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in the lower half-crystal and again producing a twin 
fault. To generalize these results to planes of normal 
stacking pattern 

. . . 1 2 3 4 . . . n . . . ,  

we may form a sessile either by inserting two extra 
half-planes or by removing n - 2 .  

A complementary pair of half-dislocations, E and N, 
separated by a stacking fault of monolayer twin, are 
illustrated in Fig. 6. The dislocation E is constructed 
by inserting an extra half-plane and, in the usual way, 
allowing the atoms on its right-hand side to relax to 

I I I \ \  / /  
/ / / / / / /  

N Twin fault F 

Fig. 6. Extended dislocation consisting of a complementary 
pair of half-dislocations, E and N, separated by a mono- 
layer twin fault. E contains an extra half-plane, but not -h r. 

the equilibrium configuration characteristic of the 
perfect crystal; on the left hand side, however, the 
atoms are allowed to relax only as far as the alter- 
native equilibrium configuration characteristic of the 
twinned crystal, this being maintained over a certain 
distance, as shown. The passage of such a dislocation 
through the crystal leaves in its wake a monolayer 
twin, which could be formally produced by a homo- 
geneous translation ~b of the upper half-crystal: b is 
the unit lattice vector in the twinning direction, and 
2/d(hu) the twinning shear. The dislocation N contains 
no extra half-plane, nor is it deficient in a half-plane, 
its function being to connect the monolayer twin on 
its right with the perfect crystal on its left. Its Burgers 
vector is evidently (1-2)b.  
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The crystalline C'-form of n-hendecanoic acid, C10H21COOH, is monoclinie with a ---- 9-622, b ---- 
4-915, c = 34.18/~ and fl = 131 ° 17'. Space group C~h-P21/a; four molecules in the unit cell. The 
investigation was carried out at 23 ° C., which is only 5 ° C. below the melting point of the acid. The 
chains are packed in the common orthorhombie way, but there are large distortions: the chains are 
probably bent and twisted helically. 

Introduct ion 

Normal fa t ty  acids with an odd number of carbon 
atoms can occur in three polymorphic forms called 
A', B'  and C'. The crystal structure of the first two 
have been described by yon Sydow (1954a, b, 1955b). 

According to Stenhagen & yon Sydow (1953) the 
crystalline C'-form is only stable just below the melting 
point, and the temperature interval of stability de- 
creases with increasing chain length. Thus a short acid 
would be more favourable from the X-ray technical 
point of view, having a relatively wide interval at a 
more suitable temperature, n-Hendecanoic acid was 
chosen, the G'-form of which, according to Garner & 
Randall (1924) and de Boer (1927), exists between 
the melting point and a temperature between 12.5 ° C. 
and 17 ° C. 

Preparat ion of crys ta l s  

The n-hendecanoic acid was obtained from Prof. 
E. Stenhagen and his collaborators. Its m.p. was 
28.0-28.4 ° C. 

The G'-form is always obtained at temperatures 
between 17 ° C. and 28 ° C., but  the macrocrystalline 
shape is strongly dependent on the mode of crystal- 
lization. Crystallization from the melt always gives 
conglomerates of crystals which often contain super- 
cooled liquid acid. In order to get crystals suitable for 
X-ray work, different solvents were tried. Crystalliza- 
tion from carbon tetrachloride solution gave the best 
crystals, although not very good. They were always 
twinned, which mostly could be detected in polarized 
light, and they were often bent owing to their softness 
near the melting point. Like all the other crystal 
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forms of f a t t y  acids, these crystals  are biaxia l  positive. 
As the  acute bisectr ix can be supposed to be parallel  
to the carbon chains i t  has  been found useful to deter- 
mine the  approx imate  direction of this  bisectrix in 
the crystals. 

X-ray data 

Rota t ion  and  Weissenberg photographs were t aken  at  
23 ° C. wi th  Cu K radiat ion.  The cell dimensions were 
calculated from a powder  photograph obtained at  the 
same tempera ture  wi th  a Guinier camera using Cu Kc~ 
radiation.  The following da ta  were obtained:  

Molecular formula:  CnH~20 2. 
Molecular weight:  186-29. 
Uni t  cell: monoclinic.  
a=9.622±0.030,  b=4.915±0.008,  c=34 .18±0 .10 /~ ;  

fl = 131 ° 17 '±15 ' .  
d(001) -- 25 .68±0.05/~.  
Four  molecules per un i t  cell. 
N u m b e r  of electrons: 416. 
Absent  reflexions: (hO1) when h odd, (0/c0) when/c odd. 
Space group: C~h-P21/a. 

Owing to the  poor crystals  avai lable  the reflexions 
obta ined were ra ther  il l-shaped. The intensit ies were 
es t imated by  eye, using the  mult iple-f i lm technique.  
Two sets of f i lms differing in exposure were used and  
the results were compared wi th  the intensit ies esti- 
ma ted  from a set of f i lms obtained with another  
crystal.  The intensi t ies  were corrected with the normal  
polarizat ion and  Lorentz  factors. No absorption cor- 
rections were applied. A set of relative, observed struc- 
ture factors was calculated and  was later  brought  to 
an absolute scale b y  comparison with calculated 
s tructure factors. 

Patterson projection 

In  order to determine the  chain direction in  the  cell 
and  the  carbon-carbon distance in the chain, a Pat ter-  
son project ion along the  b axis was prepared. The 
funct ion was modified in a way  suggested by  IApson 
& Cochran (1953, p. 172): 

[ \ [ g 7 ~ , 2 \ 1  2 

\ f  / \ "p / 

The projection obtained was, however, ra ther  dif- 
fuse, indicat ing irregularit ies in the hydrocarbon  
chains. A row of f lat  peaks was t aken  as an indicat ion 
of the chain direction. 

Sub-cell 

With  the assumed chain direction one can easily see 
tha t  the  common or thorhombic packing of hydro- 
carbon chains fits ra ther  well into the uni t  cell of the 
C'-form of n-hendecanoic acid. This packing,  which is 
described by  B u n n  (1939) and  by  Vainshte in  & Pinsker  

Table 1. Coordinates of the atoms 

Atom x/a z/c 
01 0.914 0.0061 
02 0.067 0.0591 
C 1 0-979 0.0443 
C 2 0.918 0.0749 
C a 0.016 0.1249 
C 4 0.983 0.1592 
C 5 0.067 0.2060 
C e 0.031 0.2411 
C~ 0" 108 0.2860 
C s 0.074 0.3204 
C 9 0.140 0"3655 
C10 0.120 0.3995 
C n 0.175 0.4432 

) 

lli~l,z,,l,H,h,I~l 
= a 0 I 2)k 

Fig. 1. The C'-form of n-hendecanoic acid: electron-density projection along the b axis. 
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hkZ $'o F¢ 
000 416 - -  
001 49 49 
002 12 12 
O03 52 53 
OO4 3 1 
005 28 26 
006 12 - -  9 
007 5 4 
008 15 -- 15 
009 8 -- 8 

0,0,10 9 --  13 
0,0,11 13 --  15 
0,0,12 12 -- 13 
0,0,13 24 27 
0,0,14 15 17 
0,0,15 10 10 
0,0,16 11 14 
0,0,17 9 6 
0,0,18 9 8 
0,0,19 6 3 
0,0,20 4 4 
0,0,21 < 4 0 

200 95 101 
201 15 7 
202 34 38 
203 3 3 
2O4 < 3 11 
205 7 -- 3 
206 7 2 
207 4 - -  1 
208 4 1 
209 3 1 

2,0,10 7 - -  4 

2,0,I I 12 - -  13 

2,0,12 4 4 
2,0,13 9 10 
2,0,14 6 3 
2,0,15 6 1 
2,0,16 < 4 3 

201 147 15,i 
202. 64 - -  75 
205 12 12 
20~ < 3 0 

205 17 6 
206 10 12 
207 17 -- 13 
2o~ 3 - 2 
20~ 25 -- 25 

2,0,10 9 -- 7 

T a b l e  2. Observed and calculated structure factors 

hkl Fo Fc 
2,0,11 26 --24 
2,0,12 3 -- 1 
2,0,1_33 19 --22 
2,0,14 10 --11 
2,0,15 10 -- 5 
2,0,16 < 3 5 
2,0,17 < 3 4 
2,0,18 3 3 
2,0,19 5 6 
2,0,20 3 2 
2,0,21 5 4 
2,0,22 < 4 -- 1 
2,0,23 4 3 
2,0,24 < 4 --  1 
2,0,25 7 9 
2,0,26 < 4 3 
2,0,27 8 -- 9 
2,0,28 4 -- 1 
2,0,29 < 4 - -  2 

400 
401 
402 
403 
404 
405 
406 
407 
408 
409 

4,0,10 
4,0,11 
4,0,12 

40i  
40~ 
40~ 
40~ 
40~ 
40~ 
407 
40~ 
40~ 

4,O,lO 
4,0,1_11 
4,0,1__2 
4,o,1_3 
4,o,14 
4,0,1___55 
4,o,16_ 
4,0,17 

4 --11 
3 2 
5 -- 7 
5 -- 4 
6 -- 5 
4 -- 3 
4 -- 1 
4 0 
4 2 
4 2 
4 -- 6 
6 -- 5 
4 5 

23 
4 

37 
10 
4 

10 
8 
8 

18 
27 
28 
25 
18 
54 
30 

< 3 
4 

25 

- -  1 

- -40  

14 

- -  8 

I0 

- -  4 

- -  4 

- - I I  

- -22  

- -23  

- -31  

- -18  

- -68  

"--40 

2 

- -  1 

hkl ~o F¢ 
4,0,18 3 - -  2 
4,0,19 3 2 
4,0,20 3 3 
4,0,21 4 5 
4,0,22 3 5 
4,0,23 4 3 
4,0,24 4 5 
4,0,25 < 4 0 

4,0,26 7 10 
4,0,27 11 -- 11 
4,0,28 15 -- 14 
4,0,29 < 4 -- 1 
4,0,30 5 - -  5 
4,0,31 < 4 - -  2 

60]  < 4 - -  5 

602 8 4 

603 12 - -  15 

604 < 4 - -  7 

m 

6,0,1A < 4 -- 8 
6,0,1--2 8 --13 
6,0,13 10 --11 
6,0,14 19 --15 
6,0,1_5 28 -33 
6,0,16 < 3 -- 1 
6,o,1_2 8 8 
6,0,1--8 < 3 -- 1 
6,0,19 < 3 -- 1 
6,0,20 4 1 
6,0,21 4 2 
6,0,22 4 3 
6,0,23 4 3 
6,0,24 5 4 

6,0,25 4 2 
6,0,26 4 l 
6,0,27 < 4 3 
6,0,28 12 --14 
6,0,29 4 -- 5 
6,0,30 5 2 
6,0,31 < 4 -- 3 

8,0,16 < 4 -- 5 
8,0,17 7 10 
8,0,18 5 3 
8,0,19 < 4 -- 1 

8,0,29 < 4 -- 5 
8,0,30 5 4 
8,0,31 4 1 
8,0,32 < 4 0 

(1950), h a s  t h e  p l a n e  of e v e r y  s e c o n d  c h a i n  a l m o s t  

p e r p e n d i c u l a r  t o  t h e  p l a n e  of t h e  o t h e r s .  I n  t h e  reci-  

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

u p  as  s t r o n g  r e f l e x i o n s  d i s t r i b u t e d  o r t h o r h o m b i c a l l y  

in  t h e  m o n o c l i n i c  l a t t i c e  of t h e  ac id .  T h i s  w a s  ea s i l y  
c o n f i r m e d  a n d  i t  w a s  c o n c l u d e d  t h a t  t h e  c r y s t a l l i n e  

C ' - f o r m  h a s  t h i s  p a c k i n g  of i t s  h y d r o c a r b o n  cha ins .  

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  

W i t h  t h e  a s s u m p t i o n s  m e n t i o n e d  a b o v e ,  s t r u c t u r e  

f a c t o r s  w e r e  c a l c u l a t e d .  T h e  p e r i o d i c i t y  i n  t h e  h y d r o -  
c a r b o n  c h a i n s  w a s  u s e d  in  t h e  c a l c u l a t i o n s  in  a w a y  

s u g g e s t e d  b y  Mii l ler  (1927) a n d  d e v e l o p e d  b y  V a n d  

(1951). A t o m i c  s c a t t e r i n g  f a c t o r s  w e r e  t a k e n  f r o m  

McWeeny (1951), using for oxygen f =  ½(fl+2fl) 
and for carbon the values for 'valence ~tat¢£, A tem- 
perature f a c t o r  e x p  - B  (sin 0/2) 2, w i t h  B f i n a l l y  t a k e n  
e q u a l  t o  9"7 _~, w a s  app l i ed .  

S u c c e s s i v e  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 s  a l o n g  t h e  
s h o r t e s t  ax is  w e r e  p r e p a r e d ,  a l t e r n a t i n g  w i t h  s t r u c t u r e  
f a c t o r  c a l c u l a t i o n s .  

T h e  p r o j e c t i o n s  soon  r e v e a l e d  t h a t  t h e  c a r b o n  

a t o m s  w e r e  n o t  d i s t r i b u t e d  in  t h e  r e g u l a r  w a y  of  t h e  
o r t h o r h o m b i c  sub -ce l l ;  t h e r e f o r e  al l  t h e  a t o m s  h a d  t o  

be  t r e a t e d  s e p a r a t e l y  in  t h e  s t r u c t u r e - f a c t o r  ca lcu la -  
t i on .  T h e  h y d r o g e n  a t o m s  w e r e  l a t e r  i n c l u d e d  a n d  

g i v e n  a p p r o x i m a t e  c o o r d i n a t e s  w h i c h  w e r e  c a l c u l a t e d  
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from the data  given by Vainshtein & Pinsker (1950). 
As the hydrogen atoms do not lie periodically they  
contribute very little to the structure factors. 

Several difference syntheses were carried out in 
order to correct the coordinates of the heavier atoms. 

The last electron-density projection is shown in 
Fig. 1, the atomic coordinates in Table 1, and ob- 
served and calculated structure factors in Table 2. 
The reliability index R 1 is 0.19 when the non-observed 
reflexions are omitted. For the much better formed 
(00l) reflexions R 1 is equal to 0.10. 

Discuss ion  of the resul t s  

As with all the other crystal forms of normal fa t ty  
acids with the orthorhombic packing of the chains, 
twinning is very common for the C'-form of n-hende- 
canoic acid. The twins always have their (001) planes 
parallel, which is the case for the other crystal forms 
as well. 

The crystal structure of the C'-form is very like 
tha t  of the C-form of acids with an even number of 
carbon atoms. The structure of the latter has been 
described by Vand, Morley & Lomer (1951). Both 
forms have the same space group, the same chain 
packing, and the carboxylic groups situated in the 
same sub-cell plane. According to Vand's (1954) sug- 
gestion, both these structures can be described by  
0(021), where 0 denotes the orthorhombic packing 
and (021) are approximately the indices in the sub-cell 
of the ab plane of the main cell, if the shortest axis 
is a. 

The increment of long spacing for the C'-form is 
2.15 /k according to Stenhagen & yon Sydow (1953). 
If the distance between alternate carbon atoms is 
between 2.52 A, as in the C-form of lauric acid (Vand 
et al., 1951), and 2.54 A, found by Vainshtein & 
Pinsker (1950) in a paraffin, the angle of til t  will be 
approximately 58 ° . 

The projection in Fig. 1 reveals tha t  the hydrocarbon 
chains are neither straight nor planar. They have their 
centre lines bent and the chain planes are probably 
helically twisted round their centre lines. These distor- 
tions from the orthorhombic packing are caused by 

at least two factors: the proximity of the experimental 
temperature to the melting point of the acid and the 
presence of carboxylic groups. Near the melting point 
the thermal motion of the atoms is very large. This 
allows the molecules to become easily deformed. The 
carboxylic groups which couple the molecules to 
dimers cannot fit into the ideal orthorhombic packing 
of the chains but must deform the packing at least 
near the groups. In the case of the C'-form, which is 
stable only just below the melting point, the deforma- 
tion will involve more atoms in the chain than in the 
case of the B'-form of n-pentadecanoic acid and the 
B-form of stearic acid (yon Sydow, 1954b, 1955a), for 
which the deformation includes only the first carbon 
atom in the hydrocarbon chain. 

In the C'-form the chain planes of two coupled 
molecules are parallel. 

I am indebted to Prof. G. Hi~gg and Prof. E. Sten- 
hagen for their advice and great interest. To Mr 
C. O. Jansson, who has helped with the X-ray work 
and computations, thanks are also due. The expenses 
involved have been defrayed by a grant  from the 
Swedish Natural  Science Research Council. 
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