin cipal sp ot p a ttern  can  rea d ily  be in d exed  from  th e  diagram s, 
F igs. 2 and  4. T h ese  p attern s in d icate  th a t  th e  n ick e l o x id e  cry sta ls  are 
fo r th e  m ost p a rt o rien tated  w ith  { 1 1 1 }  p lan es p aralle l to  th e  prism  face, 
a n d  <xi2> la ttice  row s p aralle l to  th e  c-axis o f th e  corundum . T w o  
eq u iva len t o rien tatio n s fu lfil these conditions, an d  th e  superposition  of 
th e  tw o  corresponding p attern s in  each  azim u th  results iix th e  p attern s 
show n. In  F ig . I th e  spots from  cry sta ls  in  th e  tw o  orientation s coincide 
in  th e  zero-, third-, etc., order L a u e  zones. F ig . 2 is  the in d ex  d iagram  
corresponding to  F ig . x, an d

A  second prism  face  c u t  less a ccu ra te ly  th a n  the first w as also used. 
In  th is  case th e  c-axis w as inclined b y  a b o u t 6° to  th e  surface (Fig. 18). 
A gain  a  sim ilar orientation  w as obtained, th e  { 1 1 1 }  planes of th e  n ickel 
o x id e  bein g p aralle l to  th e  prism  face, an d  n o t to  th e  surface o f th e  specim en.

I t  w ill be noticed  th a t there is presen t in  F ig . 1 a  fa in t p a ttern  of spots 
sim ilar to  th e  p attern  of stron g spots in  F ig . 3, and vice versa  ;  th u s  som e 
o f th e  n ickel o xide  crysta ls  are  o rien tated  w ith  th e  { 1 1 1 }  p lan es p aralle l 
to  th e  prism  face  and  th e  <iTo> la ttice  ro w  p aralle l to  th e  c-axis, i.e . a t  90° 
to  th e  p revalen t orientation . F urtherm ore, there are p resen t a  series o f 
w h a t are a p p a ren tly  v e r y  fa in t half-order diffractions, w h ich  are slig h tly  
draw n  o u t tow ards th e  shadow  edge. A  com plete  exp lan a tio n  of th e  
appearan ce o f these w ill be g iv en  subsequ en tly . A ga in  in  F ig . 3 there 
are d iffraction s fo r w hich  H '  =  o, 6, 12, etc., w h en  K '  =  1, 2, 4, 5, 7, 8, 
etc., an d  for H ' =  1, 2, 4, 5, 7, 8, etc., w h en  K ’ =  o, 3, 6, e tc . T hese 
g iv e  va lu es o f h, k, and I w h ich  differ b y  J from  integers. T h u s these 
m igh t a t  first s igh t b e  supposed to  be due to  som e k in d  of subm icroscopic 
tw inning, as has been p o stu lated  in th e  case o f silver film s on  ro ck sa lt,1 b u t 
if  th is  -were th e  case, certain  o f them , for exam p le those in  th e  p lane of 
incidence, should app ear in F ig . 1 (which w as obtain ed  fro m  th e  sam e

T 2H ' =  h — k,
K '  =  h  +  k +  I,

± 2 U  =  h  +  k — 2 I ;  and

F ig . 4 is th e  in dex d iagram  of th e  p a tte rn  F ig . 3,

w here ± 2 H ' =  h +  k -  2/, 
K '  =  h +  k +  I 

± 2V  =  h — k.

1 G. Menzer, Z . K rist., 1938, 99, 378 ; O. Goche and H. Wilman, Proc. Physic. 
Soc., 1939, 51. 625-
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specim en) w hereas th e y  are absen t. A  sa tis fa cto ry  exp lan atio n  o f th e ir  
appearance in  F ig . 3 is p ro vid ed  b y  "  double d iffra ctio n ,"  the re-diffraction  
b y  a  crysta l in one o rien tatio n  of a  beam  arising from  diffraction  b y  a  
crysta l in  th e  o th er orientation . I t  is w o rth y  of n ote  th a t in  the p attern s 
from  silver film s condensed on  to  ro ck salt those of the "  e x tra  ”  sp ots 
w hich  are n ot due to  sim ple tw in n in g m a y  be exp lain ed  in  th e  sam e w a y .

In  F ig . 5 th e  arran gem en t o f la ttice  points in  the ju n ction  p lanes o f 
th e  tw o  crysta ls  are superposed. T h e  corundum  la ttice  is regarded as 
bein g “  body-centred  ”  rh o m b o h ed ra l; th is  is n ot qu ite  accurate, since the 
tw o  m olecules in  th is “  b o d y-cen tred  ”  u n it cell are ro ta ted  w ith  respect 
to  one an oth er b y  180° a b o u t th e  three-fo ld  a x is. I t  w ill be seen from  th e  
figure th a t  there is no close fit  o f th e  tw o  la ttices  alon g th e  p lane of ju n ction . 
T h e  reason fo r th e  sim ilarity  in  dim ensions betw een  th e  sp ot p attern s o f

9 NiO Lattice P o in t

8-ZA.----- >|

F i g . 5 .— ( i n )  n e t  o f  n ic k e l  o x id e  a n d  
(1 1 2 ,0 ) n e t  o f  c o r u n d u m  in  t h e i r  
r e l a t i v e  p o s i t io n s .

o  Oxygen atoms of molecules in 
one (112,0) net plane of AU0 3.

9  Oxygen atoms of molecules in 
the adjacent (112,0) net plane 
of A 12Oj.

•  Oxygen atoms o f nickel oxide.

F i g . 6 .— A s F ig .  5 , b u t  s h o w in g  t h e  
o x y g e n  a r r a n g e m e n t  o f  c o r u n d u m .

th e  n ickel o xide  and of th e  corundum  in th e  [001] azim u th  of th e  la tte r 
lies in th e  coincidence in  spacin g of th e  n et planes p arallel to  th e  surface 
and  to  th e  p lan e of incidence in th e  tw o  structu res. T h u s fo r  corundum  
th e  spacin gs o f th e  (1x2,0) and  ( io ï.o )  p lanes resp e ctive ly  are 2-38 and
1 -3 7  a . ,  w hile  for n ickel o x id e  th e  spacin gs o f th e  {1x 1}  an d  {1I0 } p lan es 
w h ich  are p arallel to  these are 2 -4 1  and 1 -4 7  a .  resp ective ly . I f  the 
arran gem en t of o x y g e n  atom s in  a  (112,0) p lan e is  considered, it  is foun d 
th a t  th e y  form  a  n etw ork  sim ilar to  th a t  in  th e  octah ed ral p lan e of n ickel 
o xide  (Fig. 6), and th e  tw o  stru ctu res fit b y  v ir tu e  of th is sim ilarity.

A  p ecu liar featu re  of th is case o f o rien tatio n  is th a t  a lth ou gh  th e  tw o  
p redom inan t orientation s o f th e  n ickel o xide  crysta ls  are equ iva len t, 
th ere  is  a  decided ten d en cy  fo r one o f th em  to  occur m ore stro n gly  th a n  
th e  other. T h is  w as esp ecially  the case in  v e r y  th in  film s ; m oreover, it  is 
a lw a y s  the sam e o rien tation  th a t is preferred o n  a  g iv en  specim en.
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F igs. 7 and  8 are d iffraction  p attern s obtain ed from  a  n ickel oxide 
film  form ed on th e  basa l p lane (000,x) o f corundum . I t  w as im m ed iate ly  
ap p aren t th a t  these p attern s w ere sim ilar to  F igs. 1 and  3. In  th is  case 
th e  {111 }  plane of n ickel o xide  is parallel to  th e  basa l p lane an d  th e  <112 > 
la ttice  row  parallel to  th e  a-direction  o f th e  corundum . E x tr a  d iffraction s 
sim ilar to  those obtain ed  from  films on  th e  prism  face  are also present, b u t 
th e  a p p a re n tly  half-order diffractions are fain ter. T here are also p resent 
continuous rings, p ro b a b ly  as a  result o f incom plete annealing of th e  su b 
stra te  crysta l. T h e  tw o  la ttices fit fa ir ly  w ell a lon g th e  ju n ctio n  plane, 
a s  show n in  F ig . 9.

T h e tw o  orientation s of n ickel o xide on corundum  so far described, 
v iz .,  those on  th e  prism  {112,0} and th e  base {000,1} are en tire ly  d ifferent 
a s  regards crysta llo grap h ic direction. T h u s unlike th e  e p ita x y  o f sodium  
n itrate  on calcite," there 
is no single definite 
o rien tation  o f deposit 
and  su bstrate  w hich  is 
independent of th e  direc
tio n  of th e  substrate  
surface. I t  is therefore 
of in terest to  note th a t 
both  of these orien ta
tions can  occur on th e  
surfaces inclined b y  as 
m uch as 30° to  th e  plane 
defining th e  orientation .
F o r exam ple, on a  sur
face co n tain in g an  a-axis 
o f th e  corundum , b u t 
inclined b y  a b o u t 30° to  
th e  b a sa l p lane, n ickel 
oxide film s are o rien tated  
in  e x a c tly  th e  sam e w a y  
as on th e  basa l plane.
W h en  th e  electron  beam  
is p aralle l to  th e  a-axis, 
therefore, a  d iffraction  
p attern  (Fig. 12) sim ilar 
to  F ig . 7, is obtained, 
e xce p t th a t  i t  is tilte d  b y  
30° to  th e  shadow  edge.
F u rth er, th e  orientation  
observed on th e  prism  
{112,0} also occurs on th e  
prism  { io f ,o } . N ickel o xide  crysta ls  w ith  o ctah ed ral p lanes p aralle l to  
th e  tw o  prism s o f th e  ty p e  {112,0} a d ja ce n t to  an d  m akin g angles o f 30° 
w ith  surface occur. T h u s there are presen t fo u r positions w ith  th e  < 1 15> 
la ttice  ro w  of n ickel oxide p arallel to  th e  c-axis o f th e  corundum . I t  w as 
observed th a t  b o th  on  th e  plane inclined b y  30° to  th e  b asal p lane an d  on 
th e  prism  {10I, 0} the patterns consisted o f arcs  ra th e r th a n  spots.

O ne other k in d  o f o rien tation  o f n ickel o xide on  corundum  w as observed. 
A  surface c u t  so th a t  i t  w as inclined b y  a b o u t 65° to  th e  b a sa l p lan e, and 
con tain in g an a -ax is  o f th e  cry sta l w as  foun d to  be a b o u t 5 0 from  th e  
rhom bohedron { io i , i } .  N ick e l o xide film s crysta llised  on  th is  surface 
w ith  {110} p lanes p arallel to  th e  rhom bohedron. S ym m etrica l sp o t 
p attern s w ere obtain ed  in b o th  th e  a-axis  a zim u th  a n d  th e  azim u th  norm al 
to  it. A t  azim u th s 27-I0 from  th e  a-axis, i.e . 90° fro m  th e  rhom bohedral 
edges, a lm ost sym m etrical p attern s  w ere o b ta in ed  {e.g., F ig . 10). T h is

2 F in ch  and W hitm ore, Trans. Faraday Soc., 1938, 34, 640.

h m - n

O  Lattice. Foint ALO». 

« Lattice R>int o| Kf.O  ■

F i g . 9 .— ( i n )  n e t  o f  n ic k e l  o x id e  a n d  (0 00 ,1 ) 
o f  c o r u n d u m  i n  t h e i r  r e l a t i v e  p o s i t io n s .

n e t
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double diffraction. T h u s th e  <ooi> an d  < i l i>  la ttice  row s of th e  n ickel 
o x id e  are p erpendicular to  th e  rhom bohedral edge o f th e  corundum . 
A c tu a lly  there are four orientation s fulfillin g these conditions, b u t th e  
angle  betw een  th e  la ttice  row s 
<ooi> an d  <iTx> h i th e  { n o )  plane 
of n ickel o x id e  is  54° 55', o n ly  12' 
less th a n  th e  rhom bohedral angle 
o f corundum . T h u s in effect there 
a re  o n ly  tw o  o r ie n ta tio n s ; one of 
these is show n in  F ig . 13, th e  other 
bein g  sy m m etrica lly  p laced  w ith  
respect to  th e  corundum . T h e 
<xTo> an d  < il2 >  la ttice  row s are 
p arallel to  th e  rhom bohedral edges.
T h e ir spacings are 2-95 a .  and 
5 -1 2  A . resp ective ly , as  com pared 
w ith  th e  rh om bohedral p rim itive  
tran slatio n  of corundum  o f 5 -1 3  a .

T h u s, on th e  rhom bohedron there 
is a  close fit  o f th e  la ttices  alon g 
th e  ju n ction  plane, b o th  in  angle 
a n d  dim ensions.

T h e  a b o v e  experim en ts show  
th a t  corundum  is an  a c tiv e  su b 
stra te  for n ickel oxide. T hree 
different re la tiv e  orientation s of 
th e  tw o  la ttices  w ere observed.
In  tw o  of these th ere  w as a close 
coincidence o f th e  la ttice  dim en
sions in directions parallel to  the 
planes defining th e  orientation.
In  th e  th ird  case a  fit o f th e  tw o  
structu res could  be obtain ed  b y  a  
consideration  o f the arrangem ents of their o x yg en  atom s. F ig . 14 show s a  
corundum  cry sta l w h ich  has a ll th e  faces described above, ap p ro x im a te ly  
th e  basal p lane c {000,1}, th e  prism s a  {112,0}, and m  '{101,0}, and th e

F ig . 14.— Diagram of relative orienta
tions of nickel oxide and corundum.

pattern  consists o f a  square a n d  a  h exag on al p a ttern  o f spots (from the 
<ooi> an d  <xTx> azim u th s of n ickel o xide respectively) superposed (Fig. 11). 
T h e spots in th e  zero-order L a u e  zone n ot th u s accoun ted  for are due to

• NiO Lai Tice Point.

O  A liC L , -  n .

8-3  A .

F ig . 13. —  (n o) 
net of nickel 
o x i d e  a n d  
(ioT,x) net of 
corundum in 
their relative 
positions.
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rhom bohedra r  { 10 1,1}  and  u  { io ï ,4 } .  C u bic crysta ls  o f n ickel oxide 
are show n in  positions represen tin g th e  orien tation s found. T h e  results 
are sum m arised in T a b le  I.

T A B L E  I.

Indices of C orundum  Faces.

{112,0}

{101,0}

{000,1 }

{101,4} approx., i.e., 
plane a t 30° to basal 
plane containing an 
a-axis.

{101.1}

O rien ta tion  of N ickel O xide.

{ i n }  NiO parallel to 
(000,1) A 120 3 <ii2> NiO 
parallel to the [001]
a i 2o 3.

D escrip tion  of T yp ical P a tte rn .

Sharp spots and faint 
arcs. F airly  thick films. 
(Fig. 12).

{ 1 1 0 }  _ NiO parallel _to 
( 1 0 1 , 1 )  A 120 3 . < i i o >
parallel to the rhom
bohedral edge [121].

Pattern of short arcs and 
spots. Fairly thick 
films. (Fig. 10).

{ m } _  NiO parallel to
(112.0) A 120 3 . < I I 2>
NiO parallel to [001] 
A 120 3, also traces of 
<iTo> NiO parallel to 
[001] a i 2o 3.

{i i i } NiO parallel to
(112.0) A1j0 3 . <ii2>
NiO parallel to [001]
a i 2o 3.

{111} NiO parallel to 
(000,1) A 120 3 . <ii2>
NiO parallel to [001] 
A 120 3.

Sharp spots, thin films 
usually formed, and pat
tern due to substrate 
showing ; (Figs. 1 and 3)

Arced spots w ith thicker 
films.

Sharp spots on faint, con
tinuous rings. Fairly 
thick films formed. (Figs. 
7 and 8).

On th e  prism  a  {112,0} o n ly  th e  p redom in an t orientation s are show n. 
O f th e  e x tra  d iffraction s ap p earin g in  m ost of th e  p attern s, m a n y  m a y  be 
exp lain ed  b y  double  d iffraction , and  th e  rem ainder con sisted  o f a p p a re n tly  
half-order diffractions. A  closer exa m in atio n  o f these “  half-order ”  spots 
show  th a t  in  e v e ry  case th e y  are p a rt o f a  p a ttern  o f sp ots e x a c t ly  sim ilar 
to  th e  n orm al n ickel o x id e  p a ttern  e x ce p t th a t  i t  is a b o u t 3 per cent, m ore 
th an  h a lf th e  size. T h u s  there is p resen t in these film s a  substan ce of 
cu b ic  stru ctu re  fo r w h ich  th e  u n it cell has a =  8-r a .  T h is im m ed iate ly  
suggests a  substan ce  o f th e  spin el ty p e . O f th e  possible substan ces h avin g 
th is stru ctu re, o n ly  n ickel alum inate, N iA l20 4, ca n  b e  lo o k ed  fo r  under 
th e  con dition s of th e  exp erim en t. M oreover, its  kn ow n  la ttice  dim ensions 
agree v e r y  w ell w ith  th e  dim ensions o f th e  p attern s in question . T h e 
app earan ce of th e  n ickel sp inel p attern , to geth er w ith  th e  fa c t  th a t  its  
d iffraction  spots som etim es show  re fra ctive  in d ex  effects suggests th a t  th e  
fo rm ation  of o rien tated  n ickel o x id e  film s m a y  depend on  th e  presence o f 
a ju n ction  la y e r  o f th e  m ixed  oxide.

In general, i t  w as fo u n d  th a t  th e  m ore ra p id  th e  evap o ratio n , th e  less 
th e  p rop ortion  o f n ick e l a lum in ate. I t  w as  n oted  th a t  thin  film s y ie ld in g  
little  o r no tra ce  o f n ick e l a lu m in ate  w ere ju s t  as h ig h ly  o rien tated  as those 
in  w h ich  th ere  w as a  large p rop ortion  of th is substan ce. T b e  ten d en cy  to  
form  th e  spin el w as p a rticu la r ly  n oticeable  on  th e  prism  {112,0} a n d  i t  w as 
also  o bserved  th a t  th e  th ickn ess o f th e  n ickel o xide  film  form ed in  a  g iv en  
tim e w as less on th is  face th a n  on a n y  other.

H eatin g  in  a ir a t  900° C. o f specim ens of n ickel o x id e  on  coru ndu m  
cau sed  th e  gen eral fad in g of th e  n ickel o xide  p attern  and  th e  corres
ponding stren gth en in g o f th e  n ickel spinel p attern  (see F igs. 16  and  17,
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an d com pare w ith  F igs. 7 and 8). O n all faces th e  spinel h ad  th e  sam e 
o rien tation s as th e  n ick e l oxide, e x ce p t th a t  on th e  prism  {112,0} o n ly  one 
o f th e  tw o  p rin cip al orientation s occurred. T h e  spots due to  spinel u su a lly  
had th e  sam e form  as those due to  th e  n ickel o xide ; thus F ig . 17  consists 
o f arced spots, as does F ig . 8. O n th e  p rism  face  {112,0}, how ever, th e  
spots due to  th e  spinel w ere exten d ed  to w ard s th e  shadow  edge, w hereas 
th e  n ick e l o xide  spots w ere m ore or less circu lar. A lso  in th is  case there 
w ere foun d to  be anom alous K ik u ch i lines in th e  corundum  K ik u c h i line 
p a ttern  w h ich  accom pan ied th e  cross-gratin g sp ot p attern s  (Fig. 19). I t  
is possible th a t  these -were due to  double d iffraction, b u t if  th is  w ere so, it  
w ou ld  h a v e  to  be supposed th a t  a  beam  corresponding to  each  p o in t o f one 
of th e  norm al K ik u ch i lines a cted  as a  p rim a ry  beam  fo r a  cross-gratin g 
p a ttern  o f n ick e l a lu m in ate  spots. T h is  w ou ld  fa il to  exp lain  th e  con 
siderable  in te n sity  of th e  e x tra  lines, an d  so i t  seem s th a t  th e y  m a y  be th e  
h i  ban d s o f th e  spinel on  th e  surface.

C ontinued h eatin g  o f these specim ens a t  900o C. d id  n o t resu lt in  a n y  
decrease in in te n sity  o f th e  n ickel spinel p a ttern  ; m oreover, th e  th ickn ess 
of th e  spinel film  w as ce rta in ly  n o t less th a n  th a t  o f th e  original n ickel 
o x id e  film, as ad ju d ged  b y  th e  app earan ce of th e  b ackgro u n d  p a ttern  of 
th e  corundum  K ik u ch i lines. R an d om  n ickel o xide  film s could  be p re 
pared on  corundum  b y  evap o ratio n  from  a film  w ith  th e  su b stra te  a t  500o C. 
or less. W hen th e  specim ens w ere stro n gly  h eated  in  air, no n ickel a lu 
m in ate rings appear, b u t  th e  rin g p a ttern  of th e  n ickel o xide  g rad u ally  
decreased in  in te n sity  an d  a t  th e  sam e tim e  th e  in te n sity  of th e  sp ot p attern  
o f th e  corundum  increased.

T h u s n ickel o xide  once o rien tated  on to  corundum  can n o t e asily  be 
rem oved  b y  evaporation , and  once a ll th e  n ickel o x id e  is com bin ed w ith  
th e  alum ina, fu rth er h eatin g  h as no effect an d  does n o t cause th e  n ickel 
ox id e  to  diffuse r ig h t in to  th e  corundum . I t  app ears th a t  th e  reaction  
N iO  A 120 3 -> N iA l20 4 can o n ly  occur w h en  th e  n ickel o x id e  is orien
ta te d  w ith  resp ect to  th e  corundum . A rcs  due to  th e  n ickel spinel w ere 
a lw a y s  sharp, an d  corresponded to  th e  sam e la ttice  dim ensions (a0 —  8-o8 A .) 
T hese observation s in dicate  th a t  there is no phase of v a ria b le  la ttice  
dim ensions.

Discussion.
I t  is e v id e n t  th a t  th e  prism  fa c e  o f c o ru n d u m  b e h a v e s  d iffe re n tly  

fro m  o th e r  fa c es  in  r e sp e c t o f  th e  o r ie n ta t io n  o f  n ick e l o x id e  c r y s ta ls  
b y  c o n d e n sa tio n  fro m  th e  v a p o u r  on  th e  su rfa ce . T h e  d ifferen ces m a y  
b e  su m m a rised  a s fo llo w s  :

(i) T h e  o r ie n ta tio n  o f  th e  n ick e l o x id e  a n d  o f th e  sp in e l is  m o st  
p e r fe c t  o n  th e  p r ism  fa c e  {1 1 2 , 0 } , sh arp  sp o t  p a tte r n s  w ith o u t  
a rcs or r in gs u s u a lly  b e in g  o b ta in e d .

(ii) A  co n sid era b le  p r o p o r tio n  o f  th e  n ic k e l sp in e l is  a lw a y s  p r e se n t  
in  th e  film s on  th e  p r ism  fa ce .

(iii) T h e  ra te  o f  a d so rp tio n  o f n ick e l o x id e  is  s lo w er  o n  th e  p r ism  
fa ce .

(iv ) T h ere  is  n o  c lo se  la t t ic e  f it  o f  th e  n ick e l o x id e  a n d  co ru n d u m  
s tr u c tu r es  o n  th is  p la n e , a lth o u g h  th e  tw'o s tr u c tu r es  f it  fa ir ly  
w e ll a s  reg a rd s th e  o x y g e n  str u c tu r es .

(v) T h e  sp in e l o r ie n ta tio n  d o es  n o t  e n tir e ly  fo llo w  th a t  o f th e  n ick e l  
o x id e  c r y s ta ls  o n  th is  fa c e , o n ly  o n e  o f tw o  e q u iv a le n t  o r ie n ta tio n s  
b e in g  p r e se n t  (F ig . 15).

(v i) T h e  d iffr a ctio n  sp o ts  d u e  to  th e  sp in e l d iffer  fro m  th o se  o f  th e  
n ick e l o x id e  in  sh o w in g  an  e x te n s io n  p erp en d icu la r  to  th e  
shadow ' ed g e , d u e  to  r e fra ctio n  o f th e  d iffra cted  b ea m s.
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I t  a p p ea rs th a t  th ere  is so m e  fu n d a m e n ta l d ifferen ce  in  th e  n a tu re  
o f th e  o r ie n ta tin g  in flu en ces  on  th e  p r ism  fa c es  fro m  th a t  o n  o th e r  
co ru n d u m  su rfa ces . T h e  tw o  k in d s  o f o r ie n ta tio n s  o b ser v e d  o n  fa c es  
o th er  th a n  th e  p r ism s m a y  b e  reg a rd ed  a s b e in g  o f  th e  R o y e r  ty p e , in  
th a t  th e  la t t ic e s  f it  o n  th e  p la n e  o f ju n c t io n  w ith o u t  th e  fo r m a tio n  o f  a n  
in te r m e d ia te  m ix e d  o x id e , i.e. sp in e l, la y er .

T h e  p ro b a b le  m e ch a n ism  o f  th e  su rfa ce  r ea c tio n  on  th e  b a sa l p la n e  
o f  co ru n d u m  m a y  b e  p ic tu r ed  fro m  a  c o n s id e r a tio n  o f th e  s tr u c tu r a l r e la 
t io n s  a t  th e  in te r fa c e . T h e  o x y g e n  a to m s  in  th e  c o ru n d u m  s tr u c tu r e  
c o n s is t  a p p r o x im a te ly  o f  p la n e  h e x a g o n a lly  p a c k e d  la y er s  p erp en d icu la r  
to  th e  th r e e -fo ld  a x is , th e  m ea n  o x y g e n  sp a c in g  b e in g  2-75 a .  T h e  
o x y g e n  a to m s  in  th e  n ic k e l o x id e  s tr u c tu r e  a lso  c o n s is t  o f  h e x a g o n a l ly  
p a c k e d  la y er s  w ith  p a c k in g  d is ta n c e  =  2-95 a .  T h u s  th e  n ick e l o x id e  
m a y  b e  regard ed  as sh a rin g  a n  o x y g e n  la y e r  w ith  th e  su b s tr a te . T h e  
o x y g e n  s tr u c tu r e  o f sp in e l is  id e n tic a l w ith  th a t  o f n ick e l o x id e  e x c e p t  
t h a t  th e  d im e n sio n s  o f th e  u n it  c e ll are  s l ig h t ly  sm a ller , th e  o x y g e n  
a to m  se p a r a tio n  b e in g  2-85 a .  T h u s th e  fo r m a tio n  of th e  sp in e l m a y  
b e  p ic tu r ed  a s in te rd iffu s io n  o f th e  m e ta l io n s  in  th e  tw o  la t t ic e s  in v o lv in g  
o n ly  a  s lig h t  c h a n g e  in  th e  d im e n sio n s  o f th e  s ta t io n a r y  o x y g e n  fr a m e 
w o rk . T h e  r ea c tio n  th e n  p ro ceed s a c co r d in g  to  th e  fo llo w in g  s c h e m e :

A  r ea c tio n  b e tw e e n  n ick e l a n d  a lu m in iu m  o x id e s  in  th e  so lid  s ta te  
h a s  b e e n  o b ser v e d  b y  H e d v a ll .3 T h e  m e ch a n ism  o f  th e  fo r m a tio n  of  
th e  sp in e l s tr u c tu r e  h a s  b e e n  d isc u sse d  b y  B a r th  a n d  P o sn ja k ,4 a n d  a  
su m m a r y  on  th is  a n d  r e la ted  su b je c ts  is  g iv e n  b y  W a g n e r .5 T h e  in 
v e s t ig a t io n  o f W o lla n  6 o n  th e  e le c tr o n  d is tr ib u tio n  in  th e  m a g n e siu m  
o x id e  la t t ic e  in d ic a te d  t h a t  la t t ic e s  o f  th e  M gO ty p e  are n o n -io n ic .  
S o m e  e x p e r im e n ts  b y  th e  a u th o rs  (n o t  y e t  p u b lish e d ) o n  th e  o r ie n ta tio n  
o f s ilv er  f ilm s c o n d e n sed  o n  to  m a g n e s iu m  o x id e  su g g es t , h o w ev e r , th a t  
th e  la t te r  b e c o m e s  io n ic , a t  le a s t  to  so m e  e x te n t ,  a t  te m p er a tu r e s  a b o v e  
5 0 0 °  C.

A s h a s  b e e n  m e n tio n e d , th e  a rray  o f  o x y g e n  a to m s  in  a  p la n e  
{ 1 1 2 ,0 }  o f  c o ru n d u m  is  a p p r o x im a te ly  h e x a g o n a l (F ig . 6 ). H a lf  o f  
th e se  a to m s, h o w ev e r , b e lo n g  to  m o lec u le s  in  o n e  la y e r  a n d  h a lf  to  th e  
la y e r  b e lo w . T h u s, if  co ru n d u m  b e  regard ed  a s a  m o lecu la r  s tru c tu re , 
th e  p r ism  fa c e  w o u ld  c o n ta in  o n ly  h a lf  o f th e  o x y g e n  a to m s  sh o w n  in  
th e  figure, a n d  u n le ss  th e  sp a ce s  w e re  filled  w ith  a d so rb ed  o x y g e n  
a to m s, th e  “  sh a r in g  ” o f an  o x y g e n  la y e r  w ith  th e  n ick e l o x id e  c ry s ta ls  
w o u ld  n o t  o ccu r  o n  th is  su rfa ce . I t  is  e v id e n t , h o w ev e r , th a t  in  th is  
ca se  a lso  a  r e la t iv e ly  s lig h t  c h a n g e  in  th e  o x y g e n  s tr u c tu r e  o f th e  
c o ru n d u m  is n e c essa ry  fo r  th e  fo r m a tio n  o f sp in e l. It is p o ssib le  th a t

A 120 3 1 A 120 3 . N iO  I N iO  
2AI+++

3 N i++
4A 120 3 

— 2A 1+++ 
+ 3  N i++

4N iO  
— 3 N i+ +  
+  2A1+++

3 N iA l20 4 N iA I20 4

3 Hedvall, Z. anorg. Chem., 1915 , 92, 381.
4 T. W . Barth and E . Posnjak, Z. K rist., 1932, 82, 325.
6 C. Wagner, Angewandte Chemie, 1936, 49, 735.
6 E. O. Wollan, P hysic. Rev., 1930, 35, 1019.
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th e  fo r m a tio n  o f  an  o r ie n ta te d  film  o f n ick e l o x id e  o n  th e  p r ism  fa ce  
d e p e n d s o n  th e  fo r m a tio n  o f  a  th in  la y e r  of sp in e l b y  th e  first few  
m o lecu la r  la y er s  o f  n ick e l o x id e .

T h e  r ea c tio n  sc h e m e  sh o w n  a b o v e  s a t is fa c to r ily  a c c o u n ts  fo r  th e  ea se  
o f fo r m a tio n  o f th e  o r ie n ta te d  sp in e l la y er  o n  th e  (o o o ,l)  p la n e  o f  cor
u n d u m . O n th e  o th e r  fa c es  o f th e  c o ru n d u m  th ere  sh o u ld  b e  fo rm ed  
a  d o u b le  la y e r  o f sp in e l, o n e  la y er  h a v in g  th e  o r ie n ta tio n  of th e  n ick e l 
o x id e , a n d  b e n e a th  th a t  a  la y er  h a v in g  an  o r ie n ta t io n  d e p e n d in g  so le ly  
o n  th a t  o f  th e  a lu m in iu m  o x id e . T h e  p ic tu r e  is  u n sa t is fa c to r y  b e c a u se  
(i) n o  tr a ce  o f a  se c o n d  k in d  of o r ie n ta t io n  o f sp in e l w a s  fo u n d , (ii) if  
n ic k e l a n d  a lu m in iu m  io n s  ca n  d iffu se  acro ss th e  sp in e l-c o ru n d u m  in te r 
fa c e  th ere  a p p ea rs to  b e  n o  reason  w h y  th e  r ea c tio n  sh o u ld  cea se  w h en  
a ll th e  n ick e l o x id e  is  c o m b in ed , a n d  (iii) i t  a fford s n o  rea so n a b le  e x 
p la n a tio n  a s to  w h y  th e  sp in e l ta k e s  u p  o n ly  o n e  o f  th e  tw o  n ick e l o x id e  
o r ie n ta t io n s  o n  th e  prism  face.

T h e se  d ifficu ltie s  can  b e  r eso lv ed  to  so m e  e x te n t  if  i t  b e  su p p o se d  
th a t  d iffu sio n  ca n  o n ly  occu r in  th e  sp in e l la t t ic e .  In  th is  ca se  o n ly  
th o se  m e ta l io n s in  th e  u n co m b in ed  o x id e s  th a t  are  im m e d ia te ly  a d ja c e n t  
to  th e  sp in e l la y e r  co u ld  le a v e  th e  o x id e  la t t ic e  to  d iffu se  in to  th e  sp in e l. 
T h e  o x y g e n  a to m s  “ freed  ”  b y  th is  p ro cess w o u ld , b y  a  v e r y  s lig h t  
r ea rra n g em en t, b e c o m e  p a r t  o f  th e  sp in e l o x y g e n  la t t ic e  a n d  th e  s lig h t  
e x c e ss  o f  m e ta l io n s p ro v id ed  b y  th e  d iffu s io n  p ro cess w o u ld  ta k e  up  
th e ir  a p p ro p r ia te  p o s it io n s  in  th e  e x te n d e d  sp in e l la t t ic e .  A c co rd in g  to  
th is  m o d e l th e  sp in e l la t t ic e  o n c e  fo rm ed  w o u ld  c o n tin u e  to  g ro w  a t  th e  
e x p e n se  o f  b o th  th e  n ick e l a n d  a lu m in iu m  o x id e s  w ith o u t  c h a n g in g  in  
o r ie n ta tio n . T h e  rea so n  th a t  th e  in it ia l  la y e r  o f  sp in e l ta k e s  u p  th e  
o r ie n ta t io n  o f th e  n ick e l o x id e  ra th er  th a n  t h a t  o f  th e  co ru n d u m  m a y  
w e ll b e  th e  id e n t i ty  o f th e  o x y g e n  la t t ic e s  o f n ic k e l o x id e  a n d  sp in e l.

Summary,
T h e  stru ctu re, or ien ta tio n  a n d  sp in el-fo rm a tio n  o f cry sta llin e  n ick e l  

o x id e  film s co n d en sed  on to  h e a te d  coru n d u m  s in g le  c ry s ta ls  h a v e  b een  
s tu d ied  b y  e lectron  d iffraction .

I t  w a s  fo u n d  th a t  th e  n ick e l o x id e  cry s ta ls  ta k e  up , w ith  resp ect to  
th e  su b stra te  cry sta l, c er ta in  sp ec ia l o r ien ta tio n s acco rd in g  t o  th e  cry sta l - 
lograp h ic  d irec tio n  of th e  coru n d u m  surface. T h ese  o r ie n ta tio n s  h a v e  b een  
e x p la in ed  in  term s o f g eo m etr ica l sim ila r itie s  b e tw e en  th e  tw o  c ry s ta ls  in  
im p o r ta n t p la n es  near  th e  ju n ctio n  surface. T h e  n ick e l o x id e  w a s sh o w n  
to  r ea c t s lo w ly  a t  a b o u t 900° C. w ith  th e  coru n d u m  t o  form  n ick e l sp in el, 
w h ic h  ta k e s  u p  o r ien ta tio n s  s im ila r  t o  th o se  of th e  n ick e l o x id e . C erta in  
o f th e se  r e su lts  ca n  b e  e x p la in ed  on  th é  a ssu m p tio n  t h a t  th e  sp in e l la tt ic e  
is  th e  o n ly  o n e  o f  th e  th ree  in  w h ic h  ap p rec ia b le  d iffu sio n  o f  m e ta l io n s ca n  
occu r.

T h e  a u th o rs  w ish  to  ex p ress  th e ir  in d eb te d n ess  for a w a rd s from  
M essrs. E . G. A c h e so n  L td . (H . R . T .)  a n d  th e  D e p a r tm e n t o f S c ien tif ic  
a n d  In d u str ia l R e se a rc h  (E . J . W .).

Applied Physical Chemistry Laboratories,
Imperial College,

London, S.W.y.
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A n  in v e s t ig a t io n  o f th e  o p tic a l a n d  p h o to e le c tr ic  p ro p e r tie s  o f  
d ia m o n d  1> 2 h a s  d isc lo sed  th e  e x is te n c e  o f a t  le a s t  tw o  fo rm s (ty p e s  
1 a n d  2 ), a n d  a  p re lim in a ry  m e a su r em e n t o f  th e  d ie le c tr ic  c o n s ta n t  w a s  
rep o rted  in  th e  f ir s t  o f  th e se  p u b lic a tio n s . I t  w a s  e s ta b lish e d  th a t  b o th  
ty p e s  o f d ia m o n d  h a d  th e  sa m e  d ie lec tr ic  c o n s ta n t  w ith in  e x p e r im en ta l  
error, b u t  th e  a b so lu te  v a lu e  co u ld  n o t  a t  th a t  t im e  b e  d e te rm in e d  
w ith  th e  a c c u r a c y  d esired , o w in g  to  th e  la c k  o f  a  su ita b le  sta n d a r d  
m icro -co n d en ser .

R eferen ce  to  th e  l ite r a tu r e  r ev e a ls  a  w id e  ra n g e  o f  v a lu e s . P ir a n i3 
g iv e s  a  v a lu e  o f 16-5, S c h m id t 4 a  v a lu e  o f  5-5, C oehn  a n d  R a y d t 5 v a lu e s  
b e tw e e n  5-18 a n d  8-0. M ore r e c e n tly , W h ite h e a d  a n d  H a c k e t t  6 h a v e  
fo u n d  a  v a lu e  o f  5 7  ±  2 %  o v er  th e  fr e q u e n c y  ra n g e  3 0 0  c ./s e c .  to  1-6 
M c ./s e c ., w ith  a  m o s t  a c cu ra te  d e te rm in a tio n  o f  5-66 a t  8 0 0  c ./s e c .  a n d  
27-8° C.

Part I. Method of M easurement Involving Diamond/Air 
Capacity Change.

T h e  first ap p a ra tu s w as of th e  resonance ty p e  op eratin g  a t  a  fre q u en cy  
o f a p p ro x im a te ly  1 M c./sec., and  is fu lly  described elsew h ere.7 F o r  use 
w ith  solids a  m icrom eter c o n d en ser 
cell. F ig . 1, w as co n stru cted  from  
a  m icrom eter head, c ircu lar p aralle l 
brass p lates 16 m m . d iam eter being 
used for th e  electrodes. U n w o rked  
diam onds, such as were em ployed  
here, are u su a lly  a va ilab le  as c le a v 
a g e  p lates up  to  a  few  m m . in 
th ickn ess and  less th a n  1 sq. cm . 
in  area, a n d  ca n  be san dw iched  
b etw een  th e  p la tes  o f th e  m icro
m eter cell. In  th e  resonance a p 
p aratu s, v a r ia tio n  in  th e  ca p a c ity  
of th e  condenser due to  in tro d u c
tio n  of th e  solid caused  a  change
in  th e  rectified  cu rren t of th e  v a lv e -  F ig . i .
vo ltm eter, and  th e  a c tu a l c a p a c ity  
chan ge w as fo u n d  b y  a d ju stm en t of a  stan d ard  va ria b le  condenser 
(Sullivan, 70-1200 ¡xfiv) in  series w ith  a  sm all fixed  condenser (10-20 ¡¿¡if)  
u n til t  he orig inal cu rren t read in g w as established. T h e  sm all fixed  c a p a c ity

1 Robertson, F ox and Martin, Phil. Trans., A ,  1934, 332i 4^3-
2 Robertson, Fox, and Martin, Proc. Roy. Soc., A ,  1936, 157, 579.
3 Pirani, D issertation, Berlin (1903).
i Schmidt, A nn . P hysik , 1903, 11, 114.
5 Coehn and R aydt, ibid., 1909, 30, 777.
c W h i t e h e a d  a n d  H a c k e t t ,  Proc. Physic. Soc., 1 9 3 9 , 5 1 , 173 .
7 Groves and Sugden, J . Chem. Soc., 1934, 1094.
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is  chosen so th a t  a  considerable p o rtio n  o f th e  stan d ard  v a ria b le  condenser 
is  required to  com pen sate for th e  ca p a c ity  change in  th e  cell, b u t th e  e x a ct 
m easurem ent o f th is  sm all fixed  ca p a c ity  provid es th e  ch ief d ifficu lty  
associated  w ith  th e  m ethod. In  p ractice  i t  w as determ ined b y  v a ry in g  
th e  a ir ca p a c ity  of th e  m icrom eter c e l l : th e  ca p a c ity  change on v a ry in g

t h e  a i r  g a p  f r o m  q  t o  t2 c m .  i s  - ^  )  ix/j.f ,  w h e r e  A  i s  t h e  a r e a  o f
3 ’0 Tt \ f2 q/

eith er electrode in  cm .2
T h is ca lib ratio n  w as foun d to  be som ew hat in  error ow in g to  changes 

in  s tra y  cap acities  associated  w ith  th e  b a ck s and  edges of th e  brass elec
trodes, and  i t  w as  decided th a t  th e  con struction  of a  stan d ard  m icro- 
variable-condenser w as th e  o n ly  sa tis fa cto ry  m ethod of overcom in g th e  
difficu lty . A t  th is  stage in  th e  w o rk  a  chan ge in  e lectrical ap p a ra tu s w as 
m ade.

Description of Improved Apparatus.
T h is  o p erated  on th e  heterod yn e prin ciple a t  th e  sam e freq u en cy  as 

th e  first a p p a ra tu s and m ade use o f certain  m eth ods o f freq u en cy  stab ilisa 
tio n  ; i t  w as  also equipped w ith  a  stan d ard  m icrom eter variab le  condenser 
o f ca lib ratio n  co n sta n t 1 -8 6 2 ^ /x F  p er cm . tra ve l, th e  readin g bein g estim ated  
to  i o -4 cm ., v iz .,  a b o u t 2 x  i o _* /i^f.

A  fu rth er refinem ent w as th e  su b stitu tio n  of a  ca th o d e-ray  oscillograph 
as a  m eans of observin g th e  heterod yn e b e a t frequen cy, in p lace  of the 
tu n in g  fo rk  m ethods u su a lly  em ployed  in  th is  ty p e  of w ork . T h e w hole 
a p p a ra tu s h as b een  described in  d eta il b y  one o f us (L. G . G .) ,8 in  co n 
nection  w ith  th e  m easurem ents o f th e  e lectric  m om ents of vap ours. T h e  
cell, F ig . 1, w as again  used for th e  solids, b u t th e  increase in  ca p a c ity  
caused b y  th eir in sertion  w as m easured b y  d irect rep lacem en t w ith  th e

A
m icro-variable  condenser, i.e . — —- ( c  — 1) =  SC, w here A  is th e  area  of3 -6^  '
th e  solid (cm .2), t its  th ickn ess (cm.), an d  e th e  d ie lectric  co n stan t. I t  is of 
in terest to  consider th e  possible error in  th e  resu lts due to  an  a ir film , 
assum ed fo r sim p lic ity  to  be uniform  in  th ickn ess, a t  an  insu lator-electrode 
in terface. I f  Si is th e  th ickn ess o f th e  a ir  film, th e n  from  th e  th e o ry  of 
m ixed  dielectrics, th e  ca p a c ity  chan ge on in tro d u ctio n  o f th e  solid is :

A  A
3-677{/ +  Si -  ¿(1 — r/ e )} 3-67r{t +  Si)

A c  t  St \ A t  Si\
= i^ T ii1 ~1V ~ ybTiV1 -  V  VGry nCarly

=  (c — x) — - y — . y  (e2 — 1) in stead of (c —  1).
3 ‘677f 3-6 vi i ' 3-6irt '

I f  th e  a ir film  is x %  o f th e  th ickn ess of th e  solid, th e  va lu e  foun d fo r e 
w ill be (e — x/e) %  low , a n d  since th e  a ir film  is lik e ly  to  be m uch th e  
sam e fo r th ic k  or th in  specim ens, i t  is desirable, w here con trollab le, to  use 
as th ic k  a  p la te  o f solid d ie lectric  as w ill g iv e  a  reasonable chan ge in  
c a p a c ity  of th e  cell.

M easurements and Results.
S evera l specim ens of d iam ond w ere a va ilab le , an d  w e w ou ld  like here 

to  exp ress o u r th a n k s to  P rofessor W . T . G ordon  fo r th e  loan  o f these. 
O f th e  ty p e  1 diam onds, figures are g iv en  in  T a b le  I fo r one o n ly  (D i), 
th is  bein g th e  m ost su itab le  in  form  o f those a va ila b le . I t  w as a n  equ i
la tera l tria n g u la r p late, o f side a b o u t 10 m m . len gth , an d  3-11 m m . in  
th ickn ess. O th ers of th is ty p e , b u t w ith  less su itab le  dim ensions, g a v e

8 G roves, J .  Chem. Soc., 1939, 1144.
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sim ilar va lu es for c. O n ly  one m o d erately  su itab le  specim en o f ty p e  2 
diam ond (No. 2) could  be obtain ed, b u t  u n fo rtu n ate ly  h a d  a  step p ed  edge. 
T h is  m a y  be considered a p p ro x im a te ly  as bein g com posed of a  p lan e p aralle l 
p a rt of area  A 1 an d  a  w edged p o rtio n  of area  A  2, F ig . 2, an d  th e  c a p a c ity  
chan ge due to  insertion  betw een  th e  electrodes can  be show n  to  be n ea rly  

A , , , A ,  r  In t
fro m  w h ich  c m a y  b e  foun d. A s  it  

^ z  — -Sk—--—— A t

3-6 TrlK'   ̂ 3-6-n-fLl — l / e  " J
is possible th a t  th e  edge irregulari
ties. o f th e  diam onds o f b o th  typ es, 
th o u g h  inside th e  volu m e bounded 
b y  th e  cell p lates, m a y  cause som e 
error in  th e  m easured va lu es of <r, 
it  w as th o u g h t ad visa b le  to  ch eck  
th is  poin t. A ccu ra te  glass m odels p IG. 2.
o f th e  diam onds w ere m ade and
th eir a p p a ren t va lu es o f e com p ared  w ith  a n  accu rate  va lu e  fo r th e  sam e 
glass in  th e  fo rm  o f regu lar p lates. (The m odels w ere m ade b y  M r. F . S. 
B enge o f th is  laboratory.)

T h e  several ratio s are as follow s :—

C a p a c ity  chan ge for d iam ond N o. 1 
C a p a c ity  chan ge fo r glass m odel 

C a p a c ity  chan ge fo r diam ond N o . 2 
C a p a c ity  chan ge fo r glass m odel 

M easured e fo r d iam ond N o. 1
=  0-796

0-789

0-813

M easured e fo r glass of m odels

I t  th u s  app ears th a t  th e  d ielectric co n stan ts  d ire c tly  m easured fo r th e  
tw o  diam onds are  sa tis fa cto ry  an d  th a t  th e  difference b etw een  th em  is 
w ith in  th e  lim its o f exp erim en tal e r r o r ; e for d iam ond N o. x, 5-26, is  th e  
va lu e  preferred since th is  d iam ond h a d  th e  m ore regu lar form .

A s  a  fu rth er ch eck  on  th e  m ethod, m easurem ents w ere m ade on  three 
p lan e p aralle l p lates of fused  silica, th e  in d ivid u a l va lu es fo r w hich 
w ere in  good m u tu al agreem en t. T h ese  results are in cluded  in  T a b le  I 
w ith  those for th e  diam ond D x. T h e  a verage  result, 3-69, m a y  be com 
p ared  w ith  J aeger’s 9 va lu es 3-57-3-80 for s ix  differen t m ethods.

T A B L E  I.

S ubstance . A
(cm.2).

t
(cm.)

C
( w D e. (Mean.)

Diamond D x . 0-598 0 -3 11 0-725 5-26
Silica 1 . 0-945 0-249 0-913 3 - 7 2 1

„ 2 . o -575 0-256 0-533 3 -6 9 ^ 3*69
„  3 • o -339 0-254 0-315 3-67]

Part II.—Method of Measurement Involving Diamond/Liquid 
Capacity Change.

In  v ie w  of th e  fa c t  th a t  our va lu e  o f 5-26 for diam ond differs con 
sid erab ly  fro m  5-7 foun d b y  W h iteh ead  and  H a c k e tt  a t  our freq u en cy  of 
m easurem ent, i t  w as  decided to  rep ea t th e  determ in ation  w ith  a  liquid  
rep lacem en t m eth od  to  elim in ate a ir  film s, m entioned a b o v e  as a  source of 
error.

B rie fly , th is  consists in m easuring th e  d ielectric co n stan ts  o f a  range of 
liquids o f low er an d  h igh er d ielectric co n stan t th a n  th a t  o f th e  solid, alone

9 Jaeger, D issertation, B erlin  (1917).
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and with the solid immersed in them. If <r, is the dielectric constant of 
the liquid, and em the dielectric constant of the same liquid with the solid 
immersed in it, then the dielectric constant of the solid is given by that 
value of <rm which satisfies the relation €ra/e ( =  i .  Accordingly, therefore, 
if such measurements are carried out with a range of liquids and em/e t is 
plotted against (abscissa), then the value of em corresponding with the 
point of intersection of the curve with the line =  I gives the dielectric 
constant of the solid.

E /ecfrode .

ElecTroda.

In su la to r . 
F i g .  3 .

A p p a r a t u s .

The improved apparatus described in Part I was used, except that 
a special micro liquid condenser (Fig. 3) replaced the micrometer cell.

This liquid cell was 
Glass. made from two cir

cular brass plates 
and a ring of syn
thetic resin about
3-5 cm. diameter. 
Both surfaces of the 
ring and the inner 
surfaces of the brass 
plates were polished 
flat. The inner dia
meter of the ring 
was 2 cm., its thick
ness about 4 mm., 
and the inner wall 
of the ring was care
fully turned so that 
it made an angle of 
90° with each inner 
surface of the brass 

plates. The three components were assembled with a trace of fish glue 
and then bolted together with three bolts tapped into the insulator. 
The three bolts formed the corners of an equilateral triangle, two being 
inserted from one electrode and the third from the other. In either 
brass plate large clearance holes were drilled opposite the ends of the 
bolts to keep insulation high. The combination of electrodes and in
sulating ring was then sawn into unequal segments such that the larger 
provided a cell of vertical inner depth 1-3 cm., and of volume about 0-95 
c.c. The cut surface of this cell was polished flat and was at right angles 
to the inner surfaces of the electrodes. A rectangular glass slab 
(6 cm. x  3 cm. x  4 mm.) -with one face optically flat was used to cover 
the cell, being adjusted symmetrically over the cell aperture. A heavy 
brass rod provided a means of clamping the cell and was connected to  
earth ; the other plate was joined by a rigid fine wire to  the electrical 
apparatus. The completed cell provides a condenser of constant boundary 
conditions, the capacity changes of which when filled with an insulating 
liquid of dielectric constant c, w ill be directly proportional to  — 1. 
To check this point, the replaceable capacity was determined by calibra
tion with benzene at 20° C., and using the cell constant, C0, so obtained, 
the dielectric constant of chlorobenzene at 250 C. was measured. The 
value used for benzene at 20° was 2-283 (Hartshorn and Oliver) 15 and the 
value obtained for chlorobenzene a t 250 was 5-61 ; of. Sugden’s 11 value of
5-612 obtained by a method which gave results for benzene in agreement 
with Hartshorn and Oliver’s figure at 250. These measurements are set 
out in Table II.

10 Hartshorn and Oliver, Proc. Roy. Soc., A , 1929, 1 2 3 , 664.
11 Sugden, J. Client. Soc., 1 9 3 3 , 7 7 3 .
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i e? c <5C. c.
(mm.). (mm.) (mm.) (»«F.) (W'F-)

Calibration with benzene at 20° C.
1-445
1-476
1-594

4 -763
4-792
4 - 9 1 1

3 - 3 i8
3 -3 I 6
3 -3 I 7

o-6i8-\ 
0 - 6 17  i 
o-6i8j

o -4 S i

i  at 25° for chiorobenzene using C„ =  0-481 ft/if7.
5 -405 17 -3 0 9 I I - 9 0 4 2 * 2 17 5*6 i

5 -5 3 8 17-449 I I - 9 I I 2 - 2 18

C„ and e are separately obtained from the relation SC =  C„ . <r — 1 by  
insertion of the appropriate values.

M c and M ,  are the micro-condenser readings with cell empty, and 
filled with liquid.

SC =  (M, — M„) x  0-1862 nnF.

Method of M easurem ent.
W ith cell em pty and glass cover plate in position the micrometer 

standard condenser is read. Liquid is then pipetted into the cell and the 
glass plate replaced, overflow being removed with cotton wool. The 
condenser is adjusted to compensate for the increase in  capacity and 
re-read. The plate is again removed, the solid dropped into the cell, and 
a reading taken on the condenser after compensation for further change 
in capacity. The cycle of operations is then reversed, i.e., solid removed 
and cell refilled with liquid, liquid removed and cell dried out, readings on 
the condenser being taken at each stage. Averages of the two readings 
at “ cell em pty ” and at " cell +  liquid,” and the single reading at “ cell 
+  liquid +  solid ” yield three figures which are sensibly free from small 
changes due to zero drift in  the apparatus over the tim e taken to carry out 
one complete set of measurements.

The liquids were made up from dried samples of «-heptane, carbon 
tetrachloride, and 1 : 2-dichloro-ethane of approximate dielectric constant 
a t 20° C. respectively, 1-97, 2-24, and 10-4. The room which contained 
the apparatus was kept at 20° C. throughout the experiments except for 
the chiorobenzene calibration, when it  was maintained at 250 C.

The advantages of the above procedure are that the dielectric constants 
•of both liquid and solid are measured in the same cell, and that the replace
able part of the condenser is wholly free from edge effects. The diamonds 
available for this series of measurements were Dlfl and D ., both type 2 
diamonds, separately occupying about 20 % of the volume of the cell, 
and D 26, a type 1 diamond of considerably smaller dimensions. Con
siderable care was taken to obtain a liquid mixture of the same dielectric 
constant as D1#, the largest diamond (for which detailed results are given), 
and having obtained it, no change in capacity was observed upon immersion 
of either D 36 or D ,. It is thus shown that both types of diamond have the 
same dielectric constant.

The value obtained, 5-35, is in good agreement with that derived from 
the earlier direct replacement method, viz., 5-26, but is probably the more 
correct figure as uncertainties due to air films are elim inated; e was also 
determined for the largest fused silica disc, which occupied about 25 % 
of the volume of the cell. The value obtained was 3-60. The 
measurements with D19 are set out in Table III. Detailed results for the 
silica are not given, but the em/e, — em curve for this substance is shown 
in  Fig. 4 along with that for the diamond.

2 1
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A/o .if,
(ram.)

Mm -  Mo £ . £m/£ I(ram.) (ram.) (mm.) (mm.) m Ei

Liquid No. x.

4 -295
4 -300

12 -4 2 5
12 -4 3 5

12 -8 5 7
12 -8 6 3

S - i3 o
8 -1 3 5

8-562
8-56 3

4 3 1 4-15 1-0 4 0

Liquid No. 2.
4-686
4-670

I 3 - 3 I 9
I 3 - 3 I 5

13 -7 0 0
13 -6 8 0

8 -6 33
8-645

9 -0 14
9 -0 x0 4-49 4-34 1-033

Liquid No. 3 .

3 -358
4 - 1 2 1

13 -8 5 8
14 -6 0 7

13 -9 7 6
14 -7 2 7

10 -5 0 0
10 -4 8 6

i o - 6 iS
10 -6 0 6 5 - n 5-06 1-0 0 9

Liquid No. 4 .

4 -32 6
4 - 7 7 1

1 5-573
16 - 0 10

15 -5 7 0
16 - 0 15

1 1 - 2 4 7
1 1 - 2 3 9

1 1 - 2 4 4
n -244 5-35 5-35 1-0 0 0

Liquid No. 5 .

3 -9 0 4
3-76 0

15 -8 0 4
15 -6 4 6

15 -6 7 7
15 -5 4 9

I I -900
n -886

n - 7 7 3
1 1 - 7 8 9 5 -5 6 5-60 0-992

M 0, M ,  and M  are respectively the micro-condenser readings with 
cell empty, filled with liquid, and filled with liquid +  solid.

  i -j- — M„)

All measurements in both Parts I and II were made at a frequency of 
approximately one megacycle per second.

t m ,
'Ey.

¡•too

1-000
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Sum m ary.
The dielectric constant of diamond has been determined by two methods, 

(x) involving solid-air capacity changes and employing a micrometer cell 
of variable capacity with the diamond sandwiched between the electrodes ; 
(2) involving solid-liquid capacity changes and employing a micro cell 
of fixed air capacity, with constant boundary conditions irrespective of the 
nature of the replaceable dielectric medium.

The capacity changes have been measured by direct compensation 
with a micrometer variable condenser in the tuned circuit of one oscillator 
of a heterodyne apparatus, the condenser readings being estimated to 
2  X  IO “ 1  flfj.F .

The accuracy of the second method has been checked by an independent 
determination of the dielectric constant of chlorobenzene at 250 C.

The values of the dielectric constant of diamond obtained by the two 
methods are 5-26 and 5-35 respectively, the latter being the preferred 
figure.

No difference has been observed between the dielectric constants of 
the two types of diamond discussed by Robertson, Fox and Martin.

Government Laboratory,
Clement's Inn Passage,

London, W.C. 2.
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C R Y S T A L L I N E  S T A T E  O F  S I L V E R  H A L I D E  

G R A I N S ,  t

B y  J. C. M. B r e n t a n o  and S. B a x t e r .

Received 30th November, 1939.

The present paper describes, firstly, experiments on the formation of 
the latent photographic image in w hich the additive effect of part 
exposures is examined near the threshold and for higher densities. 
T h eir interpretation leads to an X -ra y  examination of the crystalline  
structure of photographic emulsions and to further experiments on the 
additive effect of exposures with different wave-lengths. These are 
discussed in the later part.

The original planning of the experiments was largely determined by  
the recent theory of Gurney and M o tt1 and reference m ay therefore be 
made to those features of the theory which have a particular bearing on 
our work.*

f The results of this paper were presented at the Conference on Photography, 
held in Manchester, 3rd and 4th July, 1939, reported in Nature, 1939, 144, 356.

1 Gurney and Mott, Proc. Roy. Soc., A , 1938, 164, 151.
* The authors are aware that alternative interpretations of the results could 

be considered ; e.g. they could be interpreted on the basis of secondary processes 
which accompany the formation of neutral halogen atoms within the grains and 
their migration, views developed in numerous papers. Our primary purpose 
was to examine how far the more recent wave-mechanical theory could account 
for the particular group of phenomena to which it had not been applied. It 
seemed thus best to use this and its development as a working hypothesis through
out. A different course, which would have led to a comparative study of a 
classical and of a wave-mechanical theory, was outside the scope of this work.
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1 . T h e  W a v e  M e c h a n ic a l T h e o r y  o f L a te n t  Im a g e  F o r m a t io n .

The latent photographic image is generally assumed to consist of 
small specks of m etallic silver in the silver halide grains of the emulsion. 
These specks bring about a reduction of the grains to m etallic silver by  
the chemical action of the developer. F o r b revity and to distinguish  
such specks from the sensitivity specks, referred to later, we call such  
specks “ active silver specks.” Gurney and Mott assumed that these 
active silver specks result from  the following process : when light is 
absorbed, electrons are lifted into the conduction level or conduction  
band of the silver halide crystals composing the grains. From  the con
duction band, the electrons can drop into the levels of the sensitivity  
specks. These sensitivity specks m ay consist of A g2S or of s ilv e r ; they 
are assumed to pre-exist in the grains of the emulsion, prior to exposure 
to light. The effect of the negative charge given b y the electrons to the 
specks, is that they attract positive silver ions. The negative charge is 
thus neutralised and the resulting A g atoms form  specks of m etallic A g  
or increase the size of silver specks already existing. As more electrons 
are lifted into the conduction levels of the halide crystal, this process 
continues and the silver specks grow. The form ation of the active  
silver specks comprises thus two processes ; one depending on the dis
placement of electrons, the other on the displacement of ions.

Of the more specialised picture foreseen b y the theory, the following 
points are of particular interest for the present discussion : ( i)  In  terms 
of the original theory of G urn ey and Mott, an electron lifted into the 
conduction band of the halide crystal can leave it in two ways : it  can 
either pass to the sensitivity specks in the w ay we have described ; or 
alternatively it can fall back into the halogen atom created by its removal 
from a halide ion by the action of light, or into an equivalent atom 
formed b y the removal of another electron ; in which case the electron 
does not take part in the mechanism leading to the form ation of an 
active silver speck. (2) The transition of electrons between the conduc
tion levels of the halide crystal and of the sensitivity specks is sim ilar 
to the transition of molecules between the liquid and gas phase of a 
substance, in so far as the theory assumes a finite probability for an 
electron to escape from the speck, while the probability that the speck  
m ay capture an electron increases w ith the density of the electrons in 
the conduction levels of the halide crystal.* In  addition, as the negative 
charge of the speck increases, the repelling action of this charge makes 
any further increase difficult. In  this way, the continued condensation 
of electrons on the sensitivity specks depends firstly on a certain m inim um  
density of electrons being reached in the conduction band of the crystal, 
and secondly on the negative charge of the specks being neutralised b y  
positive ions.

* At the Conference on Photography held in Manchester, 3rd and 4th July, 
1939, after this paper was written, Professor Mott announced a modified form of 
the theory in the sense that an electron could not leave an active speck without the 
supply of additional energy greater than could be supplied by heat motion. 
Such energy supplied by infra-red radiation would account for the Herschel 
effect. At this conference Professor Mott also expressed his agreement with an 
explanation of the failure of the reciprocity law for low intensities proposed by 
Webb and Evans * as an alternative to the one originally proposed by Gurney 
and M ott; we shall refer to this later.

a Webb and Evans, / .  Opt. Soc. Am., 193S, 28, 431.
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2 . T h e  P h o t o g r a p h ic  T h r e s h o ld .

B y  the photographic threshold we mean the fact that an exposure in 
the visible must reach a certain m inim um  value before the action of the 
developer can produce any appreciable effect. T h is threshold is less 
m arked with dye-sensitized and highly sensitive emulsions than with  
blue sensitive emulsions of the straight type. The common feature, 
however, is that there is an initial range for which very little change of 
density w ith exposure takes place. From  the range of practically  
constant density there is a more or less gradual transition to the range 
where, w ith the usual logarithm ic plotting, the characteristic density- 
exposure curve is approxim ately linear.

W e m ight interpret this threshold in the terms of the original Gurney- 
Mott theory as that exposure necessary before an electron concentration  
in the conductivity level of the crystal is reached, which is sufficient 
for a sustained transition of electrons to the sensitivity-specks. This  
would bring the phenomenon in line w ith the failure of the reciprocity  
law for low intensities, where Gurney and Mott assumed that since the 
electrons m ay return to the vacated places, their concentration in the 
conduction level of the halide crystal for weak illum inations remains 
small, so that an efficient transition of electrons to the sensitivity specks 
does not then take place.

From  these considerations the experiments on the additive effect of 
part-exposures, described in the following sections, took their origin.

3 . E x p e r im e n t a l  A r r a n g e m e n t .

The source of light for the exposures was a tungsten filament lamp 
with a blue filter transmitting the wave band from 3700 to 5200 a . Con
stancy of the source was obtained by the use of a glow discharge stabiliser. 
As an alternative, large storage batteries, set apart for these exposures, 
were used, and for experiments requiring a lesser accuracy, a Solus stabiliser 
unit. Great attention was paid to the constancy of the source of illumina
tion, since part of the exposures comprised tim e intervals of several hours. 
The exposure times were fixed by a rotating shutter ; the intensity of 
illumination could be varied by varying the distance from the source. A 
grey wedge comprising an extreme density range of 0-2 was placed in 
front of the film ; in this w ay the required exposures could be obtained  
within close limits. A sliding gate was used in front of the film, so that 
comparative exposures v'ere taken on several strips of film. The strips 
ran in the direction of the gradation of the wedge, so that each intensity  
value was recorded in several parts of the film area. Variations of 
illumination as well as irregularities of coating could thus be eliminated.

Densities in the lower range were evaluated by a scatter method, de
scribed previously,*>4 the particular merit of which is that by substituting  
the measurement of a direct effect, viz., the quantity of light scattered by 
the silver grains, for the measurement of a difference-eifect (as given by 
the usual absorption densitometry), higher accuracy in the range of small 
densities is reached. The scatter method measures essentially the number 
of grains, not their absorbing power. The measurements were made with 
a microphotometer which uses a photo-electric cell w ith valve amplification. 
Higher densities were determined by absorption photometry.

The individual exposures consisted of flashes varying in duration from 
o-i"  to S', the intensities of which could be varied by adjusting the 
distance between source and film, a wedge being inserted, as already

3 Brentano, Z. Physik, 1931, 70, 74.
4 Brentano, Baxter and Cotton, Phil. Mag., 1934, 17, 370.
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indicated, so as to obtain with one exposure a range of intensity values. 
When comparing the densities from single and from added part-exposures, 
the corresponding intensities and the total exposure times were always 
equal.

4 . T h e  S u m m a t io n  o f P a r t - E x p o s u r e s  S e p a ra te d  b y  V a r y in g
T im e  In t e r v a ls .

Numerous investigations have been made concerning interrupted ex
posures, in the form of regularly interm ittent exposures. The present

work is concerned with the effect of 
single breaks which lead to a simpler 
interpretation in terms of the wave- 
mechanical model.*

In a first group of experiments con
ditions were chosen so that the densities 
were just on the rising part of the 
characteristic curve, they were dis
tinctly above the fog level and rose 
with increasing rate. Such exposures 
are just past the threshold value; 
those for which the increase of den

sity  with exposure is still negligible or small we call sub-threshold ex
posures. Table I shows the total exposures in arbitrary units, the 
densities above the fog level for a continuous exposure and the densities 
obtained for two exposures separated by a time interval of 20', the first 
being one-third, the second two-thirds of the total. While for each table 
densities are inter-related, exposures on thin emulsions were used for part 
of the work evaluated by scatter; numerical density values have then a 
different meaning than when observed with normal emulsions by absorption. 
The emulsion used was Ilford Fine Grain Ordinary, a blue sensitive 
material.

I t  will be seen that for small exposures, the densities obtained from the 
superposition of the two sub-threshold exposures are substantially the 
same as those obtained from one continuous exposure. E xact numerical 
agreement between the values in the two columns is fortuitous; the 
order of accuracy is ± 5 per cent. The general result, that two sub
threshold exposures are additive, was confirmed for intervals separating 
the exposures up to 300 hours; this was also found when the part exposures 
were given in the ratios 1 : 1 and 2 : x, the longer exposure in the latter 
case being given first. The same result was found for other types of 
emulsions. Ilford Line Film, Kodak Panatomic and Agfa Isopan F.

The results of similar experiments in the range of greater exposures 
and higher densities are represented by Fig. 1, in which we have plotted  
the densities resulting respectively from one continuous exposure, and 
from two part exposures of the same total value, the latter being given  
in the ratio, 1 : 2, separated by a time interval of 20'. The emulsion used 
was again Ilford Fine Grain Ordinary. The curves comprise results

* For more general references on the intermittence effect, see, for instance, 
Kochs.5 Regarding the effect of single interruptions, Long, Germann and Blair 
examined the superposition of part exposures for Azo paper. Brush, Norman 
and Albersheim6 observed the change of the effect of pre-exposure with tim e; 
Brush found a decrease for very small pre-exposures and additivity for larger 
exposures; Norman found a decrease of the sensitizing action for intervals from 
3-20 hours, while Albersheim examined the change on the modulation of a sound 
track.

5 Kochs, Z. wiss. Phot., 1937, 36, 97.
0 Long, Germann and Blair, / .  Opt. Soc. Am., 1935, 25, 382 ; Brush, Physic. 

Rev., 1910, 31, 241 ; Norman, J. Opt. Soc. Am., 1936, 26, 407 ; Albersheim, / .  Soc. 
Motion Picture Eng., 1939, 32, 73.

TABLE I.

Exposures. Density for 
Contin. Exp.

Density for 
Interr. Exp.

n o 0 0 0 4 1 0-0042
12 7 0 -0 0 5 1 0 0 0 5 1
137 0 -0 0 57 0-0055
145 0-0 0 73 0-0002
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obtained from several plates, and to interlink these results, a curve has 
been traced from a limited number oi density steps which were all recorded 
on one plate and marked by 0  : on this curve the relative densities for

single exposures and for exposures given in parts are marked by a cross 
and a dot respectively.

In the range of greater exposures, the density obtained from two part 
exposures is less than that obtained from the equivalent exposure given 
without interruption. The deficiency is greatest in the range of medium  
densities where the decrease
in density is of the order of TABLE II.
20 per cent. ; it  falls off for 
small and for high densities.

The effect of the interrup
tion in reducing the density 
attains approximately its full 
value for an interval of 20' 
between the part exposures.
This is shown in Table II, 
where the densities obtained 
for medium exposures are 
shown for tim e intervals of 
various lengths. The emulsion used was again Ilford Fine Grain Ordinary.

The small increase for the interval of 1' has no real significance ; it  falls 
within the limits of error. The result of a great number of observations is 
that no change was observable for intervals less than 2' 30", for 5' it was 
very distinct, for 15' it  had almost acquired its full value. From there on 
only a very slow change w ith density took place. These times vary 
greatly with different emulsions. *

Experiments, in which the ratios between the first and second ex
posure were 1 : 1 and 2 : 1— the longer exposure in this case being given 
first— gave qualitatively similar results to those shown in Fig. 1.

*We must consider how far the deficiency observed with interrupted ex
posures is possibly affected by the fact that the time interval between exposure 
and development is necessarily lengthened for part of the exposures in those 
experiments where the exposure is interrupted. Various results are recorded on

Interval
between

Exposures.
Density for 

Contin. Exp.
D ensity for 
In te rr . Exp. Difference.

o ' 0 -2 34 O-237 — 0-003
5 ' 0-246 0-234 +  0 -0 12
2 0 ' 0 -278 0 -254 0-024
6 0 ' 0-260 0 -239 0 -0 2 1
3 6 0 ' 0-244 0-222 0-022
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Experiments w ith other emulsions, Ilford Line Film  which is blue 
sensitive, Kodak Panatom ic and Agfa Isopan F, which are panchromatic, 
also gave a deficiency of density for interrupted exposures. The average 
grain size of Ilford Fine Grain Ordinary is approximately 2-5 times larger 
than that of Ilford Line Film  ; the deficiency resulting from interrupted 
exposures was observed after a shorter break for the emulsion with finer 
grain. Similarly, with the two panchromatic emulsions, the deficiency 
appeared after a shorter interval with Kodak Panatomic, whose average 
grain size was approximately half that of Isopan F. No system atic survey 
of these emulsions, however, was made.

Experiments with several interruptions gave results qualitatively  
similar to those with a single break. Under the conditions in which these 
gave a decrease in density, such a decrease was larger when several inter

ruptions occurred. As an 
TABLE III. example, interruptions of 20'

were interposed between six  
part exposures, each being 
one-tenth of the total, fol
lowed by the remainder of 
the exposure, given without 
a b reak ; these were com
pared with exposures of the  
same total value given with-

______________  out interruption. For small
densities —  the six  part ex 

posures then falling within the sub-threshold range— no decrease in density  
was observed; this agrees w ith corresponding experiments with a single 
break. For higher densities, losses of density were observed (Table III) 
of the order of 43 %-47 %, considerably greater than those observed with  
one single interruption, when the greatest density loss was 20 per cent.

Table IV  shows the comparative effect of interruptions in the early 
and in the later part of the exposure ; in (A) the first four-tenths of the 
exposure were given in four separate parts at intervals of 20', and the re
mainder in one unit. In the experiments recorded in (B), the early part of 
the exposure was given without a break, while the last four-tenths of the 
exposure were given in separate parts at intervals of 20'. Again, it will

the effect of the time between exposure and development on density.7 In general, 
it is found that such an effect becomes noticeable only after longer time intervals 
than those used in our experi

Density for 
Contin. Exp.

Density for 
In terr. "Exp. Difference. Difference

(%)•

0 -14 9 0-084 0-065 43
0 - 17 0 0-089 o -o S i 47
0-209 0 - 1 1 7 0-092 4 4
0-24 7 0 - 14 2 0 - 10 5 43

Time between 
Exposure and 
Development.

Densities.

2 5 " 0 - 5 12 0 -5 3 0 0-608
2 0 ' 0 -5 1 5 ° ’5 3 2 0-605
4 0 ' 0 - 5 17 0 -5 3 4 0 -6 0 2 -

ments and that it would tend 
to produce a density change 
opposite to that observed by us.
Tests which we made under the 
conditions' of our experiments, 
gave the results shown in the 
accompanying table, where the 
three vertical columns show the 
densities obtained. The film 
was equally exposed for each of 
the three values given in one column, while the time between exposure and 
beginning of development varied as indicated. The film used was Ilford Fine 
Grain Ordinary.

It will be seen that the values for each column agree within 1 per cent. ; a 
20' period between exposure and development should thus not appreciably 
affect the results. This interval was used in most of our experiments on inter
rupted exposures.

7 Hylan and Blair, J . Opt. Soc. Am., 1 9 3 5 , 25, 2 4 6  ; Brush, Physic. Rev., 
i^io, 31, 2 4 1  ; Carroll, J . Physic. Chem., 1 9 2 5 , 29, 6 9 3  ; Jausseran, Sci. Ind. 
Phot., 19 2 9 , 9, S5, 1 6 7  ; Narbutt, Z. tviss. Phot., 1 9 3 2 , 3 1 , 14 6  ; Blair and Leighton, 
J. Physic. Chem., 1 9 3 2 , 36, 16 4 9  ; Bullock, Sci. Ind. Phot., 1 9 3 2  (2 ), 3, 2 0 1  ; 
1933 (2), 4 . 33-
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be seen that for the smallest densities, no appreciable or only small 
density losses are produced by the repeated breaks at the beginning or 
the end of the exposures. For somewhat greater densities, deficiencies 
of about 30 % are observed, and are appreciably the same, whether the 
interruptions take place during the early or later stages. For higher 
densities, the deficiencies become small, when the interruptions are given 
in the later part of the ex
posures ; they still remain TABLE IV.
high— of the order of 20 %
— when the breaks occur at 
the beginning.

The following experi
ments acquire a special sig
nificance with regard to a 
later discussion: Three breaks 
of 2 0 '  each were given after 
four-, five-, and six-tenths of 
the exposure and the densities 
were compared with those ob
tained from an uninterrupted 
exposure. The average de
ficiency observed for a group 
of measurements covering the 
density range from 0 - 0 2 2  to  
0 - 0 5 5  w a s  2 7 '8  % of the den
sity. An experiment was 
made covering the same den
sity  range, but with one 
break of 6 0 '  after the first 
half of the exposure ; * the 
average deficiency was then  
only 15-5 %. In a third 
experiment, w ith a single 
break after the first half of 
the exposure, but of 2 0 '  
duration only, the average 
deficiency was also 15-5 %.
The total exposures were the 
same for the three experi
ments and were so small, that 
the part-exposures falling be
tween the two consecutive 
breaks in the first experi
ment were of the order of 
the threshold. I t  is seen 
that the deficiency produced 
by a single break is the same whether it lasts for 20' or for 6o', whilst 
repeated breaks produce a considerably larger deficiency than one single 
break of the same total duration.

Density for 
Contin. Exp.

Density for 
In terr. Exp. Difference. Difference

(%)-

A. First 4/10 of Exposure Interrupted.
Sm aller Densities :

0-0088 0-0084 -4- 0-0004 +  4 -5
■0 x08 -O I12 — 0-0004 -  3 '7
•0 12 0 * 0 1 12 +  0-0008 +  6 ’5
■0128 • O I I I -0 0 17 1 3

•0 17 6 •0 13 2 •0044 25
•0276 •0 18 3 •0093 33
■0390 ■0267 •0 12 3 32

Higher D en sities:
0 -2 37 0 -16 7 0-070 30

•323 ■237 •0 S6 2 7
•4 10 ■301 ■109 27
•546 ■432 • 1 1 4 2 1

B. Last 4/10 of Exposure Interrupted. 
Sm aller D ensities :

0-0066 0-0068 — 0-0002 - 3 - 0
-0074 •0072 +  0-0002 +  2-7
■0082 •0080 •0002 2-5
•0096 -0089 -OOO7 7
•0 12 0 •0 10 4 •OOl6 13

•0 14 0 •0098 •OO42 29
-0 19 9 •0 14 8 -OO5 I 26
•0304 •0 2 16 ■0088 3 °

Higher D ensities :
0 -2 14 0 -19 0 0-024 1 1

•3 0 1 -285 •Ol6 5
■374 ■362 •0 12 3
•477 ■461 •Ol6 3

5 . D is c u s s io n  o f th e E x p e r im e n t s  on th e  S u m m a t io n  of P a r t  
E x p o s u r e s  S e p a ra te d  b y  T im e  In t e r v a ls .

The essential result for small densities is that in the neighbourhood 
of the threshold part exposures are additive, even when separated b y

* The interruptions were placed in the middle part of the exposure because 
in one particular interpretation specks broken up with the interruption may be 
rebuilt during the final exposure. This process, which is difficult to allow for 
quantitatively, is small so long as the final exposure is not longer than the first.

2 1  *
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long time intervals, and that the effect of the in itial exposure— which  
then falls w ithin the sub-threshold range— possesses a considerable 
degree of stability. Considered on the tentative model of the threshold 
indicated in Section (2), it  would be expected that the initial stages of 
an exposure should serve p rim arily  to build  up the electron concentration  
in  the conduction level for an efficient transition of electrons to the sensi
tiv ity  specks to take place. I f  an exposure were interrupted at this 
point the electrons should fall back to their original positions in the 
lattice of the halide crystal w ithout contributing, except to a limited  
extent, to the form ation of active specks. A  second exposure after a 
sufficient time interval should find the grains substantially in the same 
state as if  no previous exposure had been given. F o r sufficiently  
long time intervals between the part exposures there should thus be a 
decrease of density and, in  fact, the experiments were originally under
taken with the object of thus measuring the average time of retention of 
electrons in the conduction level. T h is time should be of the order of one 
hour,* considerably shorter than the tim e-interval used in some of our 
experiments. Since, for the production of small densities sub-threshold 
exposures are additive, the threshold cannot be accounted for b y an ac
cum ulation of electrons in the conduction level. It  seems thus im 
probable that a process of this kind should play any large part in the 
phenomena with w hich we are here concerned.

F o r larger exposures a deficiency in density was observed, increasing  
w ith the time interval separating the part exposures up to a certain  
value, w hich for one particular emulsion was of the order of 20'. This  
would be in reasonable agreement w ith the time w hich electrons m ay be 
expected to require to leave the conduction level of the halide crystal and 
to revert to their original positions, so that we could interpret the 
phenomena on the basis of the model we have just discussed, except for 
the fact that the same model would not account for the phenomena 
observed for very low densities.

On the assumption that the same model should apply to the pheno
mena near the threshold and at higher densities we can here also refer 
to the effect of low temperatures discussed in Section (6), where it is 
found that the density decrease or regression disappears at temperatures 
below —  90° C. The falling back of electrons from  the conduction level 
into their original positions in the halide crystal should take place also 
at the lower temperatures. It  w ill thus be seen that this process cannot, 
at any rate alone, account for the phenomena where a regression is 
observed.

Another w ay of interpreting the experiments is to assume a general 
instability of small silver specks, leading to the break-up and loss of 
specks during the early stages of their growth. Such instability, due 
to therm al energy, has been suggested b y W ebb and E vans,3 in order 
to account for the low intensity reciprocity law failure w hich they and 
W e in la n d 8 observed. T h ey assumed the probability of such a thermal 
disintegration to be higher for a sm all than for a large speck and “ that 
the stability of the latent image speck does depend upon its size, and

* In the original Gurnev-Mott theory which forms the basis of this discussion 
the time for electrons to be retained in the conduction level can be estimated 
from the discussion given in one of the papers 1 and more directly from the time 
over which an exposure must be extended in order to show a marked low- 
intensity deviation from reciprocity- law.

8 Weinland, J . Opt. See., A ., 1928, 16, 295.
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when it has reached about half its final size, then it is perfectly stable 
and does not disintegrate under temperature motion ” (p. 434). A pplying  
this model to our experiments, we might interpret the regression as due to 
the loss of those specks which are unstable. The rate of disintegration  
for some group of specks, as determined by the fact that the model 
accounts for the low intensity reciprocity law failure, could well agree in 
order of magnitude w ith the regression period for an interrupted exposure. 
One point to be considered, however, is that for the smallest specks 
we should expect a very rapid disintegration, decreasing gradually for 
those specks near the size at which they are stable, w hich in itially  
would decay v e ry  slowly. There should thus be a very marked regression 
for very short interruptions with a gradual protracted increase for  
longer periods ; this does not correspond with what we have observed.

If  we compare the effect of repeated breaks with that of single inter
ruptions (see the group of experiments discussed at the end of Section (4)),. 
it  is noted that repeated interruptions, separated b y only small inter
mediate exposures, give a regression considerably greater than that 
produced b y one single interruption of the same total duration. In  
terms of a general break-up of small specks this implies a very short 
range of instability, since otherwise with three and with one interruption  
essentially the same specks should have been affected. From  our experi
ments, the range of in stability of the specks can be expressed b y the 
intermediate exposure between successive interruptions necessary for 
the additional density loss to acquire its full v a lu e ; for larger inter
mediate exposures the num ber of additionaTnew specks is balanced by  
a corresponding num ber of specks lost. The experiments show then that 
this range is very small. It  is then reasonable to place this range of in 
stability in the early stages of the speck’s growth, so that these specks 
w hich can be lost w ith an interruption of the exposure are essentially 
those w hich originated in the small exposure range immediately preced
ing the break. W e have seen in Section (4) that one single interruption  
can produce a density loss of 20 % , which in the range of medium ex
posures represents the loss of a considerable number of specks, and that 
the interruption can take place at various stages of the exposure, so that 
each stage at which an interruption is effective in producing a consider
able density loss should be preceded by a narrow range in w hich a large 
num ber of specks originate. It  is difficult to co-ordinate this narrow  
range of in stability w ith the fact that an interruption, whether in the 
early or in the later part of the exposure, can produce a marked density 
loss. This difficulty is accentuated if we assume that the m ajority of 
active specks result from a cum ulative process * involving m any quanta, 
when on statistical grounds the initial stages of their growth should 
m ostly take place during the early part of an exposure. A n  interruption  
outside this early part should not then be effective in producing a 
regression.

W e can arrive at a formal interpretation ot the results, in which a 
gradual form ation of active silver specks by a cum ulative action is 
actually demanded, if  we assume that the interruption of the exposure 
produces a certain regression or “ stepping back,” in the sense that at the

* While the older theories largely assumed such a cumulative action, some 
recent authors, e.g. Silverstein and Trivelli,9 favour the view that only one or 
two quanta need be received by a sensitive speck in order to produce an active 
development centre. We shall revert to this point in a later section.

9 Silverstein and Trivelli, J . Opt. Soc., A ., 1938, 28 , 441.
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beginning of the second exposure the specks are no longer in the state 
they had reached when the first exposure was interrupted ; in this way, 
the second exposure could only contribute to the further growth of the 
silver specks after a certain amount of leeway, as it were, had been made 
good. Such an effect should take place for the early stages of the growth 
of the specks, and should lead, not to their complete disappearance, but 
merely to a lim ited regression. W e can then understand that the 
density loss increases w ith the num ber of b re a k s; furthermore, in the case 
of exposures not exceeding the lim it w ithin which the particles are sus
ceptible to regression, a later break m ay have a sim ilar effect to an 
interruption in the earlier part of the exposure. B y  assuming that 
specks w hich have already attained a considerable size, or w hich result 
from a process of v e ry  gradual growth, are not subjected to such a 
regression, we can understand that an interruption in the later part of 
a large exposure is less effective. T h e regression should be most notice
able at those densities at which the num ber of active silver specks 
increases most rapidly w ith the exposure and when the interruption  
takes place w ithin the critical stage of their growth. T h is accords with  
Fig. I. The density loss falls off for small and for very high densities, 
because ( i)  when the num ber of developable grains increases slowly with  
exposure, a stepping back by a small amount— equivalent to a certain loss 
of exposure time— affects the form ation of few active specks o n ly ; 
{2) in both the extreme regions an interruption only affects specks which  
are already large.

In  an alternative form al interpretation, we avoid the difficulties 
found w ith a general break-up and loss of sm all specks b y substituting a 
more specialised process w hich provides t h a t : (1) at any stage of the ex
posure only a lim ited num ber of specks can break up and for these specks 
the rate of disintegration is high, w hile the rem ainder of the specks are 
sta b le ; and (2) specks liable to break up are found throughout the 
greater part of the exposure range. Such a mechanism gives results 
form ally almost equivalent to those of the stepping back action.

W e m ay consider whether a physical significance could be given to 
one or the other of these models. W e can account for the “ stepping  
back action ” if  it  is possible to assume that electrons and ions on 
joining a sm all speck do not at once take up their fu lly  consolidated 
positions and that, say, the last electron m ay be unstable and in a 
position to leave the speck w ith therm al energy. A s to the alternative, 
a breaking-up process satisfying the two conditions last mentioned 
could be found in  a two-quantam process, when specks w ith but one 
electron would be definitely unstable and would possibly lose and regain 
this electron repeatedly. Such a process would also avoid the crowding  
o f the in itial stages of the form ation of specks into the early part of the 
■exposure, w hich results from  a cum ulative process in vo lving m any  
quanta.

6. T h e  E ffe c t  of L o w  T e m p e r a t u r e s  o n  th e  R e g r e s s io n .

In these experiments the photographic material was kept at a low  
temperature during the interval between the part exposures. Cooling 
took place in  less than 40" and the period of warming was approximately 
50' ; the total tim e during which the emulsion was not at low temperature 
was thus less than the tim e required for any appreciable regression to take 
place. Experiments were carried out at liquid air temperature and at 
somewhat higher temperatures up to — 90° C, and no appreciable regres.
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sion could be observed. In one typical experiment, the interval between 
the first third of the exposure and the remaining two-thirds was increased 
to 6 hours, while the temperature was maintained between — 90° C. and 
— 790 C. ; the densities of the interrupted exposure agreed with those of 
a continuous exposure within 2 %, the limits of error.

The loss of electrons from the conduction level of the halide crystal by 
direct return to their original positions, considered in Section (2) with  
regard to the threshold, should not show such a change with temperature. 
The experiments prove thus that this process by itself could not account 
for the regression effect, but that regression must depend on processes 
involving the m obility of ions or the supply of thermal energy for the 
escape of electrons.

7 . T h e  E ffe c t  o f I n f r a - R e d  R a d ia t io n  o n  th e R e g r e s s io n .

In these experiments we flooded the photographic material with infra
red radiation during the interval between the part exposures. Two 
sources were used corresponding to emitters at 590° K. and 540° K. W ith  
the source of higher temperature (590° K.) a distinct Herschel effect took 
place, which could be observed from comparing density-marks obtained 
with single exposures given before and after the irradiation with infra-red. 
W ithin the lim its of accuracy the irradiation between the part exposures 
produced, however, no increase of the regression, after making allowance 
for the normal Herschel effect on the fully formed developing centres. 
Corresponding exposures under identical conditions but with the source 
at 540° K. gave no observable normal Herschel effect and produced also 
no increase of the regression as compared with experiments where between 
the part exposures no flooding with infra-red had taken place.

8. T h e  C u m u la t iv e  E ffe c t  a n d  the T h r e s h o ld .

The tentative interpretation of the threshold discussed in Section (2) 
is essentially a specialised w ay of interpreting it  as a statistical effect. 
The problem has a wider significance in view of the point raised in Section
(5) as to whether the formation of active specks results from a process 
involving only two or a larger number of quanta. The following sections 
refer to this question.

If an active silver speck is produced by the absorption of a single light 
quantum, then for the early stages of an exposure proportionality should 
exist between the exposure and the number of active silver specks produced. 
This is found for exposures with X-rays of high frequency, when one X-ray  
quantum supplies the energy necessary for the formation of one speck, 
the absorption taking place by way of the formation of secondaries. N ot 
only is no threshold then observed, but proportionality exists between 
exposure and the increase in  the number of developable grains. Accurate 
measurements for very small densities were made on this point, using the 
scatter method for determining the number of developed grains.

When, on the other hand, the formation of an active silver speck 
requires the absorption of a large number n  of light quanta, then it is 
improbable that these n  quanta will be absorbed within the volume of the 
grain or of a crystallite forming part of a grain in the course of an exposure 
smaller than the average exposure required for the absorption of «  quanta 
within this volume ; and it becomes the more improbable the more the 
exposure in terms of this average value is small and the number n  is 
great. If all grains were alike and each required the absorption of the same 
number of quanta, then the probable fluctuation in the exposures required 
for producing a developable grain should extend through a range of I /  V n  
of the exposure. W ith increasing n  it  becomes extrem ely improbable 
that these n  quanta should be absorbed during an exposure considerably 
shorter than the average exposure required. W ith a large value n, a 
well-defined threshold range should thus be observed.



Fig. 2 shows a characteristic curve for Ilford Fine Grain Ordinary 
giving the density against the logarithm of exposure,* and also curves 
giving the distribution of the probability for the absorption of n  quanta 
for n  =  5 and n — 10, the scale being again logarithmic and the abscissæ 
being so adjusted that the probable absorption of 5 and 10 respectively 
are made to  coincide with the middle of the steep rise of the characteristic
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curve. It will be seen that the run of the characteristic curve falls some
what between that of the probability distribution curve for n  =  1 0  and 
n  =  5. Nothing more than a rough qualitative correspondence can be 
expected, since different values of n  apply to different grains, tending to  
smooth out the rise of the characteristic curve. The comparison of the 
calculated curves would suggest that the average value of n  should be 
of the order of 1 0 .

* Added in Proof: The same statistical method is discussed in two papers by 
Webb,10 which .appeared after the Manchester Conference. The first may also be 
referred to for earlier literature. In the second paper Webb shows by a detailed 
analysis that with appropriate assumptions H  and D curves can be accurately 
accounted for on a statistical basis. Our aim was essentially to account for the 
threshold, and to use the H  and D curve for finding whether the formation of 
active specks comprises two or more stages. Nothing more than a very approxi
mative answer appears justified, so long as the various parameters (size and 
sensitivity distribution, absorption in the emulsion), are not actually known from 
data which should be independent of this particular interpretation. To reduce 
this uncertainty we considered in the first place the foot of the H  and D curve 
(see the account of the Manchester Conference in Nature), where the effect of 
absorption is less disturbing, while Webb, in his analysis, considers the general 
steepness. We do not, however, suggest that differences in findings should be 
attributed to differences of method, but rather to the different character of the 
emulsions; we used an emulsion with steep gradation. To discuss the theory of 
latent image formation, it seemed best to apply it to the greatest variety of data 
obtained for one and the same photographic material: one of simple and uniform 
type was chosen.

10 Webb, J. Opt. Soc. Am., 1 9 3 9 , 2 9 , 3 0 9  and 3 1 4 :
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9 . X - R a y  E x a m in a t io n  of the M ic r o c r y s t a ll in e  S tate of the  
G r a in s  of P h o t o g ra p h ic  E m u ls io n s .

We examined the relation between sensitivity and the state of crystal
line subdivision of the grains by determining the average size of the 
crystallites composing the grains of various emulsions. The experimental 
details regarding these measurements will be reported in a separate paper. 
The general finding, which is of interest here, was that emulsions with 
coarse grains gave broader X-ray lines indicating that the crystallites 
composing the grains were either smaller or .more highly deformed. This 
was found in particular with regard to coarse grain emulsions of high 
sensitivity, the grains of the more sensitive emulsions showing a state of 
greater distortion or a higher degree of sub-division.

Apart from measurements made on commercial emulsions experiments 
were made on the effect of sensitizers upon the condition of the crystallites. 
Two particular instances m ay be quoted : when A g2S was introduced in 
such a way as to act as an efficient sensitizer the X-ray lines were broader 
than those from a similar emulsion of the same average grain size of pure 
AgBr, and broader also than those of a similar emulsion containing Ag2S 
but introduced in such a way as not to act as a sensitizing agent. When an 
emulsion was exposed to the action of mercury vapour, under such condi
tions as to act as a sensitizer then with the increase of sensitivity also a 
decrease in the regularity of the crystalline state of the grains could be 
observed. These experiments do not establish that the increase of sensi
tiv ity  produced by the action of a sensitizer is caused by the deterioration 
of the microcrystalline structure; both phenomena m ay go parallel 
w ithout one being the cause of the other. We have, in fact, some evidence 
th a t in certain cases a specific sensitizing action can take place with but 
little or no deterioration of the lattice. W hat can safely be said is that the 
coarse grains of sensitive emulsions are largely subdivided or deformed.

The breaking up of grains into smaller units and the formation of more 
internal boundaries m ay actually affect the sensitivity in different ways. 
I t  might decrease the sensitivity in so far as active silver specks can act 
as developing centres only when situated near the external surfaces of the 
grain, while internal boundaries m ay give the opportunity for electrons to  
collect and specks to form in the interior in places which are not accessible 
to  the developer. On the other hand, it  might increase the sensitivity in 
so far as the subdivision enhances locally favourable conditions to have 
full e ffec t; this would be in accordance w ith the theory of Gurney and 
Mott.*

10. T h e  S u m m a t io n  o f E x p o s u r e s  w it h  D iffe re n t  W a v e -le n g t h s .

An alternative interpretation of the threshold could arise if during the 
early stages of the exposure some other process took place preceding the 
formation of active specks. Such a process could be imagined to consist 
in the trapping of electrons at some intermediate levels. In regard to the

* According to this theory, as indicated in section (2), large n numbers might be 
associated with large grains. The discussion in section (8) would then suggest 
that the threshold value should be particularly great, while it is generally found 
that for coarse grain emulsions the initial sensitivity is high and the threshold 
small. The X-ray examination shows that such grains are actually subdivided 
into small crystallites and this would account for the n numbers being small. 
It should not be overlooked that another reason for the high sensitivity of coarse 
grains may result from the inequality of the specks : a limited number of specks 
with enhanced sensitivity would provide a larger contribution to the resulting 
density when the grains are large, since each active speck entails the development 
of a whole grain.
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existence of such electron traps, the following experiments were made : * 
Two exposures with different wave-lengths were given in succession. It 
could be expected that if a first exposure w ith a short wave-length had 
brought electrons into some intermediate levels, a subsequent exposure 
with longer wave-lengths, so long as not to be very efficient in lifting  
electrons from their original places into the conduction band, would be more 
effective in producing active silver specks than when the exposures were 
given in the reversed order; the opposite effect would arise w ith electrons 
trapped very firmly. A  wave-band in the blue and in the yellow were used 
(the yellow one being chosen so that a prolonged exposure would still 
yield a high density) and the intensities were so adjusted that for the single 
exposures equal densities were obtained for equal exposure times. If for 
each of the two wave-lengths the action of light were the same, the deviation  
from the reciprocity law should be equal in each case. I t  was then found 
that for low densities the resulting density was independent of the sequence 
of the exposures (and this applies also when the added effect of the two 
exposures just exceeded the threshold), but that for high densities there 
was a distinct difference suggesting a small amount of trapping at deep 
levels. W ebb,11 who made an extensive exam ination of the additive effect 
of exposure with two wave-lengths, did not observe this effect. I t  is very  
small and not noticeable outside the range of high densities, and was 
possibly not observed in earlier work for this reason.

11. D is c u s s io n  of the E x p e r im e n t s  o f S e c t io n s  6 to 10.

In  Section 5 we have summarised our results b y  reference to the two 
alternative w orking hypotheses, viz., that the regression m ay be due to 
the loss of specific electrons, or to a “ specialised ” break-up which could  
be accounted for b y a two-quantum process.

The fact that the regression disappears on lowering the temperature 
shows that it must depend on some phenomenon requiring thermal 
energy, this could apply to either the loss b y the speck of specific loosely 
held electrons or the break-up of small specks.

On this latter view, flooding with infra-red should have increased the 
regression, in view particularly of M ott’s interpretation of the Herschel 
effect as the breaking up of fu lly  formed active silver specks. In  
analogy a somewhat smaller energy should considerably enhance the dis
integration of sm aller specks, for w hich according to the model of W ebb  
and E van s the chance for disintegration should gradually increase w ith  
decreasing size of the specks. If, on the other hand, the regression con
sisted in the loss of specific incom pletely consolidated electrons or ions, 
leaving the speck b y thermal energy alone, flooding w ith long wave in fra
red should not alter the num ber of electrons lost. T h is view  would thus 
conform w ith the results of the experiments.

In  this model, which foresees that some specific electrons are unstable, 
the time during w hich the regression increases can then be taken as 
the average time for such losses of electrons to occur through their 
thermal energy. In  a modified interpretation we m ay assume that 
the incompletely consolidated electrons are m uch less stable than is

* The experiments on the additive effect of exposures to two different wave
lengths, here reported, were first undertaken in the range of small densities by 
one of us (J. C. M. B.) in collaboration with W. J. Meredith and formed part of 
the thesis (1936) of the latter. For the later experiments in the range of higher 
densities one of the writers (J. C. M. B.) had the collaboration of J. B. Sharpies 
and J. R. Whitehead. Recently Berg reported in these Transactions (1939, 35, 
445), on analogous experiments in the range of low temperatures.

11 Webb, Phot. 1936, 76, 78.
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indicated b y the regression period, but that they are replaced on the 
specks so long as a sufficient electron density is maintained in the con
duction level. The maintenance of such a state and the regression 
period would then essentially be determined b y the time during which  
the electrons remain in the conduction level before falling back into their 
original positions in the crystal lattice. To account for the disappearance 
of the regression at lower temperature we then assume that at low tem
peratures the electrons do not possess the necessary energy for leaving 
the speck. W e do not wish to attach to one or the other version any  
other significance than that of correlating the experiments. Regarding  
the alternative model, we have indicated the conditions under which a 
break-up and loss of small specks could account for them. These could 
be satisfied b y a break-up essentially restricted to definite groups (the 
in itial stages). Repeated transitions of electrons between speck and 
conduction band, of the kind indicated in the second version of the 
model ju st discussed, could then determine a regression period. The  
form ing of an appreciable num ber of active specks, right from the 
in itia l stages, becomes possible if  specks were made in only two or few 
stages. The following discussion leads to this p o in t:—

Section (8) w hich is p rim arily  concerned w ith the threshold, shows 
that it can be accounted for on a statistical basis, and that the 
assumption of a cum ulative effect for the formation of active silver 
specks (which also forms the basis of the theory of Gurney and Mott) is 
sufficient to account for the threshold and the early rise of the density- 
exposure curve. On this statistical interpretation, for a blue sensitive 
material, the m ajority of active specks should result from a gradual 
growth in volving more than two, and on the average approxim ately ten 
quanta. X -ra y  determinations show that, in general, increased sensi
tiv ity  goes parallel w ith a more highly deformed or more highly sub
divided m icrocrystalline structure. T h is m ay be due to the fact that, 
w ith a division of the grain in smaller units, locally favourable conditions 
are given greater weight. It  m ay also be due to the formation of inter
mediate electron levels at w hich electrons can be trapped, and which  
can have the effect of increasing the sensitivity. The initial accum ula
tion of electrons in such traps could provide an alternative interpretation  
for the threshold w hich should then not necessarily be considered as 
resulting from a cum ulative effect. The experiments on the summation 
of part exposures w ith different wave-lengths showed differences which  
can be interpreted as trapping, although only for high densities.* W hile  
this is of interest, it fails to account for the phenomena at low densities 
and at the threshold.

W ith  regard to the form ation of active specks and the particular  
assumption, that they result from a two-quantum process and that 
breakingup occurs w hile only one quantum  has been received, the fact that, 
on a statistical basis, the threshold can be accounted for b y a cum ulative  
process involving a greater num ber of steps and not b y a two-quantum  
process does in itself not disprove such a process, so long as the threshold 
can be accounted for in an alternative way. The one here considered 
is that electron traps m ay exist at intermediate le v e ls; the experiments

* In referring to the results in this way, we do not exclude that other reasons 
may account for any change of the densities with the order of the exposures; but 
the fact that no such change was observed in the range of low densities justifies 
the interpretation in the sense that in the initial stages no trapping occurs.
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do not confirm the existence of such traps for exposure near the threshold. 
T h is does not preclude that the threshold m ay be accounted for on 
a different basis.

12. C o n c lu s io n s .

The examination of the photographic action of part exposures showed 
that part exposures are additive even when separated by tim e intervals 
of 300 hours, when their summation produces a density of low value 
indicating a marked stability of the effect of sub-threshold exposures. 
In the range of higher densities a deficiency or regression of density is 
observed ; for one particular emulsion this becomes noticeable when the 
interruption exceeds 3' and attains a finite value for an interval of 20'. 
This regression is greatest in the range where the density increases most 
rapidly with exposure ; it  falls off in the range of small and of high densities. 
It increases with the number of interruptions. No regression is observed 
when the photographic material is maintained at a temperature below  
— 90° C. The regression is not modified by flooding the photographic 
material with infra-red radiation.

An X-ray examination of the microcrystalline structure of the grains 
showed that in general the grains of more sensitive emulsions consist of 
more deformed or more highly subdivided crystallites.

Experiments on the summation of exposures to light of different 
wave-lengths showed that for large exposures the densities depend on the 
order in which they are given. For small exposures no such effect was 
observed.

The various results with regard to the threshold and to the regression 
effect can be co-ordinated by assuming that for a blue sensitive material 
the large majority of active specks results from a process of gradual growth 
involving approximately ten steps, and that the interruption of an ex
posure is followed by the loss of a lim ited number of electrons, either 
from specks which are small or from specks on which they are held in 
unstable positions. An alternative assumption of a break-up of small 
specks, limited to  the early stages of a process of growth involving two or 
few steps only, is contingent to  finding that the threshold can be accounted 
for without recurring to a multi-quantum process.

S u m m a r y .

Experiments on the formation of the latent photographic image, in  
particular the threshold and a regression or deficiency observed in the 
addition of part-exposures, are described.

The dependence of this regression on density, on the length and number 
of interruptions, and the manner in which it  is affected by cooling and by  
flooding with infra-red are examined.

Subsidiary experiments comprise a statistical discussion of the 
threshold, an X -ray examination of the micro-crystalline state of the 
grains of photographic emulsions and experiments on the super-position of 
radiations with different wave-lengths.

The results are discussed with regard to possible interpretations derived 
from a wave-mechanical model.

The authors wish to express their thanks to Professor Mott, Professor 
Peierls and D r. G urney for discussions and suggestions received during  
the course of this work. T h ey are also grateful to Professor Mott 
for the privilege of perusing MSS. of his papers and receiving first-hand  
inform ation on the development of the theory and to Dr. Berg for 
various valuable indications and for draw ing their attention to papers 
w hich were not easily accessible.
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They are also greatly indebted to Dr. Bloch and to Messrs. Ilford Ltd. 
for having provided a num ber of special photographic m aterials which  
were most valuable in carrying out this work.

One of us (S. B.), is indebted to the Departm ent of Scientific and 
In d u stria l Research for a grant w hich enabled him to devote his time 
to the investigations described.

M O N O L A Y E R S  O F  C O M P O U N D S  W I T H  B R A N C H E D  

H Y D R O C A R B O N  C H A I N S .  I .  D I - S U B S T I T U T E D  

A C E T I C  A C I D S .

B y  E i n a r  S t e n h a g e n .*

Received 15th February, 1940.

The properties of insoluble monolayers of compounds w ith normal 
hydrocarbon chains and different polar groups are well known. This  
knowledge is largely due to the systematic researches of Adam  and his 
associates.1 No w ork has been carried out, however, on compounds 
w ith branched hydrocarbon chains. Carboxylic acids with branched 
chains are im portant from the biological point of view. Adam s and 
collaborators 2 have shown that certain acids of this type have a bac
tericidal action against certain bacteria, and other investigators have 
shown that branched acids are norm al constituents of several bacteria. 
The most remarkable discovery is perhaps that one acid of this type, 
isolated from the tubercle bacillus b y Anderson and Chargaff,3 and 
called the phthioic acid, is responsible for the tissue reaction character
istic of tuberculosis.4

A  study of the surface film  properties of different branched chain  
acids may, in favourable cases, give valuable inform ation as to the 
structure of naturally occurring acids, by comparing the data obtained 
with the acid of unknown structure w ith those obtained with acids of 
known constitution. Furtherm ore, by the technique developed by  
Schulman and Rideal and associates 5 it is possible to study their inter
action w ith other chemical compounds in surface films.

* Rockefeller Foundation Fellow, 1938-39.
1 N. K. Adam, The Physics and Chemistry of Surfaces, 2nd edition, Oxford, 

1938.
3 (a) R. Adams, W. M. Stanley and H. A. Stearns, J . Amer. Chem. Soc., 1928, 

5 0 ,  1475. (b) G. R. Yoke and R. Adams, ibid., 1928, 5 0 ,  1503. (c) J. A. Arvin
and R. Adams, ibid., 1928, 5 0 ,  1983. (d) L .  A. Davies and R. Adams, ibid.,
1928, 5 0 ,  2297; («) W. M. Stanley, M. S. Jay and R. Adams, ibid., 1929, 5 1 ,  
1261. (/) S. G. Ford and R. Adams, ibid., 1930, 52. « 59- (g) B. F. Armendt
and R. Adams, ibid., 1930, 5 2 ,  1289. (h) C. M. Greer and R. Adams, ibid.,
193°, 52, 254°-

3 (a) R. J. Anderson and E. Chargaff, J . Biol. Chem., 1929-30, 83, 77. (6) 
R. J. Anderson, ibid., 1932, 97, 639.

4 F. Sabin, Physiol. Rev., 1932, 1 2 ,  141.
6 (a) J. H. Schulman and E. K. Rideal, Proc. Roy. Soc., B, 1937, 1 2 2 ,  29 and 

46. (6) J. H. Schulman and E. Stenhagen, ibid., 1938, 1 2 6 ,  356. (c) E. G.
Cockbain and J. H. Schulman, Trans. Faraday Soc., 1939* 35» 7^6.
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T e c h n iq u e .

The measurements were carried out using a Langmuir-Adam trough  
in the usual manner. The surface potential was measured by means of a 
polonium electrode and a Lindemann electrometer, as described by  
Schulman and Rideal.0 A trough of Pyrex glass and a mica boom were 
employed, in order to  avoid heavy metal ions. The water used was 
free from copper ions and the chemicals were of " Analar " grade. The 
material to be spread was dissolved in redistilled petrol ether (B.D.H., 
Bp. 6o-8o° C.) and spread by means of an " Agla ” micrometer syringe.

The torsion wire balance was sensitive to  o-r dynes. Due to the rela
tively low sensitivity of the apparatus used, the investigation of the acids 
at very low surface pressures was left for future work.

At least two separate sets of measurements were carried out with  
freshly prepared petrol ether solutions, and it is considered that the F -A  
curves are accurate within 2-4 per cent. The nature of several of the 
acids used does not allow extreme accuracy to be obtained. The time 
interval between different points on the F -A  curves is about 45 sec. ; -with 
different rates of compression slightly different areas will be found, in 
general, slightly smaller areas will be obtained on very slow compression. 
The difference will be significant only in cases where the acids collapse 
readily at higher pressures, in such cases the F -A  curves are dotted.

The surface potentials were read to the nearest millivolt, and each 
point on the curves is the mean of measurements on three different points 
on the surface. Above 1 dyne pressure, the potentials were uniform to  
4 mv.

The measurements were carried out at a temperature of 18 ±  1° C.
In order to simplify the figures and conserve space, the acids are char

acterised only by the number of carbon atoms in the two branches, if 
these have normal chains. The 2 : 10 acid is thus ethyl-decyl-acetic acid, 
and the o : 15 acid the straight chain margaric acid.

M a t e r ia l  U s e d .

This work was made possible by the generosity of Professor Roger 
Adams, University of Illinois, who placed a large number of synthetic 
acids at the author’s disposal. Details of the synthesis, purification and 
physical constants of the various acids will be found in the original papers 
by Adams and collaborators.2

In addition, the C25 acids and the ethyl-tetradecyl-acetic acid were 
obtained from Dr. E. Chargaff, New York,7 the margaric acid from  
Professor F. Francis, Bristol, and the di-octadecyl-acetic acid from Dr. 
A. S. C. Lawrence, Cambridge.

The ethyl-dodecyl-acetic acid (Mp. 20-21° C.) and the decyl-dodecyl- 
acetic acid (Mp. 470 C.) were prepared by Mr. H. K. King, Cambridge.

To all these gentlemen the author wishes to express his thanks.

R e s u lt s

A .  A c id s  in  u n d is s o c ia t e d  fo r m  o n  a c id  (0-01 N  H C 1) s u b s t ra t e .

1. Effect of displacing the carboxyl group along a chain of 16 car
bon atom s. Isom eric heptadecanoic acids.-!M—Fig. 1 shows that even  
the introduction of a m ethyl side chain in the 1 : 14 acid leads to  a 
considerable expansion of the monolayer. This expansion increases with  
further increase in the length of the shorter chain to  reach its maximum  
in the 7 : 8 acid, where the carboxyl group is as near the middle of chain

6 J. H. Schulman and E. K. Rideal, Proc. Roy. Soc., A , 1931, 130, 259.
7 E. Chargaff, Berickte, B, 1932, 65, 745.



as possible. The monolayers are liquid and fairly stable, but exhibit in 
general a slow collapse on standing when the pressure is above 12-15 
dynes. As the acids from the 2 : 1 3  acid on either have their three dimen
sional melting-points near the temperature of the experiments or are liquids 
at that temperature, the compression curves show flat collapses due to  
equilibrium between lenses on the surface and the monolayer. No real 
equilibrium seems to exist, however, on prolonged standing the pressure 
usually falls several dynes below the initial collapse pressure. They are 
thus not very good as piston oils. The initial collapse pressures are fairly
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SOMERIC ACIOS WITH 17 CARBON ATOMS. 
O'OI N HCl t - 18 i  I "C .

reproducible. The limiting area of the 5 : 10 acid, shown in the figure 
to be a t 83 a2, is uncertain, as this acid expands on standing at low pressures 
(indicated by small arrows in the figure). The curve in Fig. 1 was obtained 
on compression immediately after spreading. The same tendency is also 
found, although less pronounced, in some of the other acids, and has also 
been found in normal chain acids.8

The surface moment ¡i for the 1 : 14 acid is nearly the same as for the 
straight chain acid, but it increases with increasing expansion and is 
around 300 millidebyes for the more symmetrical acids. On compression 
the moment increases first, passes through a maximum and then falls.

500

Area per Molecule A

F i g .  x .

8 G. C. Nutting and W. D. Harkins, J. Amer. Chetn. Soc., 1 9 3 9 , 6 i, 1 1 8 0 .
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This behaviour is characteristic for most di-substituted acetic acids. In 
order not to overcrowd the figure some of the intermediate A V  and p. 
curves are left out. A V  and p  for the 7 : 8 acid are very similar to those 
of the 6 : 9 acid.

2 . Effect of increase of the num ber of carbon atom s in  the m ole
cule when the length of the shorter side chain is constant. Cu-C2e 
acids 2<*>. <” ■ <A>. 7.—Figs. 2 and 3 show sets of curves obtained with 
acids with the shorter chain 1-6 carbons long. The isomeric acids con
taining 14 carbon atoms ( 4:8 ,  5 : 7 ,  6 : 6 of Fig. 3) tend to the vapour 
expanded state and are unstable at higher pressures. The dotted part of 
the curves and the flat collapses at about 21 dynes are obtained on rapid 
compression. The 6 : 6 acid, although rapidly collapsing above 10 dynes,

Arts

F i g . ' 2 .

also gives a  flat collapse at 21 dynes, on very rapid compression. Increase 
in the total number of carbon atoms has in all cases a condensing effect 
on the lower part of the curve. At higher pressures there is a condensing 
effect w ith 1-3 carbons in the short chain and a tendency to expansion 
when the side chain is longer. The expansion with increasing length of 
the short chain is illustrated by the increasing height at which the sets 
of curves cut the vertical line drawn through the 50 a 2 mark on the ab
scissa. The 4  : 20 acid, which has a total of 26 carbon atoms, collapses 
against o-i dynes pressure at 180 C. The lateral adhesion between the 
C20 chains is probably sufficient to remove the polar group from the water 
when the monolayer is compressed. The adhesion can be reduced by 
increasing the temperature and at 40° C. to the monolayer withstands 
3 dynes pressure (Fig. 3).— The difference in the area occupied by the 2 : 1 4  
and the 2 : 1 3  acids appears a little large for a difference of only one carbon

ACIDS OF THE TYPE ”’XH-COOH WITH DIFFERENT NUMBEROF 
CARBON ATOMS. R' SUBSTRATE O-OI N HCI t . I B ’ i lC

400

t>
<
2
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3 00  “ 
>  
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atom. It has, however, been, repeatedly obtained with the specimen 
available.

The 1 0  ; 1 2  acid has a  limiting area of 7 6  a 2, and collapses at an area 
of 6 1  a 2 and a pressure of 1 1  dynes.

The moments increase from methyl to propyl side chains and are then 
rather constant around 300 millidebyes.

3 . Sym m etrical acids w ith different num ber of carbon atom s.—.The 
condensing effect at low pressure and the expansion at higher pressure 
(i.e. the decreasing compressibility) with increasing number of carbon 
atoms are well illustrated by the curves in Fig. 4. The compressibility 
per CH2 group appears to  be roughly constant. The stability of the 12 : 12

F i g .  3 .

acid with 2 6  carbon atoms is rather poor, its surface potential and moment 
are similar to those of the 10 : 14 acid. The 18 : 18 acid with 38 carbon 
atoms was found to give no stable monolayer.

4 . Isom eric acids with 26 carbon atom s.7—W ith 26 carbon atoms 
(Fig. 5) the hydrophobic part of the molecule outweighs the hydrophilic 
group and the monolayers are rather unstable. The stability in this case 
seems to be greatest when the number of carbon atoms in the longer chain 
is twice that of the shorter chain. Even in this case the most symmetrical 
acid is the most expanded.

5 . Acids with saturated hydrocarbon rings in a-posltion  2<“>> (6)> <“>• <f>. 
Cyclopropylmethyl- tetra- decanoic and cyclopentyl-tridecanoic acids 
(C18) and cyclobutylm ethyl-tetradecanoic and cyclohexyl-tridecanoic 
acids (Cl9).— Fig. 6 shows that cyclopentyl and cyclobutylm ethyl in 
a-position give almost identical curves, which is to be expected. 
Cyclopropylmethyl decreases and cyclohexyl increases the expansion.

A
V

M
dlivolls 

^ 
M

illidebyes
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slightly. The area of the cyclohexyl ring is 30 a 2 according to measure
ments by D anielli9 on long chain cyclohexanols. The a-cyclohexyl-tri- 
decanoic acid collapses at just below 50 a 2, which corresponds roughly to  
the area of a cyclohexyl group -f  a hydrocarbon chain. The F -A  curve of 
this acid is completely reversible ; even if the acid has been compressed 
beyond the collapsing point, the pressure on expansion falls along the 
original compression curve. In general, the acids studied on expansion 
after collapse give slightly smaller areas than on the initial compression. 
The area so obtained also depends on the rate of expansion.

6. D i-cyclohexyl substituted acids.2<d>— (The numbers in Fig. 7 re
fer to the number of— CH»—groups in the two branches respectively.) 
The acids occupy somewhat larger areas than those of the preceding group, 
and are not stable below 60 a 2 per molecule, when the two cyclohexyl rings 
are squeezed up against each other. The monolayers stand only com
paratively low pressures. The surface moments ¡x for acids containing 
saturated rings is 300-350 millidebyes and are slightly higher than those 
generally obtained for acids with straight branches.

B .  A c id s  o n  n e u t r a l s u b s t ra t e s .
Effect of hydrogen ion concentration and of divalent ions.—Fig. 8 

shows the F -A  curves for two acids on different substrates. On M./25 
phosphate buffer, p n  7-2, the 
acids tend to the vapour 
expanded state. The stability  
of the branched chain acids 
monolayers on neutral sub
strates is rather poor, al
though some higher acids 
(C21 and C!6) are slightly  
more stable than on acid 
solution. Introduction of Ca 
ions in the form of tap water 
(Cambridge tap water, p H  8,
Ca as bicarbonate about 
2  x i o - 5 m .) has a slight con
densing effect on the whole 
F -A  curve. As is to be ex
pected, the surface potential 
decreases with increasing 
ionisation of the carboxyl 
group. The monolayers 
studied in this investigation  
are nearly all of the liquid 
expanded type. Fig. 8 shows the thermal expansion of a typical acid. 
The curves are obtained without use of enclosed constant temperature 
apparatus, and show only the general type of expansion obtained.

The 6 : 6 ,  7 : 8  and 1 : 14 acids have also been examined using 
the automatic registrating Wilhelmy surface balance described by  
Dervichian.10 The results confirmed those obtained in the ordinary way.

D is c u s s io n .

The fact that the monolayers tend to expand w ith increasing number 
of carbon atoms, when the shorter chain contains more than 3 or 4 
carbons, shows that two long hydrocarbon chains attached to a common 
(tertiary) carbon atom do not arrange themselves side by side easily.

9 N. K. Adam, J. F. Danielli, et ah, Btochem. / . ,  1932, 26, 1233.
12 (a) D. G. Dervichian, Thèses, Paris, 1936, Masson et CIe ; (6) idem. J . 

Physique, 1935, 6, 221.
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This is particu larly  marked in the sym m etrical acids shown in Fig. 4. 
One would expect the 12 : 12 acid to be more condensed than the 8 : 8 
acid due to increased adhesion between the two longer chains, but on the 
contrary it is rather more expanded. The areas are very m uch larger 
than that occupied b y two closely packed chains, 40 a 2. This behaviour 
w ill be further discussed in P art II.

The apparent surface dipole moment ¡x increases w ith increasing  
expansion. T h is has also been found in other cases, for instance for

e s t e r s  a n d  m e t h y l  
ketones,11 and can be 
attributed to reorienta
tion of the dipole axis 
w ith increased expan
sion and possibly also 
a c h a n g e  in  th e  d i
electric constant at the 
interphase. The m o
ment of a norm al chain  
acid as the m yristic acid  
in the expanded state 
is around 200 m illi- 
debyes,12 and does not 
differ appreciably from  
that of normal chain  
acids in the condensed 
state.

The considerable in 
crease of the moment 
in branched acids at 
corresponding areas is 
therefore probably due 
to a change in orienta
tion of the polar group 
caused b y the a-sub- 
stitution, when the 
substituent is larger 
than a m ethyl group. 
F o r the same degree of 
expansion the C24 and

A r e a  p e r  M o l e c u l e  A acids show slightly
Inc. 9• sm aller moments than

their lower homologues.
The relative expansion at low surface pressures and contraction at 

higher pressures on a neutral substrate seems to be a general pheno
menon for expanded fatty acids ; it  occurs both in cases of thermal 
expansion as in  the m yristic acid 13 and of expansion due to steric reasons 
as in unsaturated acids,14 and in the branched chain acids under dis
cussion.

11 (a) J. H. Schulman and A. H. Hughes, Proc. Roy. Soc., A , 1932, 138, 430. 
(5) A. E. Alexander and J. H. Schulman, ibid., A , 1937, *61. 115. (c) N. K.
Adam, J. F. Danielli and J. B. Harding, ibid., 1934, 147, 491.

13 Lee. cit. 110 and loc. cit. io°.
13 W. D. Harkins and R. J. Myers, J. Chemical Physics, 1936, 4, 716.
11 J. Marsden and E. K. Rideal, J . Chem. Soc., 1939, 1163.
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The expansion at low pressure was attributed by H arkin s and 
Myers 13 to repulsion of ionised head groups but the reason for the 
contraction is more obscure. Marsden and R id e a l14 attribute it to 
accum ulation of bound ions on compression of the monolayer and to 
association as found in acid soaps. It is doubtful if this can be the 
cause in branched acids where the area of the monolayer at collapse is 
more than 50 a2 per molecule, i.e. the distance between the polar groups 
is large, but the slight general contraction when calcium  ions are present 
in the substrate indicates effects of ions even when the distance between 
the heads is large. Calcium  ions are not, however, sufficient to condense 
the acids at low pressures, the strong condensing effect found for straight 
chain acids being entirely absent.

In  the fu lly  ionised state, pH 11 or higher, branched chain acids give 
vapo ur film s due to the strong repulsion between the head groups, while  
straight chain acids, probably due to salt effects,15 give vapour films 
only on extrem ely alkaline solutions.

Adam s and collaborators found that a num ber of their synthetic 
acids had the same action as chaulm ogric acid on the leprosy bacillus.16 
V e ry  dilute soap solutions of the acids killed the bacillus in vitro. It  
was found that acids w ith 16 carbon atoms were the most effective. 
The hydrocarbon part of the molecule must be branched but the special 
configuration does not seem im portant. Neither this investigation nor 
the surface tension measurements of Stanley and A d a m s17 on soap 
solutions give any direct clue to this behaviour. Two facts m ay be 
im portant in this connection, however : (1) 16 carbon atoms probably  
give an optimal balance between hydrophilic and hydrophobic properties 
of a carboxylic acid ; and (2) the branched chain prevents close packing  
and form ation of strong complexes with compounds having normal 
chains, due to weakening of the van der W aals’ and polar forces between 
the molecules. The latter point is also im portant for the micelle form a
tion in the soap solutions. The tendency to form micelles is far less 
and the water solubility fa r higher for branched than for normal acids.17

The author is indebted to Professor E. K . R ideal and Dr. J .  H. 
Schulm an for their interest in the work, and to Dr. D. G. Dervichian, 
Paris, for carrying out the experiments using the W ilhelm y balance.

S u m m a r y .

Force-area and surface potential— area relations are given for a number 
of branched chain carboxylic acids of .the di-substituted acetic acid type, 
with a total number of carbon atoms from 14 to  38. For unionised 
aliphatic acids the following applies :

(a) The monolayers are of the liquid expanded type, with the exception  
of the Cu acids, which are vapour expanded.

(b) For a given number of carbon atoms the monolayers become more 
expanded with the displacement of the carboxyl group from the 
end to the middle of the chain, i.e. with increasing symmetry of the 
di-substituted acetic acid.

15 (a) N. K. Adam and J. Miller, Proc. Roy. Soc., A , 1933, 142, 401. (6) J. 
Marsden and J. H. Schulman, Trans. Faraday Soc., 1938, 34, 748.

16 Lac. cit. 2 and W. M. Stanley, G. H. Coleman, C. M. Greer, J. Sacks and 
R. Adams, J . Pharmacol., June, 1932.

17 W. M. Stanley and R. Adams, J . Amer. Chem. Soc., 1932, 54, 1548.
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(c) Increase in the total number of carbon atoms has a condensing 
effect at low surface pressures, and also at higher pressures if the 
short chain contains less than 4 carbon atoms ; if longer, expansion  
occurs at higher pressures.

(.d) The apparent surface moment ft tends to increase with increasing 
expansion.

Acids containing alicyclic rings are, due to the size of the rings, very 
expanded, and show comparatively high surface moments.

On neutral substrates the monolayers undergo a relative expansion at 
low pressures, and a contraction at higher pressures. Ions of divalent 
metals have a slight condensing effect on the whole force-area curve.

In the fully ionised state, on substrates having a p H  of 11 or higher, th e . 
acids give vapour films.

The Colloid-Science Department,
The University,

Cambridge.

N O T E  O N  H E A T S  O F  F O R M A T I O N  O F  E T H Y L  

A N D  P R O P Y L  P E R O X I D E S .

B y E. C. Stathis and A. C. E g e r t o n .

Received 28th February, 1940.

Although the measurements given in this note are only of a per- 
lim inary kind, it seems worth while to record them, as it m ay not be 
possible for som e tim e to com plete the investigation of the thermal 
properties of these peroxides as was intended.

The peroxides were made by methods described elsewhere, A. C. 
Egerton, F. L. Smith, A. R. Ubbelohde, P hil. Trans, 1934, 234, p. 433 ;
E . J. Harris and A. C. Egerton, Proc. Roy. Soc. A , 193S, 168, p. 1 ; E. J. 
Harris, Proc. Roy. Soc. A , 1939, 173, p. 126.

The heats of combustion were determined in a bomb calorimeter. 
About 0-5 gram of the peroxide was weighed into very thin glass bulbs 
w ith ground-in stoppers, which it filled completely. The bulb was placed 
in a small porcelain crucible ; a cover glass perforated with a central 
hole held it in position. Ignition was started by an iron wire touching 
o-i gram sugar spread on the tray formed by the cover glass. A number 
of experiments led to the following results for the heats of combustion 
at 298° K. and 1 atmos. :—

(C2H 5)20 3 . . . . .  7155 ±  200 cal. per gram.
CsH 50 2H . . . . .  5400 ±  200 ,, ,,
C3H 70 2H  . . . . .  6300 ±  200 ,, ,,

These results provide values for the heat of formation of the vapours, 
which are only little different from the values for the corresponding ether 
and alcohols :—
(C.H5)3Oo .  6S Kg. cal. per mol. (C„H5)30  . 65 Kg. cal. per mol.
C .H 5O.H . 50  .....................  C .H 5OH . 57 „ „
C3H 70 3H . 60 „ ,, „ CjHjOH . 63-5,, ,,

It was hoped to check and obtain more reliable figures by hydrogena
tion and other methods, so that the energy associated with the peroxide 
bond could be assessed.

Imperial College of Science and Technology,
South Kensington, S. IV. 7.
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E phraim ’s Inorganic Chem istry. 3rd English Edition. B y P. C. L.
T h o r n e  and A. M, W a r d .  (London : Gurney and Jackson, 1939. 
Pp. xii +  911. Price 28s. net.)

This edition of Ephraim is some forty pages longer than the previous 
one. It has been well brought up to date and, in addition to numerous 
references to  recent papers on the various aspects of the subject treated, 
there are several entirely new sub-chapters.

Ephraim is now so well established as an advanced text-book and book 
of reference that extensive review is not called for. Suffice it to say that 
the standard of the previous edition is fully maintained.

The volume is excellently documented so that the reader can readily 
refer to the source of any particular piece of information. Well printed 
and soundly bound, this book is splendid value.

Statistical Therm odynam ics. B y R. H. F o w l e r  and E. A. 
G u g g e n h e i m .  (Cambridge : at the University Press, 1 9 3 9 . 2 6  x  1 7

cm. ; pp. x  +  6 9 3 . Price, 40s.)

Fowler’s Statistical Mechanics, the second edition of which was published 
towards the end of 1 9 3 6 , is remarkable not only for the rigour of the mathe
matical technique by which the statistical formula; are developed from  
the basic quantum mechanical postulates, but also for the vast range of 
applications which are considered in detail. For most physicists and 
chemists, however, the book is somewhat formidable, a contributory factor 
to this being the avoidance of relatively familiar thermodynamic methods. 
Many will welcome a modified version in which, as the authors state in 
their preface, the theory is developed so as to be complementary to a pre
sentation of thermodynamics, mathematical details of proofs are taken for 
granted, and the applications are confined to  terrestrial physics and 
chemistry. Guggenheim’s profound grasp of thermodynamical methods, 
as shown in his Modern Thermodynamics (1933), and his wide interests in 
the general field, shown by his papers, make him eminently fitted for 
collaboration in the task of providing this modified version of statistical 
mechanics.

The general approach and character of the treatment follow closely 
the lines of Fowler's earlier book, many sections of which are taken over 
with little change. Even in these, however, the changes that have been 
madtfsuggest that the whole of the material has been subjected to extremely  
careful revision. Except for the omission of the previous discussions on 
problems of stellar atmospheres and interiors, and on fluctuations, the field 
of applications covered is much the same. There has, however, been 
a tightening up in the general arrangement, the more recent work is fully 
discussed, and a considerable amount of previously unpublished material 
is included. A chapter which has no counterpart in the earlier book is

607
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that on generalised partition functions and the related thermodynamic 
functions and their applications.

The first two of the fourteen chapters discuss the basic assumptions of 
statistical mechanics, enunciate the general theorems required, and de
velop the connections between the statistical and thermodynamic formulae. 
The statistical procedure used is that of determining average, rather than  
most probable, values for an assembly, using the elegant contour integration 
method. Although details of proofs are omitted, the method is fully ex
plained. The statistical problem, in connection with a particular 
assembly, is reduced to  that of constructing and evaluating a partition  
function ; from this the various thermodynamic functions can be derived, 
and the theoretical molar characteristics of the assembly determined, to  
be compared with observed molar properties. The second law of thermo
dynamics is formulated by reference to  the (Helmholtz) free energy function  
(rather than the entropy function), and by a process of identification of 
the terms in a statistical function which is shown to have the same pro
perties, the thermodynamic significance of the parameters occurring in the 
statistical treatment is obtained.

Applications are first made to permanent perfect gases. There is a 
clear discussion of nuclear sym m etry effects, and detailed treatm ents are 
given of the rotational and vibrational heat capacities for a large number 
of molecules. Crystals are then considered, primarily on the lines of the 
Debye treatment, with discussions on the character and effect of the 
approximations made. A long chapter on chemical equilibria and evapora
tion concludes with a clear and detailed discussion of the status of Nernst’s 
heat theorem. The account of grand partition functions which follows 
should be of value in clarifying the physical meaning of various generalised 
partition functions and the associated thermodynamic functions, and in 
showing the circumstances in which alternatives to the usual partition 
functions m ay advantageously be employed. The discussion of imperfect 
gases includes an analysis of interaction energies, and accounts of very 
recent work on condensation. Liquids are treated in two chapters, dealing 
with non-electrolytes and electrolytes. The more recent work in which 
a  liquid is regarded as quasi-crystalline rather than as quasi-gaseous is 
fully described, and an account is given of the application of grand partition 
functions to liquid mixtures. There is an excellent presentation and critical 
discussion of the Debye-Hiickel treatm ent of electrolytes, and of later 
theoretical developments. In the chapter on surface layers, mobile and 
localised monolayers are discussed.

The basic principles of the modern electron theory of metals are con
sidered, the fundamental formulae are derived, and applications are made 
to electronic heat capacities, thermionic emission and the photo-electric 
effect. Here and in the last chapter use is made of the formulae essentially 
characteristic of Fermi-Dirac statistics ; in all the applications in other 
chapters the quasi-classical approximations are adequate.

Very properly, a chapter on chemical kinetics has been included. This 
is not only of interest in itself, but is almost indispensable for providing 
a quantitative guide as to the conditions for applicability of the results of 
equilibrium theory with which the book is primarily concerned.

The range and power of statistical methods is shown clearly in the last 
two long chapters. The first of these deals with lattice Imperfections, and
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order-disorder phenomena in alloys. The chapter is notable for the very 
detailed account of the relation between the treatments of order-disorder 
effects due to Bragg and Williams, Kirkwood, and Bethe, and the develop
ment of a new “ quasi-chemical ” treatment which enables a good approxi
mation to be obtained without undue com plexity of mathematical method. 
The final chapter deals with electric and magnetic properties. The treat
ment of electric and magnetic susceptibility includes a review of crystalline 
field effects in paramagnetic salts, a discussion of the magnetic cooling 
method, and some account of the interpretation of phenomena in the very 
low temperature region. An account is also given of the collective electron 
treatm ent of ferromagnetism.

The above indication of the topics treated can give but an inadequate 
impression of the character and content of this book. Each chapter 
may be said to constitute a monograph on the subject with which it is 
concerned, giving a detailed presentation of theoretical investigations, and 
an adequate summary of relevant experimental data. Although the book 
has, in one sense, the character of an extended series of reports, in another 
it is original throughout, for all the work discussed is presented from the 
unifying standpoint provided by the general statistical treatment.

Attention should perhaps be directed to the point that, when the book 
is described in a sub-title as “ a version of Statistical Mechanics for Students 
of Physics and Chemistry ” , the wider meaning of “ students ” must be 
understood. In  no sense is this an introductory treatise. It could hardly 
serve as a guide to students making a first approach to  the subject, and it 
is not concerned, save incidentally, with the historical development. It is 
an exposition of a technique for the application of statistical mechanics to 
physico-chemical problems, and of a large number of the applications which 
have been made, the character of the treatm ent implying the assumption 
of much more than elementary knowledge of the field on the part of readers. 
The general methods used, moreover, though they are, from the standpoint 
of mathematical rigour, perhaps the most satisfactory available, will 
undoubtedly make severe demands on many physicists and chemists. 
Readers will, however, be amply repaid for such efforts as are required 
of them. A growing appreciation of this book for the magnificent achieve
ment which it  is will go hand in hand with a clearer and more profound 
understanding of the wide range of physico-chemical phenomena with 
which it deals.

E. C. S.

Molecular Spectra and M olecular Structure. I. Diatomic Molecules. 
B y G. H e r z b e r g .  Translated by J .  W. T. S p i n k s .  (New York : 
Prentice-Hall, Inc., 1939. Pp. xxvi +  592, with numerous illus
trations and tables. Price $6.50.)

This comprehensive work has already received attention in these 
Transactions, at the time of its issue in the original German edition. It is 
therefore unnecessary to enlarge upon its merits, which are there for all 
to see. The translation which has now appeared has been undertaken 
with the author’s co-operation, an advantage which is manifested by the 
way in which the sense of continuity of style has been happily preserved. 
A book of this calibre should be a stimulus to refined experiment, because 
what is m ost urgent in molecular spectroscopy to-day is the provision of
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data of the greatest possible degree of precision, combined with the 
highest resolving power. This is what the theorist needs, and this volume 
illustrates what he can do with it as soon as it is forthcoming.

F. I. G. R.

Kinetik tier Phasenbildung. B y M. Volmer. (Pp. xii and 220. 
Verlags. Theodor Steinkopff, Dresden, 1939. Price R.M. 14.25 : 
bound 15.0.)

This book forms the fourth volume of a series with the general title 
Die Chemische Reaktion, issued under the editorship of Professor Bonhoeffer.

I t  deals in as system atic a w ay as possible with the phenomena which 
accompany the passage of m atter from one to another of its states of 
aggregation. The treatment is clear and balanced. Mathematical calcu
lations are given throughout, but they do not outweigh the qualitative and 
descriptive part of the book.

After a historical introduction the transitions gas-liquid, gas-solid, 
crystal I-crystal II, and so on, are discussed in order : then delayed transi
tions and nucleus formation are dealt w ith and drop and bubble formation 
treated at length. Finally, there are short chapters on the rule of " steps ” 
and on the structure of new phases (crystallite size and so on).

The book is a very useful contribution to the literature of molecular 
processes ; numerous topics of importance are discussed in a logical and 
judicial manner. The difficult task of a really synthetic treatment of the 
whole is not attempted ; the author would probably not regard this as 
possible or desirable at the present time.

ERRATA.

P. 329. Formula 1. The methyl radical of the acetyl group has been omitted. 
P. 506. Line 7 from bottom. For “ specification " read " specific action
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T H E  H Y D R O G E N  B O N D

A  m eeting at w hich papers w ill be read on the above subject w ill 
be held in Lo ndon (pro b ab ly in the R o y a l School of M ines B u ild in g ,  
Im p e ria l College of Science and Technology, S. Kensingto n) on 
F rid a y , 17th, an d Saturday, 18th M ay next.

Papers have already been promised by the following:—

D r. W . T . A s t b u r y .

D r. C. E .  H . B a w n , P rof. E . L . H ir s t  and D r. G. T . Y ou n g .
D r. J .  J .  F o x  and D r. A . E . M a rtin .
Dr. J .  M. R o b e r tso n .
Dr. G. B . B . M. S u th e r la n d .

A rrangem ents are being m ade fo r an in form al d in n er to be held  
at the R em bran dt H o te l on the F r id a y  evening. (P rice  6s. 6d., 
exclusive of wines.) T h e  R em bran dt H o tel w ill give the special 
term s of 10s. 6d. for bed and breakfast fo r those m em bers attending  
the m eeting w ho w ish to stay in  London on the F r id a y  night. I t  
is desirable that those w ishing to stay in  the H o te l should m ake  
ea rly  ap plicatio n  to the M anager, T h e  R em b ran d t H otel, T h u rlo e  
Place, London, S.W . 7 ; otherw ise it m ay be difficult to secure  
accom m odation.

A  S ecretary’s room  w ill be availab le  in  the H o te l for those who  
w ish to discuss in  com fort m atters personal and scientific.

F u rth e r p a rticu lars of the papers w ill be circulated  to m em bers 
at a late r date.

"G tjc  Y U e c t r o c l j e m l c a l  S o c i e t y .  

L I S T  O F  P R E P R I N T S .

N o. 77—  9 . “  Som e E x p e r im e n ts  s h o w in g  th e  D ire c tio n a l R e a c tiv it ie s  o f S in g le  C ry s ta ls  
o f C o p p er .”  B y  A . T . G w a th m e y  a n d  A . F . B e n t o n .

■10 . “ A  T h e o ry  fo r  th e  P a s s iv i ty  o f C h ro m iu m .”  B y  S . M . A . R y a n  a n d  
H . H e i n r i c h .

■11. “  I r re v e r s ib le  E le c tro d e  P h e n o m e n a  o f T h a lliu m . I .  H y d ro g e n  O v e rv o lta g e  
in  S u lp h u r ic  A c id .”  B y  I .  M. L e  B a r o n  a n d  A . R . C h o p p in .

■12. “  X -R a y  A n a ly sis  o f C o rro s io n  P ro d u c ts  f ro m  G a lv an ize d  S h e e ts .”  B y F .  R .
M o r r a l .

— 13. “ P h o to e le c tr ic  Cells S e n s it iv e  to  L o n g  W a v e  L e n g th  R a d ia tio n . T h e  
B is m u th  Su lfide  C ell.”  B y  C. G . F in k  a n d  J .  S . M a c k a y .

-1 4 . “  O x id a tio n -R e d u c tio n  P o te n t ia ls  a n d  th e i r  A p p lic a tio n s . A  R ev iew .”  
B y  S. G l a s s t o n e .

-1 5 . “  S ta in le s s  S te e l R o lled  P r o d u c ts .”  B y  P . B . G r e e n a w a l d .
-1 6 . “  S tre s s  in  E le c tro d e p o s ite d  C o p p er a s  D e te rm in e d  b y  X -R a y s .”  B y  E .  M. 

M a h la .
-1 7 . “  T h e  A p p lic a tio n  o f E le c tro m o tiv e  F o rc e  M easu rem en ts  to  B in a ry  M eta l 

S y s te m s .”  B y  H . S e l t z .
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IN S T R U C T IO N S  TO  A U T H O R S

Authors submitting papers for publication are requested to note the 
following particulars :—

i. A ll 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) P apers should be as b rief as is com patible w ith  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.

(à) 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.

(6) 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.

(r) Symbols, formulae and equations should be written or typewritten 
with great care. T h e symbols recommended in the Report of the Joint 
committee of the Chemical Society, the Faraday Society and the Physical 
Society should be employed.

iv. (a) L in e  d ra w in g s may in the first instance be submitted in sketch 
form. F o r publication, however, they must be made with Indian ink on 
Bristol-board or preferably tracing doth. 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 
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curves the ordinates and abscissæ must be drawn in ink and reliance 
must not be placed on the printed lines of scale paper.
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