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The Crystal Structure o f the Normal Paraffins at "Temperatures 

Ranging from that o f Liquid Air to the Melting Points.

B y  A l e x  M u l l e r .

( C o m m u n i c a t e d  b y  S ir  W ill ia m  B ra g g , F .R .S .— R e c e iv e d  M arch  12, 1930.)

[Pl a t e s  5, 6.]

Introduction.

T h e  a im  o f th i s  p a p e r  is  t o  g iv e  a  s u r v e y  o f t h e  s t r u c t u r e s  o f t h e  n o r m a l  

p a ra f f in s  a t  t e m p e r a t u r e s  r a n g in g  f r o m  t h a t  o f  l i q u id  a i r  t o  th o s e  in  t h e  

n e ig h b o u rh o o d  o f t h e  m e l t in g  p o i n t s .  T h e  p a p e r  d iv id e s  n a t u r a l l y  i n to  tw o  

p a r t s ,  o n e  d e a l in g  w i t h  t h e  t h e r m a l  e x p a n s io n ,  w i th  t h e  g r a d u a l  a n d  c o n 

t i n u o u s  in c r e a s e  o f t h e  l a t t i c e  d im e n s io n s  w i t h  in c r e a s in g  t e m p e r a t u r e  ; t h e  

o th e r  w i th  t h e  d i s c o n t in u o u s  s t r u c t u r a l  c h a n g e s  w h ic h  o c c u r  u n d e r  c e r ta in  

c o n d i t io n s  w h e n  t h e  s u b s ta n c e s  a r e  s u b j e c t e d  t o  t e m p e r a t u r e  c h a n g e s .

Chemical Material.

T h e  c h e m ic a l  m a t e r i a l  w a s  p a r t l y  t h a t  a l r e a d y  u s e d  in  p r e v io u s  w o rk  a n d  

p a r t l y  n e w  m a te r ia l .  M o s t  o f  t h e  s u b s ta n c e s  w e re  s y n th e s is e d  in  t h e  D a v y -  

F a r a d a y  L a b o r a t o r y .  S o m e  o f t h e  p r e p a r a t i o n s  s u c h  a s  h e x a n e  a n d  p e n ta n e  

w e re  b o u g h t  a n d  c a r e f u l l y  p u r i f ie d .  T h e  w r i t e r  is  a g a in  v e r y  m u c h  in d e b t e d  

to  h is  c o lle a g u e s ,  D r .  H .  S . G i lc h r i s t  a n d  M r. E .  L .  H o lm e s ,  w h o  w e re  k in d  

e n o u g h  t o  d o  a l l  t h e  c h e m ic a l  w o r k  f o r  h im .

Experimental.

T h e  fo llo w in g  m e th o d  f o r  m o u n t i n g  t h e  s a m p le s  o n  t h e  X - r a y  s p e c t r o m e te r  

w a s  f o u n d  to  b e  v e r y  c o n v e n i e n t .  T h in - w a l le d  g la s s  t u b e s  o f, s a y ,  |  t o  1-| n u n s ,  

d i a m e te r  w e re  p a r t l y  f il le d  w i th  t h e  s u b s t a n c e s  a n d  t h e n  s e a le d  o ff a t  b o t h  e n d s .  

I n  th i s  fo rm  t h e  s a m p le s  c o u ld  b e  k e p t  in d e f in i te ly  a n d  h a n d le d  w i th  e a se . 

T h e s e  g la s s  tu b e s  w e re  m a d e  t o  f i t  c lo s e ly  in to  s m a l l  m e t a l  h o ld e r s  a n d  c o u ld  

th e n  b e  c e n t r e d  a c c u r a te ly  o n  t h e  s p e c t r o m e te r .  D u r i n g  t h e  e x p o s u r e  t h e y  

w e re  r o t a t e d .  T h e  c o o lin g  o f th e s e  s a m p le s  w a s  q u i t e  a  s im p le  m a t t e r .  F o r  

t h e  l iq u id  a i r  in v e s t ig a t i o n  t h e  s a m p le  h o ld e r  h a d  t h e  s h a p e  o f a  s m a l l  c u p  

s u p p o r t e d  b y  a  s te m . T h e  g la s s  t u b e s  w e re  m a d e  t o  f i t  i n to  a  n a r r o w  c e n t r a l  

h o le  in  th e  s te m . T h e  l iq u id  a i r  w a s  c o n d u c te d  th r o u g h  a  s m a l l  g la s s  fu n n e l  

w h ic h  e n d e d  v e r y  c lo se  to  t h e  s a m p le  a n d  n e a r  t h e  p o i n t  w h e re  t h e  X - r a y s
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4 1 8 A . M u l l e r .

s t r u c k  t h e  s u b s ta n c e .  T h e  l iq u id  a i r  f lo w e d  a lo n g  t h e  g la ss  tu b e  in to  th e  c u p  

a n d  o v e r f lo w e d  o r  e v a p o r a te d  th e r e .  B y  th i s  m e th o d  i t  w a s  p o s s ib le  to  

k e e p  s u b s ta n c e s  l ik e  b u t a n e  a n d  p e n ta n e  f ro z e n .  T h e  f i lm  h o ld e r  w h ic h  s u r 

r o u n d e d  t h e  s a m p le  w a s  m a d e  in to  a  c a m e r a  s u f f ic ie n tly  a i r - t i g h t  to  p r e v e n t  

m o is tu r e  f r o m  e n t e r in g  i t .  N o  t r a c e s  o f ic e  l in e s  c o u ld  b e  d e t e c t e d  o n  th e  

p h o to g r a p h s .  W o r k  a t  h ig h e r  t e m p e r a t u r e s  w a s  d o n e  w i th  t h e  s a m e  a p p a r a tu s  

e x c e p t  f o r  a  fe w  m in o r  a l t e r a t io n s .  T h e  c u p - s h a p e d  h o ld e r  w a s  re p la c e d  b y  

a  s m a l l  c y l in d r ic a l  o n e , a n d  a  s m a l l  p l a t i n u m  h e a t i n g  c o il w h ic h  s u r r o u n d e d  th e  

s a m p le  c lo s e ly  w a s  p u t  im m e d ia te ly  b e lo w  t h e  p o i n t  w h e re  t h e  X - r a y s  s t r u c k  

t h e  g la s s  t u b e .  A n y  o f t h e  s a m p le s  in v e s t ig a te d  h e r e  c o u ld  b e  k e p t  in  a  

l iq u id  s t a t e  b y  s e n d in g  a  s m a l l  c u r r e n t  th r o u g h  t h e  co il. T h e  s u r fa c e  w h ic h  

s e p a r a te d  t h e  s o lid  f r o m  t h e  l iq u id  p h a s e  in s id e  a  s a m p le  tu b e  c o u ld  b e  s h if te d  

u p  a n d  d o w n ,  a n d  t h e  s o lid  o r  l iq u id  p o r t i o n  c o u ld  b e  b r o u g h t  in to  t h e  p a t h  

o f  t h e  X - r a y s  a t  w ill.

T h e  X - r a y  tu b e  w i t h  c o p p e r  a n t i c a t h o d e  X =  1 -5 3 9  A .U . w a s  r u n  b y  a n  

in d u c t i o n  c o il w i th  a  W e h n e l t  i n t e r r u p t e r  a n d  t h e  r a d i a t i o n  w a s  f i l te r e d  b y  

n ic k e l  fo il.

I .—Thermal Expansion.

B e fo re  g iv in g  a n  a c c o u n t  o f  t h e  e x p a n s io n  m e a s u r e m e n ts  i t  is  n e c e s s a ry  to  

r e c a l l  a  fe w  f a c ts  a b o u t  t h e  s t r u c t u r e  o f th e s e  h y d r o c a r b o n s .  C 29H 60 h a s  b e e n  

p r e v io u s ly  d e te r m i n e d  f r o m  X - r a y  m e a s u r e m e n ts  o n  a  s in g le  c r y s ta l .*  I n  th e  

p r e s e n t  w o rk  th e r e  w a s  n o  n e c e s s i ty  t o  p r o c u r e  s in g le  c r y s ta ls .  P o w d e r  p h o to 

g r a p h s ,  e x a m p le s  o f  w h ic h  a r e  g iv e n  a t  t h e  e n d  o f t h i s  p a p e r ,  s h o w e d  a t  o n ce  

t h a t  a  w h o le  s e r ie s  o f th e s e  s u b s ta n c e s  h a v e  id e n t i c a l  s t r u c tu r e s ,  i.e., th e  c h a in  

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

th r o u g h o u t  t h e  s e r ie s . I t  w ill b e  s h o w n  i n  t h e  s e c o n d  p a r t  o f th is  p a p e r  t h a t  

u n d e r  c e r ta in  c o n d i t io n s  s o m e  o f  th e s e  p a r a f f in s  c a n  f o r m  a  s e c o n d  s t r u c tu r e  

d i f f e r e n t  f r o m  t h e  o n e  m e n t io n e d  a b o v e .  I t  s h o u ld  b e  r e m e m b e r e d  t h a t  th e  

e x p a n s io n  m e a s u r e m e n ts  t r e a t e d  i n  th i s  s e c tio n  h a v e  b e e n  c a r r ie d  o u t  o n  t h e  

f ir s t ,  o r  “  n o r m a l  ”  s t r u c tu r e ,  i.e., o n  t h e  o n e  c o r r e s p o n d in g  t o  C 29H 60.

A  fe w  w o rd s  m a y  b e  s a id  a b o u t  t h e  w a y  t h e  f ig u re s  fo r  t h e  e x p a n s io n  w e re  

o b ta in e d  f r o m  t h e  p h o to g r a p h s .  T h e  p la n  w a s  t o  f in d  t h e  l in e a r  e x p a n s io n  

in  t h e  d i r e c t io n  o f t h e  t h r e e  c r y s ta l lo g r a p h ic  a x e s . F i r s t  i t  w a s  n e c e s s a ry  to  

id e n t i f y  t h e  r e f le c t io n s  o n  t h e  film s. T h e  s iz e  o f  t h e  l a t t ic e  b e in g  k n o w n , th e  

u s u a l  d if f ic u l ty  d id  n o t  a r is e . T h e re  w e re  t h r e e  re f le c t io n s  w h ic h  c o u ld  a lw a y s  

b e  o b ta in e d  w i th  c o m p a r a t i v e ly  s h o r t  e x p o s u re s , n a m e ly ,  th e  11 0 , 2 0 0  a n d  0 2 0 .

* 4 R o y . S o c . P r o c .,’ A , v o l. 120 , p . 4 3 7  (19 2 8 ).
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T h e  f i r s t  w a s  t h e  s t r o n g e s t ,  t h e  tw o  o th e r s  w e re  w e a k e r .  T h e  tw o  l a s t  

r e f le c t io n s  w e re  u s u a l ly  t h e  m o s t  c l e a r ly  d e f in e d  o f  t h e  t h r e e .  T h e  s p a c in g s  

c o r r e s p o n d i n g  t o  th e m  g a v e  a t  o n c e  h a l f  t h e  le n g t h  o f  t h e  tw o  m a in  a x e s  a 

a n d  6 in  t h e  b a s a l  p la n e  o f  t h e  c r y s t a l s .  T h e  fo l lo w in g  t a b l e  g iv e s  t h e  n u m e r ic a l  

d a t a  o f  t h e  le n g th s  o f  th e s e  tw o  a x e s  a s  o b t a in e d  f r o m  d i f f e r e n t  s u b s t a n c e s  a t  

d if f e r e n t  te m p e r a t u r e s .  W i t h  r e g a r d  t o  t h e  t e m p e r a t u r e  i t  w ill  b e  n o te d  t h a t  

n o  f ig u re s  a r e  g iv e n  in  t h e  t a b l e .  N o  a t t e m p t  is  m a d e  in  t h i s  p r e l i m in a r y  

p a p e r  to  o b ta in  a  h ig h  d e g re e  o f  a c c u r a c y .

Cr'ystal Structure oj N Paraffins. 

T a b le  I .

N um ber  

of C

L iq u id  a ir  

tem p eratu re .

R o o m

tem p era tu re .
F ew  degrees C. below  

m elt in g  p o in t.

a tom s.

a /2 . 6 /2 . a /2 . 6 /2 . a /2 . 6 /2 .

i i 3 -5 9 2 -4 6

15 3 -5 9 2 -4 7 — — — —

17 3 -5 9 5 2 -4 4 5 — — 3 -8 3 2 -5 1

18 — — — — 3 -8 4 2 -5 0

19 3 -5 8 2 - 4 4 3 *70 2*49 3 -8 6 2 -4 8 5

2 0 — — — . 3 -8 8 2 -5 0

23 3 -6 0 2 -4 5 — — —

24 3 -6 2 2 -4 5 3 -7 3 2 -4 9 3 -8 0 2 -5 1
29 3 -7 0 2 -4 7 3 -7 9 2 -4 9

30  •

1 -
3 -7 4 2 -4 8

I
—

1 ~

T h e  f ig u re s  s h o w  c le a r ly  t h a t  t h e  le n g th s  o f b o t h  a x e s  in c r e a s e s  c o n s id e r a b ly  

w i th  in c r e a s in g  te m p e r a t u r e .  W e  t a k e  t h e  f ig u r e s  a /2  a n d  6 /2  f o r  d i f f e r e n t  

p a r a f f in s  a t  l i q u id  a i r  t e m p e r a t u r e .  T h e y  a r e  id e n t i c a l  w i t h in  t h e  l i m i t s  o f  

e x p e r i m e n ta l  e r ro r ,  i.e., \  t o  1 p e r  c e n t .  T h e  a v e r a g e  fo r  2 a n d  6 /2  a t  l iq u id  

a i r  t e m p e r a t u r e  is  :—

a /2  =  3 - 5 9 3  ± 0 - 0 0 4  A .U .

6 /2  =  2 - 4 5 3  ±  0 - 0 0 4  A .U .

T h e  r e la t i v e  e r r o r s  o f  t h e  a v e r a g e s  a r e  t h u s  o n ly  a  fe w  t h o u s a n d t h s .  (T h e  

a b s o lu t e  v a lu e s  s h o u ld  b e  c o r r e c t  w i th i n ,  s a y ,  i  p e r  c e n t . )  I n  t h e  fo llo w in g  

t a b l e  t h e  l in e a r  e x p a n s io n s  o f  t h e  a a n d  t h e  6 a x is  h a v e  b e e n  c a lc u l a te d  w i th  

t h e  a id  o f t h e  f ig u re s  in  t h e  p r e v io u s  ta b l e .
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4 2 0 A . M u l l e r .

T a b le  I I .

N u m b er  

o f  C 

atom s.

M elting
p o in ts . T em perature range.

Aa
in

per cen t.

Ab
in

per cen t.
Aa/ Ab•

° c .
17 22 L iqu id  air—-near m elt in g  p o in t 6 -7 4 2 -3 2 2 -9
18 28 9 9 9 9 • • • • 6 -8 7 1-91 3 -6
19 ! 31 9 9 — room  tem p eratu re ...... 2 -9 8 1-51 2 -0
19 9 9 — near m elt in g  p o in t 7 -57 1 -3 0 5 -8
2 0 38 9 9 9 9 -- 7 -9 9 1 -9 1 4 -2
24  | 54 9 9 — room  tem p eratu re ...... 3 -8 1 1-51 2 -5
24 9 9 — near m elt in g  p o in t 5 -7 6 2 -3 4 2 -5
29 64 9 9 — room  tem p eratu re ...... 3 1 4 0 -7 7 4 1
29 9 9 — near m e lt in g  p o in t 5 -4 8 1-51 3 -6
3 0

..... “ ...... |

9 9 — room  te m p e r a t u r e ... .. .. 4 -0 1 1 1 0 3 -5

aj — l e n g th  o f a a x is  a t  l iq u id  a i r  t e m p e r a t u r e .  

bx — l e n g t h  o f b a x is  a t  l iq u id  a i r  t e m p e r a t u r e .  

a i — l e n g th  o f a a x is  a t  te m p e r a t u r e  t. 

bt — l e n g th  o f b a x is  a t  te m p e r a t u r e  t.

A a =  1 0 0  (at —  a , ) / a j ; Ab =  100  ( — 6,) / 6 ,.

T h e  t a b l e  s h o w s  t h a t  t h e  p e r c e n ta g e  e x p a n s io n s  o f t h e  a a x e s  a r e  c o n s id e ra b ly  

la r g e r  t h a n  t h e  c o r re s p o n d in g  o n e s  o f  t h e  b a x e s . T h e  a v e r a g e  o f th e  f ig u re s  in  

th e  la s t  c o lu m n  o f t h e  ta b l e  g iv e s

( A a / A 6)av. =  3 - 5  ± 0 - 3 5 .

I n  o r d e r  to  get- s u f f ic ie n tly  a c c u r a te  d a t a  fo r  t h e  c h a n g e  in  le n g th  o f th e  c 

a x e s ,  i t  w a s  f o u n d  n e c e s s a ry  t o  a d o p t  t h e  u s u a l  m e th o d  fo r  m o u n t in g  t h e  p o w d e r  

s a m p le s  in  w h ic h  t h e  s u b s ta n c e s  a r e  s p r e a d  in to  t h i n  la y e r s  o n  f la t  g la s s  su r fa c e s . 

T h e  p h o to g r a p h s  o b ta in e d  w i th  t h e  g la s s  t u b e  s a m p le s  d id  a s  a  r u le  s h o w  th e  

lo n g  s p a c in g s  c o r r e s p o n d in g  t o  t h e  c a x e s , b u t  t h e  d e f in i t io n  o f  th e  lin e s  w as  

n o t  g o o d  e n o u g h  t o  a llo w  m e a s u r e m e n t s  o f  s m a l l  c h a n g e s . T h e  p h o to g r a p h s  

o b ta in e d  f r o m  th e s e  t h i n  la y e r s  s h o w  v e r y  s h a r p  l in e s , a n d  c h a n g e s  o f th e  

o r d e r  o f 1 p e r  c e n t ,  c o u ld  h a v e  b e e n  d e te c te d  in  t h e  d is t a n c e  o f tw o  s y m m e tr ic a l  

r e f le c t io n s  o n  th e  film s.

T h e  p h o t o g r a p h s  s h o w e d  n o  a p p r e c ia b le  d is p la c e m e n t  o f th e  lo n g  s p a c in g  

re f le c t io n s  w h e n  t a k e n  a t  d if f e r e n t  te m p e r a t u r e s ,  i n  o th e r  w o rd s  : th e  e x p a n 

s io n  o f t h e  c a x is  w a s  f o u n d  t o  b e  m u c h  s m a l le r  t h a n  t h a t  o f th e  o r  a x e s  ; 

a n d  n o t  to  e x c e e d  o n e - t e n th  o f t h e  e x p a n s io n  o f th e  a a x is .  A  r e p r o d u c t io n  

o f a  p h o to g r a p h  w h ic h  sh o w s  th i s  v e r y  c le a r ly  is  g iv e n  a t  th e  e n d  o f th is  p a p e r .  

T h e  f ig u re s  o b ta in e d  in  th is  s e c t io n  w ill b e  d is c u s s e d  la te r  o n .

 D
o
w

n
lo

ad
ed

 f
ro

m
 h

tt
p
s:

//
ro

y
al

so
ci

et
y
p
u
b
li

sh
in

g
.o

rg
/ 

o
n
 0

9
 A

u
g
u
st

 2
0
2
2
 



Crystal Structure. of Normal Paraffins.4 2 1

I I .—The Structural Changes Temperature.

T h is  s e c o n d  s e c tio n  d e a ls  w i th  t h e  d is c o n t i n u o u s  c h a n g e s  in  t h e  s t r u c t u r e s  

w h ic h  t a k e  p la c e  w h e n  s o m e  o f  t h e  s u b s ta n c e s  a r e  s u b je c te d  to  t e m p e r a t u r e  

a l t e r a t io n s .  T h e  f a c t  t h a t  s u c h  c h a n g e s  c a n  e a s ily  b e  d e te c te d  b y  X - r a y  

m e th o d s  h a s  b e e n  s h o w n  in  a n  e a r l i e r  i n v e s t i g a t i o n  o n  t h e  p a ra f f in s .*  I t  w a s  

n o te d  t h a t  th e s e  c h a n g e s  w e re  r e v e r s ib le .  E a c h  o f  t h e  tw o  c r y s ta l l in e  f o r m s  

w h ic h  th e  s u b s ta n c e s  c o u ld  a s s u m e  w e re  s ta b l e  o v e r  a  c e r t a i n  r a n g e  o f  t e m p e r a 

tu r e s ,  a n d  th e  s u b s ta n c e  c o u ld  b e  m a d e  t o  c h a n g e  f r o m  o n e  f o r m  i n to  t h e  o t h e r  

b y  a l te r in g  t h e  te m p e r a t u r e .

I n  th is  s e c t io n  o f t h e  p a p e r  a n  a t t e m p t  i s  m a d e  t o  fo llo w  u p  t h e  e a r l ie r  

in v e s t ig a t io n  b y  a  m o r e  d e ta i le d  s t u d y  o f  t h e  p h e n o m e n a .  T h e  s u b s t a n c e s  

w h ic h  a re  d e a l t  w i t h  in  t h i s  s e c t i o n  r a n g e  f r o m  C 5H i 2 p e n t a n e  t o  C 30H 62 

t r i a c o n ta n e .

T h e  lo w e r  m e m b e r s  o f  t h e  s e r ie s  b e in g  l i q u id s  a t  r o o m  t e m p e r a t u r e  h a d  t o  

b e  k e p t  f r o z e n  d u r in g  t h e  X - r a y  e x p o s u r e .  T h e s e  s a m p l e s  w e re  k e p t  in  th o s e  

th i n - w a l le d  g la s s  t u b e s  m e n t i o n e d  a t  t h e  b e g in n in g .  T h e  h ig h e r  m e m b e r s  o f 

t h e  s e r ie s  w e re  e i t h e r  u s e d  in  t h e  s a m e  w a y  o r  i n  t h e  f o r m  o f t h i n  la y e r s  o n  

g la s s .

T h e  fo l lo w in g  t a b l e  g iv e s  t h e  d a t a  f o r  t h e  “  lo n g  s p a c in g s ,”  th o s e  s p a c in g s  

w h ic h  d e p e n d  e s s e n t ia l l y  u p o n  t h e  le n g t h  o f t h e  c a r b o n  c h a in  in  e a c h  in d iv id u a l  

s u b s t a n c e .

T a b le  I I I .

N .

E v e n  n um bers.

N .

O dd num bers.

d-!• dv

6 8 -5 5 5 7*35
8 — 1 1 0 7 — 1 0 0

10 — 1 3 -4 9 — 12*8
16 — 2 0 -9 11 1 5 -9 —

18 2 5 -3 2 3 -3 15 21 0 —

20 2 7 -4 2 5 -4 17 2 3 -6 —

24 3 2 -6 — 19 2 6 -2 —

26 3 5 -2 - 21 2 8 -7 —

30 4 0  0 23 3 1 0 —

[_ _ _ _ _ _ _ _ _ _ _

29 3 8 -8

1

—

I h e  f ig u re s  o f T a b le  I I I  a r e  p l o t t e d  in  fig . 1.

* ‘ J. C h em . S o c ., ’ v o l. 127 , p . 5 9 9  (1 9 2 5 ) .
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4 2 2 A . M u l l e r .

A /

r

0/

j / b

0 10 20 30
N  = n u m b e r  of C  a to m s

F ig . 1.

T h e  s p a c in g s  dL a n d  d2 a r e  p l o t t e d  a g a in s t  t h e  n u m b e r  N  o

t h e  c h a in s .  A b o v e  N  =  2 0  t h e  s p a c in g s  o f b o t h  t h e  o d d  a n d  t h e  e v e n  n u m b e r e d  

s u b s ta n c e s  lie  w i t h in  t h e  l im i t s  o f  e x p e r im e n t a l  e r r o r  o n  o n e  s t r a i g h t  lin e  A  A . 

T h e  in c re a s e  o f t h e  s p a c in g  p e r  c a r b o n  a t o m  is  1 - 2 5  A .U . I n  t h e  n e ig h b o u r 

h o o d  o f  N  —  2 0  t h e  o d d  a n d  e v e n  n u m b e r e d  s u b s t a n c e s  b e g in  to  d if fe r  in  th e i r  

b e h a v io u r .  F r o m  b o t h  C 20H 42 a n d  C i8H 38 tw o  s e ts  o f  s p a c in g s  c a n  b e  o b ta in e d .  

I f  t h e  s u b s ta n c e s  a r e  k e p t  n e a r  t h e i r  m e l t in g  p o in ts  lo n g e r  s p a c in g s  a p p e a r  

w h ic h  lie  o n  A A .. A t  lo w e r  t e m p e r a t u r e s  a n o t h e r  s e t  a p p e a r s ,  a n d  t h e  s p a c in g s  

n o w  lie  o n  t h e  l in e  B B . F u r t h e r  c o o lin g  n o  lo n g e r  p r o d u c e s  a n y  c h a n g e  a n d  

t h e  tw o  s p a c in g s  s t i l l  p e r s i s t  a t  l i q u id  a i r  t e m p e r a t u r e .  C ie H 34 g iv e s  o n ly  o n e  

s p a c in g  o n  t h e  lo w e r  l in e , a n d  t h e  s a m e  th i n g  is  f o r  t h e  s t i l l  lo w e r  m e m b e rs  o f 

t h e  e v e n  s e r ie s  d o w n  t o  C 6H l4 . T h e  o d d  m e m b e r s  o f t h e  s e r ie s  b e h a v e  in  a  

d i f f e r e n t  w a y .  Ci 9H 40 g iv e s  o n ly  o n e  s p a c in g  a n d  n o  c h a n g e  is  f o u n d  w h e n  th e  

s u b s ta n c e  is  c o o le d  d o w n  t o  l i q u id  a i r  t e m p e r a t u r e .  T h e  s p a c in g  o f Ci9H 40 

lie s  o n  t h e  u p p e r  l in e  A A . T h e  s a m e  h o ld s  f o r  C 17, C 15 a n d  O n . A t  C9H 20 a  

c h a n g e  t a k e s  p la c e ,  a n d  t h e  lo n g  s p a c in g s  o f  t h e  m e m b e rs  o f t h e  o d d  se rie s  

f r o m  N  =  9 d o w n w a r d s  a p p r o a c h  t h e  s t r a i g h t  l in e  B B . T h is  is  so  f a r  a s  th e  

lo n g  s p a c in g s  a r e  c o n c e rn e d .  T h e  s t r u c t u r a l  c h a n g e s  w h ic h  b o th  C20 a n d  Cis 

c a n  u n d e rg o  a r e  s h o w n  n o t  o n ly  b y  t h e  a p p e a r a n c e  o f t h e  tw o  s e ts  o f  lo n g  

s p a c in g s  b u t  a lso  i n  t h e  g e n e r a l  a p p e a r a n c e  o f  t h e  p o w d e r  p h o to g r a p h s .
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P a r t i c u l a r l y  w h e n  “  g la s s  t u b e  s a m p le s  ”  a r e  u s e d  t h e  tw o  s t r u c t u r e s  g iv e  q u i t e  

d if f e r e n t  p a t t e r n s  o n  t h e  p h o to g r a p h s .  T h o s e  o n  w h ic h  t h e  lo n g e r  s p a c in g s  

a p p e a r  s h o w  t h e  f e a tu r e s  c h a r a c t e r i s t i c  o f  t h e  n o r m a l  fo rm , a n d  s im ila r ly ,  

th o s e  o n  w h ic h  t h e  s h o r t e r  s p a c in g s  a p p e a r  a r e  a lm o s t  in d i s t i n g u is h a b l e  f r o m  

e a c h  o th e r  e x c e p t  fo r  t h e  lo n g  s p a c in g  l in e s .  T h i s  s e c o n d  c h a r a c te r i s t i c  

p a t t e r n  is  n o t  o n ly  f o u n d  w i t h  C 20H 42 a n d  Ci 8H 38 b u t  a ls o  w i t h  lo w e r  m e m b e r s  

o f t h e  e v e n  se r ie s  a n d  c a n  b e  t r a c e d  d o w n  t o  C 8H 18. S t r u c t u r e s  w h ic h  s h o w  

t h i s  s e c o n d  c h a r a c te r i s t i c  p a t t e r n  w il l  f r o m  n o w  o n  b e  c a l le d  “  s e c o n d  f o r m  ”  

in  c o n t r a d is t in c t i o n  t o  t h e  “  n o r m a l  f o r m .”  R e p r o d u c t i o n s  s h o w in g  t h e  

d if fe re n c e  b e tw e e n  t h e  tw o  p a t t e r n s  w il l  b e  f o u n d  a t  t h e  e n d  o f  t h i s  p a p e r .  

T h e  th r e e  s t r o n g e s t  l in e s  o f  t h e  s e c o n d  s t r u c t u r e  h a v e  t h e  s p a c in g s  4 - 5 6 ,  

3 -7 9 , 3 - 5 8  A .U . (C 20H 42 a t  r o o m  t e m p e r a t u r e ) .

W ith  r e g a r d  t o  t h e  a p p e a r a n c e  o f  t h e  s e c o n d  f o r m  i t  m a y  b e  m e n t i o n e d  t h a t  

o n  r a r e  o c c a s io n s  f a i n t  t r a c e s  w e re  f o u n d  o n  p h o t o g r a p h s  o f  C 24H 50 o f  a  l in e  

w h ic h  d id  n o t  b e lo n g  t o  t h e  n o r m a l  s t r u c t u r e .  T h is  l in e  c o in c id e d  w i t h  t h e  

s t r o n g e s t  l in e  o f  t h e  s e c o n d  f o r m . I t  is  th e r e f o r e  n o t  u n l i k e ly  t h a t  t r a c e s  o f  

t h e  s e c o n d  f o r m  m a y  c o e x is t  w i t h  t h e  n o r m a l  f o r m . T h e  w r i t e r  h a s  n o t  b e e n  

a b le  t o  f in d  t h e  e x a c t  c o n d i t i o n s  u n d e r  w h ic h  t h i s  p h e n o m e n o n  o c c u r s .

A n  a t t e m p t  w a s  f u r t h e r  m a d e  t o  e x p lo r e  t h e  f in e r  d e ta i l s  o f  t h e  c h a n g e s  in  

t h e  c r y s t a l  s t r u c t u r e  i n  t h e  i m m e d ia te  n e ig h b o u r h o o d  o f  t h e  m e l t in g  p o in t .  

A  v e r y  f in e  p e n c i l  o f  X - r a y s  h a d  t o  b e  u s e d  f o r  g e t t i n g  a  c le a r  s e p a r a t i o n  o f  t h e  

l in e s  a n d  t h e  t e m p e r a t u r e s  h a d  t o  b e  c h a n g e d  in  s m a l l  s te p s .  A  s a m p l e  w a s  

f ir s t  c o m p le te ly  m e l te d .  T h e  p h o t o g r a p h  o b t a i n e d  a t  t h i s  s ta g e  w a s  t h e  w e ll-  

k n o w n  b r o a d  r i n g  c h a r a c te r i s t i c  o f  t h e  l iq u id  s t a t e .  T h e  t e m p e r a t u r e  w a s  

t h e n  lo w e re d  a  v e r y  l i t t l e .  T h e  X - r a y s  b e a m  w a s  m a d e  t o  s t r i k e  t h e  s p o t  

w h e re  t h e  s o lid  a n d  t h e  l i q u id  p h a s e  m e t .  T h e  p h o t o g r a p h  o b t a i n e d  u n d e r  

th e s e  c i r c u m s ta n c e s  w a s  r a t h e r  s t r i k in g .  T h e  b r o a d  r in g  h a d  v a n is h e d  a n d  a  

v e r y  w e ll-d e f in e d  s h a r p  r i n g  a p p e a r e d  w h ic h  h a d  t h e  a p p e a r a n c e  o f  a  n o r m a l  

c r y s ta l  re f le c t io n .  T h e  s t r i k i n g  f a c t  w a s  t h a t  n o  o t h e r  r e f le c t io n  o f  a n y t h i n g  

lik e  t h e  s a m e  o r d e r  o f i n t e n s i t y  c o u ld  b e  f o u n d  o n  t h e  p h o to g r a p h s .  A t  a  

s l ig h t l y  lo w e r  te m p e r a t u r e  m o re  l in e s  a p p e a r e d ,  b u t  t h i s  l in e  r e m a in e d  w i t h o u t  

s h o w in g  a n y  a p p r e c ia b le  c h a n g e  in  d e f in i t io n  o r  p o s i t io n ,  a n d  w a s  f o u n d  t o  

c o in c id e  w i t h  t h e  110  r e f le c tio n  o f t h e  n o r m a l  s t r u c t u r e .  T h e  v a r i o u s  s ta g e s  

th r o u g h  w h ic h  t h e  s t r u c t u r e s  w e n t  a r e  s h o w n  in  t h e  r e p r o d u c t io n s .  T h e  

s h a r p  s in g le  re f le c tio n  w a s  f o u n d  t o  a p p e a r  w i t h  b o t h  e v e n  a n d  o d d  n u m b e r e d  

s u b s ta n c e s .

Crystal Structure of Normal Paraffins. 4 2 3
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4 2 4 A . M u l l e r .

Discussion.

<u
3
’.&1
To

T< ,
B B '

T h e  d a t a  in  t h e  f i r s t  p a r t  o f th i s  p a p e r  s h o w  t h a t  th e  h y d r o c a rb o n s  a re  

s t r o n g ly  a n is o t r o p ic .  T h e  a v e r a g e  c o e f f ic ie n t o f e x p a n s io n  b e tw e e n  th e  te m p e r a 

t u r e  o f  l iq u i d  a i r  a n d  t h e  m e l t in g  p o in ts  o f a ll  t h e  s u b s ta n c e s  in v e s t ig a te d  is 

6 - 8  p e r  c e n t ,  in  t h e  d i r e c t io n  o f t h e  a a x e s  a n d  1 -9  p e r  c e n t ,  fo r  th e  h a x e s . 

T h e  a v e r a g e  r a t i o  o f t h e  tw o  is  3 * 5  ±  0 - 3 5 ,  i.e., t h e  c o e f f ic ie n t o f e x p a n s io n  of 

t h e  a a x is  is  a b o u t  t h r e e  to  f o u r  t im e s  a s  la r g e  a s  t h e  o n e  o f th e  b a x is .  C o m 

p a r e d  w i th  th e s e  e x p a n s io n s  o f t h e  tw o  a x e s  in  t h e  b a s a l  p la n e ,  th e  e x p a n s io n  

in  th e  d i r e c t io n  o f  t h e  t h i r d  lo n g  a x is  o f t h e  h ig h e r  m e m b e rs  o f th e  se r ie s

is  v e r y  s m a l l.  I n  t h e  p h o to g r a p h  w h ic h  is 

sh o w n  a t  t h e  e n d  o f th e  p a p e r  th e r e  is  n o  

d is p la c e m e n t  d e te c ta b le  in  th e  lo n g  s p a c in g  

re f le c tio n s  a t  l i q u id  a i r  te m p e r a t u r e  a n d  a t  

r o o m  t e m p e r a t u r e .  T h is  p h o to g r a p h  w as  

o b ta in e d  f r o m  Ci9H 4o. T h e  a b o v e  f a c ts  a re  

i l l u s t r a t e d  in  fig . 2 .

I n  th i s  d ia g r a m  is  s h o w n  a  z ig -z a g  lin e  

in d ic a t in g  th e  p o s i t io n  o f th e  c h a in  m o le c u le s  

in  t h e  u n i t  ce ll. T h e  d is ta n c e s  a n d  a r r a n g e 

m e n t  o f t h e  c h a in s  in  t h e  c r y s ta ls  a n d  th e  

s t r u c t u r e  o f t h e  c h a in  i ts e l f  h a v e  b e e n  

d is c u s s e d  in  d e ta i l  in  t h e  p r e v io u s  p a p e r  o n  

C 29H 60 ( cit.).

T h e  e x p a n s io n  d a t a  s h o w  t h a t  th e  c h a in  

a x e s  m o v e  a p a r t  f r o m  e a c h  o th e r  a s  th e  

te m p e r a t u r e  in c re a s e s , i.e., th e  d is ta n c e  

A A ' b e c o m e s  la r g e r  w h e n  th e  c r y s ta l  is  

h e a t e d .  T h e  e x p a n s io n  o f t h e  le n g th  o f t h e  c a x is  d e p e n d s  u p o n  tw o

f a c to r s .  O n e  is  t h e  m o v in g  a p a r t  o f  th e  e n d  g r o u p s , i.e., th e  in c re a s e  o f B B ' 

w i th  te m p e r a t u r e .  T h e  s e c o n d  is  t h e  e x p a n s io n  o f t h e  c h a in  m o le c u le  i t s e lf .  

T h e  e x p a n s io n  o r  p o s s ib le  c o n t r a c t i o n  o f B B ' is  u n l ik e ly  to  d if fe r  in  m a g n i tu d e  

f r o m  t h e  l a t e r a l  c h a n g e  in  d is ta n c e  o f t h e  c h a in  a x e s . I f ,  th e r e f o r e ,  i t  is  fo u n d  

t h a t  t h e  t o t a l  e x p a n s io n  o f t h e  c a x is  is  n e g lig ib le  c o m p a r e d  w i th  th is  la te r a l  

e x p a n s io n ,  t h e  c o n c lu s io n  is  t h a t  t h e  m o le c u le  i t s e l f  h a s  a  n e g lig ib le  e x p a n s io n  

in  th e  d i r e c t io n  o f i t s  a x is .  T h is  s im p ly  in d i c a te s  t h a t  th e  fo rc e s  w h ic h  h o ld  

t h e  a to m s  to g e th e r  in  t h e  m o le c u le  a r e  d i f f e r e n t  in  m a g n i tu d e  f ro m  th o s e  w h ic h  

k e e p  t h e  m o le c u le s  a p a r t  f r o m  e a c h  o th e r .  T h e  c h e m ic a l c o n c e p t io n  o f th e

,AA-’

y / i r  a x i s  e x p .  ■ 1-9%

a  a x i s  e x p .  = 6 - 8 %

F ig . 2.
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4 2 5Crystal Structure of Normal Paraffins.

e n t i t y  o f  t h e  m o le c u le  is  t h u s  c o n f i rm e d  f o r  t h e  s o lid  s t a t e .  T h is  in  i t s e l f  is  

n o t  s u r p r i s in g ,  b u t  th e  f a c t  t h a t  t h e  in v e s t i g a t i o n  is  n o w  b r o u g h t  w i th in  t h e  

r a n g e  o f  n u m e r ic a l  t r e a t m e n t  o p e n s  i n t e r e s t i n g  p o s s ib i l i t ie s .  B y  in c r e a s in g  

t h e  a c c u r a c y  o f t h e  m e a s u r e m e n t s  i t  w ill  u n d o u b t e d l y  b e  fe a s ib le  t o  o b t a i n  

t h e  e x p a n s io n  o f  t h e  c h a in  i ts e l f ,  a n d  so  to  

c o m p a r e  th e  in t r a m o le c u la r  w i t h  t h e  i n t e r -  

m o le c u la r  c o h e s io n .

T h e  e x p a n s io n  r a t i o  3 - 5  o f  t h e  a  a n d  b a x is  

c o n f i rm s  w h a t  h a s  b e e n  f o u n d  in  t h e  s t r u c t u r e  

in v e s t ig a t i o n  o f t h e  p a r a f f in s ,  n a m e l y ,  t h a t  t h e  

c h a in  m o le c u le  h a s  n o  r a d i a l  s y m m e t r y  a b o u t  

th e  c h a in  a x is .

I t  is  i n te r e s t in g  to  see  h o w  t h e  d is ta n c e  o f  n e a r e s t  a p p r o a c h  o f  tw o  a d j a c e n t  

c h a in  a x e s  a l t e r s  w h e n  t h e  t e m p e r a t u r e  is  r a i s e d .  T h is  d is ta n c e  D  is  s h o w n  in  

fig. 3.

T a k e  t h e  m e a s u r e m e n ts  fo r  C iyH 40 w h ic h  m e l t s  a t  3 1 °  C.

T e m p e r a t u r e . : D .

A .U .

L i q u id  a i r  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4 - 3 5

R o o m  t e m p e r a t u r e  . .. .. .. .. .. .. .. .. 4 - 5

N e a r  f  S o lid  ... . . . . . . . . . . 4 - 6

m e l t i n g  p o i n t  \  M o l t e n .... . . . . . . . . . 4 - 6

T h e  la s t  f ig u re  r e f e rs  to  t h e  s u b s ta n c e  in  t h e  l i q u id  s t a t e  w h e n  t h e  t e m p e r a t u r e  

is  n o t  f a r  f ro m  t h e  m e l t i n g  p o in t .  T h e  X - r a y  r e f le c t io n  o n  t h e  p h o t o g r a p h  

is  a  b r o a d  r in g ,  a n d  t h e  s p a c in g  c o r r e s p o n d i n g  to  th i s  r i n g  c a n n o t  b e  c a lc u la te d  

w i th  th e  s a m e  d e g re e  o f a c c u r a c y  a s  th o s e  w h ic h  a p p e a r  w h e n  t h e  s u b s t a n c e  is  

in  th e  s o lid  s ta t e .  I t  s e e m s , h o w e v e r , t h a t  t h e r e  is  n o  a p p r e c i a b le  d is c o n t i n u i t y  

in  t h e  f ig u re s . B y  m e a s u r i n g  t h e  w id th  o f t h e  r in g  i t  is  th e r e f o r e  p o s s ib le  to  

g e t  a n  a p p r o x im a te  m e a s u re  o f  t h e  d is ta n c e  o f n e a r e s t  a p p r o a c h  o f t h e  c h a in  

a x e s  w h e n  t h e  s u b s ta n c e  is  a  l iq u id .

R in g s  o f th is  n a t u r e  h a v e  b e e n  o b ta in e d  b y  s e v e r a l  in v e s t ig a to r s  ; t h e  i n te r e s t  

o f  th e  a b o v e  f ig u re s  lie s  in  th e  f a c t  t h a t  t h e y  s u g g e s t  a  m o re  d e f in i te  i n t e r 

p r e ta t i o n  o f th e  s ig n if ic a n c e  o f th i s  r i n g  t h a n  h a s  b e e n  o b ta in e d  h i th e r to .

A  few  w o rd s  m a y  b e  s a id  a b o u t  t h e  r a t h e r  u n e x p e c te d  p h e n o m e n o n  o f  t h e
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4 2 6 A . M u l l e r .

s in g le  s h a r p  r e f le c t io n  w h ic h  a p p e a r e d  w h e n  t h e  s u b s ta n c e s  w e re  in v e s t ig a te d  

in  t h e  im m e d ia te  p r o x i m i t y  o f t h e  m e l t i n g  p o in t .  T h e  p h e n o m e n o n  w ill 

h a v e  t o  b e  s tu d ie d  in  m o r e  d e ta i l  b e fo re  a  d e f in i te  e x p la n a t i o n  c a n  b e  g iv e n . 

I t  is  p e r h a p s  n o t  o u t  o f  p la c e , h o w e v e r ,  to  d is c u s s  t h e  s u b je c t  t o  so m e  e x te n t .

T h e  f i r s t  o f t h e  fo l lo w in g  d ia g r a m s  r e p r e s e n ts  a  c r o s s - s e c t io n  t h r o u g h  t h e  

u n i t  c e ll o f a  “n o r m a l  ”  p a ra f f in  c r y s t a l .  T h e  c h a in  a x e s ,  w h ic h  a r e  s u p p o s

t o  s t a n d  p e r p e n d ic u la r  to  t h e  p la n e  o f t h e  p a p e r ,  in te r s e c t  t h i s  p la n e  in  p o in ts  

w h ic h  a r e  s u r r o u n d e d  b y  s m a l l  e ll ip s e s  in  t h e  d ra w in g .  T h e s e  e ll ip se s  r e p r e s e n t  

t h e  c ro s s - s e c t io n s  th r o u g h  t h e  c h a in  m o le c u le s . T h e r e  a r e  tw To s e ts  o f th e s e  

e ll ip s e s  p r e s e n t ; t h e i r  m a jo r  a x e s  a r e  p l a c e d  s y m m e t r ic a l l y  w i t h  r e g a r d  t o  t h e  

a a x is  o f  t h e  c r y s ta l .  T h e  p o s i t io n s  o f t h e  m o le c u le s  in d ic a te d  in  fig . 4 h a v e  

t o  b e  r e g a r d e d  a s  a v e r a g e  p o s i t io n s  a t  a  g iv e n  te m p e r a t u r e .

a  a x i s

F i g . 4.

A p a r t  f r o m  a  c h a n g e  in  p r o p o r t i o n s  t h e  a b o v e  a r r a n g e m e n t  is  fo u n d  t o  

e x is t  u n t i l  t h e  t e m p e r a t u r e  r e a c h e s  v e r y  n e a r ly  t h e  m e l t in g  p o in t .

A t  t h i s  ju n c t u r e  t h e  a r r a n g e m e n t  o f t h e  m o le c u le s  in  t h e  c r y s ta l  s ee m s  t o  

a l t e r .  T h e  X - r a y  p h o to g r a p h s  c h a n g e  t h e i r  a p p e a r a n c e .  T h e  2 0 0  re f le c t io n  

b e c o m e s  v e r y  f a i n t  c o m p a r e d  w i t h  110  l in e , a n d  s e e m s  t o  d is p p e a r  c o m p le te ly  

w h e n  t h e  p h o to g r a p h  is  t a k e n  a t  a  s l i g h t ly  h ig h e r  te m p e r a t u r e .  Y e t  t h e  

1.10 l in e  d o e s  n o t  a l t e r  a p p r e c i a b l y  in  s h a r p n e s s  a n d  o n ly  d is a p p e a r s  w h e n  t h e  

s u b s t a n c e  t u r n s  in to  t h e  l iq u id  s t a t e .  T h e  b r o a d  r i n g  w h ic h  th e n  a p p e a r s  

h a s  a  d is t i n c t l y  d i f f e r e n t  s p a c in g ,  4 - 6  A .U . c o m p a r e d  w i th  4 - 2  A .U . o f t h e  

110  r e f le c t io n .

A  p h o to g r a p h  w i t h  a  s in g le  s h a r p  r e f le c t io n  w o u ld  b e  o b ta in e d  f r o m  a  la y e r  

s t r u c tu r e ,  i.e.,from a n  a r r a n g e m e n t  in  w diich  g ro u p s  o f m o le c u le s  a re  p l

in  e q u id i s t a n t  la y e r s . E a c h  g r o u p  w o u ld  h a v e  t o  c o n t a i n  a  s u f f ic ie n tly  la rg e  

n u m b e r  o f m o le c u le s  t o  g iv e  s h a r p  r e f le c t io n s . T h e  g ro u p s  th e m s e lv e s  t a k e n  

a s  a  w h o le  c o u ld  b e  o r ie n te d  a t  r a n d o m . T h e  q u e s t io n  a r is e s  a s  t o  w h e th e r
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Crystal Structure of Normal Paraffins. 4 2 7

th e  n o r m a l  s t r u c t u r e  c a n  b e  t r a n s f o r m e d  i n to  a  la y e r  s t r u c t u r e  i n  a  s im p le  

w a y . T h is  s e e m s  t o  b e  so . T h e  o s c i l la t io n s  o f  t h e  m o le c u le s  r o u n d  t h e i r  

c h a in  a x e s ,  o n e  p o s s ib le  m o d e  o f  t h e r m a l  a g i t a t i o n ,  m u s t  in c r e a s e  a s  t h e  

te m p e r a t u r e  r is e s .  T h e s e  o s c i l la t io n s  m a y  b e c o m e  so  s t r o n g  t h a t  s o m e  o f 

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

vice versa. T h e  s te p  f r o m  s u c h  a n  a r r a n g e m e n t  t o  o n e  w h e r e  g r o u p s  o f 

m o le c u le s  a r e  a r r a n g e d  i n  la y e r s  is  t h e n  e a s i ly  m a d e .  T h i s  is  i l l u s t r a t e d  in

% •  5 .

F i g . 5.

W i t h o u t  t h e  k n o w le d g e  o f  t h e  n a t u r e  o f  t h e  in te r m o le c u la r  f o r c e s  i t  is  

o b v io u s ly  im p o s s ib le  to  se e  w h y  j u s t  t h i s  la y e r  a r r a n g e m e n t  s h o u ld  h a v e  a  

c e r ta in  s t a b i l i t y .  F u r t h e r  i n v e s t i g a t i o n  w il l  s h o w  w h e th e r  t h e  e x p l a n a t i o n  

o f th i s  s h a r p  s in g le  l in e  is  c o r r e c t .  I f  t h i s  i s  so , t h e n  o b s e r v a t i o n s  t a k e n  in  

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

a r e  l ik e ly  t o  r e v e a l  t h e  s t r o n g e s t  b o n d s  b e tw e e n  t h e  m o le c u le s .

T h e  fo l lo w in g  p a r t  o f  t h e  d is c u s s io n  w il l  d e a l  w i t h  t h e  a b r u p t  c h a n g e s  in  

t h e  s t r u c t u r e s  o f  s o m e  o f  t h e  p a r a f f in s .  T h e  e s s e n t ia l  f a c ts  h a v e  a l r e a d y  

b e e n  g iv e n  in  a n  e a r l ie r  p a r t  o f t h i s  p a p e r .  T h e  e x p e r im e n t s  s h o w  t h a t  t h e r e  

is  a  m a r k e d  d if f e r e n c e  in  t h e  b e h a v i o u r  o f  t h e  o d d  a n d  e v e n  n u m b e r e d  s u b 

s ta n c e s .  T h is  g e n e r a l  o b s e r v a t i o n  is  h a r d l y  s u r p r i s in g ,  f o r  i t  h a s  b e e n  s h o w n  

in  a  p r e v io u s  n o te *  t h a t  s u c h  d if f e r e n c e s  m a y  a lm o s t  b e  r e g a r d e d  a s  g e o m e t r ic a l  

c o n s e q u e n c e s  o f t h e  z ig -z a g  c h a in  s t r u c t u r e .  T h e  i n t e r e s t  lie s  i n  t h e  m a n n e r  

in  w h ic h  th e s e  d if fe re n c e s  r e v e a l  th e m s e lv e s .  A  q u a l i t a t i v e  e x p l a n a t i o n  c a n  

e a s i ly  b e  f o u n d .

S u p p o s in g  f i r s t  w e  d e a l  w i t h  p a r a f f in  c r y s ta ls  w h ic h  c o n ta i n  v e r y  lo n g  c h a in s .  

T h e  in f lu e n c e  o f t h e  g r o u p s  a t  t h e  e n d s  o f  th e s e  c h a in s  u p o n  t h e i r  m u t u a l  

a r r a n g e m e n t  m u s t  t h e n  b e  v e r y  s m a l l ,  a n d  t h e  c h a in s  w ill  a r r a n g e  th e m s e lv e s  

i n  t h e i r  o w n  ty p i c a l  f a s h io n .  B o t h  o d d  a n d  e v e n  n u m b e r e d  s u b s t a n c e s  w i l l  

p r a c t ic a l ly  h a v e  t h e  s a m e  s t r u c t u r e ,  a s  is  s h o w n  in  t h e  c a s e  o f  t h e  p a r a f f in s  

w h ic h  h a v e  m o re  t h a n  2 0  c a r b o n  a to m s .  B u t  s u p p o s in g  t h e  c h a in s  b e c o m e  

* ‘ R o y . S o c . P r o c .,’ A , v o l. 1 2 4 , p . 3 17  (1 9 2 9 ) .
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4 2 8 A . M u l l e r .

s h o r t e r .  T h e  d is c o n t in u i t y  in  t h e  s t r u c t u r e  o f t h e  c h a in s  a t  th e i r  e n d s , o r  in  

o th e r  w o rd s  t h e  e n d  g r o u p s ,  w ill t h e n  in c r e a s e  t h e i r  r e la t i v e  in f lu e n c e . A t  a  

c e r ta in  c h a in  le n g t h  t h e y  m a y  b e c o m e  p r e p o n d e r a n t  a n d  a  c o m p le te  c h a n g e  

in  t h e  c r y s ta l  s t r u c t u r e  m a y  b e  t h e  r e s u l t .  I t  is h e r e  t h a t  w e  e x p e c t  to  see  a  

d if fe re n c e  in  t h e  b e h a v io u r  o f t h e  o d d  a n d  t h e  e v e n  n u m b e r e d  s u b s ta n c e s .  

T h e  o r ie n ta t i o n  o f  t h e  e n d  g ro u p s  r e la t i v e  to  e a c h  o th e r  b e in g  d i f f e r e n t  in  th e  

o ff a n d  t h e  e v e n  se r ie s  t h e r e  is  n o  r e a s o n  w h y  th e s e  g ro u p s  s h o u ld  a c t  a l ik e . 

T h is  is  w h a t  a c tu a l l y  h a p p e n s .  T h e  c h a n g e  o f t h e  s t r u c t u r e  in  t h e  e v e n  s e r ie s  

o c c u r s  in  t h e  n e ig h b o u r h o o d  o f N  =  2 0 , in  th e  o d d  se r ie s  b e tw e e n  N  =  9 a n d  

N  1 1 .

T h e  f a c t  t h a t  a  s m a l l  t e m p e r a t u r e  c h a n g e  is  c a p a b le  o f  d i s tu r b in g  t h e  b a la n c e  

o f t h e  i n t e r n a l  fo rc e s  is  w o r th  n o t ic in g .  I t  is  h e r e  t h a t  a n  e x te r n a l  e le c tr ic  

o r  m a g n e t ic  f ie ld  m a y  h a v e  t h e  p o w e r  o f in f lu e n c in g  th i s  b a la n c e  in  a  s im i la r  

w a y .

A  p r o b le m  t h e  c o m p le te  s o lu t io n  o f w h ic h  h a s  b e e n  p o s tp o n e d  is  t h e  d e t e r 

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

t h a t  t h e  c ro s s  s e c t io n  o f t h e  u n i t  c e ll o f t h i s  fo r m  is  n o  lo n g e r  r e c ta n g u la r .  

F r o m  t h e  t h r e e  s t r o n g e s t  r e f le c t io n s  a  c ro s s  s e c tio n  c a n  b e  c a lc u la te d .  T h e  

r e s u l t  is  s h o w n  in  fig . 6 in  c o r r e c t  p r o p o r t io n s .
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S c a le  o f  1 A.U.

F ig . 6.

T h e  f ig u re  in  fu l l  l in e s  r e p r e s e n t s  t h e  c ro s s - s e c t io n  o f t h e  n o r m a l  s t r u c tu r e .  

T h e  f ig u re  in  d o t t e d  l in e s  r e f e r s  t o  t h e  o th e r .  T h e  t r a n s f o r m a t i o n  o f th e  n o rm a l 

s e c t io n  i n to  t h e  s e c o n d  o n e  is  e a s i ly  o b ta in e d  b y  a  s m a l l  d is to r t io n .  I t  is , 

h o w e v e r ,  n o t  u n l ik e ly  t h a t  t h e  b a s e  o f t h e  s e c o n d  fo rm  is  a  m u l t ip le  o f t h a t  

w h ic h  c o r r e s p o n d s  to  t h e  c ro s s  s e c tio n  in  t h e  d ia g r a m . I n  th is  c a se  th e  m o le 

c u le s  o f s e c o n d  s t r u c t u r e  w o u ld  h a v e  to  b e  o r ie n te d  in  a l t e r n a t e  d ire c t io n s .

T h e  f ig u re s  g iv e n  in  T a b le  I I I  sh o w  t h a t  t h e  lo n g  s p a c in g s  o f th e  s e c o n d  fo rm  

a re  s h o r t e r  t h a n  t h e  c o r r e s p o n d in g  s p a c in g s  o f t h e  n o r m a l  fo rm . T h e  re a s o n
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fo r  th is  m a y  e i t h e r  b e  a  s h o r t e n in g  o f  t h e  m o le c u le  i t s e l f  w h ic h  w o u ld  in v o lv e  

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

r e la t iv e  t o  t h e  b a s e  o f t h e  u n i t  c e ll , o r  i t  m a y  b e  t h e  r e s u l t  o f  a  r e - a r r a n g e m e n t  

o f th e  e n d  g r o u p s  a c c o m p a n i e d  b y  a  c o n t r a c t i o n  in  t h e  d i r e c t i o n  o f t h e  c h a in  

a x e s , o r ,  o f c o u rs e ,  a  c o m b in a t io n  o f th e s e  c h a n g e s .  A  c h a n g e  in  t h e  c h a in  

s t r u c t u r e  i t s e l f  is , h o w e v e r , n o t  l ik e ly  t o  o c c u r .  A  f u r t h e r  i n v e s t ig a t i o n  w ill 

d e c id e  w h ic h  o f t h e  e x p l a n a t i o n s  is  t h e  c o r r e c t  o n e .

Summary.

1. T h e  s t r u c t u r e s  o f a  n u m b e r  o f  n o r m a l  p a r a f f in s  r a n g in g  f r o m  C 5H 12 

to  C 3oH62 h a v e  b e e n  i n v e s t i g a t e d  b y  m e a n s  o f  X - r a y s  a t  l i q u id  a i r  t e m p e r a t u r e ,  

ro o m  t e m p e r a t u r e ,  a n d  in  t h e  n e ig h b o u r h o o d  o f  t h e  m e l t in g  p o in ts .

2 . I t  is  o b s e r v e d  t h a t  t h e  h ig h e r  m e m b e r s  o f  t h e  p a r a f f in  s e r ie s  c r y s ta l l i s e  

in  t h e  s o -c a lle d  n o r m a l  f o r m  w h ic h  h a s  b e e n  d e s c r ib e d  in  a n  e a r l ie r  p a p e r ,  

i r r e s p e c t iv e  w h e th e r  t h e i r  c a r b o n  c o n t e n t  is  a n  e v e n  o r  a n  o d d  n u m b e r .  T h is  

n o r m a l  f o r m  is  f o u n d  t o  b e  s ta b l e  b e tw e e n  t h e  m e l t in g  p o in ts  a n d  l i q u id  a i r  

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

3. T h e  l i n e a r  e x p a n s io n  w i t h in  th e s e  t e m p e r a t u r e  l i m i t s  h a s  b e e n  in v e s t i g a t e d ,  

a n d  i t  is  s h o w n  t h a t  t h e  c o e f f ic ie n t  o f  e x p a n s io n  o f  t h e  a a x e s  is  t h r e e  t o  f o u r  

t im e s  la r g e r  t h a n  t h e  o n e  o f t h e  b a x e s .  T h e  c o e f f ic ie n t  o f  e x p a n s io n  o f  t h e  

c a x e s  is  v e r y  m u c h  s m a l le r  t h a n  t h e  o n e  o f  e i t h e r  t h e  a o r  t h e  b a x e s .  I t  w a s ,  

in  f a c t ,  to o  s m a l l  to  b e  m e a s u r e d  in  t h e  p r e s e n t  e x p e r im e n t s .

4. D if f e re n c e s  in  t h e  b e h a v io u r  o f  t h e  e v e n  a n d  t h e  o d d  m e m b e r s  b e g in  t o  

s h o w  w h e n  t h e  c a r b o n  c o n t e n t  o f  t h e  s u b s ta n c e s  d e c r e a s e s .  C 20H 42 a n d  Ci8H 38* 

b o th  e x is t  in  tw o  a l t e r n a t i v e  s t r u c t u r e s .  W i t h i n  a  s m a l l  r a n g e  o f  t e m p e r a t u r e s  

n e a r  t h e  m e l t in g  p o in ts  t h e  n o r m a l  f o r m  is  f o u n d  t o  b e  s t a b l e  f o r  e i t h e r  s u b 

s ta n c e .  A t  lo w e r  t e m p e r a t u r e s  a  s e c o n d  c r y s t a l  s t r u c t u r e  a p p e a r s .  T h e  

c h a n g e  f r o m  o n e  f o r m  i n t o  t h e  o t h e r  is  r e v e r s i b le  f o r  C 2o H 42 a n d  Ci8H 38. 

T h e  c h a n g e  f r o m  t h e  n o r m a l  f o r m  i n to  a n o t h e r  o n e  o c c u r s  a lso  in  t h e  s e r ie s  o f  

t h e  o d d  m e m b e r s .  T h e  t r a n s i t i o n  t a k e s  p la c e  b e tw e e n  C n H 24 a n d  C 9H 2o.

5 . O b s e r v a t io n s  t a k e n  i n  t h e  im m e d ia te  n e ig h b o u r h o o d  o f  t h e  m e l t i n g  p o i n t  

in d i c a te  t h a t  th e s e  s u b s ta n c e s  t e n d  t o  f o r m  la y e r  s t r u c t u r e s .

6 . T h e  c o n c lu s io n s  d r a w n  f r o m  t h e  e x p e r im e n t s  a r e  g iv e n  in  t h e  l a s t  s e c t io n  

o f t h e  p a p e r .

T h e  w r i t e r  w is h e s  t o  e x p re s s  h is  b e s t  t h a n k s  t o  S i r  W ill ia m  B r a g g  fo r  t h e  

f r ie n d ly  in t e r e s t  w h ic h  h e  h a s  t a k e n  i n  th i s  w o rk ,  a lso  t o  D r .  H .  S . G i lc h r i s t

* Note added, in proof— T h e  m is s in g  C 22H 46 h a s  b e e n  in v e s t ig a t e d  b y  t h e  w r ite r  s in c e  

t h is  p a p e r  w a s  s e n t  in . C 22 b e h a v e s  lik e  C18 a n d  C 20, i t  sh o w s  t h e  tw o  fo r m s .

Crystal Structure of Normal Paraffins. 4 2 9
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4 3 0 Crystal Structure of Normal Paraffins.

a n d  M r. E .  L .  H o lm e s  fo r  t h e i r  u n f a i l in g  a n d  e n th u s ia s t ic  h e lp .  H e  fee ls  

a ls o  m u c h  o b lig e d  t o  t h e  m a n a g e r s  o f  t h e  R o y a l  I n s t i t u t i o n  f o r  th e  o p p o r t u n i t ie s  

g iv e n  to  h im  fo r  c a r r y in g  o u t  t h i s  w o r k  a t  t h e  D a v y - F a r a d a y  L a b o r a to r y .

3.

4 .

5.

9 .

E X P L A N A T I O N  O P  P L A T E S  5 , 6 .

T h e  X - r a y  p h o t g r a p h s  1 - 5  a n d  9 - 1 5  in  th e  ta b le  are  t a k e n  w it h  “  g la s s  tu b e  ” sa m p le s  

o f  n o r m a l p a ra ffin s . R a d ia t io n : c o p p e r  r a y s  a n d  N i  filler. F ilm  r ad iu s , 3 - 7 9  cm s. (I  m m . 

=  1 .5 1 0 ° ). R e p r o d u c t io n , n a tu r a l s iz e .

C3„H 62 r o o m  te m p e r a tu r e .

C29H 60 r o o m  te m p e r a tu r e .

C24H 50 liq u id  a ir  te m p e r a tu r e .

C17H 36 r oo m  te m p e r a tu r e  n e a r  m e lt in g  p o in t .

C17H 36 liq u id  a ir  te m p e r a tu r e .

C29H 60 liq u id .

C29H6o n e a r  m e lt in g  p o in t .

C20H 42 n e a r  m e lt in g  p o in t  (n o r m a l fo r m ).

C20H 42 se c o n d  fo r m .

C20H 42 liq u id  a ir  te m p e r a tu r e .

C6H 14 liq u id  a ir  te m p e r a tu r e .

C5H 12 liq u id  a ir  te m p e r a tu r e .

C19H 40 sa m e  d is ta n c e  a n d  r a d ia t io n  a s  b e fo r e , b u t  su b s ta n c e  sp r ea d  in t o  th in  

la y e r  o n  g la s s . T o p ,  l iq u id  a ir  te m p e r a tu r e  ; b o tto m , r oo m  te m p e r a tu r e . 

E n la r g e m e n t  o f  N o . 6 .

P h o to g r a p h  ta k e n  o n  p la te  a t  1 5* 0 0  c m s. d is t a n c e . C op p er r a d ia t io n . T o p ,  

C30H 62 r oo m  te m p e r a t u r e ; m id d le , C20H 42 se c o n d  fo rm  ; b o t to m , C20H 42, 

n o r m a l for m . S u b s ta n c e s  sp r e a d  in t o  la y e r  o n  g la s s  p la te  (b y  m e lt in g ) .

N o . 1. 

N o . 2 . 

N o .

N o .

N o .

N o .

N o . 10. 

N o . 11. 

N o . 12. 

N o . 13. 

N o . 14. 

N o . 15 . 

N o . 6.

N o . 7 . 

N o . 8 .
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(Facing p. 4 3 0 .)
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