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Tetradecanamide, NI-I~.CO(CH2)12CH~, crystallizes in the monoclinic system with a 0 ---- 9-83±0.03, 
b 0 = 5.61±0.03, c o ---- 27-98±0.03 /~, fl ---- 95.1°±0.5 °, and space group P21/a. The unit  cell con- 
rains 4 molecules. The structure has been determined by means of two-dimensional projections. 
The molecules were found to occur in the crystal as dimers, packed into rows extending in the 
b direction, with the paraffin chains inclined to 46 ° 40' from the b axis. The paraffin chains of 
adjacent rows are oppositely inclined, forming a crossed-chain structure. 

Introduction 

The s tudy  of the  crys ta l lography of the n-al iphat ic  
amides (Turner & Lingafelter ,  1955) has shown tha t  
all the  members  of the  homologous series have essen- 
t ia l ly  the same structure,  a l though there appear  to be 
certain minor  var ia t ions.  This paper  presents the re- 
sults of the de te rmina t ion  of the structure of one 
member  of the series, te t radecanamide,  which was 
selected for this  s tudy  both  because suitable crystals 
were avai lable  from the  work on the homologous series, 
and because the longer paraff in  chain would be an aid 
in obtaining a first  approximat ion  to the structure 
despite the greater n u m b e r  of parameters.  The struc- 
tures of other members  of the series are at present being 
invest igated and will be reported later. 

Exper imenta l  

The te t radecanamide  crystals  used in this s tudy  were 
obtained from an aqueous solution in the form of th in  
tablets  on {001}, e longated in the b direction. The 
crystals used to obta in  the  in tens i ty  da ta  were t r immed  
to square pr isms wi th  the  a or b axis as prism axis. 

F rom rotat ion and  equi-inclination Weissenberg  
photographs,  using C u K ~  radiation, the unit-cell  
dimensions were found to be: 

a 0 = 9"83±0-03, b o -- 5.61±0.03, c o = 27.98±0.03 A, 
= 9 5 . 1 ± 0 . 5  o. 

Systemat ic  absence of (hO1) reflections for h odd and 
(0/c0) reflections for k odd indicated the space group 
to be P21/a-C~h. There are four molecules per uni t  
cell, the  calculated dens i ty  being 0.983 g.cm. -3, as 
compared with the exper imenta l ly  determined densi ty 
of 0.984 g.cm. -3. 

The in tens i ty  da t a  were obtained from photographs 
of the (hO1) and (0/el) nets taken with a Supper Weis- 
senberg camera  and  wi th  a Nonius integrat ing Weis- 
senberg camera, in tegra t ing  in one direction only, 
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using both  mult iple  f i lms and  a range of exposure 
times. Both  nickel-fil tered and  unfi l tered Cu radia t ion  
were used. 

The intensit ies were measured from the integrat ing 
Weissenberg photographs b y  means  of a Moll-type 
microphotometer  feeding into a Speedomax recorder, 
each reflection on a f i lm being scanned normal  to the 
direction of camer~ integration.  The result ing curve 
for each reflection was then  manua l ly  in tegrated and  
this value was taken  as proport ional  to the in tegrated 
intensi ty.  The correlation between X- ray  intensit ies 
and microphotometer  readings was established by  the 
measurement  of a series of t imed-exposure spots. Very 
weak reflections were measured by  the same procedure 
from ordinary Weissenberg photographs.  Lorentz and  
polarization factors were applied, but  no corrections 
were made for absorption. The result ing set of re la t ive 
structure factors was placed on an absolute scale by  
comparison with calculated structure factors during 
the later  stages of the  structure determinat ion.  

Of the 35 (00l) and 323 non-ext inct  (hOl) reflections 
with h # 0 in the region covered by  the photographs,  
27 (00l) and 219 (hO1) reflections could be observed 
and measured.  Of the possible 177 (Okl) reflections 
with k # 0, 71 could be observed and  measured.  

Structure factors were computed from the atomic 
coordinates using Har t ree  scattering factors. CH2, 
CH a and NH~ groups were t reated as single atoms, 
adding ½(fo-~-fo) for each hydrogen a tom to the  
scattering factor for the  carbon or ni trogen atoms. 
The errors in the calculated structure factors intro- 
duced by  this t r ea tment  of the hydrogen atoms proved 
to be small  in all cases, except the (401), (402) and  
(403) reflections, whose spacings and directions are 
such tha t  the hydrogen atoms in their  correct p'  sitions 
would have a m a x i m u m  effect on the  s tructure factors. 

In  order to a t ta in  agreement  between observed and 
calculated structure factors i t  was necessary to apply  
an anisotropic tempera ture  factor to the calculated 
structure factors. 

Visual inspection of the Weissenberg photographs 
indicated tha t  the m a x i m u m  value of the tempera ture  



552 T H E  CRYSTAL S T R U C T U R E  OF T E T R A D E C A B I A M I D E  

factor should be for the (001) reflections. I t  was then 
found that  plots of 

log (Fc/Fo)/(sin O/~t) 2 versus sin 2 

(where q0 is the angle between a given plane and the 
(001) plane) gave fairly satisfactory lines both for the 
(h0[) reflections and for the (0/d)reflections. The 
temperature factors were therefore taken to be of the 
form (A-C sin 2 ~), with the values of the constants 
determined from these plots to be 

A = 6.9 × 10 -~e cm. 2, 

C -- 4.3 × 10 -~e cm. ~" for (h0[) reflections, 

C -- 2.3 × 10 -~  cm. 2 for (0/d) reflections. 

The Fourier syntheses were computed with the aid 
of Patterson-Tunell and Beevers-Lipson strips, the 
final projections being evaluated at intervals of 3 ° 
along the a and c axes and 6 ° along the b axis. 

S t r u c t u r e  d e t e r m i n a t i o n  

Since there are four equivalent positions in the space 
group P2z/a, the asymmetric unit consists of one 
molecule. In forming a trial structure the molecule 
was assumed to be planar and the paraffin chain to 
be straight, with C-C distances of 1.54/~ and alternate 
carbon distances of 2.54/~. The amide group dimen- 
sions were assumed to be similar to those of acetamide 
(Senti & Harker, 1940). 

The tilt of the paraffin chain from the c* direction, 
as determined from the variation of d0o~ with chain 
length for the n-aliphatic amide series by Turner & 
Lingafelter (1955), is 46 ° 20'. The diffraction patterns 
of the n-aliphatic amides show a characteristic very 
intense reflection in the (01[) row in a direction 
about 45 ° from the c* direction, and three very intense 
adjacent reflections in the (201)row, the center re- 
flection of the three having a direction of about 103 ° 
from the c* direction in all cases. If these reflections 
are taken to indicate the orientation of the paraffin 
chain, then the chain must have components of tilt 
of about 13 ° toward the ~ axis and 45 ° toward the 
b axis. 

An approximate set of z coordinates was obtained 
by first determining the z coordinates of propanamide 
by trial and error, where only a few parameters and 
reflections are involved. The positions of the amide 
group and the terminal methyl group were then ap- 
plied to hexanamide, and the z coordinates of hexan- 
amide were readily determined from the (001) inten- 
sities, yielding the distribution of carbon atoms along 
the paraffin chain. These coordinates were then ap- 
plied to tetradecanamide, and a good agreement be- 
tween observed and calculated structure factors was 
obtained. 

The orientation of the plane of the paraffin chain 
was then readily derived from the components of tilt 
along the a and b axes and the distribution of the 

carbon atoms in the c* direction. I t  was found that  
this plane must be nearly parallel to the a axis. 

The position of the molecule in the direction of the 
a axis was found by examination of the three intense 
reflections (200), (201) and (202). If the phase of one 
of these terms is taken arbitrarily there are two 
combinations of phases for the set which yield Fourier 
syntheses compatible with the z coordinates and the 
13 ° tilt, but differing by a shift along the a axis. 
A trial structure was fitted to each case, and F203, 
which was observed to have zero intensity, as well as 
Pg00, F~0z and F202 were calculated. F203 was found to 
be near zero in only one case. A more extensive set of 
structure factors for this case was found to agree well 
with the observed structure factors and this structure 
was refined by a series of Fourier syntheses. Since the 
phase of one reflection was chosen arbitrarily it was 
necessary to determine the true origin of the cell by 
calculation of several (hk[) structure factors from the 
final x, y and z coordinates for the two possible origins. 
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Fig. 1. (a) The (h01) electron-der~ity projeetion of tetra- 
cleeaal~maide. Contours are drawn at 1 e.A -2 intervals. 

(b) The (0kl) electron-density pro ject ion of t e t r ~ l e e ~ -  
~m~ide. Contours are d rawn at 1 e . i  - :  intervals, except in 
the polar-group peak, where the upper  contours are omitted.  
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Table 1. Observed and calculated structure factors 
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hkl Fo~s. Feole" 

00 0 --- +.512 

O0 I %̀5 + 56 

0 0 2  0 * 5 

O0 3 32 + 36 

00k 8 - 7 

005 20 +17 

o 0 6  17 - 15 

007 0 - I 

oo 8 22 - 22 

00 9 15 - 1̀% 

oolo 30 - 28 

OOll 23 - 19 

0012 25 - 23 

0013 2̀% - 21 

001`% 12 - 11 

001~ 1~ - 11 

oo16 `%2 " `%3 

0017 II - I0 

0018 ~ - 

0019 0 0 

O0~O 1~ + 3 

0021 3 + 3 

0022 5 + b. 

0023 2 + 3 

O02h 5 + 5 

0025 3 + 2 

o026 3 + 

oo'Ft o o 

0028 3 + %̀ 

1~029 o - 2 

0030 ~ + ~, 

0031 0 + 1 

0032 7 - ~, 

20 o 138 4,151 

20]. 93 + 8 8  

20 2 165 -173 

203 27 -2o 

20k 26 -26 

205 11 - 8 

206 7 - 7 

207 8 - lO 

2 0 8  8 - Z O  

209  9 - 1 o  

2010 11 - 15 

2011 10 - 10 

2012 Ii - 17 

2013 9 - 9 

201~ i~ - 17 

2015 0 + 2 

'2016 37 - 3̀% 

2017 27 - 2O 

2018 31 + 30 

2019 f7 + 7 

12 +11 

2o21 6 + 3 

3 + ~' 

~Oi 1~, + 1 0  

~._~z Fobs. Fe,,Ze. 

~0 ~ 67 + 75 

2 0 ]  0 - 2  

20 E 3 ~, + I~0 

2 0 ~  9 - 1o 

20 g 17 * 18 

2o"8 3 +3 

20 ~ 15 - 13 

20~ 2 - 7 

2011 12 - 12 

~oi~ 6 - 8 

20i~ 7 - k 

201-E 12 + 12 

2015 5 + 2 

~ 0 ~  *, 0 

201-~ ~ • 

201-~ 5 + 2  

20~ 6 + 6 

~- + 3 

6 + 5 

2o~ k + I 

~a'-'3" 5 +5 

o o 

~ 5 "  ~, + ~, 

0 o 

2 o ~  o + 3  

2 0 ~  3 - 2 

O - 1 

203~ 11 + I0 

~o~ 5 -3 

20~ 7 - k 

2 0 ~  5 - 3 

203-'/ 3 - 2 

~o o ].5 - 17 

~'0 I 6 + 25 

~0 2 25 - ~,8 

~03  ]J. - 2 2  

~0~, 22 +31 

`%0 5 16 + 20 

~0 6 16 + 23 

~0 7 17 + 21 

'%0 8 16 + 13 

~0 9 i~ + 17 

~010 12 + 11 

~,011 ].0 + 9 

4012 8 4, 3 

~o13 7 o 

~Olk 0 + 2 

~01.5 0 + ~. 

~ 1 6  o + 

~017 21 - 21 

~018 30 + 26 

~019 26 + 18 

~o20 ik - 1o 

`%022 1o - 9 

~o23 ~o - 

hk I Fobs. FeaZe" 

~02`% 5 - 

&o25 5 - 2 

~026 2 - 2 

~ o i  9 + 9 

~o~ n - 8 

hOE 2h - 19 

`%0 g 22 - 18 

`%0 ~ 12 - 21 

`%0 '8 17 - 13 

~o ~ n - 19 

`%0~ 9 - 6 

`%o~ ii * 18 

kOi'2 12 + 21 

~0~'3 37 - 35 

`%0i~ 29 - 28 

~o~. o +3 

~01-'6 0 + 2  

~oI7 7 + 8  

~o~'8 7 + 8  

~oI'~ 8 + 1 o  

`%o~ 9 + 9 

1~02-'T 8 + 7 

8 + 7 

~o~ 6 + ` %  

~0'~'~ 7 + h 

%̀o'~'~ 3 + 3 

hd~'~ ~ +'2 

~o~ 2 + 2  

~o~ 7 - l o  

`%o~ 1o + 7 

~0~'~ 9 + 7  

6 0 0  0 + 2  

601  2 + 3  

602 9 +9 

60 3 15 + 12 

60k 7 + 11 

6 0 5  3 + 7 

606 1~, + 1 6  

60 7 13 + I0 

6 0 8  1̀% + 1 2  

609  13 • ~t 

6010 12 + 11 

6011 io o 

6012 7 + 8 

6013 5 - ~, 

6015 o - 

6016 0 0 

6017 ~ - 5 

6o18 O - 

6019 11 + lh 

6020 17 - 16 

60m. S - 1~ 

6o22 z]. - 7 

6023 7 - 5 

hk I Fobs. Fcalc , 

60~ ~ - I 

6 0 ~  5 * 3 

6 0 ~  7 - 8 

6 0 ~  10 - 2 

60K l o  - 13 

6 0 ~  12 - ~ ;  

6 0 E  8 - 13 

60T 8 - 3 

60"8 7 - 1~ 

60~ %̀ +5 

60Yo 9 - 18 

60~" 39 + 36 

6 0 ~  22 + 32 

6 0 ~  2̀% - 33 

6 0 ~  12 - 7 

6 0 ~  8 -u 

601-6 6 - 3 

6 0 ~  3 - ~ ,  

6 0 ~  3 o 

60i'~ o , 1 

0 + i 

60~ o +2 

60~  0 + 1 

602~ o + 1 

0 + i 

60~ 0 o 

60~ 2 +5 

60~  7 -~ 

602-'~ %̀ - 7 

60~ 3 + 1 

60~ 3 +3 

8O0 8 - 5 

801 8 - 7 

8O2 9 - 7 

8O3 5 - 2 

60~ ,  12 - b, 

805 2~ - 3 2  

806 3 + 8  

~07 12 +11 

8 0 8  6 + 6  

809 8 + 7 

8010 8 + 5 

8Oll 5 + 5 

8012 5 + 2 

8013 3 + 5 

801k 0 - I 

8015 0 + ~, 

8016 0 . h 

8017 O * 2 

8018 2 - %̀ 

8019 0 + i 

80~0 3 - 2 

8021 8 - 9 

8oY 9 . 6 

8 0 ~  8 - 7 

~o~ ~ - ~  

hk i Fobs. Feale" 

8 0 ~  8 - T 

e o ~  5 - ' t  

8 o E  %̀ - 1 

80~ ~ - 8 

80"8 %̀ * 2 

~ o ~  16 - 1~ 

8oi'5 13 - 9 

8o~" `%2 + 57 

801"2 2̀% + 16 

~ o ~  n + 12 

8o1% 9 + 8  

8oi"~ 5 + 3  

8oi.6 3 + k 

8o~T o - 1 

80~ o +3 

~ o ~  o - 2 

80~ 0 * I 

80~ 3 - 3 

8o~ 3 - 2 

~o~ 3 - 3  

8o~¢ 3 - 2 

80";'3" o - z 

2 o 

CoW ~ - 6 

~ o ~  3 - 3  

100 0 I0 . b, 

I001 9 - 1 1  

1002  9 - ~, 

1oo3  9 - lO  

100 ~ 7 + i 

100 5 13 - 15 

100 6 0 - 2 

100 7 2~ + 35 

100 8 15 + 7 

1009 ~ + 7 

10010 5 + 3 

001/. 2 + 3 

0012 2 + 2 

L0013 2 + 3 

ioo Y io - lO 

1002 9 - 6 

1oo]  8 - 8 

lOOl ;  6 - 8 

100"~ ~, - 3 

l o o ' 6  k - ~, 

100 ~ 0 - 2 

100"8 1o - 2 

zoo ~ 16 - 3o 

00~ 0 * 2 

00~ 11 + I ~+ 

00i~ L~ +6 

0 0 ~  9 + 13 

1001-'~ r 8 + %̀ 

Ioo~'~ ? + i 0  

1001-'6 6 + 3 

1 0 0 ~  ~, + 7 

1001-8 ~ * 2 

hk I Fobs. Fesle" 

100T 2 + 

120 7 16 + 19 

01 0 .... 

Ol I 2 - 5 

01 2 13 - 12 

o1 3 16 - 20 

Ol ~. 13 + I0 

o1 5 126 -152 

oi 6 63 - 65 

o1 7 27 - 32 

Ol 8 28 - 29 

Ol 9 14 - 16 

Oli0 27 - 23 

Olii 38 - 28 

0112 0 - 3 

0113 ~ * 2 

011~ 8 + 5 

0115 I0 ÷ 8 

0116 9 + 8 

0117 11 + 8 

0118 9 + 9 

0119 8 + 7 

0120 7 o 

0121 13 4" 16 

0122 7 + 6 

0123 0 + 5 

012~ 0 - i 

01,?.5 0 + %̀ 

0126 0 - 2 

o 1 ~  I0 - 6 

02 o 28 - 30 

0 2 1  17 -20 

02 2 25 - 31 

02 3 i~ - Ì % 

02 ~ 18 r 25 

02 5 15 - 1~ 

02 6 2~ - 25 

02 7 16 * ~, 

028 0 + 5 

02 9 1o - 16 

0 ~ 0  39 + `%5 

0211 31 + 36 

0212 17 , 16 

0213 12 + 13 

021`% 10 +10 

0 ~ 5  5 + 7 

0216 0 + 6 

0217 9 + 2 

0218 0 + 2 

0219 0 - 2 

0220 0 + 

o~._I 15 - 9 

0 2 ~  16 - 9 

03 0 .... 

03 I 0 + 3 

0 3 2  8 * 12 

03 3 11 * 11 

h~ I Fobs. FeaZ~" 

03 ~ 10 + 11 

03 5 I0 + I i  

03 6 10 + I0 

03 7 I0  + i i  

038 5 + 5 

03 9 9 . io 

0310 0 + 1 

0311 6 + 7 

o312 h + 2 

0313 o - 1 

o31h 7 + i~ 

0315 o - 6 

o316 30 - 29 

0317 18 - l~ 

0318 9 + 3 

O319 0 - 2 

0~0 5 + 

0~I 6 + 6 

0~2 ~ + 3 

0 ~ 3  0 + 3 

o~  o - I 

0~5 o o 

ol, 6 o - I 

0~7 o - %̀ 

0 ~ 8  o - 2 

0~9 9 - 3 

o~1o 8 - 3 

O~LI 21 - 16 

0~12 0 - 2 

0~13 16 + 10 

o~i~ o - 3 

0~15 0 + %̀ 

o~16 o - 1 

o~17 o - 2 

o~18 0 + 3 

~ 1 9  0 - 8 

0~20 0 0 

0~21 0 + 6 

o~22 16 + 3 

O~23 0 + 3 

o~2`% o + i 

0~25 0 + 1 

o~26 o o 

c~27 6 + 3 

05 0 .... 

051 0 + 2 

0 5 2  o - 3 

0 5 3  3 * 2 

05k 6 - 2 

0 5 5  8 - 3 

056  12 - 1 2  

0 5 7  5 + 6 

05 8 11 + 9 

O 6 0  9 - 5 

o61 5 - 5 

0 6 2  ~, *II 

The final electron-density map of the (hOl) projec- the previous assumptions and the x and Z coordinates. 
tion is shown in Fig. l(a). The y coordinates were expressed in the form y i - s ,  

The y coordinates were determined by means of the where s is a constant. The best value of s was deter- 
(0kl) projection. A trial structure was formed, using mined by computing the structure factors for the very 

A C 8  38  
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strong (0i5) reflection and  for the  weak  (014) reflection 
for several values of s. An a t t e m p t  was then made  to 
refine y coordinates by  means of Fourier  syntheses. 
However,  owing to the  large angle of t i l t  of the  
paraf f in  chain and  the  mirror  plane in this projection 
the  chains were found to cross, so t h a t  several of the  
atomic peaks  could not  be resolved by  this method.  
The y coordinates were refined instead by  a series of 
difference syntheses,  using only those terms in which 
k = 1 and  k = 2 in the  first  few, then  continuing 
with  all available terms.  

The electron-density m a p  of the  (Okl) projection, 
computed f rom the  final set of phases for the  (Okl) 
reflections is shown in Fig. l(b). 

The comparison of observed and  calculated s t ructure  
factors for the  f inal  s t ructure  is given in Table 1. 
The reliabil i ty coefficient R = Z I [Fo[- [F~II +XlFo] in- 
cluding all observed, non-zero reflections is 0.245. For  
the  (hO1) projection R = 0.251, and  for the  (Okl) 
projection R = 0.201. For  the  (001) reflections alone, 
R = 0-126. 

The (hO1) electron-density projection shows a regular  
decrease in height  of the  carbon a tom peaks with 
increasing distance f rom the polar  group. This m a y  
be in terpre ted as an  increase in the rmal  v ibra t ion of 
the a toms of the  paraff in  chain with increasing distance 
f rom the  more s trongly bound polar  group. The 
application of individual  t empera tu re  factors to allow 
for this effect would probably  considerably increase the  
agreement  between observed and  calculated s t ructure  
factors.  

The atomic coordinates are given in Table 2. The 
y coordinates of a toms lying near  the  mirror  plane 

not  make  a n y  great  difference in the  bond distances 
or the  interact ion of the  polar  group with other  mole- 
cules. 

D i s c u s s i o n  

The interatomic distances and  bond angles calculated 
f rom the atomic coordinates are  shown in Table 3. 

Table 3. Interatomic distances and angles of the 
tetradecanamide structure 

Bond distances Bond angles Alternate carbon 
(A) (o) distances (A) 

N-C 1 1-26 1~-C1-O 116.3 C1-C a 2-41 
O-C 1 1-23 N-Ct-C a 113" 1 Ca-C 4 2.45 
C1-C a 1"49 O-C1-C a 130"4 Ca-C 5 2.52 
Ca-C 4 1-52 CI-C2-Cj 112-9 C4-C 6 2-56 
Ca-C 5 1-46 Ca-Ca-C a 113.4 C5-C ~ 2-58 
C5-C 6 1-56 Cs-Ca-C 5 115-4 C6-C s 2-62 
Cs-C ~ 1-48 C4-C5-G e 116" 2 C~-C 9 2-60 
C~-C s 1- 59 C5-C6-C ~ 116.2 Cs-Clo 2- 60 
Cs--C a 1-51 Ce-CT-C s 114.7 C9-Cl1  2-47 
C9--C1o 1-59 C7-C8-C 9 1 1 4 - 8  Clo-Cta  2-47 
C1o-C~1 1 - 5 1  Cs-C9-Clo 1 1 3 - 8  Cll--Cla 2.55 
Cu-Cla 1 - 4 3  C9-Clo-C u 1 1 3 - 9  Cla--Cla 2.53 
CI~-Cla 1 . 4 4  Cto-C11--Cta 114.0 
Cla-Cla 1 . 5 5  Cxl-Cla-Cla 117-4 

Cta-C13-C14 116-2 
Average 1-505 Average C-C-C 114-9 Average 2-534 

Hydrogen bonds, N-H • • • O: intradimer 2-99/Ix; 
interdimer 2-93 A. 

The average C-C bond dis tance and  its average devia- 
t ion is 1.505+0.048 A. The average  a l te rnate  carbon 
distance is 2-534+0.059 A. The average  C-C-C angle 
is 114 ° 55 '±53 ' .  

Table 2. The atomic coordinates of tetradecanamide 
Atom x/a y/b z/c 

N 0.161 0-165 0.029 
O --0.048 0-212 0.039 
C 1 0-669 0.286 0.047 
C~ 0.128 0.466 0.082 
C a 0.027 0.596 0.103 
C 4 0-086 0.764 0.143 
C s --0.014 0.916 0-163 
C~ 0.043 1.085 0-205 
C~ --0-058 1.233 0.227 
C s 0-004 1.404 0-269 
C~ -- 0.100 1.557 0.291 
C10 --0-035 1.724 0.333 
Clt --0-139 1-877 0-356 
CI~ --0-083 2-012 0-396 
CI~ -0'178 2'156 0'421 
C14 --0.112 2-318 0.462 

in the  (Ok/) projection are necessarily ambiguous.  
However,  those coordinates were chosen which gave 
the  most  ' sa t is factory '  s t ructure  for the  molecule. I n  
the  case of the  a toms of the  paraff in  chain the  choice 
of the  a l te rnate  position would have  shown just  those 
a toms with  ambiguous y coordinates deviat ing sharp ly  
from the  plane of the  paraff in  chain. Again, the  choice 
was made  in the  polar  group to give the  most  satis- 
fac tory  ar rangement ,  bu t  the  a l ternate  choice would 

Polar group 
The amide groups of two molecules are coupled by  

two N - H - . .  0 bonds of length  2.99 J~ to form a 
dimer. The two t e t r adecanamide  molecules forming a 
dimer are re lated b y  a center  of symmet ry ,  which, 

_/__ 
% 

_L___/ .__ 
/ ! 

_ / _  : 
• $ t , 

~' t "l ° 

- 4  
I 

Fig. 2. A schematic projection on (001) showing the hydrogen- 
bond network between the polar groups of tetradecan- 
amide. The paraffin chains are omitted for clarity. 
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for convenience, will be termed the center of the dimer. 
The N, O, C 1 and C~ atoms of the two molecules 
forming a dimer are coplanar to witbln an average 
deviation of ±0.035 ~.  These polar groups are twisted 
from the planes of their paraffin chains so that, al- 
though the axes and planes of the paraffin chains are 
parallel, they are neither colinear nor coplanar. Each 
molecule of a dimer is also coupled by a N - H - - -  O 
bond of length 2.93 /~ to its nearest neighbor in the 
a direction. 

This results in the two-dimensional system of hy- 
drogen bonds illustrated in Fig. 2. Atoms falling below 
the plane of the network, whose paraffin chains would 
extend downward, are shown as solid circles; and those 
above the plane of the network, whose paraffin chains 
would extend upward, are shown as open circles. This 
structure is quite similar to the structure proposed by 
Copley, Zellhoefer & Marvel (1938) for amides on the 
basis of the solvent behavior of methanamide and 
ethanamide, in which dimers are coupled by hydrogen 
bonds into indefinite polymers. 

The paraffin chain 
The plane of the carbon atoms (C~-C14) of the paraf- 

fin chain of tetradecanamide may be described, relative 
to the a, b and c* axes, by the equation: 

0.346x+ 1.018y-0.894z = 1.  

The average deviation of the carbon atoms from this 
plane is +0.044 J~. The chain may therefore be con- 
sidered planar within the accuracy of the coordinates. 
Further, there is no significant curvature of the chain. 
Any possible distortions of the paraffin chain, such 
as curvature or twist, are of smaller magnitude than 
the accuracy of the coordinates and could only be 
demonstrated by a considerably more accurate deter- 
mination of the structure. 

Intermolecular structure 
The mode of packing of tetradecanamide is most 

conveniently considered in terms of the dimers rather 
than the single molecules. The dimers are arranged, 
parallel to each other, in rows extending in the b 
direction (see Fig. 3(a)), each dimer being related to 
the preceding one by a fixed translation, the b trans- 
lation of 5-61 ~. The axes of the paraffin chains are 
inclined to form an angle of 46 ° 40' with the b axis. 
If a row plane is defined as the plane passing through 
the b axis and parallel to the axes of the paraffin 
chains, then the angle between the row plane and the 
planes of the chains is 87 ° 30'. All dimers in a row are 
viewed as a single dimer in the (hO1) projection, as 
shown in the extended schematic (hO1) projection, 
Fig. 3(b). The perpendicular distance between the 
axes of adjacent chains in a row is (5.61 J~) (sin46°40 ') 
= 4 . 0 8  h. 

Since the attraction between paraffin chains is due 
to van der Waals interactions, the chains are expected 

to be separated by a van der Waals 'thickness' of the 
chain. Assuming a C-H bond length of 1.09 J~, and 
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Fig. 3. (a) The pack ing  of t e t r a d e c a n a m i d e  dimers  in a row, 
as viewed norma l  to the  row plane. 

(b) A schemat ic  d rawing  of the  (hO1) projec t ion  of t e t ra -  
decanamide .  

(c) A schemat ic  d rawing  of the  (Okl) project ion of te t ra -  
decanamide .  

38* 
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H - C - H  angle of 110 °, and the van der Waals radius 
for hydrogen as suggested by Mack (1932), of 1.29 J~, 
the thickness is found to be 4.37 A, appreciably larger 
than  the observed distance between chains in tetra- 
decanamide. If the tilt  of the chains, relative to the 
b axis, is considered as an offsetting of the chains 
relative to one another, the distance of the offset in 
the direction of the chain axis is (5.61 A) (cos 46 ° 40') 
= 3.84 A. This distance is very nearly equal to 
the alternate carbon distance--3-81/~. Thus, the nth 
carbon atom of one chain is closest to a point midway 
between the (n+2)nd and the (n+4) th  carbon atoms 
of the preceding chain in the row. In  such a position 
the hydrogen atom of the nth carbon atom may  be in 
contact with the hydrogen atoms of both the (n+2)nd 
and the (n+4) th  carbon atoms of the preceding chain. 
Assuming this arrangement, the effective thickness of 
the chain is calculated to be 4.03/~, which agrees well 
with the observed distance. A somewhat closer packing 
could be obtained if a hydrogen atom of the n th  carbon 
atom came into contact with hydrogen atoms of the 
(n+2)nd, (n+3)rd  and (n+4) th  carbon atoms. This 
would result in an effective chain thickness of about 
3 .93/~ and an angle between the plane of chains and 
the row plane of 80 ° . 

Schoon (1938) has suggested tha t  paraffin chains 
will pack in those ways on which the atoms of one 
chain are closest to atoms of the adjacent chain. Since 
the n th  atom of a chain may  be closest to the nth, 
(n+ l ) s t ,  (n+2)nd, etc. atom of the adjacent chain, 
several structures are possible in which the angle 
between the axis of the chain and the translation vector 
between the chains has values given by the relation: 

cos ~ = (n× 1.27 A)/D, 

where 1.27 J~ is the distance between the carbon atoms 
along the axis of the chain, n is the difference in 
number of the adjacent carbon atoms, and D is the 
distance between the chains, i.e. the effective thickness 
of the chains. Since n is integral, only discrete values 
of ~ may  occur, for a given value of D. This effect 
applies in the case of tetradecanamide. Using the 
theoretical distances and n = 3 in Schoon's equation, 

equals 46 ° 37', which is effectively the angle ob- 
served. 

The various possible tilts of paraffin chains should 
not, however, be viewed as those positions in which 
the ~ r b o n  ~tom~ are closest~ but as those positions 
permitting the maximum van der Waats interactions 
between the hydrogen atoms of the adjacent chains. 
Further,  it should be noted that  the angle ~ cannot 
necessarily be associated with either the axial angles 
of a monoclinic or triclinic cell, or the tilt  expressed 
as the angle of the chain axis from the c* direction. 

The crystal structure is extended in the a direction, 
roughly normal to the row plane, by the addition of 
successive parallel rows of dimers to form a sheet of 
dimers two molecules thick, in which the chains of 
successive rows are tilted alternately in the positive 

and negative b direction, as shown in the extended 
schematic (Ok/) projection, Fig. 3(c). Each dimer of 
a row is coupled by an N - H . . .  O bond and an 
O . . .  H - N  bond to two adjacent dimers of the suc- 
ceeding row. The centers of the dimers of a row are 
translated by ½b relative to the centers of the adjacent 
row. The a axis is in the plane of the centers, normal 
to the b axis. Further,  to obtain optimum angles and 
distances for the hydrogen bonds between the rows, 
the rows are offset so tha t  the angle between the row 
planes and the plane through the centers is 107 ° 33'. 

The translation distance in the a direction must  be 
the thickness of two rows. Since the chains of the 
adjacent rows are oppositely inclined there is no way 
tha t  the hydrogen atoms of one row can be fitted into 
the hydrogen atoms of the adjacent row, and the 
effective thickness of a row should be the maximum 
van der Waals width of the chains, 4.70 /~. The a 
translation should then be: 2(4.70 _~)/sin 107 ° 3 3 ' =  
9.85 J~. The observed a translation is 9.83/~. 

The tilt  of the chains in a paraffin compound is 
customarily expressed as the angle of t i l t  from the 
c* direction. The tilt  of the tetradecanamide chain is 
divided into components of - 1 7  ° 33' toward the a 
axis and ±44 ° 40' toward the b axis, with a resultant 
til t  of 46 ° 4'. This resultant til t  is in good agreement 
with the tilt  of 46 ° 20' predicted from the variation 
of do01 with chain length for the even members of the 
n-aliphatic amide series (Turner & Lingafelter, 1955). 

The crystal structure is extended in the c direction 
by  the successive addition of the sheets of dimers. 
The surfaces of these sheets offer only the terminal 
methyl  groups of the paraffin chains, so tha t  the pack- 
ing between the sheets will be a suitable van der Waals 
packing between the opposing methyl  groups. Each 
methyl  group is fit ted into a space between four methyl  
groups of the opposite sheet, and closest to one methyl  
group related to it  by a center of symmetry.  The 
distance between the carbon atoms of these two methyl  
groups is 3.56 A, while the distance to the other three 
carbon atoms is about 4.6 A. The distance is appre- 
ciably greater than the minimum possible for two 
isolated methyl  groups, about 3-1 A. However, by 
assuming the position observed in tetradecanamide 
the entire sheets may  be packed closer together so 
tha t  the distance between the opposing terminal car- 
bon atoms in the c* direction is only 2.1 /~, while 
this distance between the sheets would be about 2 . 6 /~  
if the two methyl  groups were placed at the minimum 
distance from each other. 

General 
In  the crystal structure of tetr~lecanamide,  the 

dimers are held together by  both the van der Wa~ls 
interactions between the chains and by  the hydrogen- 
bond system. The large increase in the stabili ty of the 
tetradecanamide structure due to the hydrogen bond 
system is shown by the increase of the melting point 
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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 


