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G enera l  I n t r o d u c t i o n *

Most l i q u i d s  show a s t e a d y  i n c r e a s e  i n  d e n s i t y  

w i t h  f a l l  o f  t e m p e r a t u r e ,  and s i m i l a r l y  a s t e a d y  i n 

c r e a s e  i n  r e f r a c t i v i t y .  Water ,  how ever ,  i s  known t o

be u n u su a l  i n  t h a t  a t  a c e r t a i n  t e m p e r a tu r e  it* r e a c h e s  

a maximum d e n s i t y ,  and b e lo w  t h i s  t e m p e r a tu r e  c o o l i n g  

p r o d u ce s  a d e c r e a s e  i n  t h e  d e n s i t y .  The same pheno

menon o f  a t e m p e r a t u r e  maximum h a s  b een  found t o  o c c u r  

i n  t h e  c a s e  o f  t h e  r e f r a c t i v i t y  o f  w a t e r .  Tempera

t u r e s  o f  maximum d e n s i t y  have a l s o  b e e n  o b s e r v e d  i n  t h e  

c a s e  o f  aqueous s o l u t i o n s .  The p r e s e n t  t h e s i s  i s  i n  

two p a r t s  d e a l i n g  r e s p e c t i v e l y  w i t h  t h e  T em p eratu res  o f  

Maximum D e n s i t y ,  and t h e  Tem peratures  o f  Maximum Re-  

f r a o t i v i t y  o f  some aqueous s o l u t i o n s .
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PARI I  .

The T em p eratu res  o f  Maximum D e n s i t y  o f  Aqueous  

S o l u t i o n s .  D e v i a t i o n s  from t h e  Law o f  D e s p r e t z .

IIITRQDUGTION.

I t  h a s  l o n g  b e e n  known t h a t  w a t e r ,  w hich  l i k e  

o t h e r  l i q u i d s ,  n o r m a l l y  i n c r e a s e s  i n  d e n s i t y  w i t h  l o w e r 

i n g  o f  t e m p e r a t u r e ,  shows a maximum d e n s i t y  a t  about  4 ° 0 ,  

and t h a t  i f  t h e  t e m p e r a tu r e  i s  l o w e r e d  beyond t h i s  p o i n t ,  

t h e  d e n s i t y  d e c r e a s e s .  I c e  i s  known t o  be  l e s s  d en se  

than w a t e r ,  b u t  a s  w a t e r  d o e s  n o t  f r e e z e  u n t i l  i t  i s  

c o o l e d  down t o  0°C, t h i s  d o e s  n o t  a l t o g e t h e r  e x p l a i n  t h e  

phenomenon o f  a d e n s i t y  maximum o c c u r r i n g  a t  4°G. I t  

h as  b e e n  assumed,  how ever ,  t h a t  i c e  m o l e c u l e s  must  b e g i n  

t o  b e  formed i n  t h e  l i q u i d  at  a t e m p e r a tu r e  h i g h e r  th an  

t h a t  a t  w h ic h  t h e  l i q u i d  f r e e z e s  e n t i r e l y .  The forma

t i o n  o f  t h e s e  i c e  m o l e c u l e s  o f  l o w e r  d e n s i t y  w i l l  c o u n t e r 

a c t  t h e  i n c r e a s e  i n  d e n s i t y  t a k i n g  p l a c e  i n  t h e  l i q u i d  as  

a r e s u l t  o f  t h e  t e m p e r a tu r e  b e i n g  l o w e r e d ,  and e v e n t u a l l y  

t h e i r  i n f l u e n c e  w i l l  predom in ate  so t h a t  t h e  t o t a l  d e n s i t y  

b e g i n s  t o  d e c r e a s e .  The te m p er a tu r e  a t  which  the  r a t e

o f  e x p a n s io n  due to  th e  f o r m a t i o n  o f  i c e  m o l e c u l e s  i s  j u s t
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b a l a n c e d  by  t b e  r a t e  o f  c o n t r a c t i o n  o f  t h e  r e s t  o f  t h e  

l i q u i d  due t o  f a l l  i n  t e m p e r a t u r e  i s  t h a t  a t  w h ic h  th e  

maximum d e n s i t y  w i l l  be fo u n d ,  and t h i s  o c c u r s  a t  4°C .  

i n  t h e  c a s e  o f  w a t e r .

HISTORICAL SURVEY.

A c o n s i d e r a b l e  amount o f  work h a s  b een  done on  

t h e  s u b j e c t  o f  t h e  t e m p e r a t u r e  o f  maximum d e n s i t y ,  and i t  

h a s  b e e n  found t h a t  aqueous s o l u t i o n s  as  a r u l e  show a m a x i 

mum d e n s i t y  a t  t e m p e r a t u r e s  l o w e r  th an  4°C. D e 3 p r e t z  

(Ann. Chim. P h y s . ,  70 ,  5 ,  49 ( 1 8 3 9 ) ;  73 ,  29 (18/>0))

c a r r i e d  out  a number o f  i n v e s t i g a t i o n s  on t h e  e f f e c t  on  

t h e  te m p er a tu r e  o f  maximum d e n s i t y  o f  add ing  v a r i o u s  s o l u 

t e s  to  w a t e r .  As a r e s u l t  o f  t h e s e  he c o n c l u d e d  t h a t  

t h e  te m p er a tu r e  o f  maximum d e n s i t y  o f  w a t e r  was lo w e r e d  by  

t h e  a d d i t i o n  o f  a s o l u t e ,  and t h a t  t h e  l o w e r i n g  was  d i r e c t 

l y  p r o p o r t i o n a l  t o  t h e  c o n c e n t r a t i o n  o f  t h e  d i s s o l v e d  sub

s t a n c e .

Le Coppefc i^Ann. Chim. P h y s . ,  3 ,  246 ,  268 ( 1 8 9 4 ) ;  

Compt. r e n d . ,  12 5 ,  533 ( 1 8 9 7 ) ;  128 ,  1559 ( 1 8 9 9 ) ;  1 3 1 ,  178;

1 3 2 ,  1218 ( 1 9 0 0 ) ;  134,  1208 (1 9 0 2 )  ] a l s o  c a r r i e d  out  a

g r e a t  d e a l  o f  r e s e a r c h  on t h e  s u b j e c t .  He was p a r t i c u l a r 

l y  i n t e r e s t e d  i n  t h e  f a c t  t h a t  th e  l o w e r i n g  produced by t h e
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a d d i t i o n  o f  a s o l u t e  t o  w a t e r  was n o t  d epen d en t  s o l e l y  on 

t h e  m o l e c u l a r  c o n c e n t r a t i o n  o f  th e  s o l u t e ,  h u t  v a r i e d  

a c c o r d i n g  t o  t h e  n a t u r e  o f  t h e  s o l u t e .  He m easured t h e  

l o w e r i n g  o f  t h e  t e m p e r a t u r e  o f  maximum d e n s i t y  produ ced  by  

th e  a d d i t i o n  o f  a gram m o l e c u l e  o f  v a r i o u s  s o l u t e s  i n  a 

l i t r e  o f  s o l u t i o n  and fou nd  i t  to  v a r y  c o n s i d e r a b l y  a c c o r d 

i n g  to  t h e  s o l u t e .  I n  t h i s  r e s p e c t  i t  d i f f e r s  a l t o g e t h e r  

from t h e  l o w e r i n g  o f  t h e  f r e e z i n g  p o i n t  by t h e  a d d i t i o n  o f  

a s o l u t e ,  a s  t h i s  depends  s o l e l y  on t h e  m o l e c u l a r  c o n c e n t  

t r a t i o n .  T h is  shows t h a t  t h e  l o w e r i n g  o f  t h e  t e m p e r a tu r e

o f  maximum d e n s i t y  by a s o l u t e  i s  not  due s i m p l y  t o  t h e  f a c t  

t h a t  t h e  a d d i t i o n  o f  t h e  s o l u t e  h a s  l o w e r e d  th e  f r e e z i n g  

p o i n t  so t h a t  i c e  m o l e c u l e s  a r e  n o t  formed u n t i l  a much lo w 

e r  t e m p e r a t u r e  i s  r e a c h e d .  R o s e t t i  (Ann.  Chim. P h y s . ,  

1867 ( I V ) ,  10 ,  461;  1 8 6 9 ,  1 7 ,  3 7 0 ) ,  h a v i n g  c o n s i d e r e d  th e

e a r l y  work done on t h e  s u b j e c t ,  t r i e d  t o  c o n n e c t  t h e  two 

l o w e r i n g s ,  but was n o t  a b l e  to f o r m u l a t e  a law  w hich  v»as 

g e n e r a l l y  a p p l i c a b l e .  E v i d e n t l y  some o t h e r  f a c t o r  must  

be t a k e n  i n t o  a c c o u n t ,  s i n c e  t h e  l o w e r i n g  v a r i e s  w i t h  t h e  

n a t u r e  o f  t h e  s u b s t a n c e .

Re Goppet i n  t h e  c o u r s e  o f  m e a s u r in g  t h e  m o le 

c u l a r  l o w e r i n g  o f  th e  tem p era tu re  o f  maximum d e n s i t y  ob

t a i n e d  t h e  f o l l o w i n g  r e s u l t s  f o r  t h e  h a l i d e s :
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O h l o r i d e Bromide I o d i d e

Rubidium 11*7 13*2 15*6

P o t a s s i u m 11 *6 12*8 15*4

Sodium 13*2 14*5 17*0

L i t h i u m 6 *0 7 - 0 CO •

Ammonium 7 - 2 •ao 1 1 . 1

He n o t i c e d  t h a t  t h e  i o d i d e  a lw a y s  produced t h e  

g r e a t e s t  e f f e c t ,  and t h e  o h l o r i d e  t h e  s m a l l e s t ,  and con-* 

e l u d e d  t h a t  ,fLe r a p p o r t  e r t r e  l e s  a b a i s s e m e n t s  p r o d u i t  

par  l e  c h l o r u r e  e t  l e  bromure ( ou l e  bromure e t  l e  l o d u r e )  

du m6me m e t a l  e s t  s e n s i b l e m e n t  l e  m§me pour t o u s  l e s  

ra4taux du g r o u p e . ” '

Wright ( J .  Chem. S o c . ,  115 ,  119 ( 1 9 1 9 ) )  came t o  

t h e  c o n c l u s i o n  t h a t ,  i n  t h e  c a s e  o f  s i m p l e  b i n a r y  e l e c t r o 

l y t e s ,  a s p e c i f i c  e f f e c t  coulci be a t t r i b u t e d  t o  each  i o n ,  

and t h a t  t h e  m o l e c u l a r  l o w e r i n g  due to  an e l e c t r o l y t e  

c o u ld  be c a l c u l a t e d  i f  th e  l o w e r i n g  o f  c e r t a i n  s i m i l a r  com 

pounds was known. He to o k  t h e  m o l e c u l a r  l o w e r i n g  o f  

h y d r o c h l o r i c  a c i d  as  a s ta n d a r d ,  and was a b l e  to  c a l c u l a t e  

t h e  m o l e c u l a r  l o w e r i n g  o f  any s a l t  by add ing  to  t h i s  

s t a n d a r d  th e  v a l u e s  due to  th e  a c i d i c  and b a s i c  r a d i c l e s

o f  t h e  s a l t .  In  t h i s  way he e s t i m a t e d  th e  l o w e r i n g  

f o r  p o t a s s iu m  n i t r a t e  to  be 5*2 ( h y d r o c h l o r i c  a c i d )  4-
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5*75  ( p o t a s s i u m )  +  7*2 ( n i t r a t e )  ** 1 8 * 1 5 ,  and t h e

a c t u a l  v a l u e  found was 1 8 * 0 .

I n  t h e  c o u r s e  o f  h i s  s t u d i e s  on t h e  v a r i a t i o n  i n  

t h e  l o w e r i n g  o f  t h e  t e m p e r a t u r e  o f  maximum d e n s i t y  by  

v a r i o u s  s o l u t e s ,  De Coppet (Compt. r e n d . ,  1 1 5 ,  652 ( 1 8 9 2 ) )  

found t h e  d i l u t e  s o l u t i o n s  o f  t h e  lo w e r  a l c o h o l s  to  be  

u n u su a l  i n  t h a t  t h e y  d id  n o t  ob ey  L e s p r e t z 1 l a w ,  a l t h o u g h  

t h e  s a l t  s o l u t i o n s  he  i n v e s t i g a t e d  d i d ,  and a l s o  most o f  

th e  s o l u t i o n s  o f  o r g a n i c  s u b s t a n c e s .  JSthyl a l c o h o l  i s  

p a r t i c u l a r l y  i n t e r e s t i n g ,  and t h e  v a l u e s  he  o b t a i n e d  f o r  

i t  are  g i v e n  b e l o w .

Wt. o f  a l c o h o l  i n  I .M .D .  L ow er ing  o f

100 gms. o f  w a t e r .  T.M*D.

0*09 4*12 ®C - 0  *12°0

0*642 ; 4 - 1 6 - 0 * 1 6

1*346 4 *29 - 0 * 2 9

2*568 4*39 - 0 * 3 9

3*943 4*02 - 0 * 0 2

6 . 2 1 3*17* •+^*83

6*575 2*85 + 1*15

7*408 2 * 2 5 /'X + 1*75

8 *46 1*82* + 2*18

1 0 - 8 0 - 0 - 1 9 * + 4* 19

1 7 - 1 2 -6-48T +12* A 8

i n d i c a t e s  due to R o s e t t i ,  **to I) e s p r e t s  •
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I n  t h e  c a s e  o f  v e r y  d i l a t e  s o l a t i o n s  an a c t u a l  

r i s e  i n  t h e  te m p er a tu r e  o f  maximum d e n s i t y  may be o b s e r v e d ,  

th o u g h  a s  t h e  s o l u t i o n  becomes more c o n c e n t r a t e d  a l o w e r 

i n g  i s  p r o d u c e d .  McHutcheson ( J .  Ghem. 3 o c . ,  1 2 9 ,  1899  

(1926JJ  made a f u r t h e r  s t u d y  o f  t h e  t e m p e r a t u r e s  o f  maximum 

d e n s i t y  o f  t h e  a l c o h o l s ,  i n v e s t i g a t i n g  f i v e .  H i s  r e 

s u l t s  a re  g i v e n  b e l o w .

T em p era tu res  o f  Maximum D e n s i t y  o f  A looho' l -W ater  M i x t u r e s *

2 M. M • M /2 . M /4 . M /8 . M /16 .

M eth y l  a l c o h o l I • 90°C 2 ' 6 5 3*95 4*00 4 - 0 0 -

JSthyl a l c o h o l 0 -15 3*70 4 *25 4 *20 4 - 1 5 -

n - P r o p y l  a l c o h o l - 1*50 3 - 3 0 3*80 4 - 1 5 4 - 1 0

i s o -  " 11 - 2*65 3*70 4*00

oo♦ -

n - B u t y l  n - - - 3 - 1 0 3*90 3 - 9 0 .

He found t h a t ,  b e s i d e s  e t h y l  a l c o h o l ,  n - p r o p y l  

a l c o h o l  was  t h e  o n l y  one to  g i v e  an e l e v a t i o n  o f  t h e  tem p era 

t u r e  o f  maximum d e n s i t y .

S t h y l  e t h e r  d o e s  n o t  f o l l o w  D e s p r e t z 1 law  e i t h e r ,  

b u t  a r i s e  i n  t h e  te m p e r a tu r e  o f  maximum d e n s i t y  c a n n o t  be  

s e e n ,  even  i n  v e r y  d i l u t e  s o l u t i o n s .



- 13 -

f f a c t o r s  g o v e r n i n g  t h e  l o w e r i n g  o f  t h e  Tem perature  

o f  Maximum D e n s i t y .

I n  c o n s i d e r i n g  why t h e s e  s u b s t a n c e s  s h o u l d  form 

e x c e p t i o n s  to  D e s p r e t z '  la w ,  we must t a k e  i n t o  a c co u n t  

t h r e e  f a c t o r s  w h ic h  a f f e c t  t h e  t e m p e r a t u r e  o f  maximum den 

s i t y  o f  s o l u t i o n s .

i P i r s t ,  t h e r e  i s  t h e  lo v /e r in g  o f  th e  f r e e z i n g  p o i n t  

c a u s e d  b y  th e  a d d i t i o n  o f  a s o l u t e  to  w a t e r ,  a s  t h i s  i n - ,  

v o l v e s  t h e  l o w e r i n g  o f  t h e  t e m p e r a t u r e  a t  w h ic h  i c e  m o l e 

c u l e s  would  s t a r t  t o  be  fo r m e d .  I t  h a s  a l r e a d y  b e e n  

shown, h o w e v e r ,  t h a t  t h i s  f a c t o r ,  w h i l e  i t  u n d o u b t e d ly  p l a y s  

an im p o r t a n t  p a r t  i n  th e  l o w e r i n g  o f  th e  t e m p e r a t u r e  o f  

maximum d e n s i t y ,  c a n n o t  a c c o u n t  f o r  v a r i a t i o n s ,  as  i t  s h o u l d  

be t h e  same f o r  a l l  s o l u t i o n s  o f  eq u a l  m o l e c u l a r  c o n c e n t r a 

t i o n .  I n  t h e  c a s e  o f  s a l t  s o l u t i o n s  th e  e f f e c t  m igh t  be  

i n c r e a s e d  owing t o  i o n i s a t i o n  o f  t h e  s o l u t e ,  b u t  c e r t a i n l y  

i n  t h e  c a s e  o f  o r g a n i c  s o l u t i o n s  th e  e f f e c t  s h o u ld  be c o n 

s t a n t .  In  a l l  c a s e s ,  m oreover ,  t h e  a d d i t i o n  o f  a s o l u t e  

t o  w a t e r  . lo w ers  t h e  f r e e z i n g  p o i n t ,  and w i t h  i t  th e  tempera

t u r e  o f  maximum d e n s i t y ,  so t h a t  i n  no way c o u l d  t h i s  

a c c o u n t  f o r  a r i s e  i n  th e  t e m p e r a t u r e  o f  maximum d e n s i t y  

such  as  i s  found w i t h  e t h y l  a l c o h o l .

A n o th er  f a c t o r  w h ich  must be o f  im p o r t a n c e  i n  t h e  

l o w e r i n g  o f  t h e  te m p e r a tu r e  o f  maximum d e n s i t y  i s  t h e  c o 

e f f i c i e n t  o f  e x p a n s io n  o f  t h e  l i q u i d .  I f  a l i q u i d  has
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a l a r g e  c o e f f i c i e n t  o f  e x p a n s i o n ,  a g r e a t e r  number o f  i c e  

m o l e c u l e s  must be  formed t o  c o u n t e r a c t  t h e  e f f e c t  o f  th e  

g r e a t e r  c o n t r a c t i o n  o f  t h e  l i q u i d  w i t h  f a l l  i n  t e m p e r a t u r e .  

T h i s  means t h a t  a l o w e r  t e m p e r a t u r e  w i l l  be r e a c h e d  b e f o r e  

t h e  p o i n t  o f  maximum d e n s i t y  o c c u r s .  Aqueous s o l u t i o n s  

a lw a y s  have  a g r e a t e r  c o e f f i c i e n t  o f  e x p a n s i o n  th a n  pure  

w a t e r ,  so t h e  a d d i t i o n  o f  a s o l u t e  to  w a t e r  w i l l  a lw a y s  mean 

a l o w e r i n g  o f  t h e  t e m p e r a t u r e  o f  maximum d e n s i t y  a s  f a r  as  

t h i s  f a c t o r  i s  c o n c e r n e d .  The c o e f f i c i e n t  o f  e x p a n s i o n  

i s  a l s o  p r o p o r t i o n a l  t o  th e  c o n c e n t r a t i o n  o f  t h e  s o l u t e  i n  

d i l u t e  s o l u t i o n s .

The t h i r d  f a c t o r  w h ic h  must b e  t a k e n  i n t o  a c co u n t  

i n  c o n n e c t i o n  w i t h  t h e  t e m p er a tu r e  o f  maximum d e n s i t y  o f  

s o l u t i o n s  i s  t h e  d e n s i t y  o f  t h e  s o l u t i o n .  I f  a s o l u t i o n  

h a s  a d e n s i t y  g r e a t e r  than t h a t  o f  w a t e r  t h e  f o r m a t i o n  o f  

i c e  m o l e c u l e s  and c o n s e q u e n t  i n c r e a s e  i n  t h e  c o n c e n t r a t i o n  

o f  th e  r e m a in in g  s o l u t i o n  w i l l  h a v e  o p p o s i t e  e f f e c t s .  The 

d e c r e a s e  i n  d e n s i t y  due t o  t h e  f o r m a t i o n  o f  t h e  i c e  m o l e c u l e s  

w i l l  be c o u n t e r a c t e d  by an i n c r e a s e  i n  d e n s i t y  due t o  t h e  

r e s t  o f  t h e  s o l u t i o n  becom ing  more c o n c e n t r a t e d .  T h is  

w i l l  t e n d  to  l o w e r  t h e  te m p er a tu r e  o f  maximum d e n s i t y .  On 

t h e  o t h e r  hand, i f  t h e  s o l u t i o n  has a d e n s i t y  l e s s  th a n  w a t e r ,  

b o t h  the f o r m a t i o n  o f  i c e  m o l e c u l e s  and th e  c o n s e q u e n t  i n 

c r e a s e  i n  c o n c e n t r a t i o n  o f  th e  rem ain d er  o f  t h e  s o l u t i o n  w i l l
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r e s a l t  i n  a d e c r e a s e  i n  d e n s i t y .  The t e m p e r a t u r e  o f  

maximum d e n s i t y  w i l l  t h e r e f o r e  be a r r i v e d  a t  more q u i c k l y  

on c o o l i n g ,  so  t h a t  a  h i g h e r  t e m p e r a t u r e  o f  maximum d en 

s i t y  w i l l  r e s u l t .

J?rom t h i s  i t  can  be s e e n  t h a t  t h e  e f f e c t  produ ced  

on t h e  f r e e z i n g  p o i n t  and on t h e  c o e f f i c i e n t  o f  e x p a n s i o n  

by t h e  a d d i t i o n  o f  a s o l u t e  t o  w a t e r  w i l l  a lw ays  t e n d  t o  

produce  a l o w e r i n g  o f  t h e  te m p er a tu r e  o f  maximum d e n s i t y .

The e f f e c t  produced on t h e  d e n s i t y ,  how ever ,  w i l l  v a r y  i n  

i n f l u e n c e  on th e  t e m p er a tu r e  o f  maximum d e n s i t y  a c c o r d i n g  

to  w h e th e r  a s o l u t i o n  i s  produced  o f  g r e a t e r  or  l e s s  d en 

s i t y  th an  w a t e r .

I t  a p p ea rs  t h e n  t h a t  th e  u n u su a l  r e s u l t s  o b t a i n e d  

i n  th e  c a s e  o f  t h e  l o w e r  a l c o h o l s  and e t h y l  e t h e r  are  due 

t o  t h e  f a c t  t h a t  s o l u t i o n s  o f  t h e s e  have a s m a l l e r  d e n s i t y  

than w a t e r .  I n  t h e  c a s e  o f  e t h y l  a l c o h o l  th e  c o e f f i c i e n t  

o f  e x p a n s i o n  f o r  d i l u t e  s o l u t i o n s  i s  v e r y  s i m i l a r  to  t h a t  

o f  w a t e r ,  and so f o r  d i l u t e  s o l u t i o n s  th e  f a c t o r  due to  t h e  

s m a l l  d e n s i t y  o u t w e i g h s  th e  s l i g h t  e f f e c t  due t o  i n c r e a s e d  

c o e f f i c i e n t  o f  e x p a n s i o n ,  and t o  l o w e r i n g  o f  t h e  f r e e z i n g  

p o i n t .  As t h e  c o n c e n t r a t i o n  becomes g r e a t e r  t h e  i n c r e a s e  

i n g  c o e f f i c i e n t  o f  e x p a n s io n  and l o w e r i n g  o f  t h e  f r e e z i n g  

p o i n t  produ ce  a l o w e r i n g  i n  t h e  te m p e r a tu r e  o f  maximum 

d e n s i t y .



- 1 6 -

The t h r e e  f a c t o r s  w hich  c o n t r o l  t h e  l o w e r i n g  o f  

th e  t e m p e r a t u r e  o f  maximum d e n s i t y  a re  a l l  p r o p o r t i o n a l  t o  

t h e  c o n c e n t r a t i o n  o f  t h e  s o l u t e  i n  d i l u t e  s o l u t i o n s ,  and 

so t h e i r  combined e f f e c t  s h o u l d  a l s o  be p r o p o r t i o n a l  t o  th e  

c o n c e n t r a t i o n .  T h i s  s h o u l d  r e s u l t  i n  t h e  s o l u t i o n  o b e y 

i n g  t h e  law o f  D e s p r e t z  f o r  d i l u t e  s o l u t i o n s  a t  l e a s t .  I n  

t h e  c a s e  o f  c o n c e n t r a t e d  s o l u t i o n s  t h e s e  f a c t o r s  are  u s u a l l y ,  

so g r e a t  t h a t  t h e  te m p e r a tu r e  o f  maximum d e n s i t y  i s  l o w e r  

th a n  t h e  f r e e z i n g  p o i n t ,  and so n o t  many have b een  i n v e s t i 

g a t e d  .

The m o l e c u l a r  l o w e r i n g ,  however,  o f  h y d r o c h l o r i c  

a c i d  and l i t h i u m  c h l o r i d e  was c a l c u l a t e d  from t h e  r e s u l t s  

o b t a i n e d  w i t h  d i l u t e  s o l u t i o n s  t o  be about 6°C, and so i t  • 

was d e c i d e d  t o  examine  s o l u t i o n s  o f  t h e s e  two s u b s t a n c e s  t o  

s e e  i f  D e s p r e t z 1 law  was f o l l o w e d  f o r  c o n c e n t r a t e d  s o l u t i o n s .

aiPlflRIMMTAL M3TH0D.

A d i l a t o m e t e r  c o n s i s t i n g  o f  a g l a s s  bu lb  o f  a p p r o x i 

m a t e l y  50 c . c .  volume and a stem o f  c a p i l l a r y  t u b i n g  were  

u sed  f o r  t h e s e  e x p e r i m e n t s .  The c o n t r a c t i o n  o f  th e  g l a s s  

on c o o l i n g  was com pensated  by t h e  p r e s e n c e  o f  t h e  r e q u i r e d  

amount o f  mercury i n s i d e  t h e  b u l b .  The c o n t r a c t i o n  o f  t h e  

d i l a t o m e t e r  bulb  would ten d  to  f o r c e  th e  l i q u i d  h i g h e r  up 

t h e  s tem ,  but  th e  c o n t r a c t i o n  o f  t h e  mercury  i n s i d e  th e
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b u lb  w ould  te n d  t o  l e a v e  room f o r  a g r e a t e r  volume o f  

l i q u i d  i n  t h e  h u l b ,  and t h e  amount o f  m ercury  u s e d  was  

c a l c u l a t e d  so  t h a t  t h e s e  two e f f e c t s  j u s t  b a l a n c e d ,  and 

c o n s e q u e n t l y  o n l y  t h e  e x p a n s i o n  or  c o n t r a c t i o n  due t o  t h e  

l i q u i d  under i n v e s t i g a t i o n  was s e e n .  To f i n d  t h e  amount

o f  m ercury  n e c e s s a r y  th e  d i l a t o m e t e r  was w e ig h e d  empty and 

t h e n  f u l l  o f  w a te r  to  f i n d  i t s  vo lu m e.  3 i n c e  t h e  c o 

e f f i c i e n t  o f  mercury  i s  about  s e v e n  t i m e s  t h a t  o f  g l a s s ,  i t  

was o n l y  n e c e s s a r y  t o  add i t h  o f  t h i s  volume o f  m ercu ry .

The d i l a t o m e t e r  was f i l l e d  w i t h  t h e  r e q u i r e d  l i q u i d  

by  means o f  a d r o p p in g  f u n n e l  and a w a t e r  pump. A rubber  

s t o p p e r  w i t h  a h o l e  w hich  f i t t e d  th e  stem o f  th e  d i l a t o m e t e r  

was p l a c e d  i n  t h e  f u n n e l ,  a f t e r  i t  had b e e n  h a l f - f i l l e d  w i t h  

t h e  l i q u i d ,  and t h e  d i l a t o m e t e r  c o n n e c t e d  i n  t h i s  way.

The o t h e r  end o f  t h e  f u n n e l  was c o n n e c t e d  t o  t h e  pump.

The f u n n e l  was t h e n  i n v e r t e d  and a i r  su c k e d  ou t  o f  th e  d i l a 

t o m e t e r  th ro u g h  th e  l i q u i d  i n  t h e  f u n n e l .  Then t h e  ta p  

was c l o s e d  and t h e  a p p a ra t u s  d i s c o n n e c t e d  from th e  pump, and 

when a i r  was once  more a l lo w e d  i n t o  t h e  f u n n e l ,  t h e  l i q u i d  

r a n  i n t o  t h e  d i l a t o m e t e r .  T h is  p r o c e e d i n g  was r e p e a t e d  i f  

n e c e s s a r y ,  and t h e  f i n a l  amount o f  a i r  e x p e l l e d  by warming  

th e  d i l a t o m e t e r  i n  a can o f  h o t  w a t e r .

In  t h e  c a s e  o f  su b se q u e n t  e x p e r i m e n t s  th e  d i l a t o m e t e r  

was e m p t ied  by s l i g h t l y  warming i t  f i r s t  and t h e n  c o o l i n g  t o
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a l l o w  a i r  i n t o  i t ,  and th e n  i n v e r t i n g  s o  t h a t  th e  mercury  

r a n  o u t .  The r e m a i n i n g  l i q u i d  w as  th en  drawn o u t  b y  means

o f  th e  pump. The d i l a t o m e t e r  w a s ' c l e a n e d  and r i n s e d  w i t h  

t h e  f r e s h  l i q u i d  b e f o r e  f i l l i n g .

The com pensa ted  d i l a t o m e t e r  was c lam ped i n s i d e  a 

l a r g e  Bewar f l a s k ,  w h ich  was f i l l e d  w i t h  w a t e r  and to  w h ich  

i c e  or f r e e z i n g  m i x t u r e  c o u l d  be added a s  d e s i r e d .  T h is  

was k e p t  s t i r r e d  c o n t i n u a l l y ,  and a therm om eter  h a n g in g  i n 

to  i t  showed t h e  t e m p e r a t u r e .  The th erm om eter  used  was

g r a d u a t e d  i n  t e n t h s  o f  a d e g r e e ,  and ranged from 20°0  to  

" 2 0 ° 0 .  The h e i g h t  o f  t h e  l i q u i d  m e n i s c u s  up th e  s tem

o f  t h e  d i l a t o m e t e r  was o b s e r v e d  b y  means o f  a c a t h e t o m e t e r . 

The c r o s s - w i r e  in  th e  e y e - p i e c e  o f  t h i s  was b r o u g h t  to th e  

t o p  o f  the  m e n i s c u s  and t h e n  t h e  r e a d i n g  on t h e  c a t h e t o m e t  er  

s c a l e  and v e r n i e r  r e c o r d e d .  The l i q u i d  i n  th e  Dewar

f l a s k  was b r o u g h t  t o  t h e  r e q u i r e d  te m p er a tu r e  by ad d ing  

i c e  and s t i r r i n g ,  and th e  d i l a t o m e t e r  was l e f t  to a c q u i r e  

t h i s  t e m p e r a t u r e  t h r o u g h o u t .  R ea d in g s  were  t h e n  taken

a t  i n t e r v a l s  on t h e  c a t h e t o m e t  e r ,  and when t h e y  became  

c o n s t a n t  were  r e c o r d e d  a l o n g  w i t h  th e  t e m p e r a tu r e  o f  t h e  

s o l u t i o n .  More i c e  was added and th e  p r o c e e d i n g  r e 

p e a t e d .  As t h e  te m p er a tu r e  o f  the  s o l u t i o n  became n e a r l y  

t h a t  o f  i t s  maximum d e n s i t y ,  th e  r e a d i n g s  on t h e  c a t h e t o -  

m eter  became c l o s e r  t o g e t h e r ,  and i n  some c a s e s  i t  was hard  

to  d e t e r m in e  i f  any change  had t a k en  p l a c e  or n o t .  When
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t h e  t e m p e r a t u r e  o f  maximum d e n s i t y  was p a s s e d  t h e  r e a d 

i n g s  on t h e  c a t h e t o m e t e r  b e g a n  t o  move i n  t h e  r e v e r s e  

d i r e c t i o n .  The t u r n i n g  p o i n t  showed t h e  t e m p e r a tu r e

o f  maximum d e n s i t y  o f  t h e  s o l u t i o n *

iSXPKRIMiilBIAL R23ULT3.

In  t h e  c a s e  o f  h y d r o c h l o r i c  a c i d  and l i t h i u m  c h l o 

r i d e  t w i c e  n o rm a l ,  n orm al ,  and s em i-n o rm a l  s o l u t i o n s  were  

exam ined ,  and t h e  f o l l o w i n g  r e s u l t s  o b t a i n e d ;
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The t e m p e r a t u r e  o f  maximum d e n s i t y  o f  w a t e r  was  

a l s o  d e t e r m in e d  u s i n g  t h i s  a p p a r a t u s ,  and was found to  be  

4°G as  was e x p e c t e d .  The l o w e r i n g  o f  t h e  t e m p er a tu r e  

o f  maximum d e n s i t y  produced by s o l u t i o n s  was t h e r e f o r e  c a l 

c u l a t e d  by s u b t r a c t i n g  t h e i r  t e m p e r a t u r e s  o f  maximum den

s i t y  from t h a t  o f  w a t e r ,  i . e . ,  from 4°G.

On exam in ing  t h e s e  r e s u l t s  i t  i s  c l e a r  t h a t  D e s 

p r e t z 1 law  i s  n o t  obeyed i n  th e  more c o n c e n t r a t e d  s o l u t i o n s .

I t  was t h e r e f o r e  d e te r m in e d  to  i n v e s t i g a t e  some 

o t h e r  c o n c e n t r a t e d  s o l u t i o n s  i f  p o s s i b l e .  On c o n s i d e r i n g
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w h ic h  s u b s t a n c e s  w ould  be m ost  s u i t a b l e ,  i t  was o b v i o u s  

t h a t  t h o s e  w h ic h  would n o t  h ave  t e m p e r a t u r e s  o f  maximum 

d e n s i t y  l o w e r  than t h e i r  f r e e z i n g  p o i n t s  would  be r e q u i r e d .  

We have  a l r e a d y  s e e n  t h a t  t h e  p r o p e r t y  w h ic h  t e n d s  t o  

r a i s e  t h e  t e m p e r a tu r e  o f  maximum d e n s i t y  o f  a s o l u t i o n  i s  

t h a t  o f  fo rm in g  a s o l u t i o n  l e s s  d e n s e  th a n  w a t e r .  I n  

th e  c a s e  o f  s o l u t i o n s  o f  o r g a n i c  compounds a s m a l l e r  c o 

e f f i c i e n t  o f  e x p a n s io n  i s  g e n e r a l l y  found th an  w i t h  s a l t  

s o l u t i o n s ,  and no i o n i s a t i o n  w i l l  t a k e  p l a c e  so t h e  f r e e z 

i n g  p o i n t  w i l l  n o t  be un d u ly  lo w e r e d ,  and so f a i r l y  h i g h  

t e m p e r a t u r e s  o f  maximum d e n s i t y  may be e x p e c t e d .  O rganic  

s o l u t i o n s  l e s s  d e n se  than w a t e r  t h e r e f o r e  app ear  t o  be t h e  

most  s u i t a b l e  f o r  i n v e s t i g a t i o n ,  but t h e y  must a l s o  be 

s u f f i c i e n t l y  s o l u b l e  to  g i v e  th e  r e q u i r e d  c o n c e n t r a t e d  

s o l u t i o n s .  The a l c o h o l s  have a l r e a d y  b e e n  i n v e s t i g a t e d ,  

b u t  t h e  f a t t y  a m in es ,  ammonia, a c e t o n e  and a c e t o - n i t r i l e  

were  a l l  examined i n  t h e  p r e s e n t - i n s t a n c e . The r e s u l t s  

are  g i v e n  b e l o w .

T em peratures  o f  Maximum D e n s i t y .

CH3 NH2 (CH3) 2M Cch 3) 3n C2 H5 NH2 ( c?h 5 ) 2nh

2E -  2 • 4 °C -  6 * 2 °G - - 7  *1°C -10*0°C  a p p r o x .

E + 2*2 +1 ’ 4 - 1 * 2 + 0 * 8 -0*9

B /£ 3*4 5*5 +2*85 2*85 + 2 * 6 5

3*8 4 * 0 3*65 3*65 3 - 6

E/ 8 3 -9 /  • 0 3*95 3*8 3*95
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Te m p e r a tu r e s  o f  Maxi mam D e n s i t y  ( G o n t d . ) .

m 3 (CH3 ) 2C0 ch3cn

z s -1*2°  C -8 *0°C  a p p r o x . b e lo w  - 1 0 ° O'.

H + 1 - 6 - 2 - 1 5 - 3 * 3 5

U/2 2 - 8 5 + 1*7 + 0*7

H /4- 3*6 3*0 2*45

U/8 5*8 3*6 3 *15.

The lo v / e r in g  o f  t h e te m p e r a tu r e  o f  maximum d e n 1

s i t y  o f  w a t e r  e x e r t e d  b y  t h e s e  s u b s t a n c e s  was c a l c u l a t e d

by  s u b t r a c t i n g  t h e s e  f i g u r e s from 4°C, and i s  a s  f o l l o w s

L ow er ing  o f  t h e  Temperature  o f  Maximum D e n s i t y  o f  W ater .

CH3 NH2 (CH3 } 2NH ( ch3 ) 3n C2 H5 NH2 (C2HS) 2NH.

21 6 -4 * 0 1 0 - 2  *0 - 1 1 *1°G 1 4 ° a p p ro x .

if 1 - 8 2*6 5*2 3 - 2 4*9

1 /  2 •6 *45 1 - 1 5 1*15 1*35

1 / 4 *2 •0 •35 •35 *4

LT/8 •1 • 0 •05 •2 •OS

nh3 ( ch3 ) 2 co CH3CN.

21 5 -2  °G about 12 °G o v e r 14° C

I 2*4 6 -15 7 - 3 5

If/2 1*15 2* 3 3* 3

M/4 •4 1- 0 1- 55

U/8 • 2 •4 • 8 5
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Thesa f i g u r e s  show t h a t  th e  l o w e r i n g  due t o  t h e  

more c o n c e n t r a t e d  s o l u t i o n s  i s  much g r e a t e r  t h a n  w ould  be 

e x p e c t e d  by c a l c u l a t i o n  from d i l u t e  s o l u t i o n s ;  i . e . . ,  t h a t  

t h e r e  i s  a d e v i a t i o n  from th e  law o f  D e s p r e t z  i n  t h e  c a s e  

o f  s t r o n g  s o l u t i o n s .

E x a m in a t io n  o f  R e l a t i v e  D e n s i t i e s .

S i n c e  t h e  d e n s i t y  o f  t h e  s o l u t i o n  p l a y s  such  an 

i m p o r t a n t  p a r t  i n  d e t e r m i n i n g  t h e  t e m p er a tu r e  o f  maximum 

d e n s i t y ,  i t  was found a t  5°C f o r  a l l  th e  s o l u t i o n s  i n v e s t i 

g a t e d .  T h i s  t e m p er a tu r e  was c h o s e n  as  b e i n g  n e a r  t h a t

a t  w h ic h  t h e  main  p a r t s  o f  t h e  e x p e r i m e n t s  were  c a r r i e d  o u t ,  

b u t  y e t  f a r  enough away from t h e  te m p er a tu r e  o f  maximum 

d e n s i t y  and f r e e z i n g  p o in t  f o r  no c o m p l i c a t i o n s  t o  o c c u r  

t h r o u g h  t h e  f o r m a t i o n  o f  i c e  m o l e c u l e s .  The d e n s i t i e s  

o b t a i n e d  are g i v e n  i n  t h e  t a b l e  f o l l o w i n g .  They w ere  

d e te r m in e d  i n  t h e  o r d i n a r y  way by means o f  a p y k n o m e te r .

R e l a t i v e  D e n s i t i e s  a t  5C0 .

CH3NH2 (CH3 ) 2NH C2H5 NH2 ( c2h 5 ) nh ( ch3 ) 3n

21 •9826 •9765 *9805 •9759 —

S •9912 •9870 •9895 •9872 •9822

IT/2 •9957 •9924 •9945 •9926 •9910

JJ/4 •9977 •9970 • 9974 .9963 *9951

IT/8 •9S90 . 9987 . 9988 *9982 •9 9 7 0
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NH.3 CH3 CN (GH3 )2C0 G2 H5OH

2N •9851 •9908 •9874 •9856

1 •9922 •9954 •9936 •9915

ht/  2 .9 9 5 9 • 9972 .9968 • 9956

1 / 4 • 9979 •9988 • 9988 •9977

1 / 8 •9988 •9991 •9995 •9986

T h ese  d e n s i t i e s  when p l o t t e d  a g a i n s t  th e  c o n 

c e n t r a t i o n s  g i v e  a p p r o x i m a t e l y  l i n e a r  g r a p h s .  Oinoe  

th e  d e n s i t y  t h u s  v a r i e s  d i r e c t l y  w i t h  t h e  c o n c e n t r a t i o n ,  

even  i n  c o n c e n t r a t e d  s o l u t i o n s ,  t h i s  c a n n o t  be r e s p o n s i b l e  

f o r  t h e  d e v i a t i o n  from D e s p r e t z 1 law w h ich  i s  found i n  

s t r o n g  s o l u t i o n s .

E x a m in a t io n  o f  C o e f f i c i e n t s  o f  E x p a n s io n .

The c o e f f i c i e n t s  o f  e x p a n s io n  o f  t h e  v a r i o u s  

s o l u t i o n s  were  a l s o  exam ined .  They w ere  d e term in ed  by  

means o f  th e  d i l a t o m e t e r  used  f o r  f i n d i n g  t h e  t e m p e r a t u r e s  

o f  maximum d e n s i t y ,  and were ta k e n  b e tw e en  th e  t e m p e r a t u r e s  

1 2 * 5 ° C and 15°G .  T h is  t e m p e r a tu r e  range  was ch o sen  

s i m p l y  b e c a u s e  i t  was c o n v e n i e n t ,  and a l s o  f r e e  from com

p l i c a t i o n s  due t o  f r e e z i n g .  The c o e f f i c i e n t  o f  expan

s i o n  was c a l c u l a t e d  from t h e  fo rm u la

a  =  v  ~  v  »2 * .5 
2*5  X V 12* 5



where  a =  t h e  c o e f f i c i e n t  o f  e x p a n s i o n  

Y 15 x  t h e  volume o f  l i q u i d  a t  15°C 

and V 12* 5 ** t h e  volume o f  l i q u i d  a t  1 2 - 5 l G .

The 2*5 i s  t h e  d i f f e r e n c e  i n  te m p er a tu r e  i n  °C .

I n  p r a c t i c e ,  t h e  h e i g h t  o f  t h e  l i q u i d  up t h e  

stem o f  t h e  d i l a t o m e t e r  a t  15°G was n o t ed  by  means o f  the  

c a t h e t o m e t e r . The te m p er a tu r e  was th en  lo w ered  to  1 2 * 5 ° G

and the  h e i g h t  o f  the  l i q u i d  a t  t h a t  t em p era tu re  n o t e d .

The d i f f e r e n c e  b e tw e e n  th e  two r e a d i n g s  o f  t h e  c a t h e t o m e t e r  

g a v e  t h e  f a l l  o f  t h e  column o f  l i q u i d  i n  c e n t i m e t r e s -

T h i s  was t h e n  m u l t i p l i e d  by th e  a r e a  o f  t h e  b o re  o f  t h e

d i l a t o m e t e r  s tem  t o  g i v e  the  c o n t r a c t i o n  o f  th e  l i q u i d  i n  

c u b i c  c e n t i m e t r e s ,  and t h i s  f i g u r e  d i v i d e d  by 2*5 t i m e s  th e  

volume a t  1 2 - 5 * 0  t o  g i v e  t h e  c o e f f i c i e n t  o f  e x p a n s i o n  o f  th e  

l i q u i d .

The a r e a  o f  t h e  bore  o f  th e  d i l a t o m e t e r  stem was 

d e te r m in e d  by f i l l i n g  a p o r t i o n  o f  t h e  stem w i t h  mercury,,

m easur in g  the  l e n g t h  o f  i t ,  and th en  a l l o w i n g  i t  to  run ou t

and w e i g h i n g  i t . Knowing t h e  te m p er a tu r e  at  w h ich  t h e  

e x p e r im e n t  was p er form ed ,  and t h e  d e n s i t y  o f  mercury  a t  t h a t  

t e m p e r a t u r e ,  i t  was e a s y  to  f i n d  t h e  volume o f  mercury  u s e d ,  

and from t h i s  th e  a r e a  o f  th e  b o r e ,  s i n c e  th e  l e n g t h  o f  t h e  

column was a l s o  known.
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The c o e f f i c i e n t s  o f  e x p a n s i o n  o b t a i n e d  are  

g i v e n  i n  t h e  f o l l o w i n g  t a b l e .

C o e f f i c i e n t s  o f  E x p a n s io n  b e tw e e n  1 2  ^  0  and 15°0#

CH3 NH2 (GH3 )2NH G2H5NH2 ( C2H5 ) 2 NH ( CH3 ) 3N

21 *0002024 •0002450 •0002480 •0004037

H 1592 1690 1725 2043 *0002095

1 / 2 1432 1422 1447 1565  1574

If/4 1378 1360 1350 1358 1410

1 / 8 1360 1350 1350 1350 1375

NH3 CH3 CN (CH3)2 00 G2 H5OH

21 •0002310 •0003260 — •0001900

Iff 1610 2220 •0001953 1495

1 / 2 1480 1800 1670 1405

U /4 1415 1550 1440 1380

Iff/8 1375 1470 1363 1365

These  c o e f f i c i e n t s  o f  e x p a n s io n  v/hen p l o t t e d  

a g a i n s t  th e  c o n c e n t r a t i o n  show e x c e s s i v e  i n c r e a s e  w i t h  i n 

c r e a s e  o f  c o n c e n t r a t i o n .  T h is  i s  shown when t h e  "m ole

c u l a r  i n c r e a s e  o f  c o e f f i c i e n t  o f  expans ion"  i s  worked o u t .  

T his  was c a l c u l a t e d  from th e  form u la

i m - a s ~ aw 
N
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w here  i  a t h e  m o l e c u l a r  i n c r e a s e  o f  c o e f f i c i e n t  o f  e x p a n s i o n ,

a g = t h e  c o e f f i c i e n t '  o f  e x p a n s i o n  o f  t h e  s o l u t i o n ,

aw s th e  c o e f f i c i e n t  o f  e x p a n s i o n  o f  w a t e r ,

H « t h e  c o n c e n t r a t i o n  o f  th e  s o l u t e  i n  g r a m - m o l e c u l e s

p e r  l i t r e .

I f  t h e  i n c r e a s e  i n  th e  c o e f f i c i e n t  o f  e x p a n s i o n  

was d i r e c t l y  p r o p o r t i o n a l  t o  th e  c o n c e n t r a t i o n  o f  t h e  s o l u t e ,  

t h e n  t h e  m o l e c u l a r  i n c r e a s e  th u s  o b t a i n e d  s h o u ld  be  a c o n 

s t a n t .  The r e s u l t s  o b t a i n e d  are g i v e n  b e lo w ,  and i t  

w i l l  be s e e n  t h a t  i n  most  c a s e s  t h e  v a l u e s  o b t a i n e d  f o r  c o n 

c e n t r a t e d  s o l u t i o n s  are  much g r e a t e r  th an  t h o s e  f o r  th e  

more d i l u t e  s o l u t i o n s .

M o l e c u l a r  I n c r e a s e  o f  C o e f f i c i e n t  o f  E x p a n s io n .

CH3 NH2 (CH3)2NH C2H5NH2 (C2H5 )2NH (CH3 ) 3N

2 IS •0000337 •0000550 •0000565 •0001343 —

li 242 340 375 693 •0000645

3ST/E 164 : 150 294 430 448

N/4 1 1 2 40 0 0 0 32 2 4 0

M/ 8 80 0 0 0 0 0 0 0 2 0 0
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n h 3 c h3cn (CH3 )2C0 -C2 H5OH

2D • 0 0 0 0 4 8 0 •0000905 — . -0000275

D 260 870 •0000600 145

D/2 260 900 640 1 1 0

D/ 4 260 800 360 1 2 0

D/ 8 2 0 0 960 104 1 2 0

T h is  e x c e s s i v e  i n c r e a s e  i n  th e  c o e f f i c i e n t  o f  

e x p a n s i o n  i n  c o n c e n t r a t e d  s o l u t i o n s  would e x p l a i n  th e  d e 

v i a t i o n s  from D e s p r e tz *  law ,  s i n c e  t h e y  a l s o  o c c u r  i n  c o n 

c e n t r a t e d  s o l u t i o n s .  T h i s  t h e o r y  i s  su p p o r t e d  too  by

th e  f a c t  t h a t  a c e t o - n i t r i l e ,  w hich  h a s  a p r a c t i c a l l y  c o n 

s t a n t  m o l e c u l a r  i n c r e a s e  o f  c o e f f i c i e n t  o f  e x p a n s i o n ,  o b e y s  

t h e  law  o f  D e s p r e t z .  Ammonia a l s o  h a s  a c o n s t a n t  m o l e 

c u l a r  i n c r e a s e  o f  c o e f f i c i e n t  o f  e x p a n s i o n  f o r  s o l u t i o n s  

v a r y i n g  i n  s t r e n g t h  from D t o  D/ 8  and f o r  t h i s  range  i t  

o b e y s  t h e  law o f  D e s p r e t z .  jfor t h e  more c o n c e n t r a t e d  2D 

s o l u t i o n  t h e  m o l e c u l a r  i n c r e a s e  o f  c o e f f i c i e n t  o f  e x p a n s i o n  

i s  much g r e a t e r ,  and h e r e  th e  l o w e r i n g  o f  t h e  t e m p er a tu r e  

o f  maximum d e n s i t y  i s  a l s o  more th an  would  be e x p e c t e d .

I n  t h e  c a s e  o f  e t h y l  a l c o h o l  t h e  m o l e c u l a r  i n c r e a s e  o f  c o 

e f f i c i e n t  o f  e x p a n s i o n  i s  p r a c t i c a l l y  c o n s t a n t ,  but  t h e  

c o e f f i c i e n t  o f  e x p a n s i o n  i s  so s m a l l  t h a t  f o r  d i l u t e  

s o l u t i o n s  i t  i s  o u tw e ig h ed  by th e  o t h e r  f a c t o r s  and th e  s m a l l
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d e n s i t y  o f  t h e  s o l u t i o n  p r o d u ce s  a r i s e  i n  th e  t e m p e r a t u r e  

o f  maximum d e n s i t y  a s  a l r e a d y  s u g g e s t e d .

C O N C L U S I O N .

We c o n c l u d e  t h a t ,  as  a r u l e ,  D e s p r e t z 1 law  i s  

o b ey ed  i n  d i l u t e  s o l u t i o n s  b u t  n o t  i n  c o n c e n t r a t e d  s o l u t i o n s .  

The d e v i a t i o n  shown i n  c o n c e n t r a t e d  s o l u t i o n s  i s  i n  t h e  

form o f  an i n c r e a s e d  l o w e r i n g  o f  t h e  t e m p e r a t u r e  o f  m ax i

mum d e n s i t y ,  and i s  due to  t h e  e x c e s s i v e  i n c r e a s e  i n  t h e  

c o e f f i c i e n t  o f  e x p a n s i o n  o f  c o n c e n t r a t e d  s o l u t i o n s *

7?-': ■„ ’ > J / r  ;>J.' V  ‘i  - ^ : -  V i  - ■

. y y-\:A ■?: i  i
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PART I I .

The T em p era tu res  o f  Maximum R e f r a c t i v i t y  o f  

Aqueous S o l u t i o n s .

I38TRODUOTIOH.

T h is  s u b j e c t  was s u g g e s t e d  by th e  p r e v i o u s  s t u d y  

on th e  t e m p e r a tu r e  o f  maximum d e n s i t y  o f  aqueous  s o l u t i o n s .  

The o c c u r r e n c e  o f  a maximum on th e  cu r v e  show ing  t h e  r e 

l a t i o n  o f  d e n s i t y  to  f a l l  i n  t e m p e r a tu r e  was e x p l a i n e d  by  

t h e  f a c t  t h a t  i c e  i s  l e s s  dense  th an  w a t e r  and i c e  m o l e c u l e s  

are  sup p osed  to  be formed above t h e  f r e e z i n g  p o i n t .  The 

l o w e r  d e n s i t y  o f  t h e s e  c o u n t e r a c t s  th e  i n c r e a s e  i n  d e n s i t y  

due t o  f a l l  i n  t e m p e r a tu r e  o f  t h e  l i q u i d ,  and a t  a c e r t a i n  

p o i n t  p r o d u c e s  a d e c r e a s e  i n  t h e  d e n s i t y  o f  t h e  s o l u t i o n .

Prom t h i s  i t  a p p ea rs  t h a t  th e  e x i s t e n c e  o f  a tem

p e r a t u r e  o f  maximum d e n s i t y  d epend s  on th e  f a c t  t h a t  t h e  

change  o f  d e n s i t y  on f r e e z i n g  i s  i n  t h e  o p p o s i t e  d i r e c t i o n  

to  t h e  c h a n g e  i n  d e n s i t y  produced by l o w e r i n g  the  t e m p e r a tu r e  

o f  th e  l i q u i d .  V/ith most  o f  the  o t h e r  p r o p e r t i e s  o f  

l i q u i d s ,  su ch  as  v i s c o s i t y  or s u r f a c e  t e n s i o n ,  the  change  on  

f r e e z i n g  c o n t i n u e s  to be  i n  th e  same d i r e c t i o n  a s  t h a t  on



- 3 0 -

l o w e r i n g  t h e  t e m p e r a t u r e  i n  t h e  l i q u i d  s t a t e *  I t  i s

o l e a r  t h e n  t h a t  t h e s e  p r o p e r t i e s  w i l l  show no maximum 

p o i n t  when t h e  l i q u i d  i s  s u b j e c t e d  to  a c o n t i n u o u s  r i s e  

or f a l l  i n  th e  t e m p e r a tu r e  - e v e n  o v e r  a ran ge  i n c l u d i n g  

t h e  f r e e z i n g  p o i n t  -  b u t  w i l l  c o n t i n u e  to  d e c r e a s e  o r  i n 

c r e a s e  as t h e  c a s e  may b e .  The p r o p e r t y  o f  r e f r a c t i v i t y ,  

h ow ever ,  we f i n d  i s  a n a la g o u s  to  t h a t  o f  d e n s i t y  i n  t h a t  

t h e  r e f r a c t i v e  i n d e x  o f  i c e  i s  l e s s  than  t h a t  o f  w a t e r ,

( b e i n g  1*31 f o r  i c e ,  and 1*33 f o r  w a t e r ) ,  a l t h o u g h  t h e  r e 

f r a c t i v e  i n d e x  o f  w a t e r  i n c r e a s e s  w i t h  f a l l i n g  t e m p e r a t u r e .  

Here t h e n  we have  a c a s e  -where the  ch a n g e  on f r e e z i n g  i s  

i n  t h e  o p p o s i t e  d i r e c t i o n  to  t h a t  produced by f a l l  o f  tem

p e r a t u r e  i n  th e  l i q u i d ,  and so we may e x p e c t  to  f i n d  t h e  

e x i s t e n c e  o f  a t e m p e r a tu r e  o f  maximum r e f r a c t i v i t y  f o r  

w a t e r .

HISTORICAL SURViSY.

On i n v e s t i g a t i n g  t h e  work p r e v i o u s l y  done on t h i s  

s u b j e c t ,  we f i n d  t h a t  few m easurements  o f  r e f r a c t i v i t y  have  

b e e n  made a t  low  t e m p e r a t u r e s .  Jamin however  ( Comptes 

r e n d u s ,  4 3 ,  1856)  s t u d i e d  t h e  r e l a t i o n s h i p  b e tw e en  r e f r a c t i v e

i n d e x  and d e n s i t y  o f  w a t e r ,  and t o o k  r e a d i n g s  w i t h  h i s  

i n t e r f e r o m e t e r  down to  0°G. S i n c e  th e  t e m p er a tu r e  o f  

maximum d e n s i t y  o f  w a t e r  i s  4 ° 0 , he e x p e c t e d  to  f i n d  a m axi

mum r e f r a c t i v e  in d e x  a t  t h a t  p o i n t  i f  th e  r e f r a c t i v e  i n d e x
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depended on t h e  d e n s i t y .  He d i d  not  f i n d  any ch an ge  a t  

4 °G when he r a i s e d  th e  te m p e r a tu r e  p r o g r e s s i v e l y  from 0 °G 

to  30°G .  Bat  as  th e  r e f r a c t i v e  i n d e x  o f  i c e  i s  l o w e r  

than  t h a t  o f  w a t e r ,  he  cone l a d e d  t h e r e  mast be a maximam 

r e f r a c t i v i t y  ab oat  0°G, th e  i c e  m o l e c a l e s  formed c o u n t e r 

a c t i n g  t h e  i n c r e a s e  due to  l o w e r i n g  t h e  t e m p e r a tu r e  o f  t h e  

w a t e r .  He t h u s  c o n c l u d e d  t h a t  t h e r e  was an a n a l o g y  b e 

tween t h e  t e m p e r a t u r e  v a r i a t i o n  o f  r e f r a c t i v e  i n d e x  and 

d e n s i t y ,  but  t h a t  th e  maximum p o i n t s  o c c u r r e d  at  d i f f e r e n t  

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

T h i s  d i f f e r e n c e  seems e a s i l y  e x p l i c a b l e ,  assu m ing  

th e  t h e o r y  o f  t h e  f o r m a t i o n  o f  i c e  m o l e c u l e s  above  t h e  

f r e e z i n g  p o i n t ,  b e c a u s e  th e  change o f  r e f r a c t i v e  i n d e x  on 

f r e e z i n g  i s  o n l y  1 * 5 $ ,  w h i l e  t h e  change o f  d e n s i t y  i s  about  

9 ^ .  I t  i s  t h e r e f o r e  o b v i o u s  t h a t  a g r e a t e r  c o n c e n t r a t i o n  

o f  i c e  m o l e c u l e s  must be formed b e f o r e  t h e i r  e f f e c t  w i l l  b e 

come v i s i b l e  i n  th e  c a s e  o f  r e f r a c t i v e  i n d e x ,  and t h i s  means  

t h a t  th e  l i q u i d  w i l l  n eed  t o  be c o o l e d  down to a l o w e r . t e m 

p e r a t u r e .  T h i s  e x p l a i n s  why t h e  te m p er a tu r e  o f  maximum 

r e f r a c t i v i t y  o f  w a t e r  i s  as  lo w  as  0 °G, w h i l e  t h e  tem p era 

t u r e  o f  maximum d e n s i t y  i s  a t  4 °G.

P u l f r i c k  a l s o  m easured  th e  r e f r a c t i v e  i n d e x  o f  

w a t e r  a t  low te m p e r a t u r e s  - h i s  r e a d i n g s  r a n g i n g  from + 1 0 ° G



t o  - 1 0 ° G . He fo u n d  t h e  maximum p o i n t  to  be  e v en  l o w e r  

th an  t h a t  s u g g e s t e d  by Jamin ,  b e i n g  b e tw een  -1°C and - 2 ° C .

As h i s  work was most  c a r e f u l l y  c a r r i e d  o u t  under v e r y  

f a v o u r a b l e  c o n d i t i o n s  -  he  w a i t e d  to  ta k e  h i s  r e a d i n g s  t i l l  

t h e  t e m p e r a t u r e  o f  th e  o u t s i d e  a i r  was as c o l d  as he r e q u i r 

ed i t  - h i s  r e s u l t s  s h o u ld  be c o r r e c t .  K e t t e l e r  (Ann.  

d er  P h y s i k ,  33 ,  1888)  a l s o  c a r r i e d  out  some m easurem ents  

on t h e  r e f r a c t i v e  in d e x  o f  w a t e r ,  and though not  many w ere  

at  low  t e m p e r a t u r e s ,  he o b t a i n e d  r e a d i n g s  a t  - 5 ° 0  and - 1 0 ° C ,  

w h ic h  showed a d i s t i n c t  t u r n i n g  p o i n t  i n  t h e  c u r v e .

H av in g  t h u s  e s t a b l i s h e d  th e  f a c t  t h a t  a p o i n t  o f  

maximum r e f r a c t i v i t y  o f  w a t e r  c o u l d  be d e t e r m in e d ,  i t  was  

d e c id e d  t o  i n v e s t i g a t e  t h e  e f f e c t  on i t  o f  t h e  a d d i t i o n  o f  

so lutes ;  and to  f i n d  i f  t h i s  produced a l o w e r i n g  which  o b e y 

ed th e  same la w s  a s  t h e  l o w e r i n g  o f  th e  t e m p e r a tu r e  o f  

maximum d e n s i t y .

HXPHRIMEHTAL MHTHQI).

I n  t h e  f i r s t  p l a c e  t h e  t e m p er a tu r e  o f  maximum 

r e f r a c t i v i t y  o f  w a t e r  was  d e te r m in e d  by  means o f  a Z e i s s  

P i p p i n g  R e f r a c t o m e t e r . C o n s i d e r a b l e  d i f f i c u l t y ,  was

e x p e r i e n c e d  a t  th e  b e g i n n i n g  i n  t h e  c a r r y i n g  out  o f  t h i s  

and t h e  f u r t h e r  e x p e r i m e n t s  owing to t h e  need f o r  work a t  

low t e m p e r a t u r e s  and th e  d i f f i c u l t y  i n  u s i n g  a r e f r a c t o m e t e r
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under  su ch  c o n d i t i o n s .  I n  th e  i n s t r u m e n t s  used  by  

P u l f r i c h  and Jamin th e  t e m p e r a t u r e  was hard t o  c o n t r o l  

and c o u l d  n o t  a lw a y s  be  d e te r m in e d  a c c u r a t e l y .  The 

p r e s e n t  work was done by means o f  a D ip p in g  R e f r a c t o m e t e r ,  

w h ich  made t h e  t e m p e r a t u r e  r e g u l a t i o n  v e r y  s i m p l e .  The 

l i q u i d  under i n v e s t i g a t i o n  was c o n t a i n e d  i n  a s m a l l  b e a k e r  

o r  w e i g h i n g  b o t t l e  j u s t  l a r g e  enough to  e n a b le  t h e  pr ism  

at  t h e  end  o f  t h e  r e f r a c t o m e t e r  t o  f i t  i n t o  i t  c o m f o r t a b l y .  

T h is  b e a k e r  was f i x e d  on t h e  end o f  t h e  r e f r a c t o m e t e r  by 

means o f  a w ide  p i e c e  o f  rubber  t u b i n g ,  so t h a t  th e  j u n c t i o n  

was w a t e r - t i g h t ,  a l t h o u g h  th e  b e a k e r  c o u l d  e a s i l y  be  ch a n g e d .  

The r e f r a c t o m e t e r  was th en  clamped so t h a t  i t  was h e l d  i n  

a v e r t i c a l  p l a n e  w i t h  the  s m a l l  b e a k e r  d i p p i n g  i n t o  a much 

l a r g e r  one f i l l e d  w i t h  w a t e r  and u sed  as  a t e m p er a tu r e  r e 

g u l a t o r .  The w a t e r  o r  f r e e z i n g  m ix t u r e  i n  t h i s  was k e p t

s t i r r e d  by a s trea m  o f  a i r  b e in g  c o n s t a n t l y  blown t h r o u g h ,  

and t h e  t e m p e r a t u r e  was read o f f  a thermometer  h a n g in g  i n t o  

i t .  T h i s  therm om eter  was g r a d u a ted  i n  t e n t h s  o f  a degree  

from -20°C  to  + 20°G. A s m a l l  i n c l i n e d  m ir r o r  was p la c e d  

b e lo w  t h e  b e a k e r  and s e r v e d  to  r e f l e c t  the l i g h t  from an 

e l e c t r i c  lamp th rou gh  t h e  l i q u i d  under  o b s e r v a t i o n .

D i r e c t  r e a d i n g s  can  be made u s i n g  th e  D ip p in g  

r e f r a c t o m e t e r  and f o r  t h e  p r e s e n t  pu rp ose  d id  n o t  need  to  

be c o n v e r t e d  i n t o  a c t u a l  r e f r a c t i v e  i n d i c e s ,  as  i t  was o n l y
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n e c e s s a r y  to  3 ee  i f  t h e  r e a d i n g s  were  becom ing h i g h e r  o r  

l o w e r ,  and to  f i n d  t h e  t em p era tu re  where t h e  change  to o k  

p l a c e .  The e y e p i e c e  c o n t a i n s  a s c a l e ,  and a m i c r o 

m e te r  s crew  e n a b l e s  t e n t h s  o f  t h i s  t o  be d e t e r m in e d  a c c u r a t e 

l y *  A v a r i a t i o n  o f  ± .0 * 1  o f  a s c a l e  d i v i s i o n  c o r r e s 

ponds t o  a mean e r r o r  o f  ± 3 * 7  u n i t s  o f  t h e  f i f t h  d e c im a l  

p l a c e  o f  th e  n ^  v a l u e .

When th e  in s t r u m e n t  was f i r s t  used  i t  was fou nd  

to  work v e r y  s a t i s f a c t o r i l y  a t  o r d i n a r y  t e m p e r a t u r e s ,  but  

when c o o l e d  down t o  low te m p e r a t u r e s  a f i l m  o f  m o i s t u r e  c o n 

d en sed  on t h e  top  o f  t h e  prism i n s i d e  th e  i n s t r u m e n t .

T h is  c a u s e d  b l u r r i n g ,  and t h e  r e a d i n g s  c o u ld  n o t  be t a k e n  

w i t h  any a c c u r a c y .  I t  was th e n  a t t e m p te d  to  keep  any 

m o i s t  a i r  from e n t e r i n g  t h e  r e f r a c t o m e t e r  by  e n c l o s i n g  i t  

i n  a t i n  c a s e  c o n t a i n i n g  c a l c i u m  c h l o r i d e  - o n l y  t h e  top  

and bot tom  o f  t h e  r e f r a c t o m e t e r  b e i n g  a l l o w e d  to  p r o j e c t .

This  arran gem en t ,  however,  was cumbersome and n o t  v e r y  

e f f e c t i v e ,  and i t  v.as f i n a l l y  d i s c o v e r e d  t h a t  a s m a l l  p i e c e  

o f  c a l c i u m  c h l o r i d e  wrapped i n  l e a d  f o i l  and p l a c e d  on t h e  

upper  s u r f a c e  o f  th e  pr ism  was q u i t e  s u f f i c i e n t  to  absorb  

any m o i s t u r e ,  and d id  n o t  i n t e r f e r e  w i t h  th e  o b s e r v a t i o n s  

as was at  f i r s t  a n t i c i p a t e d .

R e a d in g s  were  th en  a b le  to  be t a k e n  w i t h o u t  

d i f f i c u l t y  down t o  th e  p o i n t  where th e  l i q u i d  f r o z e .
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U n f o r t  u n a t e l y  i t  was found t h a t ,  i n  t h e  c a s e  o f  a l l  

s o l u t i o n s ,  f r e e z i n g  o c c u r r e d  b e f o r e  t h e  te m p e r a tu r e  o f  

maximum r e f r a c t i v i t y  had b e e n  r e a c h e d .  To meet  t h i s  

d i f f i c u l t y  t h e  p o i n t  o f  maximum r e f r a c t i v i t y  was  o b t a i n e d  

by drawing  g r a p h s  showing  t h e  change  i n  r e f r a c t i v i t y  p e r  

d e g r e e .
dr

The change  o f  r e f r a c t i v e  i n d e x  p er  d e g r e e  ( d t )  

d e c r e a s e s  w i t h  f a l l  o f  tem p era tu re  t i l l  a t  t h e  te m p er a tu r e  

o f  maximum r e f r a c t i v i t y  -  t h e  t u r n i n g  p o i n t  o f  th e  c u r v e  -  

i t  i s  e q u a l  to  z e r o .  I f  t h e n  t h e  v a l u e  o f  dr  be  p l o t t e d  

a g a i n s t  t e m p e r a t u r e ,  and th e  cu r v e  so o b t a i n e d  e x t e r p o l a t e d  

to  d e t e r m i n e  t h e  t e m p e r a tu r e  a t  w hich  th e  c o e f f i c i e n t
d t

i s  o f  z e r o  v a l u e ,  i t  f o l l o w s  t h a t  t h i s  t e m p er a tu r e  i s  the  

t e m p e r a t u r e  o f  maximum r e f r a c t i v i t y .

The o n l y  d e f e c t  i n  t h i s  method i s  t h a t  the  l i n e  

o b t a i n e d  i s  n o t  s t r a i g h t  b u t  a c u r v e ,  so  t h a t  the  p o i n t  o b 

t a i n e d  by i t s  e x t e r p o l a t i o n  cannot  be  d e te r m in e d  v e r y  

a c c u r a t e l y ,  b u t  i t  appeared to  be t h e  most p r a c t i c a l  method,  

and th e  e r r o r  sh o u ld  n o t  be v e r y  g r e a t .  The l i n e  drawn 

i s  n e a r l y  s t r a i g h t ,  and may be ta k en  as  such  f o r  the  pur

pose  o f  e x t e r p o l a t i o n .

A number o f  e x p e r im e n t s  were  c a r r i e d  ou t  i n  t h i s

way,  and t h e  t e m p er a tu r e  o f  maximum r e f r a c t i v i t y  o b t a i n e d

f o r  w a t e r  and f o r  — and t- s o l u t i o n s  o f  some o f  th e  common2 4
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a c i d s  and t h e i r  l i t h i u m ,  sodium, p o t a s s iu m  and ammonium 

s a l t s *  The r e f r a c t i v e  i n d i c e s  were  read o f f  e v e r y  4 °0  

down to  a t e m p e r a t u r e  where t h e  change  p er  d e g r e e  was l e s s  

th an  -05  o f  a s c a l e  d i v i s i o n  a t  t h e  mean t e m p e r a tu r e  o f  th e  

f i n a l  r a n g e ,  o r  t i l l  t h e  l i q u i d  f r o z e .  Each i n v e s t i g a t i o n  

was c a r r i e d  out  t w i c e  i n  o r d e r  to  make su re  t h a t  th e  e x p e r i 

ment was s u f f i c i e n t l y  a c c u r a t e ,  and i t  was found t h a t  th e  

r e s u l t s  o b t a i n e d  were  f a i r l y  c l o s e  t o g e t h e r .  I n  e v e r y  

c a s e  t h e  i n s t r u m e n t  was k ep t  a t  th e  r e q u i r e d  t e m p e r a tu r e  

f o r  a q u a r t e r  o f  an hour b e f o r e  a r e a d i n g  was t a k e n ,  and

th e n  a s e c o n d  r e a d i n g  was t a k e n  f i v e  m inutes ,  l a t e r  a s  a
#

ch e ck  on t h e  f i r s t  o n e .

EXPERIMENTAL RESULTS.

The r e s u l t s  are  g i v e n  b e lo w :

W ater .

Temperature
in  °C 10  6 2 - 2  - 3  -4- - 5

Heading on
r e f r a c t o -  16*42  16*90  17*17 17*17 17*15  17*09 17*05
meter 1 6 - 4 4  16*88 17*17 17*18 17*15

Hefractive
ind ex  1 * 33370  1*33,389 1*33,424 1*33,424 1*33416 1*333.97 1*33385

These p r e l i m i n a r y  r e a d i n g s  were  ta k e n  d i r e c t ,  and 

th e  v a l u e  o f  t h e  r e f r a c t i v e  i n d e x  o b t a i n e d  from t a b l e s
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s u p p l i e d  w i t h  t h e  i n s t r u m e n t .  I t  oan be s e e n  t h a t  a 

maximum p o i n t  o c c u r s  b e tw e en  2 ° G and - 2 ° 0 .

When i t  was fou nd  t h a t  th e  t e m p e r a tu r e  o f  maximum 

r e f r a c t i v i t y  o f  s o l u t i o n s  had t o  be o b t a i n e d  by means o f  a 

graph,  i t  was fou nd  f o r  w a t e r  i n  t h e  same way.

As an i l l u s t r a t i o n  o f  the  method o f  w o r k in g ,  th e  

c o m p le t e  s e t  o f  f i g u r e s  o b t a i n e d  i s  shown b e lo w .

TemDerature Heading  on  
s c a l e .

d i f f e r - ,  
e n c e .

dr
3T M-Qan tem

p e r a t u r e

10°0

6°  0

2°  0

- 2°  0

16*44
16- 42

16*88
16*90

1 7 - 1 7
1 7 - 1 7

17*17
17*18

'46
4

•28
T

•01
i f

115

07

002

8 ^

4°C

0°C

A grap h  drawn a c c o r d i n g  t o  t h e s e  f i g u r e s  shows  

th e  t e m p e r a t u r e  o f  maximum r e f r a c t i v i t y  to  be - 0 - 3 ° G .

The e x p e r im e n t  was t h e n  r e p e a t e d  a t  d i f f e r e n t  

t e m p e r a t u r e s ,  and w i t h  a f r e s h  sample  o f  w a t e r .
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R e s a l t s :

'.Temperature

8°  0 

4°C 

0°G 

- 4 c C

R e a d in g  on 
s o a l e  .

16*67
16*68

1 7 - 0 0
1 7 - 0 2

17 -17 
1 7 - 1 8

17 -12  
1 7 - 1 2

d i f f e r 
ence  .

17
4

■ 06 
4

dr
at

082

042

015

Mean tem
perature  .

6 0

2° C

- 2  0

A graph drawn f o r  t h e s e  / . f i g u r e s  shows t h e  tem

p e r a t u r e  o f  maximum r e f r a c t i v i t y  to  be - O ’ EPC.

These  grap h s  may he found appended a t  th e  back o f  

th e  pap er  a l o n g  w i t h  t h e  o t h e r s  drawn f o r  t h e  v a r i o u s  s o l u 

t i o n s .

The t e m p e r a t u r e  c o e f f i c i e n t  o f  r e f r a c t i v i t y  was  

a l s o  d e te r m in e d  -  b e i n g  tak en  b e tw een  the  t e m p e r a t u r e s  2 0° C 

and 15  . The r e s u l t s  f o r  w a te r  w ere:

Temperature

20°  0

15 %

R e a d in g  on 
s c a l e .

14*59
14*59

1 5 - 6 4
15*65

d i f f e r -  
e n c e .  ^

1 - 0 6 *214

Mean tem
p e r a t u r e  -

1 7 - 5  C
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The t e m p e r a t u r e  c o e f f i c i e n t  o f  r e f r a c t i v i t y  at  

17*5°C i s  t h e r e f o r e  .2 1 4  o f  t h e  s c a l e  r e a d i n g  o f  the  i n 

s tru m en t  .

P r o c e e d i n g  i n  t h i s  manner a c o m p le te  s e r i e s  o f  

a c i d s  and s a l t s  w ere  examined a t  b o th  |[ and ^  s t r e n g t h s .  

The f i g u r e s  f o r  HOI and i t s  l i t h i u m  s a l t  are  g i v e n  h e r e .  

Those f o r  t h e  o t h e r  a c i d s  and s a l t s  are  a l l  s i m i l a r ,  and 

were o b t a i n e d  i n  th e  same way, so o n l y  th e  g r a p h s  drawn 

from them are  g i v e n ,  and t h e  f i n a l  t e m p e r a t u r e s  o f  maximum 

r e f r a c t i v i t y  w h ic h  were o b t a i n e d .

( i )

emperature

20°C

15 °C

8  °C

4 C

0°0

- 4°G

R e a d in g  on  
s c a l e

24 -98  
29*99

26*08
26*09

2 7 - 4 2  
27*4 0

27*95
27*98

28*28
28*27

28*58
28*39

D i f f e r e n c e

1*10

>56
4

;50
L

■ 12  
4

dr
dt

=  *22

= *14

075

03

Mean tem
p e r a t u r e  .

1 7 • 5°0

6°0

2 C

•- 2° G



- / O -

Temperatare

(2) 20°C

15°C

7°C

O _s a

1°C

-5°C

R e a d in g  on 
s c a l e

24*99
24*98

D i f f e r e n c e

2 6 - 0 0
2 6 - 0 0

27*36
27*34

27*78
27*79

28*04
28*04

2 8 - 0 9
28*09

1*02

iSS
4-

dr
d t

=  *20

■11

06

012

Mean tern-* 
p e r a t a r e .

17 '5 0

5°C

1°C

- 3  0

HOI
—■—  tem p eratu re  

( l i  2 0 ° C 

15° G

8 °  0

4°G

R e a d in g  on 
s c a l e

19*88
19*90

21*03
21*03

22*16
2 2 - 1 8

22*50
22*50

D i f f e r e n c e  i j .
d?

1*14

■33 _
4

29
4

208

082

072

Mean tem
p e r a t u r e  •

1 7 . 5 ° C

6°G

2°G
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H01 ( O o n t d . )

Temperature R ead in g  on D i f f e r e n c e  Meaft tern-
s c a l e  ^  p e r a t u r e

0°C 22*80
22*78

-4°C 22*82
22*82

03 001 -----  -2°G

(2) 20°Q 19*89
19*89

1 5 °0  2 1 *00
21*00

9°0  21*92
21*92

5°0  22*38
22*38

1°0  22*67
22*69

-3°C  22*72
22*72

1*11 •22 ------  17 *5cC

■46
4

115 --------  7°0

'29 _ *072   3c C
4

_Li = * 0 1 ------- 1°0
4
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1 1 0 1 .

Temper a t  a re R e a d in g  on 
s c a l e

D i f f e r e n c e dr
I ?

Mean te m 
p e r a t u r e  •

(1) 20°G

15°G

24*27
2 4 - 2 9

25*39  
25 * 40

1-11 22 17 *5°C

( * )

7°G

„ o  _
3 G

-1°G

-5°G

20°0

15°0

8°G

4°G

0°G

-A°G

26*09
26*10

26*68
26*68

2 6 * 9 5
26*93

27*03  
27 *03

24*37
2 4 -3 7

25*38
25*38

26*59
26*59

27*00  
27 *00

27*28  
27 32 
27 30

27 38 
27 38

58
4

■ 26

09
4.

’145

065

022

1*01 20  -

41

■30
4

08

102

075

020

5°G

1°0

- 3  0

17 *5°0

6 0

2°G

-2°C
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LiOl
Temperature R e a d in g  on D i f f e r e n c e  QL Mean tem-

s c a l e  ^  p e r a t u r e

(1) 20°C

15°G

1 8 - 8 5  
1 8 * 8 4

1 9 - 8 2  
1 9 - 8 2

<98
5

-196 17 • 5 0

o
8 0

4°0

0 0

- 4° 0

21*00
21 -00

2 1 - 4 0
2 1 - 4 4

2 1 - 6 4
2 1 - 6 5

2 1 - 6 7
2 1-68

42
4

22
4

03
4

'105

055

007

6°0

2°C

- j f  0

( 2 ) 20°0

15°G

1 9 - 2 6
1 9 - 2 8

20*35
2 0 * 3 4

1 -0 7 214 17.-5 0

11°C

7°C

3°C

1°G

2 2 - 1 4
2 2 - 1 4

2 1 - 5 8
2 1 - 5 8

2 1 - 9 4
2 1 - 9 5

2 2 - 1 3
2 2 - 1 5
2 2 - 1 1

56

L§Z
4

4

■14

0.92

045

5°C

1° 0
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The te m p e r a tu r e s  o f  maximum r e f r a c t i v i t y  o b ta in ed  

from t h e s e  are a s  f o l l o w s ;

Iff HCl -4*2  °C I  Tian - 4 • 3° 0
I  HC1 -  4 • 2° 0 2  Ll01 -3*8  C

f i H O l  - 2 -1o °  ^ h i G l  - 2 ‘3: °4 - 2 - 1  C 4 - 2 - 5  0

The com p le te  s e t  o f  r e s u l t s  i a  g iv e n  below i  

Tem peratures o f  Uaxiaam R e f r a o t i v i t y .

HOI HBr HI HHO^

I - 4 *2 -2  *8 - 3 - 5 - 6*5
E - 4 - 2 - 3 * 0 -3*9 - 7 . 4

N - 2 - 1 - 2 - 1 -3*0 - 3 - 5
t - 2 - 1 - 2*0 - 3 . 0 « 3 • 4

HaCl UaBr Hal

I - 7 - 5 - 6 * 0 -6*3 -1 1 -2
2 -9  *8 - 7 - 0 ~6*8 -10*9

Iff - 3*5 - 4- • 0 -4*3 - 7 - 0
* -3*6 -3*9 - 4 - 2 -6*6

KOI KBr KI KNQ*"

Iff - 6 - 5 - 7 - 8 -8*3 - 10-0
2 - 7 - 5 - 8*1 -8*5 -9*8

U - 3*5 - 3 * 5 - 4 - 5 -6*2
- 3 - 0 - 4*2 - 4*2 - 5*4
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4

L iC l LiBr L i l LiH03 .

I - 4 * 3 - 3 - 7 - 5 - 5 - 6 * 9
S’ - 3 - 8 - 3 * 8 - 5 * 3 -6  *8

Iff - 2 - 3 - 2 * 9 -3 * 8 - 3 * 5
I - 2 * 5 - 2 * 3 - 3 * 5 - 2 - 5

BH .01 HH^Br HH.I lffH.HO,.
-----------4 ----------- 4—

H - 4 * 9 - 4 * 9 - 5 * 5 -7 * 6
2 - 5 * 9 - 4 * 3 -5 * 8 -8 * 1

I f f . - 3 - 7 - 2 : 5 - 3 * 0 -5 * 1
A - 3 - 0 - 3 * 0 -2 * 6 - 5 * 3

- 2 — 4 H.COOH CH -COOH----3------- C JL .COOH

I - 6 * 0 -4*  3 - 4 . 0  ‘ -  4*7
2 - 6 * 4 - 4 * 6 - 4 * 5 -4 * 8

Iff - 3 * 4 -■2*2 - 2 - 5 -2 * 9
4 - 3 * 4 -1*7 -2 * 6 -2 * 7

Ha 50 H.COOHa CH _COOHa C H COOHa
----2----4 --- 3------- 2 ” i)

Iff 12*6 - 6 * 4 -7 * 8 - 8 * 6
2 12*0 - 6 * 0 - 8 * 0 - 8 * 4

Iff 5*6 - 4 . 0 - 3 * 5 -3 * 7
4 5*0 - 4 * 4 - 3 * 3 - 4 - 2
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QOHBIDKRATIOH Qj? RESULTS*

We may now examine  t h e s e  r e s u l t s  t o  s e e  what  

c o n c l u s i o n s  c a n  he  drawn from them.

I n  t h e  f i r s t  p l a c e  we e x p e c t e d  from a n a lo g y  \y i th  

d e n s i t y  t h a t  t h e y  w ould  obey  D e sp r e tz *  law ,  t h a t  t h e  l o w e r 

i n g  due t o  a s o l u t e  depends  on i t s  m o l e c u l a r  c o n c e n t r a t i o n  

i n  t h e  s o l u t i o n .  The r e s u l t s  b e a r  ou t  t h i s  law t o  a f a i r  

e x t e n t ,  th o u g h  i n  m ost  c a s e s  the  l o w e r i n g  due to  a s em i 

normal s o l u t i o n  i s  n o t  q u i t e  t w i c e  t h a t  o f  t h e
4

Below  i s  g i v e n  a t a b l e  showing t h e  lo w e r i n g  o f  t h e  

t e m p e r a tu r e  o f  maximum r e f r a c t i v i t y  -  t h e  v a l u e  f o r  w a te r  

b e i n g  t a k e n  a s  - 0 * 5  <0 .

L o w er in g  o f  t h e  Temperature  o f  Maximum R e f r a c t i v i t y .

HOI HBr • £ 1 HEO .
------3~

H
2

~3*7 - 2 * 4 - 2 - 2 - 6 * 5

I
4 - 1 - 6 - 1 * 6 - 2 * 5 - 3 * 0

H a d UaBr Hal HaHO 3

H
2

i CD • H - 6 * 0 - 6 * 0 - 9 * 5

---
-

- 3 * 1 - 3 * 5 - 2 * 8 - 6 * 2

KOI KBr KI o o 3 .
II
2

- 6 . 5 - 7 * 4 -7  *9 - 9 * 4

H
1 -2 * 7 - 3 * 2 - 2 * 8 - 5 - 3
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!

® .

2

E
7

L iO l

- 3 * 5

— 1*9

LiB r

- 3 - 3

- 2 * 1

#

L i l  

- 4 . 9

- 3 - 1

LiEO . 
....... s
- 6 * 3

- 2 * 5

m  c i EH Br EH I EH HO .

IT
4 4 — 4— — 4 — 3-

2
- 4 . 9 - 4 . 1 - 5 - 2 -7  .4

I
4

CO•CMl - 2  - 2 •CM1 -4*7

1
2

I4

2 21 0 4

- 5 * 7

- 2 * 9

I a 2S0 4

h . - l l * 8  

- 4 - 8

H.GOOH GH J300H0— C2H5 C00H

- 4 * 0 -3 * 8 - 4 * 3

- 1 * 4 - 2 - 1 - 2 * 3

H.COOHa GH ^GOQEa G^H^COOEa

- 5 * 7 - 7 . 4

0
 •CO1

3 - 7 - 2 * 9 -3 * 5
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tfrom t h e s e  f i g u r e s  we can  o n l y  s a y  w i t h  c e r 

t a i n t y  t h a t  t h e  l o w e r i n g  i n c r e a s e s  w i t h  c o n c e n t r a t i o n .

We c a n n o t  s a y  t h a t  i t  depends  d i r e c t l y  on i t .  The 

method o f  d e t e r m i n i n g  t h e  l o w e r i n g  o f  t h e  te m p er a tu r e  o f  

maximum r e f r a c t i v i t y  i s  perhaps  n o t  a c c u r a t e  enough to  

show a marked r e g u l a r i t y  -  c e r t a i n l y  i t  can n ot  be o b t a i n e d  

w i t h  t h e  same a c c u r a c y  a s  t h a t  o f  d e n s i t y ,  where th e  

f o l l o w i n g  o f  D e s p r e t z 1 law was c l e a r l y  shown.

The c o e f f i c i e n t  o f  e x p a n s io n  o f  the  s o l u t i o n  

was found t o  i n f l u e n c e  the  lo w e r i n g  o f  t h e  tem p erature  o f  

maximum d e n s i t y ,  so  t h e  c o r r e s p o n d i n g  p r o p e r t y  was  a l s o  

i n v e s t i g a t e d  i n  t h e  c a s e  o f  r e f r a c t i v i t y .  The r e 

f r a c t i v i t y  was m easured  a t  20^3 .  and at  1 5 °C. ,  and th e  

d i f f e r e n c e  p e r  d e g r e e  c a l c u l a t e d  from t h e  r e s u l t s .  This  

gave t h e  a p p r o x im a te  i n c r e a s e  i n  r e f r a c t i v i t y  a t  t h e  mean 

t e m p e r a t u r e ,  i . e . ,  a t  17 * 5 °C .  The t e m p e r a tu r e s  tak en  

were q u i t e  a r b i t r a r y ,  b e i n g  s e l e c t e d  as c o n v e n i e n t ,  and 

s u f f i c i e n t l y  removed from t h e  f r e e z i n g  p o i n t  to  ensure  

t h a t  t h e r e  v/ould be no i n t e r f e r e n c e  due to  fo r m a t i o n  o f  

i c e  m o l e c u l e s .

The r e s u l t s  a r e  g i v e n  on t h e  f o l l o w i n g  page:
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T em perature  C o e f f i c i e n t s  o f  R e f r a c t i v i t y .

Water » *21.  The f i g u r e s  r e f e r  to  s c a l e  r e a d i n g s  o f  

th e  r e f r a c t o m e t e r .

HC1 HBr HI
a
O • 2 2 * 2 2 •25 *26a • 2 2 • 2 2 •25 •27

B
1 • 2 0 • 2 2 •23 •24T* • 2 1 * 2 2 • 2 1 •24

HaCl BaBr Bal 11 all 0  jt
I
2 •23 •27 •28

*25 *27 *28

! • 2 2 •23
•23 •24 •25

KOI KBr XI XB0 3

Io •25 *25 •'27£ •26 *27 •27
I . 1

1 •23 • 2 2 •23
• 2 0 • 2 2 •24

L iO l LiBr L i l LiBO
IT
2* • 2 2 • 2 1 • 2 1

• 2 0 • 2 2 *24 •26
B
? • 2 0 • 2 1

• 2 1 • 2 1 • 2 0 • 2 2

BH 01 BH Br BH I BH 10
II ----4 — ----4 ---- 3
2 •25

• 2 2 •24 .27

IT
7 •19 • 2 2 •24

• 2 0 •23 • 2 2
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£
2

I
¥

H 30
~ 2 ---- 4

• 26  
•26

•24
•24

H.COOH

• 2  ̂
•25

• 2 2

OH COOH 
3
•24
•24

• 2 2
• 2 1

C H COOH 
2 5 

•24  
•24

•24
• 2 0

I

Ha 30
2 4

H.COOIa

• 2 2

CH COOHa 
3

C H COOHa
2 5 

•26
2 • 2 2 •30 • 2 2

HA * 2 0 •23 • 2 2
• 2 2 • 2 2 • 2 1

*

I t  can  be  s e e n  by  comparing t h e s e  f i g u r e s  w i t h  

th o se  r e p r e s e n t i n g  t h e  l o w e r i n g  o f  th e  te m p er a tu r e  o f  m axi

mum r e f r a c t i v i t y ,  t h a t  as  would be e x p e c t e d  a h ig h  tempera  

tu re  c o e f f i c i e n t  i s  fou nd  f o r  t h o s e  s o l u t i o n s  w hich  show a 

marked l o w e r i n g  o f  t h e  te m p er a tu r e  o f  maximum r e f r a  ' ' 7

and v i o e  v e r s a *

I n  t h e  c a s e  o f  t h e  l o w e r i n g  o f  th e  tem p era tu re  

o f  maximum d e n s i t y  a d e f i n i t e  v a l u e  was a t t r i b u t e d  t o  each  

i o n .  .F o l lo w in g  o u t  t h e  same i d e a  f o r  r e f r a c t i v i t y

. .  o i th n i i e b  n o t  so w e l l - d e f i n e d . *  g e t  a somewhat s i m i l a r  r e s u . l t ,  a l t h  g

, „ thA r e s u l t s  o b t a in e d *The t a b l e  on t h e  f o l l o w i n g  page , shows



-N 
teJ 

Ito 
|fc

3

L o w e r i n g  ( i n  Q) o f  t h e  T e m p e r a t u r e  o f  Maximum B e f r a o t i v i t y  

c a u s e d  b y  R e p l a c e m e n t  o f  H y d r o g e n  b y  a  M e t a l .

S o l u t i o n s  . Cl B r I ho Mean

L i - 0 * 2 0*9 1 -7 - 0 * 2 • 5

Ha 4 .4, 3 - 6 2 - 8 3*0 3 - 5

K 2 - 8 5 *0 4 . 7 2 »9 3*9

hh4 1 * 2 1 - 7 2 * 0 0*9 1*5

30---- 4
H . 0 0 0 CH3 CQ0 C H GOO —2 —5------ Mean

l a ' 6 - 1 1*7 3*6 3 -7 3*, 8

S o l u t i o n s  • Cl Br I I 2 3 Mean

L i •3 •5 *6 - 0 - 5 • 2

l a 1*5 1*9 1*3 3*3 2  • 0

K 1 - 1 1*7 1*3 2 -3 1 * 6

m
4 1 - 2 •6 0 1 ‘7 •9

H . 0 0 0 CH,£00 CoH COO 
5

Me a n

Ha 1 - 9 2 -3 0 * 8 1 * 2 1 - 6

C o m p a r i n g  t h e s e  f i g u r e s  w e  f i n d  t h a t  t h e  l o w e r i n g  

shown b y  a  g i v e n  i o n  i s  r o u g h l y  t w i c e  a s  g r e a t  i n  an  |

a° l u t i o n  a s  i n  a n  |  o n e ,  a s  w o u l d  b e  e x p e c t e d .  We a r e
4
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ME = 3 - 34

t h e r e f o r e  a b l e  to  c a l c u l a t e  an approxim ate  m o l e c u l a r  v a l u e :  

L i  s *9 X r 7*1

l a  = 7 - 5

I f  t h e  l o w e r i n g  o f  h y d r o c h lo r i c  a c id  i s  taken  a s  

a s t a n d a r d  ( a s  was done i n  t h e  c a s e  o f  the  l o w e r i n g  o f  the  

t e m p er a tu r e  o f  maximum d e n s i t y ) f th e  m o l e c u l a r  l o w e r in g  o f  

any s a l t  s h o u ld  be c a l c u l a b l e  by adding  to  t h e  h y d r o c h l o r i c  

ac id  v a l u e  t h e  v a l u e s  c o r r e s p o n d i n g  to  t h e  a c i d i c  and b a s i c  

r a d i c l e s .  U n f o r t u n a t e l y  t h e  v a l u e s  o b t a in e d  for  t b e  a c i 

d ic  r a d i c l e s  v a r i e d  c o n s i d e r a b l y ,  so s tan d ard  v a l u e s  can n ot  

be g i v e n  h e r e .

An i n t e r e s t i n g  p o i n t  i s  t h e  r esem b la n ce  o f  th e  

f i g u r e s  o b t a i n e d  f o r  t h e  l o w e r i n g  o f  th e  tem p era tu res  o f  

maximum r e f r a c t i v i t y  t o  t h o s e  p r e v i o u s l y  o b t a in e d  f o r  the  

l o w e r in g  o f  t h e  t e m p e r a tu r e  o f  maximum d e n s i t y  (W right ,  

J - C . S . ,  1 1 5 V 119;  .

Lowering o f  temp,  o f  m a x i 
mum r e f r a c t i v i t y  o f  

s o l u t i o n s .

Low er ing  o f  temp, o f  maximum 
d e n s i t y  o f  £  s o l u t i o n s .

01 Br I UP 01 Br to
PI

*

E 3-7 2*4 3 -2 6*5 1 H 2 *6 3 #7 ( A. 4) (6*2)

Li 3-5 3 - 3 4*9 6 - 3 Li 2-8 3*8 ( A-6) (6*2 )

Ea 8-1 6 *0 6*0 9*5 Ha 6*2 7 • 4 ( 8 - 0 ) (10*0)

£ 6 • 5 7 . A. 7 - 9 9*4 K 5*5 6*5 ( 7 . A) (9*0)

EH4 4*9 4*1 5*2 7 - 4 3*6 4 . 7 ( 5 *4) (7*2)

* ! h e s e v a l u e s  are  
from 4  r e s

A

c a l c u l a t
u l t s  .
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B f f e c t  on tem p ,  o f  maximum 
r e f r a c t i v i t y  i n  ^  s o l u t i o n s  
o f  r e p la c e m e n t  % o f  h y d r o 
gen by  a m e t a l .

0 1 Br I HO Mean
— 3

Li • 2 •9 1 - 7 •2 •5

Ha A. * 4 3*6 00 3*0 3*5

K 2 * 8 5*0 4*7 2*9 3 . 9

1 * 2 1 - 7 2 * 0 *9 1*5

E f f e c t  on temp, o f  maximum 
d e n s i t y  i n  H s o l u t i o n s  o f  
r e p la c e m e n t s  o f  hydrogen  
by a m e t a l .

0 1 Br I 1 0
3

Mean

Li • 2 *1 • *2 0 *1

l a 3*6 3*7 3*6 3*8 3*7

K 2*9 2 * 8 3*0 2 * 8 2*9

mh4 1 * 0 1 * 0

o•l—1 1 * 0 1 * 0

Lowering o f  tem p ,  o f  maxi  
mum r e f r a c t i v i t y  o f  

N s o l u t i o n s .

H
£ 1

1 * 6

Br

1 * 6

I

2*5

5 2 ,

3*0
Li 1*9 2 * 1 3*1 2*5

Ha 3-1 3*5 3*8 6*3
K 2*7 3*3 3*8 5*3

2 * 8 2 * 2 2*4: 4*7

Lowering o f  temp,  o f  m a x i 
mum d e n s i t y  o f  H 

s o l u t i o n s .  ^

0 1 Br I 1 0

H 1*3 1 * 8 2 * 2 3*1

Li 1*4 1*9 2*3 3*1

Ha 3*1 3*7 4*0 5*0

Z 2 * 8 3*2 3*7 a .  5

J3H4 l .*8 2*3 2*7 3*6

I
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E f f e c t  on tem p ,  o f  maximum 
r e f r a c t i v i t y  i n  ^  s o l u t i o n s  
caused, by r e p l a - ^  cem en t  o f  
hydrogen by a m e t a l .

01 Br I ISO

Li *3 •5 •6 -  *5

Ua 1*5 1*9 1*3 3*3
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I t  ca n  be s e e n  t h a t  t h i s  i s  v e r y  c l o s e ,  and 

even more so  i f  t h e  a v e r a g e  f o r  ea ch  i o n  i s  ta k e n  a c r o s s  

the s e r i e s .  f h i s  may be t a k e n  a s  a f a i r  r e a d in g ,  as  

any i n a c c u r a c i e s  s h o u l d  be a p p r o x im a t e ly  b a la n ced  and 

wiped o u t .  The f i g u r e s  o b t a i n e d  i n  t h i s  way are v e ry  

s i m i l a r ,  w h ich  r e a l l y  shows t h a t  t h e  l o w e r in g  e f f e c t  o f  

any i o n  i s  s i m i l a r  f o r  b o t h  t h e  tem perature  o f  maximum 

d e n s i t y  a n d * t h e  t e m p e r a t u r e  o f  maximum r e f r a c t i v i t y .
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As a  r e s u l t  o f  t h i s  s t u d y  on r e f r a c t i v i t y  we 

Gonhlude t h a t  t h e  t e m p e r a t u r e  o f  maximum r e f r a e t i v i  y

, f  h i  sw a te r  i s  lo w e r e d  by t h e  a d d i t i o n  o f  s o l u  e s
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l o v / e r i n g  i s  a p p r o x i m a t e l y  p r o p o r t i o n a l  t o  t h e  m o l e c u l a r  

c o n c e n t r a t i o n  o f  t h e  s o l u t e ?  c e r t a i n l y  i t  i n c r e a s e s  

w i t h  i n c r e a s i n g  c o n c e n t r a t i o n .  A s  i n  t h e  c a s e  o f  

d e n s i t y ,  a  g r e a t e r  l o w e r i n g  i s  f o u n d  i n  s o l u t i o n s  w h i c h  

s h o w  a. h i g h  t e m p e r a t u r e  c o e f f i c i e n t .  A d e f i n i t e  

l o w e r i n g  v a l u e  c a n  a l s o  b e  a t t r i b u t e d  t o  e a c h  i o n ,  a n d  

t h e s e  v a l u e s  a r e  f o u n d  t o  b e  v e r y  s i m i l a r  t o  t h o s e  a l 

r e a d y  o b t a i n e d  f o r  t h e  l o w e r i n g  o f  t h e  t e m p e r a t u r e  o f  

m a x im u m  d e n s i t y .
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