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of tetradecanamide as compared to tetradecane 
(AT = 100 ° C.), where no hydrogen-bond system is 
possible, and to tetradecanoie acid (AT = 51 ° C.), 
where only a one-dimensional system is possible. The 
crystal growth of tetradecanamide is much larger in 
the a and b directions than in the c direction, where 
the only attraction between the sheets of dimers is 
the van der Waals interaction between the terminal 
methyl groups. The weak attraction between sheets 
also introduces the observed cleavage along the (001) 
plane. The crystals also show a cleavage along an 
(hO1) plane whose indices have not been determined 
owing to the thinness of the crystals, but which is 
probably a cleavage between the rows of dimers. 

The arrangement of the paraffin chains in tetradec- 
anamide is quite similar to the structure reported for 
form A of potassium caprate (Vand, Lomer & Lang, 
1949). In both compounds the paraffin chains are tilted 
strongly in the b direction, with successive rows in 
the a direction oppositely inclined. However, there 
is a striking difference in the orientation of the planes 

of the chains. In the tetradecanamide the planes of 
the chains are nearly parallel to the a axis, while in 
potassium caprate they are reported to be more 
nearly normal to the a axis. 

This investigation was supported in part by the 
U.S. Army Office of Ordnance Research under Con- 
tract No. DA-04-200-ORD-236. 
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Form B of stearic acid, C 1 7 H 3 5 C O O H ,  is monoclinic with a = 5.591, b ---- 7.404, c = 49"38 A and 
fl ---- 117 ° 22'. The cell contains four molecules. The space group is CSh-p21/a. The packing of the 
hydrocarbon chains is of the common orthorhombic type. The hydrocarbon chains are deformed 
near the carboxylic groups. 

Introduction 

The crystalline B-form of normal fa t ty  acids with an 
even number of carbon atoms was first investigated 
with X-rays by Mtiller (1927). He determined the unit- 
cell dimensions and the space group of the B-form of 
stearic acid and made a very promising start in cal- 
culating the crystal structure. As no continuation of 
his work appeared, the problem has been taken up in 
Uppsala as a part of an investigation of the crystal 
behaviour of normal fa t ty  acids (see Stenhagen & 
yon Sydow (1953), von Sydow (1954a, b), and Abra- 
hamsson &von  Sydow (1954)). Thibaud & Dupr4 La 
Tour (1932) redetermined the unit cell of form B with 
X-rays and Trfllat & v. Hirsch (1932) the smallest 
axis-plane with electron diffraction. Verma (1955) has 
determined the unit-cell dimensions of the B-form of 
palmitic acid. 

Preparation of crystals 

The very pure stearic acid used was prepared by Prof. 
E. Stenhagen and his collaborators. I t  has a melting 
point of 69"7 ° C. Francis & Piper (1939) found for the 
same acid 69.6 ° C. 

According to Miiller (1927), the B-form of stearic 
acid crystallizes from carbon disulfide, and according 
to Stenhagen & von Sydow (1953) and others it crystal- 
lizes together with the C-form from petroleum (b.p. 
40-60 ° C.). If large quantities are used, formation of 
the B-form is favoured, and in this way large crystals 
of this form were obtained. 

The crystals grew in rhombic plates having an acute 
angle of 74 °. Miiller (1927) found the same value. In- 
vestigation in polarized light revealed that  twinning 
was very common among the crystals. In one case 
X-ray photographs had to be taken before twinning 
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could be detected, as the  angle between the  twins was 
so small. 

X - r a y  d a t a  

R o t a t i o n  and  Weissenberg photographs  about  the  a 
and  b axes were t aken  with Cu K rad ia t ion  from a gas 
tube.  The cell dimensions were calculated from a pow- 
der pho tograph  obta ined  wi th  a Guinier camera using 
Cu K ~  radia t ion.  The following da ta  were obta ined:  

Molecular formula :  CIsHa60~. 
Molecular weight :  284.47. 
Uni t  cell: monoclinic.  
a = 5.591±0.011, b = 7.404±0.008, c = 49.38±0.10 ~ ;  

= 117 ° 22 '~7 ' .  
d(001) = 43.85±0.05 X. 
Four  molecules per uni t  cell. 
Number  of electrons: 640. 
Dens i ty  calculated:  1.041±0.005 g.cm. -3. 
Dens i ty  measured:  1.036 g.cm. -8. 
Absent  reflexions: (hO1) when h odd, (0k0) when k odd. 
Space group:  C~h-P21/a. 

C o n c l u s i o n s  f r o m  t h e  u n i t  c e l l  

If  the  un i t  cell is cut wi th  a plane perpendicular  to 
the  c axis the  cross-section will have  the  following 
dimensions:  a 0 = 4.96 ~_, b 0 = b = 7.40 J~, 7o = ?  = 
90 °. These dimensions are very  like those of an ortho- 
rhombic  packing of hydrocarbon  chains described by 
Bunn  (1939) (a 0 = 7.40 A, b 0 = 4.93 A, 7o = 90°) and  
Vainshte in  & Pinsker  (1950) (a 0 = 4.96 J~, b 0 = 
7.41 A, 7o = 90°) • I n  this packing the  plane of every 
second hydrocarbon  chain is almost  perpendicular  to  
the  plane of the  others. From these da ta  one can ra ther  
defini tely conclude t h a t  the  crystal l ine B-form has 
this o r thorhombic  packing of its hydrocarbon  chains. 

S t r u c t u r e  f a c t o r s  a n d  e l e c t r o n - d e n s i t y  p r o j e c t i o n  

(0kl) reflexions up to 0 = 60 ° were recorded. Two 
observers es t imated the  intensit ies by  eye from two 
different sets of mult iple  films obta ined wi th  one 
smaller and  one larger single crystal,  respectively. The 
intensit ies were corrected with the  normal  polar izat ion 
and Lorentz factors. No absorpt ion corrections were 
applied. A set of relative, observed s t ructure  factors 
was calculated and was la ter  reduced to an  absolute 
scale by  comparison with calculated s t ructure  factors. 

As I(020) and  1(040) are very  strong, and  I(02l) 
and  I(04l) wi th  small  /-values are weak, the  two 
molecules in one half  of the  cell were placed parallel  
with the  c axis and  equal ly spaced, according to  the  
assumed or thorhombic  packing. Structure  factors were 
calculated using atomic coordinates f rom the  ortho- 
rhombic sub-cell described by  Vainshte in  & Pinsker  
(1950). At  the  beginning the  CH 2 groups were t rea ted  
as single a toms having  f = fc+2fH.  The per iodic i ty  
in the  hydrocarbon  chains has been used in the  cal- 
culations of s t ructure  factors in a way suggested by  
Miiller (1927) and  developed by  Vand  (1951). 

Atomic scat ter ing factors were t aken  from McWeeny 
(1951), using for oxygen f=½( f l+2f l ' )  and  for 
carbon the  values for 'valence states ' .  

Successive electron-densi ty project ions along the  
shortest  axis were prepared,  a l te rna t ing  wi th  struc- 
ture-factor  calculations. The carbon and hydrogen 
a toms were soon separated and  the  hydrogen  atoms 
were given coordinates which were calculated from 
the  da ta  given by  Vainshte in  & Pinsker  (1950). 

Eve r y  second C-C distance is too short  to  be re- 
solved in this project ion with the  available reflexions. 
I n  order to  refine the  coordinates of the  carbon atoms 
in the  chains several (Fo-F~) syntheses were carried 
out. The difference maps were of course also used in 

Table 1. Coordinates of the atoms 
Atom y/b z/c Atom y]b z/c Atom y/b z]c 
O1H 1 0.113 0 . 0 0 8 7  . . . . . .  
02 0.898 0 - 0 3 7 9  . . . . . .  
C 1 0.020 0 . 0 3 2 0  . . . . . .  
C 2 0.040 0.0507 H~ 0.040 0.039 H s 0.197 0.051 
C 3 0.960 0.0866 H 4 0.960 0.099 H 5 0.803 0-087 
C 4 0.040 0.1026 H e 0.040 0.091 I-I T 0.197 0.103 
C s 0.960 0-1385 H s 0.960 0.151 H 9 0-803 0.139 
C e 0.040 0.1545 T-I10 0.040 0.143 Hxl 0.197 0.155 
C 7 0.960 0.1904 H12 0.960 0.202 H~a 0.803 0.190 
C 8 0"0`10 0"206`1 H14 0"0't0 0"19`1 H15 0"197 0-206 
C 9 0-960 0.2423 HI~ 0.960 0.254 H17 0-803 0-242 
C~0 0.040 0.2583 H18 0.040 0.246 H19 0-197 0-258 
Cll 0 .960 0.2942 H~0 0-960 0.306 H21 0-803 0.294 
C1~ 0.040 0.3102 H~2 0.040 0.298 H2a 0-197 0.310 
CIa 0.960 0-3461 H24 0.960 0.358 H~ 0.803 0.346 
C14 0.040 0-3621 H26 0.040 0.350 H27 0.197 0-362 
Cls 0.960 0-3980 t t~ 0.960 0.410 H29 0-803 0.398 
C16 0.040 0.4140 Ha0 0.040 0.402 Hal 0.197 0.414 
CI~ 0.960 0.4499 Has 0.960 0.462 H3a 0.803 0.450 
C18 0-040 0.4659 H~ 0.040 0.454 H~ 0-197 0-466 
Ha6 0"979 0 " 4 9 3  . . . . . .  

The y and z coordinates of the atoms of the other molecule in the half unit cell are related to the coordinat6s, 
listed above, by the mirror plane y = ¼. 
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hk~ IFo[ ~'c 
001 62 + 63 
002 22 +4- 22 
003 53 + 5 5  
004 20 + 12 
005 50 + 4 2  
006 < 3 + 4 

007 29 + 27 
008 13 -- 19 
009 18 + 12 

0,0,10 28 - -33  
0,0,11 13 + 1 
0,0,12 37 - -43  
0,0,13 < 5 -- 5 
0,0,14 42 -- 51 
0,0,15 < 5 -- 6 
0,0,16 4 9  - -  59 
0,0,17 < 6 -- 2 
0,0,18 106 --  105 
0,0,19 9 + 9 
0,0,20 143 + 139 
0,0,21 < 7 + 9 
0,0,22 29 + 3 7  
0,0,23 < 7 + 13 
0,0,24 15 + 24 
0,0,25 12 + 15 
0,0,26 12 + 19 
0,0,27 12 + 14 
0,0,28 11 + 14 
0,0,29 13 + 10 
0,0,30 12 + 8 

0,0,31 12 + 5 
0,0,32 9 + 2 
0,0,33 < 8 0 
0,0,34 9 -- 1 
0,0,35 < 8 - -  5 
0,0,36 14 -- 3 
0,0,37 10 -- 8 
0,0,38 45 + 27 
0,0,39 17 - -  14 
0,0,40 49 - -30  
0,0,41 18 -- 11 
0,0,42 26 - -  20 
0,0,43 9 -- I 0  

0,0,44 14 -- 19 
0,0,45 < 9 --  8 
0,0,46 12 -- 17 
0,0,47 < 9 -- 6 

0,1,10 < 5 + 2 
0,1,11 9 -- 7 
0 , 1 , 1 2  < 5 - -  2 
0,1,13 13 - -13  
0,1,14 < 5 - -  5 
0 , 1 , 1 5  17 - -17  
0 , 1 , 1 6  < 6 - -  4 
0 , 1 , 1 7  25 - -20  
0 , 1 , 1 8  15 + 1 5  

Table  2. Observed and calculated structure 

hkZ IFol F~ 
0,1,19 26 - -22  
0,1,20 86 - -72  
0,1,21 16 - -18  
0,1,22 24 - -28  
0,1,23 1 1  - -  14 
0,1,24 13 -- 14 
0,1,25 8 --  10 
0,1,26 10 -- 12 
0,1,27 < 8 -- 6 

0,1,37 < I 0  -- 4 

0,1,38 13 +4-26 
0,1,39 < 1 0  -- 9 
0,1,40 12 -- 19 
0,1,41 < 1 0  -- 8 

020 349 + 342 
021 16 + 1 3  
022 8 -- 7 
023 6 + 11 
024 11 -- 10 
025 < 5 + 8 
026 14 - -  14 
027 < 5 + 5 
028 18 - -18  
029 < 5 -4- 1 

0,2,10 24 - -22  
0,2,11 10 --  2 
0,2,12 27 - 2 6  
0,2,13 12 - -  4 
0,2,14 35 - -30  
0,2,15 10 -- 5 
0,2,16 40 -- 37 
0,2,17 < 7 -- 4 
0,2,18 72 - -71  
0,2,19 < 7 + 1 
0,2,20 79 + 81 
0,2,21 < 7 -- 2 

0,2,37 < 10 + 2 
0,2,38 34 + 29 
0,2,39 < 10 - -  3 
0,2,40 23 - -  15 
0,2,41 < 10 -- 1 

0,2,42 13 --  8 
0,2,43 < 10 --  1 

0,3,16 < 8 - -  1 
0,3,17 14 - - 1 9  

0,3,18 34 + 26 
0,3,19 18 - -22  
0,3,20 90 -- 88 
0,3,21 15 -- 15 
0,3,22 24 - -31  
0 , 3 , 2 3  < 9 - -  1 1  

0,3,24 11 -- 18 
0,3,25 < 9 -- 7 

factors 

hkl [Fol F~ 
0,3,37 < 10 -- 8 
0,3,38 49 + 55 
0,3,39 < 1 0  - -16  
0,3,40 31 - -37  
0,3,41 < 10 -- 12 

040 104 + 93 
041 27 - -27  
042 29 --  34 
043 25 -- 24 
044 21 -- 30 
045 17 -- 19 
046 18 -- 24 
047 12 - -13  
048 17 -- 18 
049 7 -- 7 

0,4,10 15 - -13  
0,4,11 < 8 -- 2 
0,4,I2 15 --  11 
0,4,13 < 8 -- 1 
0,4,14 15 -- 12 
0,4,15 < 8 -- 1 
0,4,16 17 - -17  
0,4,17 < 8 --  4 
0,4,18 39 - -37  
0,4,19 < 9 --  6 
0,4,20 26 + 32 
0.4,21 < 9 -- 10 

0,4,37 < 9 + 12 
0,4,38 19 +}-22 
0,4,39 < 9 + 11 

0,5,15 < 9 + 4 
0,5,16 19 + 2 6  
0,5,17 < 9 + 9 
0,5,18 48 -4- 62 
0,5,19 < 10 + 9 
0,5,20 69 -- 69 
0,5,21 < 10 + 16 

0,5,37 < 9 --  3 
0,5,38 47 + 8 1  
0 , 5 , 3 9  < 9 - -  13 
0,5,40 36 -- 39 
0,5,41 < 9 - -  5 

060 15 + 6 

0,7,17 < 9 + 1 5  
0,7,18 35 + 6 7  
0,7,19 < 9 + 18 
0,7,20 50 - -51  
0,7,21 < 9 + 2 4  

080 18 - -39  

t h e  r e f i n e m e n t  o f  t h e  c o o r d i n a t e s  o f  t h e  a t o m s  i n  t h e  

c a r b o x y l i c  g r o u p s .  

T h e  l a s t  e l e c t r o n - d e n s i t y  p r o j e c t i o n  is  s h o w n  i n  

F i g .  1, t h e  a t o m i c  c o o r d i n a t e s  i n  T a b l e  1, a n d  o b s e r v e d  

a n d  c a l c u l a t e d  s t r u c t u r e  f a c t o r s  i n  T a b l e  2. T h e  

r e l i a b i l i t y  i n d e x  R 1 is  0 . 1 8 .  

D i s c u s s i o n  o f  t h e  r e s u l t s  

A l l  h y d r o c a r b o n  c h a i n s  h a v e  t h e i r  c e n t r e l i n e s  i n  

(110)  a n d  (110) .  H a l f  o f  t h e  c h a i n s  h a v e  t h e i r  p l a n e s  

a l m o s t  i n  (110)  a n d  t h e  o t h e r  h a l f  h a v e  t h e i r  p l a n e s  

a l m o s t  i n  (110) .  T h i s  a f f e c t s  t h e  m a c r o c r y s t a l l i n e  

s h a p e , a n d  t h e  f a c e s  o f  t h e  c r y s t a l s  a r e  a l w a y s  (110)  

a n d  (110)  a n d  o f  c o u r s e  (001) ,  g i v i n g  r h o m b i c  p l a t e s .  

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

is  7 4  ° 6 ' ,  w h i c h  a g r e e s  v e r y  w e l l  ~ i t h  t h e  o b s e r v e d  

v a l u e  74  ° . 

A s  i n  m o s t  l o n g - c h a i n  c o m p o u n d s ,  t w i n n i n g  is  v e r y  

c o m m o n  a m o n g  c r y s t a l s  o f  t h e  B - f o r m .  I n  a l l  o b s e r v e d  

c a s e s  t h e  t w i n s  a l w a y s  h a d  t h e i r  (001)  p l a n e s  p a r a l l e l ,  
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and this is consistent with the weak van der Waals 
bonds between the methyl groups which lie in these 
planes. 

The increment of long spacing for this crystal form 
is 2.32 A, according to Stenhagen & yon Sydow 
(1953). Thus the angle of tilt is between 67 ° and 66 ° 
if the distance between alternate carbon atoms is 
between 2-521 A (found in form C of lauric acid by 
Vand, Morley & Lomer (1951)) and 2.54 /~ (found in 
a paraffin by Vainshtein & Pinsker (1950)), respec- 
tively. 

z2 d (oo~) l 

d (olo) 
t . . .J , , , , I  I I 

1 o 1 2k 
Fig. ]. Electron-density projection along the a axis. 

The packing of the hydrocarbon chains is of the 
common orthorhombic type. Vand (1954) has sug- 
gested a way of classifying 10ng-chain compounds. 
The chain packing is described with a capital letter, 
e.g. 0, for the orthorhombic packing, and this should 
be followed by (hkl), which are the indices in the sub- 
cell of the a-b plane of the main cell. In this way the 
B-form of stearic acid can be described as 0(101), the 
B'-form of acids with an odd number of carbon atoms 
(yon Sydow, 1954b) as 0(111) and the C-form of acids 
with an even number of carbon atoms (Vand, Morley 

& Lomer, 1951) as 0(021) (if the shortest axis is a). 
The A'-form of acids with an odd number of carbon 
atoms (yon Sydow, 1954a), which has a triclinic 
packing of the hydrocarbon chains, cannot be de- 
scribed with small indices. This is of course due to the 
fact that  there is only one molecule per half unit cell. 

From Fig. 1 it can be seen that  the hydrocarbon 
chains are deformed near the carboxylic groups in 
the same way that  was found by yon Sydow (1954b) 
in the crystalline B'-form of n-pentadecanoie acid. The 
carboxylic groups are twisted out of the chain planes 
around the bond between the second and the third 
carbon atoms to allow hydrogen bonding between two 
carboxylic groups. The chain planes of two coupled 
molecules are almost perpendicular, as in the B'- and 
C-forms. 

The low peaks projecting from most of the carbon 
atoms in Fig. 1 are probably caused by the hydrogen 
atoms, which in the projection are situated about 
1.15 /~ outside the carbon atoms in a direction per- 
pendicular to the chain direction. The second of the 
two peaks projecting from the last carbon atom is 
probably caused by the third hydrogen atom in the 
methyl group. All the other hydrogen atoms are more 
or less masked by the carbon and oxygen atoms. 

I am indebted to Prof. G. H~gg and Prof. E. Sten- 
hagen for their interest and advice. Mr S. Abrahams- 
son, Mr C. E. Carlsson and Mr C. O. Jansson have 
helped me with the X-ray work and the computa- 
tions, and I would like to thank them for their careful 
work. The expenses involved have been defrayed by 
grants from Kungliga Vetenskapsakademiens nobel- 
kommitt~ f6r kemi and Statens Naturvetenskapliga 
Forskningsr£d. 
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