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D e v e l o p m e n t s  in S i l i c o n  C a r b i d e  R e s e a r c h *  
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An additional five new types of SiC are described, and their unit-cell dimensions and atomic 
arrangements given. The five types are 8H (44); 27R (2223) ;  51R b ( 2 2 2 2 2 2 2 3 ) ,  differing 
from the original 51R(a ), whose sequence is 3 3 3 3 3 2 ;  75R ( 3 2 3 2 ) 3 2 2 3 2 3 ) ;  and 84R (33 
33 33 32 32). 

In order to explain the astounding number of polymorphs of SiC (now 14 fully-described types), 
it is postulated that in the growth of SiC by sublimation, there are formed certain clusters of 
atoms (polymers), each characterized by a particular temperature stability range. At a given 
characteristic temperature, a single type of polymer would produce a 'pure' type, with the sequence 
consisting of identical pairs, such as 22 in 4H, 33 in 6H, or 32 in 15R. If stability ranges overlap, 
two polymers might exist simultaneously, resulting in a 'mixed' type. Variations in the proportions 
of the two polymers present would produce types composed of the same polymers, but in differing 
proportions, such as 

33R 3 3 3 2  1:1 
51R, a. 3 3 3 3 3 2  2:1 
87R ~ 33 33 33 33 32 4:1 

It  would not be possible to have three polymers stable simultaneously, hence no type should be 
composed of more that two polymers. 

No experimental evidence can be advanced to support this idea, but it has served a useful 
purp6se in suggesting possible atomic arrangements for some of the new types. 

Introduction 

Five new modifications of silicon carbide have been 
found, and their structures are reported in the first 
part of this paper. According to the nomenclature of 
Ramsdell (1947), and in order of increasing unit-cell 
dimensions, they are 8H, 27R, 51R(b), 75R, and 84R. 
This brings to 14 the number of SiC polymorphs 
whose structures have been definitely established. 
Two additional rhombohedral types have recently been 
reported, one with about 270 layers, which is a member 
of a series based on type 15R (Zhdanov & Minervina, 
1947), and the other with about 594 layers (Honjo, 
Miyake & Tomita, 1950). Also, Weissenberg photo- 
graphs of several more types having large rhombohedral 
unit-cells have been obtained in our laboratory, but 
their structures have not yet been determined. 

If a new polymorph is a member of a series which is 
based predominately upon a single simple type, its 
structure determination may be comparatively easy. 
For example, in the ' 3 - - - 2  rhombohedral series' 
(Ramsdell, 1947), the larger unit-cells become in- 
creasingly like 6H, and the distribution of the in- 
tensity maxima approaches more closely that  of 6H. 
But if the structure is of a mixed character, with 
more than one simple type present, choices must be 
made between possible structures differing by a shift 
in the positions of only a few atoms. There may be 

* T h i s  i n v e s t i g a t i o n  w a s  m a d e  p o s s i b l e  t h r o u g h  t h e  f i n a n c i a l  
a s s i s t a n c e  of t h e  Off ice  of  N a v a l  R e s e a r c h .  

insufficient change in the calculated intensities to make 
an unequivocal decision. The larger the unit-cell, the 
greater this difficulty becomes. Only when a large 
cell has a distribution of intensity maxima such as to 
clearly identify it with a simple type, is there much 
hope for an unambiguous solution. 

Type 8H 

The existence of this polymorph and its structure were 
predicted by Ramsdell (1947). As the symbol indicates, 
it has an eight-layer hexagonal unit-cell. The space 
group is C63mc, as in the 4H and 6H polymorphs. 
The unit-cell dimensions are 

a 0=3 .073 ,  c 0=20 .106akX. ,  and Z-----8. 

The zigzag sequence is 44 ,  resulting in the following 
coordinates for the Si and C atoms: 

8 S i a t  0 , 0 , 0 ;  0 ,0 ,½;  ~,½,~-; § ,~ ,~ ;  2,½,_~; 
~ ,  2 • ~,~ ~,~ 1 ~,-~ ~,~ , , ~ ,  • 

8C at 0, 0, ~ "  0, 0, 19. ~ ,~ ,71  . 2 ~,1~. , II~- , ~-2- 
~ 1~.~ .1  ~½½. ~ , ~ , ~ , ~ , ~ ,  , ~ , § , ~ "  -3~2, 

, 2 3 1  ~, -g~. 

Assuming the basic tetrahedral arrangement of 
silicon and carbon atoms, there are only three possible 
arrangements of the atoms for the required eight- 
layer unit-cell. These have the zigzag sequences 
21 ] 1 1 2 ,  3 1 1 3 ,  and 44. The first two of these 
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have the symmetry  C3m, the third C6amc. Intensity 
calculations were made for all three structures, and 
the 4 4 sequence proved to be the correct one. This 
is in keeping with the apparent limitation of sequences 
to the numbers 2, 3 and 4, which has been the case 
for all previously-reported hexagonal and rhombo- 
hedral types of SiC. 

Most of the crystals described in this paper are inter- 
growths of two or more types. I t  is usually impossible 
to effect a mechanical separation of the types, and 
composite Weissenberg photographs are obtained. 
There may  be complete coincidence of certain re- 
flections common to both types, or some may be so 
close together as to cause overlapping, and thus make 
intensity estimates useless. Likewise, the distributions 
of the patterns over the film may  be variable, with 
one or the other pat tern fading out in certain areas. 
The observed intensity values given in this paper 
represent observations of independent observers and 
were obtained by averaging results from those portions 
of the films, where the pat tern was comparatively 
uniform. 

Fig. 1 compares the observed intensities with those 
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Fig. 1. Comparison of observed intensities wi th  those calculated 
for 4 4  structure.  

calculated for the 4 4 structure. Since the crystal is 
intergrown with 6H, the reflection of (10.4) (8H) 
coincides with (10.3) (6H) and cannot be used. The 
8H spacings for (10.0) and (10.8) likewise coincide 
with (10.0) and (10.6), respectively, for 6H, but  since 
the latter planes both have missing reflections, the 
two 8H reflections can be used. The graph shows 
excellent correlation between observed and calculated 
intensities, and there is no doubt tha t  the sequence 
4 4 properly describes the structure. 

Pyramid faces attr ibutable exclusively to 8H were 
found in tour adjacent hexagonal bipyramid zones. 
Goniometric reflections from these faces were poor, 
the best being rated as 'C'. Table 1 gives the distribution 
of faces, with the larger basal face arbitrarily chosen 
as upper. The morphological data are shown in Table 2. 

Type 27R 

This new rhombohedral modification of SiC has the 
following (hexagonal) cell dimensions: 

a 0 ~ 3.073, c o -- 67.859 kX.,  Z ~ 27; 

or, for rhombohedral axes, 

arh -- 22"68~ kX., ~ ---- 7 ° 46', Z ~ 9 .  

Chronologically, this was the last of the five types 
herein described to be discovered. Shortly before it was 
found, the structure of a new 51R type  had been 
determined (see below) and found to be based on a 
sequence 2 2 2 2 2 2 2 3. This suggested a new series 
analogous to the ' 3 - - - 2 '  series proposed by Ramsdell 
(1947) : 

15R 
33R 
51R(a) 
(69R) 
87R 

Old series 3 - - - 2  
6H 
3 2  
3 3  3 2  
3 3  3 3  3 2  
3 3  3 3  3 3  3 2  
3 3  3 3  3 3  3 3  3 2  

New series 2 - - - 3  
4 / /  

15R 2 3 
27R 2 2  2 3  
(39R) 2 2  2 2  2 3  
51R(b) 2 2  2 2  2 2  2 3  
(63R) 2 2  2 2  2 2  2 2  2 3  

Each of these sequences must be repeated three times 
to give the complete unit-cell. Obviously, there is 
no difference between the sequences 3 2 and 2 3. 
Thus 15R is a member of both series, one converging 
toward 6H, the other toward 4H. The relationship 
of the two 51R types will be discussed later. The forms 
listed in parentheses' remain to be found. 

When the 27R type was discovered, the sequence 
2 2 2 3 was the first to be tested. As a mat ter  of fact, 
if the sequence numbers are limited to 2, 3 and 4, 
2 2 2 3 is the only possible combination which will 
give a 27-layer rhombohedral cell. 

The crystal was intergrown with 6H, which pre- 
dominated. Accordingly, the reflections from the 27R 
portion were of comparatively low intensi ty and in 
some cases missing. However, sufficient data  were 
obtained from a series of films taken with different 
orientations to make a satisfactory determination. 
Fig. 2 compares the calculated intensities with the 
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Fig. 2. Comparison of calculated and  averaged observed 
intensities. 
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(1 0.1) (0 1./) 

(i 0.3) 
(i 0.2) 
(i 0.I) 
(1 0.i) 

- -  (0 1.5) 

Table  1. Distribution of 8H ~'aces 
(1 1.1) (i 0.1) 

(1 1.5) 

(o Y.1) (1 Y.z) 

(1 ]_-.6) 
(1 1.5) 

Table  2. Morphological data of SiC type 8H. 
N O .  

Form times observed 
(0001) 2 
(1 0.6) 1 
(1 0.5) 3 
(1 0.3) 1 
(1 0.2) 1 
(1 0.1) 2 

Quality l~ange 
A 

D-E 51 ° 34'-51 ° 40' 
C-E 56 ° 19'-57 ° 12' 
E 68 ° 34" 
E 75 ° 01'-75 ° 13' 
C 82 ° 28'-82 ° 30' 

Angle between form and base 
^ 

Weighted average Calc. 

51 ° 38' 
56 ° 29' 
68 ° 34' 
75 ° 09' 
82 ° 29' 

51 ° 33' 
56 ° 30.5' 
68 ° 20.5' 
75 ° 10"5' 
82 ° 27.5' 

No. times 

Form observed 
(0001) 2 
(1 0.13) 1 
(1 0.7) 1 
(1 0.~) 1 
(1 0.1) 1 

Table  3. Morphological data of SiC type 27R. 

Quality Range 
A-E 

E 63 ° 03' 
D-E 74 ° 24'-74 ° 37' 
C-D 85 ° 36'-85 ° 52' 
C-D 87 ° 38'-87 ° 48' 

Angle between form and base 
^ 

Weighted average Calc. 

63 ° 03' 62 ° 59' 
74 ° 34' 74 ° 39' 
85 ° 41' 85 ° 31" 
87 ° 43' 87 ° 45' 

a v e r a g e d  observed  intensi t ies .  In tens i t i es  for  (10.13) 
a n d  (10.22) are  no t  p lo t ted ,  for  the i r  reflections over- 
l apped  those  of (10.3) a n d  (10.5), respect ively ,  of 6H.  
The excel lent  cor re la t ion  shown by  the  g r a p h  leaves 
no d o u b t  t h a t  t h e  correct  s t r uc tu r e  for 27R is de- 
scr ibed by  the  sequence  2 2 2 3 ( repeated  th ree  t imes).  

J u s t  as in the  ' 3 - - - 2  series '  the re  resul ts  a m a r k e d  
s imi la r i ty  in in t ens i ty  d i s t r ibu t ion  to  6H,  so in the  
' 2 - - - 3  series'  the re  sould be a corresponding s imi la r i ty  
to 4H.  This is def in i te ly  t he  case for 27R, t hus  giving 
an  add i t iona l  con f i rma t ion  of the  chosen s t ruc ture .  

The  space g roup  for 27R is R3m, in keep ing  wi th  
the  p rev ious ly -d i scovered  r h o m b o h e d r a l  types .  The  
zigzag sequence  2 2 2 3 resul ts  in the  following a tomic  
posi t ions : 

9Si  a t  0, 0, 0;  0, 0, 4z; 0, 0, 8z; 0, 0, 10z; 0, 0, 12z; 
0, 0, 14z; 0, 0, 16z; 0, 0, 20z; 0, 0, 24z. 

9C a t  0, 0, p ;  0, 0, 4z+p; O, 0, 8z+p; O, 0, 1 0 z + p ;  
0, 0, 1 2 z + p ;  0, 0, 1 4 z + p ;  0, 0, 1 6 z + p ;  0, 0, 2 0 z + p ;  
0,O, 24z+p. 

9Si  a n d  9C a t  ½, e ~, ~ + the  above  co-ordinates .  

9Si  a n d  9C a t  ~}, ½, ½ + the  above  co-ordinates .  

z = p = 

Tab le  3 gives t he  morphologica l  d a t a  for those  27R 
faces m e a s u r e d  on the  crys ta l .  These faces were 
confined to one p y r a m i d  zone, where  t h e y  were found  
along wi th  faces of the  hexagona l  modif ica t ion .  

T y p e  51R(b) 

F i lms  of th is  new t y p e  were  ob ta ined  in 1948. T h e y  
were  set  aside for  f u r t h e r  s t u d y  because  t h e y  showed,  
in add i t ion  to  the  presence of bo th  6 H  a n d  4H,  
indicat ions  of a fa i r ly  large r h o m b o h e d r a l  s t ruc tu re .  
The fi lms h a v e  now been in te rpre ted ,  b u t  in the  
m e a n t i m e  the  c rys ta l  has  been lost. The  s t r uc tu r e  
p roved  to be a 51- layer  type ,  b u t  wi th  an  in tens i ty  
d i s t r ibu t ion  differ ing comple te ly  f rom the  previous ly-  
descr ibed t y p e  51R. The au tho r s  are a t  a loss to know 
how to  n a m e  these  types .  Fo r  the  p resen t  t h e y  are  
des igna ted  mere ly  as 51R(a) a n d  51R(b). These two  
h a v e  the  same s y m m e t r y  a n d  ident ica l  cell cons t an t s :  

a 0 = 3.073, c o = 128.178 k X . ,  Z ---- 51; 

or, for r h o m b o h e d r a l  axes,  

arh = 42"763 kX. ,  ~ ---- 4 ° 07', Z = 17 

(Ramsdel l ,  1947). 

The  reflections shown on Weissenberg  p h o t o g r a p h s  
have  a n  in tens i ty  d is t r ibu t ion  v e r y  s imilar  to 4H,  
which suggests  t h a t  i t  belongs to a ser ies 'based on 4H.  
Actua l ly ,  in add i t ion  to  the  51R(a) sequence,  3 3 3 3 3 2, 
there  is only one o ther  combina t ion  of a n y  pa i r  of 
the  n u m b e r s  2, 3 a n d  4 which will give a 51- layer  
r h o m b o h e d r a l  unit-cell  when r epea ted  three  t imes.  
I n t e n s i t y  calculat ions  show this  (2 2 2 2 2 2 2 3) 
to  be the  correct  s t ruc ture .  Because  of the  presence 
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of three different structures on the X-ray photographs 
and the incomplete nature of the rhombohedral series, 
it  was not immediately evident whether the struc- 
ture was 48R, 51R(b) or 54_R. For 48RI the only 
combination of two and three which results in a 
48-layer rhombohedral unit-cell when repeated three 
times is 3 3 3 2 3 2. The only sequence fulfilling the 
same requirements for 54R is 2 2  2 2  23  23.  1~o 
combination of three and four exists for either 48R 
or 54R. Accordingly, intensities for both these 
structures were calculated. The 48R arrangement did 
not check at  all with the observed intensity data. 
The 54R structure, because of its limited similarity 
to 4// ,  showed some correlation, but  there were 
sufficient intensity reversals to discard the structure. 

Thus we have a situation in which one and the same 
compound has been found to crystallize so as to give 
two forms, each with a unit-cell of the same dimensions 
and symmetry but  with completely different atomic 
positions. To the knowledge of the authors, this is a 
phenomenon unique in inorganic crystal chemistry. 

Type 51R(b) falls in the second series given above 
(p. 216)and suggests that  39R, a more simple type of 
this same series, will very probably be discovered in 
future research on the subject. I t  is interesting to note 
tha t  a 39R structure can also be obtained by repeating 
the sequence 3 3 3 4 three times. The latter structure 
falls in the ' 3 - - - 4  series (rhombohedral types)'  pre- 
dicted by Ramsdell (1947) and follows type 21R, 
a form which has already been found. Both these 
39R modifications are high on the list of probable 
future discoveries, and if such is the case, a situation 
analogous to tha t  of 51R will be recorded, with 
different structures having identical symmetry  and 
cell dimensions. I t  is information of this type which 
should throw substantial light on the problem of the 
entire silicon carbide series. Some theoretical aspects 
of this problem are discussed elsewhere in this article 
as the 'polymer theory' .  

The space group of type 51R(b ) is R3m, as in the 
other known rhombohedral polymorphs. The sequence 
2 2 2 2 2 2 2 3 results in the following atomic positions: 

17Si at  0, 0, 0; 0, 0, 3z; 0, 0, 7z; 0, 0, l l z ;  0, 0, 15z; 
0 ,0 ,19z ;  0 ,0 ,21z;  0 ,0 ,23z;  0 ,0 ,25z;  0 ,0 ,27z;  
0 ,0 ,29z ;  0 ,0 ,31z;  0,0, 33z; 0 ,0 ,35z;  0 ,0 ,39z;  
0, 0, 43z; 0, 0, 47z. 

17C at O, O, p; O, O, 3z +p ;  O, O, 7z +p ;  O, O, l l z + p ;  
O, O, 15z+p ;  O, O, 19z+p;  O, O, 21z+p ;  O, O, 23z+p ;  
O, O, 25z+p ;  O, O, 27z+p ;  O, O, 29z+p ;  O, O, 31z+p ;  
O, O, 33z+p ;  O, O, 35z+p ;  O, O, 39z+p ;  O, O, 43z+p ;  
O, O, 47z+p .  

17Si and 17C at ½, ~, ~ + the above co-ordinates. 

17Si and 17C at ~}, ], ½ + the above co-ordinates. 

No goniometric measurements were made on the 
crystal  before it was lost, so tha t  no comparison is 

possible with calculated pyramid angles. The two 
a-axis, zero-level Weissenberg photographs, however, 
show tha t  the more common types 6H and 4 t / o c c u r  
together with the new form in the crystal. The series 
of reflections on the photographs are very irregular, 
but from different portions of the two films fairly 
adequate intensity data can be obtained. Table 4 

Table 4. Comparison of observed and calculated 
intensities for some of the reflections of type 51R(b ). 

(1 0.1) Ic Io 
(1 0.1) 24 s 

4 0.8 vvw 
7 0.1 a 

10 0.1 a 
13 102 vvs 
16 1.7 vw 
19 1.3 vw 
22 2.7 w 
25 107 ws 
28 4"7 mw 
31 1.6 w 
37 15 ms 
40 7.6 mw 
43 1.5 vw 
46 1.2 vw 
49 3-4 w 

(1 o.~) 12 m s  

5 4" 3 mw 
g 5-5 m 

11 28 s 
14 51 vs 
17 5.5 mw 
20 3"3 vw 
23 6"8 w 
26 100 ws 

compares those sufficiently Separate and distinct 
rhomboheclral reflections with the corresponding 
calculated intensities. The correlation is such as to 
leave little doub t  tha t  the correct structure for 
type 51R(b) is described by the sequence 2 2 2 2 2 2 2 3 
(repeated three times). 

T y p e  7 5 R  

The existence of type 75R was predicted by Ramsdell 
(1947). I t  was included as a member of t h e . : 3 - - - 4  
series (rhombohedral types)' ,  of which only 21R, 
with the zigzag sequence 3 4 (repeated three ~imes), 
has been found. The structure predicted for 75R was 
3 3 3 3 3 3 3 4. However, when calculations were made 
for this atomic arrangement, they showed no correlation 
at all with the intensities observed on the Weissenberg 
photographs. Since no clues as to the probable correct 
structure for 75R were available at  the time, the 
crystal, originally discovered in May of 1948, remained 
untouched for quite some time. 

Geometrically speaking, there are an enormous 
number of possibilities for the arrangement of 75 
silicon (or carbon) atoms in a unit-cell having the 
dimensions and symmetry  indicated by the ~Teissen- 
berg photographs of type 75R. If the empirical 
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limitation of the sequences to the numbers 3 and 2 
or 3 and 4 is imposed, the possible arrangements are 
reduced to 17. The calculation of 17 structures for a 
unit-cell of the magnitude of 75R would be an arduous 
and time-consuming task. An additional limitation 
which would further reduce the number of possible 
arrangements was sought. The only sequence of the 
numbers 3 and 4 giving a 75-layer rhombohedral unit- 
cell when repeated three times is 3 3  33  33  34.  
This, however, is the sequence which proved incorrect 
when tested by calculations. A combination of one 
3 and eleven 2's (2 2 2 2 2 2 2 2 2 2 2 3) results in the 
required unit-cell, but  this would necessitate an 
intensity maxima distribution very close to tha t  of 
4H. Such a distribution was not indicated by the 
X-ray photographs, and the structure was eliminated. 
The remaining possibilities result from a combination 
of five 3's and five 2's. The number of such sequences 
fulfilling the requirements of 75R is 15, still a 
formidable calculation task. A further restriction, 
based on considerations mentioned later in this article 
was imposed. I t  was postulated tha t  the 75R structure 
was made up entirely of 3 2 (and 2 3) units, i.e., of 
units having the zigzag sequence 3 2 (and 2 3). This 
effectively reduced the number of possible arrange- 
ments to two. These structures are given by the 
sequences32  3 2  23  3 2  2 3  a n d 3 2  3 2  3 2  23  23.  
The latter  structure was set up and the intensities 
calculated. The results showed an excellent correlation 
with the intensities observed on the Weissenberg 
photographs and l e f t  no doubt tha t  the correct 
structure for 75R had been found. Sufficient calcu- 
lations were made on the arrangement having the 
sequence 3 2 3 2 2 3 3 2 2 3 to show tha t  it was not 
the correct structure. Table 5 compares the calculated 
intensities for the sequence 3 2 3 2 3 2 2 3 2 3 with 
those observed on the films. 

The fact tha t  the correct atomic arrangement f6r 
75R was deduced by assuming tha t  the structure was 
made up entirely of 3 2 (and 2 3) units does not by 
any means prove the 'polymer theory '  of silicon 
carbide growth, but  if additional structures can be 
solved in a similar manner, strong evidence in favor 
of the theory will have been recorded. Type 15R, 
with the sequence 3 2 (repeated three times), and 
type 10H, having the sequence 3 2 2 3 (Ramsdell & 
Kohn, 1951), are also to be included in the list of 
silicon carbide structures made up entirely of 3 2 
(and/or 2 3) units. 

The symmetry  of type 75R is R3m. The cell con- 
stants are as follows: 

hexagonal unit, 

a 0 --= 3.073, c o = 188-497 kX.,  Z -= 75; 

rhombohedral unit, 

arh -- 62'857 kX., ~ = 2 ° 48', Z -- 25 .  

The sequence 3 2 3 2 3 2 2 3 2 3 results in the following 
atomic positions: 

25Si at 0, 0, 0; 0, 0, 3z; 0, 0, 7z; 0, 0, 9z; 0, 0, l lz;  
0 ,0 ,15z ;  0 ,0 ,19z ;  0 ,0 ,21z ;  0 ,0 ,23z ;  0 ,0 ,27z ;  
0 ,0 ,29z ;  0 ,0 ,31z ;  0 ,0 ,35z ;  0 ,0 ,38z ;  0 ,0 ,42z ;  
0 ,0 ,45z ;  0 ,0 ,49z ;  0 ,0 ,51z ;  0 ,0 ,55z ;  0 ,0 ,58z ;  
0, 0, 62z; 0, 0, 64z; 0, 0, 66z; 0, 0, 68z; 0, 0, 72z. 

25C at 0, 0, p; 0, 0, 3z+p; O, O, 7z+p; O, O, 9z÷p;  
0, 0, llz-}-p; 0, 0, 15z-i-p; 0, 0, 19z÷p;  0, 0, 21z+p ;  
0, 0, 23z+p ;  0, 0, 27z+p ;  0, 0, 29z÷p ;  0, 0, 31z+p ;  
0, 0, 35z+p ;  0, 0, 38z+p ;  0, 0, 42z+p ;  0, 0, 45z+p ;  
0, 0, 49zA-p; 0, 0, 51z+p ;  0, 0, 55z+p ;  0, 0, 58z-}-p; 
0, 0, 62z÷p;  0, 0, 64z+p ;  0, 0, 66z+p ;  0, 0, 68z+p ;  
0, 0, 72z÷p. 

25Si and 25C at ½, 2 2 ~, ~ + the above co-ordinates. 

25Si and 25C at ~ 1 ~, a, ½ + the above co-ordinates. 

p = 

Table 5. Comparison of observed and calculated 
intensities for some of the reflections of type 75R. 

(1 0.1) Ic Io 
(1 o.]) 1.1 vvw 

4 9.1 w 
7 16 m w  

10 16 r a w  

13 17 m w  

16 5.9 w 
19 72 8 
22 91 v s  

25 20 m 
28 9-1 w 
31 3.4 vw 
34 59 ms  
37 100 vvs 

o@ 4.0 w 
5 4.6 w 

29 ms  
11 37 m s  

14 5.0 w 
17 18 m 
20 40 m s  
23 79 8 

26 30 m s  

29 2-7 vw 
32 15 m w  

35 35 m s  

The first a-axis, zero-level Weissenberg photograph 
showed tha t  the crystal was composed of type 6H 
together with the new form. The 6H reflections, 
however, were slightly displaced from the 75R lattice 
lines. After a first-level exposure was taken, an 
appendage was broken off the original crystal and 
photographed separately. The" appendage structure 
proved to be entirely 6H. Additional photographs of 
the original crystal showed that  the structure was 
now entirely 75R. 

Six trigonal pyramids were identified, with one more 
probable and several others doubtful. Table 6 gives 
the distribution of faces, with the morphological data  
shown in Table 7. 
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Tab le  6. Distribution of 75R faces 

(1 0.l) (0 1./) (Y 1./) (T 0.1) (0 1./) 

- -  - - _ _  ( 1  1 . 5 3 )  - -  - -  

- -  ( 0  1 . 5 2 )  - -  - -  - -  

- -  - - _ _  ( 1  1 . 3 8 )  - -  - -  

- -  ( 0  1 . 3 7 )  - -  - -  - -  

- -  - -  - -  ( I  0 . 2 2 )  - -  

. . . .  ( 0  1 . 8 )  

- -  - -  ( 1  1 . 1 6 )  - -  - -  

- -  - -  (1" 1 . 2 2 )  - -  - - -  

- -  - -  ( 1  1 . 3 7 )  - -  - -  

(1 Y.0 

(1 1.37) 
( 1  1.22) 

Tab le  7. Morphological data of SiC type 75R 

No. times 

Form observed Quality 
(OOOl) 2 A-G 
(1 0.53) 1 c 
(1 0.52) 1 o 
(1 0.38) 1 B-C 
(1 0.37) 3 B-E 
(1 0.22) 3 B-E 
(1 0.16) ? 1 E 
( 1  0 . 8 )  1 D 

l~ange 

Angle between form and base 

Weighted average Calc. 

53 ° 07'-53 ~ 21' 53 ° 13' 53 ° 10' 
53 ° 52'-54 ° 00' 53 ° 56' 53 ° 45' 
61 ° 37'-61 ° 43" 61 ° 40" 61 ° 48" 
62 ° 20'-62 ° 52' 62 ° 35' 62 ° 26' 
72 ° 4¥-73 ° 30' 72 ° 52' 72 ° 45' 

74 ° 14' 77 ° 14' 77 ° 16" 
83 ° 12'-83 ° 34' 83 ° 23' 83 ° 3¥ 

T y p e  8 4 R  

The  f i f th  and  las t  new form to  be descr ibed is one 
w i t h  a n  84-layer  r h o m b o h e d r a l  uni t-cel l .  The  or ig inal  
Wei s senbe rg  a-axis ,  zero-level p h o t o g r a p h  showed a 
spac ing  of ref lect ions a p p r o x i m a t e l y  t he  same as t h a t  
f ound  in  87R. However ,  careful  m e a s u r e m e n t  ind ica t ed  
a form e i ther  m i d w a y  be tween  75R a n d  87R or closer 
to  the  l a t t e r  s t ruc tu re .  Thus  t he  new r h o m b o h e d r a l  
p o l y m o r p h  was  e i ther  81R or 84R. The  presence of 
t he  more  c o m m o n  t y p e  6 H  was  also i nd i ca t ed  b y  the  
X - r a y  pho tog raphs .  An  a t t e m p t  was m a d e  to  
d i s t ingu i sh  be tween  t h e  two  r h o m b o h e d r a l  possibi l i t ies  
b y  compar ing  the  d i s t r i bu t ion  of ref lect ions w i th  
those  of t he  h e x a g o n a l  s t ruc ture .  However ,  because  
of t he  lack  of suff ic ient  resolut ion,  resul t s  f rom 
var ious  pa r t s  of t h e  f i lms s tud ied  were anomalous ,  
~nd  the  d i s t inc t ion  could no t  be m a d e  on th i s  basis.  
Accord ing ly ,  a Laue  p h o t o g r a p h  was t a k e n  of t he  
c rys ta l ,  w i th  a c rys ta l - to - f i lm d is tance  of 6.5 cm. 
Th i s  gave  suff ic ient  reso lu t ion  for a uni t -ce l l  deter-  
mina t ion .  The  d i s t r i bu t ion  of reflect ions,  u p o n  com- 
pa r i son  w i th  those  of 6H,  d e m o n s t r a t e d  c lear ly  t h a t  
t h e  r h o m b o h e d r a l  s t ruc tu re  in  ques t ion  was 84_R. 

U p o n  impos ing  the  empir ica l  l im i t a t i on  t h a t  the  
sequences  be l imi ted  to  t h e  mlmber s  2 a n d  3 or 4 
a n d  3, t he  n u m b e r  of possible a tomic  a r r a n g e m e n t s  
r e su l t ing  in  a r h o m b o h e d r a l  uni t -ce l l  h a v i n g  the  p roper  
d imens ions  a n d  s y m m e t r y  reduce  to  17. Two of the  
sequences  are m a d e  up  of four  3's a n d  four  4's. One 
of these  (3 4 4 3 4 3 4 3) would  requi re  an  i n t e n s i t y  
m a x i m a  d i s t r ibu t ion  s imi lar  to  t y p e  21R, and  the  f i lms 
showed no  such s imi la r i ty .  The  o ther  s t ruc tu re  
(3 3 3 4 3 4 4 4) is e l imina ted  because of t he  fac t  t h a t  
t h ree  d i f ferent  po lymers  (3 3, 4 4, and  3 4) would  be 
needed  for i t s  f o r m a t i o n  (see p. 222). A n  add i t i ona l  

13 sequences  are der ived  f rom a combina t i on  of e ight  
2 's  a n d  four  3's. He re  again ,  th ree  d i f ferent  p o l y m e r s  
are requ i red  for t he  f o r m a t i o n  of t h e  s t ruc tures ,  a n d  
the  l a t t e r  are e l imina ted  on th i s  basis.  Thus  t he  n u m b e r  
of sequences  reduce  to  on ly  two  possibil i t ies,  these  
be ing m a d e  up  of e igh t  3's a n d  two  2's. The  ar range-  
m e n t  3 3 3 3 3 3 3 2 3 2 was ca lcu la ted  f i rs t  a n d  
showed an  exce l len t  cor re la t ion  w i t h  observed  i n t e n s i t y  
d a t a  (Table 8). The  r e m a i n i n g  sequence,  3 3 3 3 3 2 
3 3 3 2, as m i g h t  be expected ,  showed s o m e w h a t  
s imi lar  in tens i t ies ,  bu t  the re  were suff ic ient  pro- 
nounced  reversa ls  to  e l imina te  t h a t  s t ruc tu re .  I t  i s .  

• pos tu la ted ,  then ,  t h a t  t he  84R s t ruc tu re  is m a d e  up  

Table  8. Comparison of observed and calculated 
intensities for "some of the reflections of type 84_R. 

(1 0.l) Ic Io 
(I 0.1) 0.1 a 

4 0.1 a 
7 0-8 vvw 

16 5-0 mw 
19 0.03 a 
22 1.9 vvw 
25 0-5 vvw 
31 0-5 v~w 
34 0.1 vvw 
37 0.03 a 

0.2_-) o-s , ~ ,  
5 1-9 w 

3"6 w 
11 2"6 w 
17 11 mw 
20 14 m 
23 22 ~na 
26 56 s 
29 34 ms 
32 1.0 w 
35 4.8 raw 
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(1 0.1) (1 0.1) 

(1 o.43) 

- -  (o 1.2) 

Table 9. Distribution of 84R faces 
( i  1./) (1 0.l) 

- -  (1 0 .29)  
- -  ( i  0.2) 

(o T.1) 
(0 i.58) ? 

(0 1.41) 

(I i . / )  

(1 1.41) 

:No. t i m e s  

F o r m  o b s e r v e d  

(oooi) 2 
(1 0.58): 1 
(I 0.43) 1 
(1 0 .41)  2 
(1 0 .29)  1 
(1 o.~) 2 

Table 10. Morphological data of SiC type 84R. 

Q u a l i t y  R a n g e  

A - C  
E 53 ° 5 8 '  

B - C  6] ° 2 5 - - 6 1  ° 4 4 '  
C 62 ° 3 5 ' - 6 2  ° 42" 

/ 9 - E  70 ° 0 0 ' - 7 0  ° 16 '  
C - E  88 ° 1 4 - - 8 8  ° 40" 

A n g l e  b e t w e e n  f o r m  a n d  b a s e  

W e i g h t e d  a v e r a g e  Calc .  

53 ° 5 8 '  53 ° 5 0 '  
61 ° 3 3 '  61 ° 3 2 '  
62 ° 3 9 '  62 ° 4 0 '  
70 ° 0 3 '  69 ° 5 5 '  
88 ° 29" 88 ° 29" 

of two polymers, these having the sequences 3 3 and 
32.  

The space group of type 84R is R3m, and the unit- 
cell dimensions are as follows: 

hexagonal unit, 

a 0 --  3.073, c o -- 211.11v kX., Z -- 84; 

rhombohedral unit, 

ar~ = 70"395 kX., oc --  2 ° 30', Z ---- 28. 

The zigzag sequence 3 3 3 3 3 3 3 2 3 2 results in 
the "following atomic positions: 

28Si at 0, 0, 0; 0, 0, 3; 0, 0, 6z; 0, 0, 9z; 0, 0, 12z; 
0 ,0 ,15z;  0 ,0,18z;  0,0,21z;  0 ,0,25z;  0,0,27z;  
0 ,0 ,29z;  0 ,0,33z;  0 ,0,35z;  0 ,0,39z;  0,0,41z;  
0 ,0 ,45z;  0 ,0,47z;  0,0,51z;  0 ,0,54z;  0,0,58z;  
0 ,0 ,60z;  0,0,64z;  0 ,0,66z;  0 ,0,70z;  0,0,72z;  
0, 0, 76z; 0, 0, 78z; 0, 0, 80z. 

28C at 0, 0, p; 0, 0, 3z-6p; 
O, O, 12z+p; O, O, 15z+p; O, 
0, 0, 25z+p;  0, 0, 27z-6p; 0, 
0, 0, 35z+p;  0, 0, 39z+p;  0, 
0, 0, 47z+p;  0, 0, 51z+p;  0, 
0, 0, 60z+p;  0, 0, 64z+p;  0, 
0, 0, 72z+p;  0, 0, 76z-6p; 0, 

28Si and 28C at ½, §, § -6 

28Si and 28C at ~,2 13,½_6 

Z ~ ~!~ ;  

O, O, 6z+p; O, O, 9z+p; 
0, lSz+p ;  0, 0, 21z-6p; 
0, 29z-6p; 0, 0, 33z-6p; 
0, 41z-6p; 0, 0, 45z-6p; 
0, 54z-6p; 0, 0, 58z-6p; 
0, 66z+p;  0, 0, 70z-6p; 
0, 78z-6p; O, O, 80z-6p. 

the above co-ordinates. 

the above co-ordinates. 

-f-y~.  

The Weissenberg photographs show excellent po- 
sitive and negative series of the rhombohedral form. 
The intensity maxima distribution is somewhat inter- 
mediate between those of 6H and 15R, a condition 
to be expected from the zigzag sequence. Four trigonal 
pyramid faces have been identified, with one more 
probable. Table 9 gives the distribution of the faces 
in the various pyramid zones, while the morphological 
data are shown in Table 10. 

S i l i c o n  carbide growth  

Since Thibault (1944) organized and clarified the" 
literature on silicon carbide, the number of known 
modifications of the compound has steadily grown. 
At present, the structures of 14 such polymorphs have 
been definitely established. These are listed in Table 11, 
along with the stacking sequence for each type. This 
ever-growing list of known SiC structures has attracted 
a great deal of interest in the processes involved in 
SiC growth. Why does SiC crystallize in so many 
modifications ? 

After the discovery of type 87R, there seemed to 
be evidence of a definite series of structures. The 
great bulk of commercial SiC consists of type 6H, 
and most of the new types seemed to be closely related 
to 6H, as shown by the following sequences: 6H 
(33's only); 87R (33 33 33 33 32);  51R(a ) (33 
3 3 3 2); and 33R (3 3 3 2). In .our original attempts 
to explain such a series, we thought of them as resulting 
from an at tempt to crystallize as normal 6H, but with 
a 'mistake' occurring with the introduction of a two- 
layer unit, and with this 'mistake' being propagated 
periodically in the subsequent crystallization. Zhdanov 
& Minervina (1947) have indicated a similar point of 
view. This interpretation gives no explanation of the 
reversal of the stacking sequence, which occurs even 
in the normal 6H. Likewise, it provides no mechanism 
by which a 'mistake' can be repeated at regular 
intervals, which may be measured in hundreds of 
Angstr5m units. 

The industrial growth of SiC crystals obviously is 
a sublimation process. There is no difficulty involved 
in understanding the lateral growth of the crystals, 
which is merely the extension of the fixed sheet 
structure. The difficulty lies in finding a mechanism 
capable of controlling the order in which the identical 
sheets are stacked. The only apparent difference 
between types is in the stacking sequences. There 
must be energy differences, but from the geometrical 
standpoint these must be very slight. All atoms have 

A C 5  15 
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identical first co-ordination spheres. No mat ter  
whether a silicon or a carbon atom lies on a layer 
where the stacking order is reversed, or on one where 
no change occurs, each is surrounded tetrahedrally by 
four atoms of the opposite kind. Differences appear 
only in the second or higher spheres of co-ordination. 
In  the second sphere, a silicon or a carbon atom has 
twelve neighbors of the same kind. Regardless of the 
location of the layer, nine of these are unchanged, 
and for the remaining three (in the case of a stacking 
reversal) there is merely a 60 ° rotation without 
noticeable change in distance. 

If crystal growth proceeded by the addition of single 
SiC layers, some mechanism would have to be avail- 
able to cause periodic reversal of the stacking sequence. 
A single periodicity would give rise to a simple 
sequence, such as 1 1, 22 ,  etc., while a double 
periodicity would be required for a 'mixed' type, 
such as 3 3 3 3 3 2. The absence of any 1 1 type of 
SiC (zincite structure), and the difficulty of ex- 
plaining a stacking reversal on this basis as anything 
other than an accidental and random occurrence, do 
not lend any support to the idea of growth by addition 
of single SiC layers. 

If the above idea is untenable, then an alternative 
would be growth by the addition of multiple SiC 
layers. In  such a case, it might be assumed tha t  growth 
occurred by  the accretion of clusters of atoms, or 
polymers of SiC. These polymers might have a stacking 
reversal inherent in their own structure, or the reversal 
might result from the fitting together of two successive 
polymer layers. The existence of such polymers is 
entirely hypothetical. In  the further discussion we will 
use such expressions as '3 3 polymer'  and '3 2 po- 
lymer'  without any implication as to how the reversal 
might occur. 

A seemingly at tractive theory would be tha t  in a 
given temperature range a certain polymer would be 
stable, and this would form a certain 'pure'  type. Let 
the following polymers be postulated: 3 3, 3 2, 2 2, 
3 4, and 4 4. Growth of SiC by the accretion of each 
of these 'crystallization units '  would result in 'pure'  
types 6H, 15R, 4H, 21R and 8H, respectively. The 
'3 2 polymer',  because of its asymmetry,  can be ob- 
tained with two different atomic arrangements, as 

X 

X X 

Fig. 3. The different arrangements for the 3 2 sequence. 
X = S i  • = C  

shown in Fig. 3. Let these two be differentiated by  
'3 2 polymer'  and ' 23  polymer'. The same situation 
would hold for the '3 4 crystallization unit ' .  Thus 
the full list of polymers needed to account for all the 
known hexagonal and rhombohedral forms of SiC is 
3 3, 3 2, 23 ,  2 2, 3 4, 4 3 and 4 4--seven in all. 

At a temperature between two stabili ty ranges, two 
polymers might coexist, giving rise to 'mixed' types, 
as opposed to the 'pure'  types mentioned above. I t  
would be impossible for three polymers to exist 
simultaneously, hence no structure could involve three 
(or more) different pairs of sequences, such as 2 2, 
2 3 and 3 4. This does not mean tha t  an individual 
crystal may not be a combination of three or more 
types--such is frequently the case. I t  merely refers 
to the type which is crystallizing at a certain time. 

If two polymers were present in equal amounts, 
a structure involving equal proportions, such a~ 
3 3 3 2, or 3 3 3 4, would result. Unequal proportions 
could give rise to varying structures. Thus, if polymers 
of the 3 3 and 3 2 types were present in the pro- 
portion 4:1, type 87R (33 3 3  33  33  32)  would 
form, with four sets of 3 3 alternating with one of 
3 2. Sufficient 3 2 polymers to complete a 3 2 layer 
would be required at  one time, and then further 3 2's 
would be rejected while four 3 3 layers were being 
added. This situation would be analogous to certain 
types of superlattices, where a multiple unit-cell is 
necessitated by the periodicity of the distribution of 
some constituent present in a minor amount. These 
polymers would provide the mechanism for change in 
the stacking sequence, and the periodicity would be 
a function of the relative proportions of the two 
polymers present. 

This suggested theory is summarized in Table 12. 
Those modifications, both known and expected, which 
result from simple ratios of the polymer pairs 
3 3--3 2, 3 2 - - 2 3  and 2 2--2  3 are shown. The forms 
in parentheses are unreported but very probable. 
Brackets indicate those undiscovered types whose 
unit-cells are complete without a tripling of the 
sequence, and which are hence referred to hexagonal 
units. The 'crystallization units'  in Table 12 are 
arranged from top to bottom in their assumed order 
of decreasing stability temperature. I t  is interesting 
to note tha t  the eight known 'mixed' types are derived 
from polymer pairs made up of units adjacent to each 
other in the table. In  other words, the known 'mixed' 
types are derived from polymers which grade into each 
other in terms of assumed stabili ty temperatures. 
Forms made up of the polymer pair 3 3--2  2, for 
example, have not been reported and would not be 
expected. The fact tha t  no modifications involving 
the polymer pairs 3 3 - - 3 4 ,  34-- -43  and 4 !  ~3  
have been found could be indicative of either a 
comparatively narrow range of stability overlap or 
no temperature at  which both units of the pair 
can exist simultaneously. According to the theory, 
as expressed in Table 12, it  is impossible for all 
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Table 11. The 14 known SiC structures 
Type  Sequence 
Cubic 

4H 22  
6H 33  
8H 4 4  

10H 32  23  

Type  Sequence 
15R 3 2 
21R 3 4 
27R 22  23  
33R 33  32  
51R(a) 33  33  32  
51R(b) 22  22  22  23  
75R 32  32  32  23  23  
84R 33  33  33  32  32  
87R 33  33  33  33  32  

three of the numbers 2, 3 and 4 to occur in a given 
sequence. 

According to this hypothesis, two polymers can be 
present in varying proportions, and thus form types 
with corresponding varying sequences. I t  might be 
expected that  fluctuating conditions in the furnace 
could change the proportions of the two polymers, 
and thus result in a corresponding change in 

periodicity of the minor polymer. This could result 
in the beginning of a new type, in parallel position 
with the old, a very common occurrence, or it could 
result in variable periodicity. Such evidence of 
randomness in stacking is found. Some Weissenberg 
photographs show more or less continuous blackening 
along the rows of reflections such as (10.l), which 
indicates some degree of randomness. A high degree 
of randomness would probably be overlooked, for such 
crystals should have poor development of pyramidal 
or rhombohedral faces, and would be automatically 
rejected for single-crystal photographs. The method 
of selection has been to first examine a group of SiC 
crystals under the binocular microscope. Those 
showing good development of pyramidal or rhombo- 
hedral faces are selected and angular measurements 
are made on the two-circle goniometer. If such 
measurements indicate faces belonging to forms other 
than the more normal types, a zero-level, a axis 
Weissenberg photograph is taken. 

No attempt has been made in this theory to account 
for the cubic modification of SiC. It is known that 

this polymorph is the low-temperature form, since it 
is usually found toward the edge of the crystallization 
zone of the pig. I t  has no stacking reversals in its 
sequence (see Table 11) and therefore cannot be 
derived directly from any of the polymers considered 
above. 

I t  is possible that  the stability of a given polymer 
might not be dependent upon temperature alone. At 
attempt has been made to correlate the various types 
of SiC with traces of impurities present (Lundqvist, 
1948). Analyses of commercial SiC show insufficient 
amounts of impurities to have a foreign ion present 
in every polymer unit of the crystal. I t  might be 
conceivable that  a foreign ion, stabilizing a particular 
polymer, is rejected at the instant of actual attach- 
ment to the growing crystal surface, and thus is 
available for successive stabilizations of additional 
polymers. I t  would seem, however, that  this effect 
could not be limited to a single layer at a time. Hence 
such a mechanism would account only for 'pure' 
types, and not for 'mixed' types. 

I t  must be stressed that  very little experimental 
evidence on the growth of SiC crystals is available at 
present. I t  is known that  type 6H is the most abundant 
form in commercial SiC and that  the remaining 'pure' 
types, arranged in order of decreasing frequency, are 
15R, 4H, 21R and 8H. I t  is also known that  the cubic 
modification is found toward the edge of the pig and 
is, therefore, the low-temperature form. There is, at 
present, no experimental evidence to prove or dis- 
prove the 'crystallization unit ' - temperature theory set 
forth above. The theory is suggested, on purely 
theoretical grounds, as a possible explanation for the 
astounding ability of SiC to crystallize in so many 
structural modifications. To be sure, it has proved 
convenient in the solution of several SiC structures, 
but this by no means 'proves' the theory. Experi- 
mental evidence is badly needed. If samples, for X-ray 
analysis, could be taken at definite radial positions 
in a pig, and a relationship established between 
structural type and temperature distribution in the 

t 

Units  

2 2  4H 

2 2 - - 2 3  

2 3  15R 

3 2 - - 2 3  

3 3 - - 3 2  

3 3  6H 

3 3 - - 3 4  

3 4  21R 

3 4 - - 4 3  

4 3 - - 4 4  

4 4 8H 

1:1 

Table 12. Crystallization units of SiC 

Rat io  

2:1 3:1 4:1 1:2 1:3 1:4 2:3  3:2 

27R (39R) 51R(b) (63R) (42R) [19H] (72R) 

10H (45R) (60R) [25H] (45R) (60R) [25H] 

33R 51R(a) (69R) 87R (48)~) [21HI (78R) 

:Narrow or  non-exis tent  overlap region. 

Narrow or  non-exis tent  overIap region. 

Narrow or non-exis tent  overlap region. 

[23H] (66R) 

75R 75R 

[27H] 84R 

15" 
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furnace, strong evidence would be obtained in favor 
of the  tempera ture  hypothesis.  I n  other words, a point  
has been reached in the  s tudy of SiC growth where 
exper imenta t ion  is necessary before fur ther  theoretical  
work seems l ikely to be beneficial. 

Note added in Freer, 27 February 1952. For each of the five 
types of SiC described above cell dimensions are given in 
kX. uni~ato agree with earlier published data which, although 
reportec~ as AngstrSm units, were really in kX. units. 
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The Crystal Structure of the Urea-Hydrocarbon Complexes* 

BY A. E. SM:TE 

Shell Development Company, Emeryville, California, U.S .A.  

(Received 16 April 1951 and in revised form 6 July 1951) 

The structure of the urea-normal hydrocarbon complex has been determined. The unit  cell is 
hexagonal, a 0 ---- 8.230, c o ----- 11.005 /k, space group C6:2-D~, six urea molecules per unit  cell. 
The general features of the structure and the nitrogen positions of the urea were obtained directly 
from an implication diagram or Patterson-Harker section P(x, y, 16) which, for this space group, 
is essentially equivalent to an electron-density projection along the c axis. The urea molecules form 
a hollow channel structure in which the n-hydrocarbon molecules are enclosed. The hydrocarbons 
are in an extended planar zigzag configuration with their long axis parallel to the c axis. The 
electron-density projection and the implication diagram indicate that  the time average of the 
positions of the plane of the hydrocarbon molecule are randomly disposed over positions 
perpendicular to the a axis and at multiples of 60 ° to this position. Diffuse bands observed in most 
of the complexes are attributed to the hydrocarbon molecules which behave as a system of linear 
gratings regularly arrayed in the x y plane but  with random z coordinates. 

Introduct ion 

The format ion of crystall ine complexes of urea with 
normal  hydrocarbons,  f a t ty  acids and other straight- 
chain molecules was first reported by  Bengen. In  view 
of the weak interact ions normal ly  expected between 
hydrocarbons  and  urea, the  format ion of stable 
crystall ine complexes o f  urea and n-hydrocarbons at  
first appeared somewhat  surprising. A general in- 
vest igat ion of the field of urea complexes was carried 
out at  these and  associated laboratories (Fet ter ly;  
Redlieh, Gable, Dunlop & Millar, 1950) with the 
object  of securing basic da ta  required for various 
applications. In  the early stages of this  work an 
invest igat ion of the  structure of these complexes was 
therefore under taken  to determine the  molecular 
configuration and  its relat ion to the  s tabi l i ty  of the 
complexes. A brief resum~ of these results has a l ready 
appeared (Smith, 1950). Since the completion of most  
of this  work several addi t ional  papers (Zimmerschied, 
Dinerstein,  We i tkamp  & Marschner,  1949a, b, 1950; 
Schlenk, 1949) on these complexes, including a brief 
account of the structure determinat ion by  C. H e r m a n n  
(Schlenk, 1949), have appeared. Al though the 
pre l iminary  results of H e r m a n n  are in general 

* A preliminary account of this paper was presented at the 
A.S.X.R.E.D. meeting in Philadelphia, December 1949. 

agreement  with those reported in this  invest igat ion 
there are differences in several of the bond distances 
and parameters.  The more detai led structure in- 
vest igation leads to some addi t ional  conclusions, 
including an explanat ion of the  s tabi l i ty  of the  
complex somewhat  different from tha t  presented by  
Schlenk (1949). 

P r e l i m i n a r y  crysta l lographic  data 

Pre l iminary  X-ray  examina t ion  of a number  of urea 
complexes of n-hydrocarbons of various chain length 
Cs-Cs0 by  the  powder method  indicated tha t  t hey  all 
had  a similar  s tructure which was different from tha t  
of urea. Similar powder pat terns  were also obtained 
with urea complexes of various s traight-chain alcohols, 
acids, esters, etc. The n-hexadecane (C:6H34)-urea 
complex was selected for detailed structure in- 
vest igation because of t h e  relat ive s tabi l i ty  of this  
complex and the avai labi l i ty  of reasonably pure 
n-hexadecane.  Single-crystal work was also carried 
out with the 1,10-dibromodecane-urea complex. 

Long needle-like crystals of the hexadecane-urea  
complex, hexagonal  in cross section, form when 
n-hexadecane is added to a solution of urea in water, 
me thy l  or isopropyl alcohol, etc. The single crystals 
used for the X-ray  work were all grown slowly from 


