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Methods for the analysis of crystal structures of inorganic 
compounds have been greatly extended since &I. von Laue’s 
prediction of x-ray diffraction by crystalline lattices. Within 
recent years generalizations based upon physical laws and upon 
empirical analyses of existing structural information, together 
with increase in knowledge concerning the factors affecting the 
intensities of x-ray reflections from crystals, have made possible 
determinations of the structure of very complex compounds 
having low crystallographic symmetries. The concept of inor- 
ganic compounds as composed of spatial arrays of approximately 
spherical atoms of “constant radii” in contact (1) has, in a some- 
what modified form, proven of great utility in structure determi- 
nations (2, 3, 4). 

Complete determinations of structure have been made for but 
few organic compounds. The results obtained have not markedly 
facilitated the analysis of other structures. The difficulties of 
analysis partially arise from the low crystallographic symmetries 
of most organic crystals. The factors determining the intensi- 
ties of the x-radiation coherently scattered from atoms of low 
atomic number, such as oxygen, nitrogen, carbon, and hydrogen, 
are not as completely evaluated as for heavier atoms. Thus such 
atoms can not easily be allocated in the structures, and in the 
case of hydrogen atoms the data as to the intensity of reflection 
alone are insuficient to permit their allocation. 

* To economize space no exposition of the notation employed for crystal struc- 
Reference 6a cites a complete discussion of tures is included in this review. 

notation and technical terms. 
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Completely determined atomic arrangements for some organic 
compounds indicate that there are groups of atoms in such 
crystals that are repeated as groups throughout the crystals. 
The groups that are to be identified as the organic molecules are 
probably to be characterized by the approximate constancy of 
distances of closest approach between adjacent atoms within the 
groups. It should be possible to determine from the derived 
crystal structures alone the characteristic carbon to nitrogen, 
carbon to carbon, etc., distances in molecules of organic com- 
pounds in the solid state, and to check the constancy of the 
distances. The spatial distributions of the molecules and their 
distances of approach to other molecules have not yet been shown 
to be similar in different compounds. Since the intensities of the 
x-ray beams diffracted from the crystals are functions of both 
the intramolecular and the intermolecular configurations, this 
apparent lack of regularity increases most markedly the difficul- 
ties of the structure analyses. 

Information obtained from the x-ray diffraction patterns of 
some organic crystals is described in this paper. Results of 
particular significance to structural organic chemistry are dis- 
cussed under the specific compounds. An attempt is made to 
obtain from the structures discussed certain relationships which 
might be of assistance in structural analysis. No effort is made 
to give an exhaustive survey of all available x-ray diffraction 
data from organic compounds, since the greater part of these 
data merely serve to extend the crystallographic descriptions. 
Such information is summarized in standard references ( 5 )  and 
is currently abstracted in the Zeitschrift fur Kristallographie. 

TYPES OF INFORMATION OBTAINED 

The analysis of the x-ray diffraction data from a particular 
compound leads to a determination of the smallest parallelopiped 
which, when repeated, gives the macroscopic crystal. This is the 
“unit of structure.” It must contain an integral number of 
molecules or formula weights of the substance. 

The characteristic types of reflections observed to be absent, 
together, if necessary, with a crystallographic determination of 
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the crystal class, determine the symmetry elements of the unit of 
structure and thus lead to one of the 230 groups of operations 
giving crystalline symmetry. 

The observation that the number of molecules in the unit of 
structure is less than the number of asymmetrical points ob- 
tained by repeating a point according to the symmetry operations 
of the space-group requires the molecule to have symmetry. 
This, with certain exceptions noted later, gives the minimum 
possible symmetry of the molecule. The actual symmetry may 
be, and sometimes is, greater than this minimum. If the number 
of molecules in the unit of structure is greater than the number of 
asymmetrical points, then the molecular groups must be either 
crystallographically non-equivalent or associated in groups that 
are crystallographically (6) equivalent. The structures of the 
aromatic hydrocarbons which are discussed later illustrate these 
requirements. 

It is sometimes possible to determine completely the position of 
each constituent atom without the use of assumptions concerning 
the probable arrangement. Such complete structure determina- 
tions have supplied information of fundamental importance to 
structural organic chemistry. The complexity of the problem, 
however, usually necessitates the reverse procedure of assuming 
structures which are chemically logical and ascertaining whether 
they can or cannot explain the observed intensities of reflections. 

I n  the following partial review complete structure determina- 
tions are first considered. The structures, if they are sufficiently 
complete, are described by giving the atomic positions in terms 
of coordinates referred to specified axes (6a). Some results of 
determinations of the unit of structure, of the space-group and of 
molecular symmetry are discussed. Atomic positions are repre- 
sented by small circles on the figures; these circles do not indicate 
the relative atomic sizes. The distances on the figures are given 
in Angstrom units (1 A. = 10-8 cms.). 

This is the space-group. 

STRUCTURE DETERMINATIONS 

The crystal structures of halogen substituted compounds 
The amplitudes of the waves coherently scattered by various 

kinds of atoms in a crystal are, in the first approximation, func- 
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tions of the atomic number and of sin O/X, where 8 is the angle of 
reflection and X the wave length of the x-radiation. It is usually 
assumed that a t  0" the amplitude of the scattered wave is directly 
proportional to the atomic number. In a crystal containing 
atoms of high and low atomic number the intensities of reflection 

i 
I 
I ! 

1 G 

1. 
FIG. la.  IODOFORM, CHII. THE UNIT OF STRUCTURE 

The indicated positions of the hydrogen atoms are hypothetical. 

of x-radiation depend most markedly upon the distributions of 
atoms of high atomic number. In a crystal containing, for 
instance, carbon, hydrogen, and iodine, the effect of the carbon 
and hydrogen on the intensities of reflection often can not be 
detected. For this reason it is sometimes possible to determine 
quite accurately the positions of the heavier atoms in crystals 
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having complex structures. Advantage has been taken of this 
fact in the structure analyses of a number of aliphatic compounds 
discussed below. 

Iodoform (7) .  The hexagonal unit of structure containing 

FIQ. lb. IODOFORM, CHII. A PROJECTION ON THE BASAL PLAND (00.1) 
The octahedral arrangements of atoms of separate molecules are shown on the 

projection. Iodine atoms below the plane of projection are shown as large dotted 
circles; the carbon and hydrogen atoms are shown as small dotted circles. 

BCHI, has c = 7.61 A. and a = 6.87 A. 
space-group C: (sa) 

The iodine atoms are a t  

2 9  YJ ’; ?4 - z, 2, z ;  89 - y, 
2, 8, + 4; 2 - Y, 2, z + if, y, y - z, + i 

with x = 0.346 - 0.362, and y = 0.038 - 0.056. (Limits of 
certainty are given; z may be assumed to  be zero.) The minimum 
molecular symmetry is probably a threefold axis. The unit of 
structure and a projection on (00.1) are showninfigures l a  and lb. 

The relative positions of the iodine atoms are defined by two 
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determined parameters. The interatomic distances are shown 
in figures 1 and 2. If the carbon atoms are at  +, 8, u; 3, +, u + 
4 (uc is undetermined), then the minimum 1-1 distance, about 
3.57 A., is that between atoms of the same molecule. In this 
case the iodine atoms of separate molecules are located a t  the 
corners of octahedra the edges of which are 3.94 A. and 4.43 A. 
in length (note figure 1). 

In 
this figure the dotted portions are unknown. It is possible, but 
quite improbable, that the carbon atoms are at  OOu; 00, u + 4 
(space-group C,Z,), In either this or the above case the C-I dis- 
tance is > 1.97 k, and is probably about 2.10 A. 

A representation of a single molecule is shown in figure 2. 

FIQ. 2. IODOFORM, CHIs. MOLECULAR CONFIGURATION 
The undetermined portions are dotted. See figure l b  for description. 

1 ,2  , 3 I 4,5,6-Hexabromo- and hexachloro-cyclohexane (8). The 
cubic units of structure containing 4CBH6xB have the dimensions 
a = 10.49 A. (CsHsBra) and a = 10.07 A. (CsH6Cle). The halo- 
gen atoms are in the general positions of the spacegroup Ti. The 
peculiarities in, the intensities of reflection from (111) in various 
orders made possible determinations of the three parameters 
defining the positions of the halogen atoms. The parameter 
values are: x = 0.39, y = 0.22, and x = 0.085 for both CsH&ra 
and CsH&le. 

The minimum molecular symmetry is a threefold axis and a 
center of symmetry. The molecular centers are a t  

(a) 0, 0, 0; 3, 0, 3 ;  3, 3, 0; 0, + I  i 
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These two possible molecular configurations are shown in figure 3. 
It is quite probable that the correct structure is as shown in 
figure 3a and that figure 3b represents the closest approach of 
halogen atoms of separate molecules (3.74 A.). Here, as for 
CHI, (compare), the halogen atoms of separate molecules are 
approximately at the corners of an octahedron (figure 3b). 

n 

U 
a b 

FIG. 3a. 1,2,3,4,5,6-HEXABROMOCYCLOHEXANE, C6HeBra. MOLECULAR CON- 
FIQURATION 

Possible positions of the carbon atoms (black circles) are indicated. 

RANGEMENT OF ATOXS OF SEPARATE MOLECULES 
Bromine atoms alone are shown. 

FIQ. 3b. 1,2,3,4,5,6-HEXABROMOCYCLOHEXANE, C&,Br6. OCTAHEDRAL AR- 

If the carbon atoms are assumed to be situated as shown in 
figure 3% the C-C distance being 1.54 A. as in the diamond, with 
z = -0.076, y = $0.099, and x = -0.065 for the bromide, and 
z = -0.079, y = $0.103, and x = -0.068 for the chloride, then 
the C-Br distance is about 1.94 A., and the C-C1 distance is 
about 1.81 A. This assumed structure gives a tetrahedral distri- 
bution of the carbon valences, which might be expected from the 
aliphatic nature of the compound. 
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r IN A. 

1.45 k0.04 
1.58 k0.04 
1.55 &0.04 
1.55 k0.04 
1.58 f0.03 
1.52 AO.09 
1.59 f0.05 
1.78 kO.01 

Some simple derivatives of ethane (9). The results obtained from 
x-ray examinations of a number of orthorhombic derivatives of 
etha,ne are partially shown in table 1. 

The dimensions of the orthorhombic unit of structure con- 
taining 4CzXaY6-a are given in table 1. The space-group is 
Vi6 and the positions of the halogen atoms are defined by ten 
parameters. A molecule possesses a plane of symmetry and it 
is probable that two of the halogen atoms are in this plane and 
four are outside it as a plane of symmetry. The probable dis- 
tances ( r )  of the halogen atoms from this plane are given in the 
fifth column of table 1, and a halogen to halogen distance (2r)  in 
the last column. 

TABLE 1 
A summary  of the results obtained from some s imple  derivatives of ethane 

2r 

2.90 
3.16 
3.10 
3.10 
3.16 
3.04 
3.18 
3.56 

COMPOUND 

CnCls.. ....................... 
CnBra, ........................ 
C&XrBrp. ...................... 
CIBrsF. ....................... 
CrClsBra. ...................... 
CHICBrl.CBr2CHa. . . . . . . . . . . .  

b IN A. 

10.14 
10.70 
IO. 37 
10.35 
10.75 
IO. 44 
10.90 
10.44 

a IN A. 

11.51 
12.07 
11.73 
11.61 
11.84 
11.77 
11.70 
11.70 

C IN A. 

6.39 
6.72 
6.50 
6.31 
6.56 
6.54 
6.55 
6.57 

The observed quartering of planes (hkO) (for C2C16 and C2BrB) 
for which h is odd and halving of planes (hkO) for which h is a 
multiple of four require the parameters of the halogen atoms in 
the a direction to be 3, #, 9, or 4. The observed presence of 
planes (h01) for C2C16 and czB1-6 with h odd prohibits a molecule 
from having a second plane of symmetry, parallel to (loo), and 
suggests instead that it has an approximate center of symmetry. 
If this is true, then the shortest Br-Br distance in C2Bre between 
bromine atoms on different carbon atoms would probably be about 
3.40 B., in contrast with about 3.16 A. on the same carbon atom. 
This second distance is somewhat less than the 2-2 separation in 
CoH&ro, but the distances, nevertheless, are closely similar. 
The halogen atoms of one molecule are a t  the corners of an octa- 
hedron (see figure 4). 
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The structure analyses were not carried further, but if one 
assumes that the carbon atoms are in the plane of symmetry, t~ 
seems highly probable, that their separation is about 1.54 A., 
that the bromine or chlorine atoms in the plane of symmetry 
are a distance 2r from those outside that plane, and that the 
carbon atoms are equidistant from the halogen atoms attached 
to one carbon atom, then a molecule of the type shown in figure 
4 is obtained. In such a molecule the halogen-carbon distances, 
not assumed, are for Br-C, 1.97 A., for C1-C, 1.81 A., in agree- 
ment with the values found on the:basis of certain assumptions 

a b 

FIQ. 4. HEXABROMOETHANE, CzBrs. A POSSIBLE MOLECULAR CONFIQURATION 
The pseudo center of symmetry is indicated by the cross mark. The carbon 

atoms are represented by black circles, the halogen atoms by open circles. 

for CeHeBra and C&Cls. The parameters in the c direction have 
not been determined, so it is impossible to allocate the molecules 
in the structure. 

In the case of the last four compounds given in table 4 the plane 
of symmetry is present (requiring for instance the F atom of 
CzBr6F to be on the plane of symmetry) but the peculiarities of 
reflections from (hkO) are absent, so that their structures, although 
closely similar to those of CzC& and c2B1-6, can not be as thor- 
oughly determined. 
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The two modifications of C2C14Br2 have in the past been 
assumed to be CClzBr -CC12Br, and CC13.CC1Br2. The intensity 
measurements for the two compounds, however, show none of the 
differences which would be expected if the first of these formulas 
is correct. The analysis of the results rather suggests that both 
crystalline modifications have the formula CC1,. CCl13r2. It is 
difficult on this basis to see why crystallization from particular 
solvents should not result in changing one modification into the 
other. 

Observations were also made on tetragonal modifications of 
CHs. CBr2 CBrz CH, and Cz(CH3)4Br2 and on the orthorhombic 
(CH3)gC .C(CH&OH, but the structures were more complex in 
these cases; the analyses were not as complete as for the ortho- 
rhombic crystals described above. 

Iodosuccinimide (lo), m-iodoben- 
zoic acid ( l l ) ,  carbon tetraiodide (12), carbon tetrabromide (12), 
hexachloro- and hexabromo-benzene (12), tetrachloronaphtha- 
lene (13, 14), and 1 , 2 , 3 , 4 , 5  , 8-hexachloronaphthalene-l , 2 ,3 ,4 -  
tetrahydride (14). 

Observations have been made on the above compounds, but the 
positions of the halogen atoms have not been determined, al- 
though this could perhaps readily be done in some of the cases if 
sufficient experimental data were available. In  particular the 
observations on c14 and CBr4 (12) may be insufficient, since 
similar results obtained from the analogous Sn14 have been shown 
to be seriously in error (15). 

The determined units of structure of hexabromobenzene and 
hexachlorobenzene are shown in table 5. It is to be noted that 
the length of the b axis (the symmetry axis) is 3.84 A. for the 
chloro derivative and 4.04 A. for the bromo derivative. These 
values are but slightly greater than the halogen to  halogen 
distances of separate molecules previously noted in aliphatic 
compounds. It suggests that the length of the b axis is deter- 
mined by the closest distance of approach between carbon and 
halogen atoms of separate units of structure. 

Other halogen compounds. 
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Observations on vapors 
Interference has been noted in x-radiation and in high velocity 

electron beams, scattered from vapors of organic compounds 
containing chlorine. The interference maxima are determined 
by the intramolecular relationships. Results obtained from 
CC1, (16,17) indicate that the Cl-C1 distance within the molecule, 
assuming a regular tetrahedral configuration, is 3.3 A. (16), or 
3.14 A. (17) ; the corresponding C-C1 distance is 2.02 A. or 1.91 A. 

Halo 

DISTANCE 

1-1. . . . . . . . . . . . .  
Br-Br . . . . . . . . . .  
Br-Br .......... 
Br-Br .......... 
c1-c1 . . . . . . . . . .  
Cl-Cl . . . . . . . . . . .  
c1-c1 . . . . . . . . . . .  
Cl-c1 . . . . . . . . . . .  
c1-Cl ........... 
c1-c1 . . . . . . . . . . .  
Cl-c1 . . . . . . . . . . .  
c1-c1 . . . . . . . . . . .  

TABLE a 
n to halogen distances in some organic compounds 

SEPARATION 

COMPOUND On same 
carbon 
atom 

3.57 

3.16 
- 

- 
- 

2.90 - 
- 

3.30 
3.15 
3.40 
- 
- 

On 
adjacent 
carbon 
atoms 

- 
3.40 
3.40 

3.26 
3.33 

3 . 6  

- 

- 
- 
- 
- 

4 . 4  
4 .1  

On 
separate 
noleculer 

3.94 
3.74 

4.04 
3.59 

3.84 

- 

- 

- 
- 
- 
- 
- 
- 

REYARKB 

Questionable 

Questionable 
Gas 
Gas 

Gas 
Gas 
Gas 

These values agree within the limits of experimental error with 
those obtained from CzCle and CeH6Cle. 

Observations of x-radiation scattered by cis- and trans-1 ,2- 
dichloroethylene and by 1,l- and 1,2-dichIoroethane (18) indi- 
cate that in these compounds the C1-Cl distances are: 

aci8 = 3.6 A. atran$ = 4.1 W. 
alSl = 3.4 A. a1,2 = 4.4 A. 

These distances are compared in table 2 with those obtained from 
crystal structure determinations. 
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The values obtained for the C1-C1 distances in 1,2-dichloro- 
ethane and trans-1 ,2-dichloroethylene are probably not to be 
compared with the values found for 1 ,2,3,4,5,6-hexabromocy- 
clohexane and hexabromoethane, since these latter correspond to 
other than minimum distances of separations. The structural 
formulas are probably : 

\ /"I 
H 

C 
/I 

H /"\ c1  

\ 
H 

C 
/ I  

7\ H 
c 1  

cis-1,2-Dichloroethylene trans-1,2-Dichloroethylene 

H H H  H H C1 
\ I /  

C 
\ I /  

C 
I I 

/T\ 
H C1 C1 

/T\ 
C1 H H 

1,l-Dichloroethane 1,2-Dichloroethane 

The particular formula of 1 ,Zdichloroethane is required by the 
rather large chlorine to  chlorine distance in that compound 
(table 2). 

The results obtained from the limited number of aliphatic 
halogen compounds examined indicate that the halogen-carbon 
distances are approximately constant in such substances. The 
values determined from various compounds are listed in table 6. 

It is known from theories of organic chemistry that the halogen 
atoms of the compounds listed in table 2 are not united to one 
another by "primary" valence forces. The interatomic distances, 
since they are much greater than those required by probable 
atomic diameters, are in agreement with this concept. There is, 
however, a greater constancy in the halogen-halogen distances 
listed in table 2 than would perhaps be required by the con- 
straints of characteristic carbon-halogen distances. The persist- 
ent regularity in the relative positions of the halogen atoms of 
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separate molecules also suggests that interaction of halogen atoms 
plays a prominent r81e in both the intermolecular and the intra- 
molecular relationships. 

Structure determinations for carbon and some carbon compounds 
The high crystallographic symmetry of a few organic com- 

pounds has facilitated their complete structure determinations. 
In  one case the analysis was markedly aided by selecting a com- 
pound which contains only one molecule in the unit of structure, 
thus avoiding the difficulty produced by the intermolecular 
relationships. Examinations of the members of homologous 
series, although complete structure determinations could not be 
made, have nevertheless yielded much information. 

In the following discussion the possible positions of the hydro- 
gen atoms will not be considered, save in the case of hexamethy- 
lenetetramine. It is probable that these atoms play some r61e 
in determining the intermolecular relationships. One can assume 
that the C-H distance is about 1.13 A,, and the N-H distance 
about 1.08 A., corresponding to the values found from analysis 
of band spectra of CH and NH (19). 

Diamond (20), graphite (21, 22) .  The crystal structures of the 
two crystalline modifications of carbon are shown in figure 5. 

In  the diamond, which has a cubic structure, each carbon atom 
is surrounded by four other carbon atoms placed at the corners 
of a regular tetrahedron. This supports the original van’t Hoff 
hypothesis of the tetrahedral arrangement of the carbon valencies. 
This arrangement was early introduced as a prototype for the 
crystal structures of aliphatic compounds. The observed C-C 
distance in the diamond is 1.54 A. This distance has been intro- 
duced as a basic assumption in some structure determinations. 

In graphite, the hexagonal modification of carbon, the carbon 
atoms in one plane are associated as an interlocked group of 
hexagons. The closest distances of approach of carbon atoms in 
this plane are 1.42 A., while carbon atoms in separate planes are 
at least 3.40 A. apart. A flat hexagonal configuration is similar 
to the formula usually assigned to  benzene. For this reason it 
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- s i  

-4 

-3 

-2 

-I 

-0 

$J I 2 4 ;z 9A.C 

b 

PIO. 523. DIAMOND, C. 5b. GRAPHITE, C. ATOMIC ARRANQEMENTS IN THE Two 
CRYSTALLINE MODIFICATIONS OF CARBON 
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was expected that the crystal structures of benzene derivatives 
might be more closely related to that of graphite than to that of 
diamond. Hexagonal groups of atoms are also present in the 
diamond structure, but the atoms of these groups are not coplanar. 
In  the diamond each carbon atom is surrounded most closely by 
four other carbon atoms, rather than by three other carbon atoms 
as is the case for graphite. Similarities are to be noted between 
the structures of hexamethylbenzene and graphite. 

The body-centered cubic unit 
of structure containing 2CsH12N4 has a0 = 7.02 A. The analysis 
was facilitated by assuming the existence of CeH12N4 molecules. 
The determined atomic positions are: 

Hexamethylenetetramine (23). 

C at u00 ; ouo ; oou ; a00 ; olio ; O O l i  

3 + u, 31 3; a, t + Ul 3; a 1  a, t + u ;  4 - u, 3, 4; 3, 3 - u, 3; 4, +, 3 - u 
-- - _  - 

N at uvv ; vvv ; vvv ; vvu 

t + v ,  3 + v ,  3 + v ;  3 + v ,  3 - u, 4 - u; 3 - v ,  3 + v, + - v ;  4 - v,  3 - v,  3 + 

with u = .235 and o = 0.12. 
The unit of structure and the molecular configuration, with 

possible positions of the hydrogen atoms, are shown in figure 6. 
The minimum molecular symmetry is that of the point group T or 
Td.  Each carbon atom is surrounded by four atoms at least two 
of which, nitrogen atoms, are approximately at the vertices of a 
regular tetrahedron. Each nitrogen atom is equidistant from 
three carbon atoms, but is not in the plane of the carbon atoms. 
The minimum N-C distance is about 1.44 A. The minimum 
distance between the C atom of a (CH2) group of one molecule 
and that of another is about 3.72 A. 

Urea (24), thiourea (24, 26), acetamide (26). Both urea and 
hexamethylenetetramine are monoacidic bases and form addition 
compounds with salts and with molecular compounds. The 
crystal structures of these substances might be expected to give 
some indication of these heteropolar characteristics. 
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The tetragonal unit of structure contains 2CO(1\;H2)2 (see 
The atomic figure 7a) and has a = b = 5.73 A., c = 4.77 A. 

positions are : 

0 and C a t  0 ) v ;  30; 

N a t  u,, t - u, v; 3 - u, ti, v ;  a, 24 + +, v ;  u + a, u, V 

with UN = .13 rrt.01, V N  = .20 h.02, vC = .32 rrt.02, and v0 = .57 
h.03. 

C 

a b 

FIQ. 7a. UREA, CO(NH&. THE ATOMIC ARRANQEMENT 

FIQ. 7b. UREA, CO(NH2)2, AND THIOUREA, CS(NHz)n. THE MOLECULAR CON- 
FIQURATIONS AND MINIMUM MOLECULAR SYMMETRIES 

The urea molecule is required to  have two planes of symmetry 
and a twofold axis of symmetry (figure 7b). The interatomic 
distances within a urea molecule are C-0, 1.05 - 1.42 (about 
1.30); C-NH2, 1.07 to 1.30 (about 1.20). The NH2 groups of one 
molecule are most closely surrounded by the oxygen ends of other 
molecules (figure 7a), as might be expected from the heteropolar 
nature of the compound. The minimum distance between an 0 
atom and an NH2 group of separate molecules is about 3.15 A. 
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In the crystalline state the formula must be a symmetrical one, 
NH2 

/ 
\ 

o=c 
"2 

The seven parameters defining the atomic positions for the 
orthorhombic CS(NH2)2 have not been satisfactorily determined. 
Quantitative measurements of intensities of x-ray reflections 
would probably lead to a complete structure determination. The 
minimum molecular symmetry is a plane of symmetry (figure 7b), 
and it is possible that the molecule has the same symmetry as 
urea. It is probable that the C-S distance is about 1.81 A. (25). 
(Compare C-C1 in C6H6C16 and C2C16.) In the crystalline state 
the formula must be the symmetrical one rather than 

//" 
HS-C 

Acetamide, CH3CONH2, has been studied, but a complete 
structure determination was not possible. The rhombohedral 
unit of structure having a = 90"17', and uo = 8.05 A. contains 
GCHaCONH2. The molecule is asymmetrical (space-group C3t). 
It is possible that three molecules are associated in 3CH3CONHa 
groups. 

Some observations have been made on methylurea CO(NH2) 
(NHCH,) and on symmetrical dimethylurea CO(NHCH3)2 (12). 
It is possible that each of the molecules of the latter compound 
has a plane of symmetry as the formula suggests, but this could 
be ascertained only from a re-examination of the compound. 

This is the only aromatic compound 
for which a satisfactory structure determination has been made. 
The dimensions of the triclinic unit of structure containing one 
centrosymmetrical molecule of Ce(CH& are : 

b =i 8.926 R. 
with 

Hezumethylbenzene (27).  

a = 9.010 A. c = 5.344 A. 

a - 44"27' 6 = 116"43' y = 119'24' 
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The intensities of reflections were measured quantitatively. The 
peculiarities in the determined structure factors, arising from a 
pseudo hexagonal atomic arrangement in (OOl) ,  allowed the 
complete determination of the structure even though the atomic 
positions are defined by eighteen parameters. The space-group 
is Ci. 

The atomic arrangement in (001) is shown in figure 8b. Groups 
of atoms are present. These groups are to be identified as the 
molecules of Ce(CH3)6. Their presence demonstrates the exist- 
ence of the organic molecule as a separate entity in the crystalline 
state. A molecule not only has a center of symmetry but also 
possesses a pseudo sixfold axis and a pseudo plane of symmetry, 
that is, the plane in which all of the carbon atoms are located. 
Six of the carbon atoms of a particular molecule are arranged in a 
closed hexagonal grouping. The minimum C-C distances in 
such a group are 1.42 h0.03 A., in agreement with one of the 
characteristic C-C distances of graphite. The six CH3 groups of 
a molecule are arranged as shown in figure 8a. The distance 
between a carbon atom of the hexagon and its adjacent methyl 
group is 1.54 hO.12 A,, in agreement with the minimum C-C 
distance in the diamond. The coordinates of the atomic positions 
in the a b plane, expressed as fractions of the axes of the unit of 
structure are: 

(a )  ( b )  (a)  ( b )  
G (& 0.145 =k 0.371) A (i 0.071 f 0.182) 

(F 0.222 f 0.149) L (T 0.109 i 0.073) E 

(T 0.367 F 0.222) M (7 0.180 T 0.109) F 

The closest distances of approach of carbon atoms of separate 
molecules is approximately d (ool) = 3.694 A. The projection of 
two units of structure on (001) is shown in figure 8b. The 
closest distances of approach between CH3 groups of separate 
molecules in (001) are about 4.1 A. 
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FIG. 8a. HEXAMETHYLBENZENE, c~(CH3)a. A PARTIAL REPRESENTATION OF 
THE UNIT OF STRUCTURE 

FIQ. 8b. HEXAMETHYLBENZENE, C6(CH8),. A PROJECTION OF TEE ATOMIC AR- 
RANGEMENT ON (001) 

The projection was made from below a. 
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Methane (28), ethane (29). Molecular rotation in the solid state 
(30). The crystal structures of methane and ethane have been 
determined from powder photographs at  liquid nitrogen tem- 
peratures. Methane has been examined at  liquid hydrogen 
temperatures. It has a cubic close-packed structure with a0 = 
6.35 A. (figure 9b). 

a b 

FIQ. Qa. ETHANE, C2He. 9b. METHANE, CHI. UNITS OF STRUCTUR~ 
Carbon atoms only are shown. 

The hexagonal unit of structure containing 2CzH8 (figure 9a) 
The positions of the carbon has a = b = 4.46 A. and c = 8.19 A. 

atoms are: 

4, 4, u;  3, 4, 3-u; 4, i, u + 3; 4, i, 

The value of uc is probably .15 - .16, corresponding to a mini- 
mum C-C distance of 1.46 - 1.64 .& (1.55). The determined 
association of two atoms to form a molecule need not be assumed 
in the structure determinations. 

In the case of methane it has been pointed out (30), from 
consideration of the specific heat data, that the molecules are 
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probably rotating above 20°K and that the structure, a closest 
packing of spheres, is partially determined by this rotation. 
Molecular rotation in the solid state is probably a determinative 
factor in the x-ray diffraction patterns of manycrystals. In 
particular the rotation of the ammonium ion and the water mole- 
cule in compounds a t  ordinary temperatures probably accounts 

FIO. 10. A PARTIAL GRAPHICAL SUMMARY OF THE LONQ SPACINQ DATA FOR S O M ~  
ALIPHATIC COMPOUNDS 

for the fact that these molecules occupy positions in crystals with 
symmetry elements not compatible with those of the non-rotating 
molecule (30). 

The structure of ethane may be considered as a hexagonal 
“close packing” of ellipsoids of revolution which are the rotating 
CzHs groups. For this reason it is without significance to com- 
pare the intermolecular distances in ethane with those found for 
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hexamethylenetetramine and hexamethylbenzene. One distance 
of approach for ethane molecules, a of the hexagonal unit of 
structure, is 4.46 B., that is, approximately equal to the distance 
4.48 A. between rotating CHI molecules in the methane structure. 
The closest distance between carbon atoms of separate ethane 
molecules is about 3.64 B., in agreement with distances found for 
the two previously mentioned compounds. 

Diffrac- 
tion patterns from paraffin were noted as early as 1913 (31). 
Later observations (32) made by reflectingx-radiation fromfilms of 
sodium oleate solidified on glass surfaces demonstrated the 
presence of reflections from some plane of great spacing. Syste- 

Results obtained from long chain aliphatic compounds. 

FIQ. 11. A POSSIBLE CHARACTERISTIC ATOMIC ARRANQEMENT IN A SATURATED 
ALIPHATIC HYDROCARBON GROUP 

Carbon atoms only are shown. 

matic investigations have now been carried out on the x-ray 
diffraction characteristics of the various members of a number of 
homologous series. 

The published data from long chain aliphatic compounds have 
usually been obtained from powder photographs and from reflec- 
tion photographs made from thin films solidified on flat surfaces 
{glass). The photographs are characterized by the presence of 
a number of orders of reflection from a plane having a great 
spacing and by reflections from a few planes having spacings 
between 2.0 and 5.0 A. A portion of the long spacing data as 
listed in the International Critical Tables (33) is summarized in 
figure 10. The data may be considered to fall into three groups 
having the following increases in spacing with the addition of 
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each methylene group: (a )  about 1.30 A.; ( b )  about 2.60 B. ;  and 
(c) values intermediate between these two. 

It was first suggested (34) that the long spacing measurements 
(a)  and (b)  were obtained from planes normal to the axes of the 
hydrocarbon chains, and that the change of this spacing with 
addition of methylene groups is a measure of the changes or 
twice the changes in the length of the chain. In case (c) the 
hydrocarbon chains are inclined to the planes of maximum spac- 
ings (35). The diffraction data from a number of compounds 
may be explained (36) by a coplanar “zig-zag” arrangement of 
the carbon atoms in a particular hydrocarbon group (figure 11). 
It is possible for the angle a0 to be that of a regular tetrahedron. 

Investigations have now been carried out upon (1) single crys- 
tals or flattened crystalline aggregates of several hydrocarbons 
(class ( a ) )  and (2) single crystals of several fatty acids (class 
(c)). The results of these investigations have supported in part 
the conclusion of the earlier work. 

(1) Nonacosane (37) and other hydrocarbons. Crystals of 
nonacosane, C29H60, are probably orthorhombic, as is shown by 
the approximate orthogonality of the crystallographic axes and 
more definitely by the absence of particular reflections. The 
dimensions of the unit of structure containing 4Cz9H60 are given 
in table 3. The space-group is C,”,, in which case the molecule 
does not have an element of symmetry, or V’,”, in which case the 
molecule has a plane of symmetry perpendicular to the axes of 
the chains which are parallel to the c axis of the crystal. It is 
possible, but not probable, that the substance is monoclinic and 
the space-group is C,”,. The molecules are at x, y ,  t ;  Z, y, 2; 
2 + 4, q + 4, 4; 5 + 3, y + 4, 2. If the space-group is V’,”, 
the fifteenth carbon atom must be on the plane of symmetry. 
The molecule need have no other element of symmetry, but if the 
carbon atoms have a “zig-zag” arrangement in the chain, it is 
possible for them all to be in the same plane. This arrangement 
was assumed in the analysis of the structure, and results were 
obtained which explained satisfactorily the observed intensities 
of reflection. 
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The following values A model of CzsHeo is shown as figure 12. 
were determined: 

w E 1.62 - 1.23; 4 = 23' - 30'; S = 2.54; 

+ = 44' - 52"; Dz = 3.6 - 3.9 d; DI = 1.8 - 2.0 A, 
Da = about 4.00.i; 3 + x - eo = about 1/7.5. 

a(x+%clr,) 

a b 
FIQ. 12. NONACOSANE, C ~ ~ H O O .  A PARTIAL REPRESENTATION OF THE STRUCTURE 

The lettered designations are discussed in the text. Carbon atoms alone are 
shown. 

It is to be noted that the values of D2 and DB are approximately 
the same as those found for simple compounds. The value D,, 
of the minimum distance between scattering centers (assumed to 
be CH2 groups) is much greater than the probable value found 
for simpler compounds (compare C2He). 
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Photographs of Cz9Hso made at  liquid air temperatures and 
near the melting point merely show slight alterations in the 
diffraction patterns as produced by expansion of the lattice. It 
is improbable that the molecules are rotating a t  room tempera- 
ture. Detailed observations have also been made on compressed 
powders of C35H72 and C70H142 (?). The results were similar to 
those obtained from C29H60 (33). 

A hydrocarbon containing an even number of carbon atoms 
can not have a plane of symmetry perpendicular to the axis of 
a “eig-zag” chain. For this reason it is probable that the space- 
group would be other than Vi5 for such compounds, unless the 
unit of structure contained eight non-equivalent molecules. 

(2) Lauric acid (39), stearic acid (35), bromostearic acid (35), 
stearoZic acid (35), and behenoZic acid (35). The results obtained 
from these compounds are summarized in table 3. The crystals 
are all monoclinic prismatic; the point-group is (7:. The mono- 
clinic unit of structure for lauric acid, containing 4CH3(CH2)lo- 
COOH, is shown in figure 13. The meaning of the symbols a, b, 
c, and p used in table 3 are perhaps evident from this figure. 

Lauric acid probably has an atomic arrangement derivable 
from space-group Cih or C&. If the structure is to be derived from 
one of these space-groups the molecules probably can not be 
crystallographically identical since the formula does not permit a 
center of symmetry. Two possible structures are shown in 
figure 13. In  either case the lauric acid molecule has a plane of 
symmetry perpendicular to the symmetry axis. Structures in 
which the molecules have centers of symmetry are precluded 
by the formula of the compound. A spiral structure of the chain 
is impossible, and if the molecule has a “eig-zag” configuration 
the carbon atoms must all lie in the plane of symmetry. The 
great length of the c axis suggests that the hydrocarbon chains 
are approximately parallel to that axis. 

Stearic acid too has a structure isomorphous with point-group 
C;, and it is assumed that the molecule has a plane of symmetry. 
For all the acids studied the value of a b sin p, which is supposedly 
the cross-sectional area occupied by two molecules, is approxi- 
mately constant, and is the same as for the hydrocarbon non- 
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a sin p 
b 

acosane, C29HS3. It has been suggested that E ,  i.e. ~ or 

depending upon whether b > a sin p or b < a sin p, is a b 
a sin p 
measure of dl /dz  in the hypothetical chain shown in figure 11. 
That this is probably not the case can be ascertained by an in- 
spection of figure 12. It is to be noted, however, that in all 

cases save that of stearic acid, E is expressed as ___ !I The a sin p' 
fact that the b axis of stearic acid is approximately equal to  a sin 
p for lauric acid makes it very difficult to see exactly what struc- 
tural relationships they have in common. It is possible that 
stearic acid only simulates monoclinic symmetry. 

From the indicated variations of the angle p (table 3) it perhaps 
can be seen that no direct significance could be attached to the 
long spacing measurements (e  sin p)  for the fatty acids listed in 
figure 10. If it is assumed that the axes of the hydrocarbon 
groups are approximately parallel to the c axis of the crystal, then 
the increase in the length of this axis might be used as a measure of 
the increase in chain length on addition of methylene groups. 
This change between lauric and stearic acids is 11.9 A,, corre- 
sponding to about 1.98 A. for each methylene group. This value 
is markedly smaller than that of the compounds of type (a )  shown 
in figure 10, for which the more complete examination of nonaco- 
sane suggests an increase of 2.5 A. in the length of two hydrocarbon 
chains upon addition of a methylene group. It would seem that 
the molecules of the fatty acids do not have their chain axes 
accurately parallel t o  the c axes of the crystals. 

The results of examination 
of a number of aliphatic dicarboxylic acids are shown in table 4. 
The crystals are all monoclinic and i t  is probable that the space- 
group is C,",. The acids with an even number of carbon atoms in 
the chain have but two molecules in the unit of structure. In  
such cases the space-group symmetry requires each molecule to 
have a t  least a center of symmetry; this is possible from the chemi- 
cal formula, since the end groups are similar (see figure 14). 

The acids with an odd number of carbon atoms in the chain 

Aliphatic dicarboxyZic acids (40). 
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have four molecules in the unit of structure which are not re- 
quired to have an element of symmetry. This might be expected 
since the formula will not admit of a center of symmetry. The 
values of a c sin p (table 4) are the same for these compounds as 
for the fatty acids and the hydrocarbons listed in table 3. This 
suggests that this constant area is a characteristic of two hydro- 
carbon chains and is unaffected by the presence of dissimilar end 
groups or by atoms such as bromine. 

As is the case formonocarboxylic acids, no direct significancecan 
be attached to  the values of the maximum spacings (c sin a),  

HOOC /"\ C xc\ C 

H2 H2 

'HOOC /"\ C /\ C /"\ COOH 

FIQ. 14. DICARBOXYLIC ACIDS. STRUCTURAL FORMULAS 
The possible symmetry center is indicated by the cross mark. 

although the variations in p are quite small. The dicarboxylic 
acids, however, clearly illustrate the characteristics (a) and (b)  
of figure 10. The increase in the length of the c axis between 
adipic acid and hexadecanedicarboxylic acid (even numbers of 
carbon atoms) is 15.08 A., corresponding to 1.25 A. for each added 
methylene group (a). The change in the length of the c axis 
between pimelic acid and brassylic acid corresponds to an increase 
of 2.65 A. for each CH2 group. The axesof the hydrocarbon 
chains are probably closely parallel to the c axes of the crystals. 
The suggested separations of the end groups of different molecules 
are listed in table 4; these distances are approximately the same 
as those found for simple compounds. 
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Observations have also been made on a series of mono-n-alkyl- 
malonic acids, di-n-alkylmalonic acids and acid amides (41). 
Single crystals were not used. Measurements have been made on 
single crystals of oxalic acid (42), and of succinic acid (43). These 
structures are not to be compared with those discussed above 
since their properties are more dependent upon the carboxyl 
groups. 

Molecular rotation in the solid state. 
X-ray investigations have been carried out on single crystals of a 
number of primary (44, 45), tertiary (46), and quaternary (47, 
48, 49) alkylammonium halides, tetramethylammonium per- 
chlorate and permanganate (50), and some alkylammonium 
chlorostannates and platinates (51). These compounds have 
structural characteristics similar both to ionic inorganic com- 
pounds and to molecular organic compounds. A few typical 
structures are discussed below. 

The results are best exemplified by primary n-amylammonium 
chloride, C5H11NHIC1 (30,44, 52). This compound is tetragonal. 
A straightforward analysis of the x-ray data obtained a t  room 
temperatures leads to the conclusion that the unit of structure 
contains 2NH3C5HllC1 and has a = b = 5.01 A. and c = 16.69 A. 
The C1, N, and C atoms are a t  Oiu, +On with ucl = about .095. 
The absence of reflections in odd orders from planes (hkO) with 
(h + k )  odd and the intensities of reflections from other planes 
such as (200) require the carbon atoms of the CsH,, group to 
scatter x-radiation as if they were arranged colinearly in each 
group. The determined atomic arrangement is shown in figure 15, 
in comparison with that of ammonium chloride. 

It has been pointed out (30) that this result, that is quite in- 
compatible with the results obtained from other long chain ali- 
phatic compounds, might arise from rotation of the molecule about 
its long axis a t  room temperatures in the solid state. Photo- 
graphs made a t  liquid air temperatures support this prediction 
and indicate that the true unit of structure contains 4NH,C5H11Cl 
and that it has the approximate dimensions a = b = 7.0 A., c 
= about 16.6 A. A possible resulting atomic configuration is 
shown in figure 15 (it is assumed that the crystals are tetragonal 

Alkylammonium halides. 

CHEMICAL REVIEWE, VOL. VII, NO. 4 
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a t  liquid air temperatures). This has not yet been accurately 
determined. The C-C distance along the chain axis is probably 
about 1.25 A,, in agreement with the data from other long chain 

Q I 
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PIO. 15. PRIMARY WAMYLAXMONIUM CHLORIDE, NHsCsHllC1. A REPRESENTA- 
TION OF THE TRUE UNIT OF STRUCTURE AND OF THE PSEUDO UNIT DUE TO 

MOLECULAR ROTATION, WHICH IS INDICATED BY ARROWS 
The positions of the carbon atoms are in part hypothetical. A portion of the 

unit of structure of "high" ammonium chloride is shown for comparison. 

compounds, and i t  is possible that the C-C separation is about 
1.54 A. 

The ionic characteristics of the structure of primary amyl- 
ammonium chloride suggest that in the crystals a t  room tempera- 
tures the nitrogen atoms are on the axes of the hydrocarbon 
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chains. The value of a b sin p (for the smaller unit of structure) 
is approximately 25.0 A., but it is hardly to be compared with the 
values listed in table 3 since it seems rather to be determined by 
salt-like properties of the compound, such as the separation of the 
RNH3+ ion and the C1- ion. This large area occupied by a single 
hydrocarbon chain (figure 15) probably reduces the crystal 
forces and the geometrical constraints sufficiently to allow molec- 
ular rotation at  room temperatures. The minimum distance 

1 I O c  

FIG. 16. (NH~C~HIJ+, N(CHs) d+, AND NH(C2Ha)s+. MOLECULAR CONFIGURA- 
TIONB 

between the end groups of separate hydrocarbon molecules might 
well be approximately the same as that found for other organic 
molecules. The configuration of a single (NH3C6Hll)+ group is 
shown in figure 16. 

The crystal structures of the primary n-butyl- to heptyl- 
ammonium halides, and primary methylammonium bromide 
and iodide are similar to  that of sodium chloride or “high” ammo- 
nium chloride, as may perhaps be seen by inspection of figure 15. 
The structures of primary methylammonium chloride and the 
primary propylammonium halides (figure 17) are more closely 
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related tolthat of caesium chloride or “low” ammonium chloride. 
Molecular rotation in the solid state probably modifies the 
structures of these compounds at  room temperatures. 

A representation of the unit of structure of N(CH3),C1 (47) is 
shown in figure 17, in comparison with that of ammonium chlo- 
ride. The structures of the other tetramethylammonium com- 

b a 

FIG. 17a. TETRAMETHYLAMMONIUM CHLORIDE, N(CHs)&l. THE UNIT OF STRUC- 
TURE SHOWING THE PSEUDO SUB UNIT (ABCD AS BASE) WHICH IS TO BE COM- 

PARED WITH TEE UNIT OF STRUCTURE OF “LOW” AMMONIUM CHLORIDE 
FIG. 17b. PRIMARY PROPYLAMMONIUM CHLORIDE, NHaC8HrC1. THE PBEUDO 

UNIT OF STRUCTURE WITH INDICATED MOLECULAR ROTATION 

pounds are similar. In  these compounds the nitrogen atom of 
each alkylammonium group is surrounded by four methyl groups 
at the corners of a tetragonal bisphenoid (figure 17). The con- 
figuration of a NH(C2H5)3+ group as derived from the deter- 
mined crystal structures of the triethyl ammonium halides (46) 
is shown in figure 16. It is possible that, in both these types of 
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compounds, the alkyl groups are rotating in the crystalline state 
at room temperatures, but it is improbable that the N(CH3)4+ 
and NH(CzH6)3+ groups as a whole are rotating. 

The group configurations shown in figure 16 are probably to be 
found in such compounds as substituted ammonium alums and in 
the alkylammonium halogen stannates and platinates (51). 

Further discussion of results obtained from some long chain 
compounds. “Long spacing” measurements for hydrocarbons 
and related compounds have permitted certain structural deduc- 
tions even though complete structure determinations could not be 
made. In the first place the hydrocarbon chain is very long in 
one direction and is not in part folded back on itself. Ketones, 
such as RCOCH,, show an increase of about 2.5 A. in the “long 
spacing” for the addition of each (CHJ group (53). This 
suggests (note the structure of lauric acid) that these groups 
are sufficiently polar to cause an end-to-end orientation of two 
molecules. A ketone, RCOR’, must have an extended structure 
rather than a folded one, such as 

\ 
R 

co 
/ 

R‘ 

It has been shown that there are probably two or moremodifica- 
tions of the fatty acids (55) and of the saturated aliphatic hydro- 
carbons (56). 

It has been suggested (54) that the well-known oscillations in 
properties between compounds with even and with odd numbers of 
carbon atoms arise in part from the “zig-zag” nature of the group- 
ing. The alterations of the chemical relationships in dicarboxylic 
acids (57) are probably to be accounted for by their derived 
structures (40). 

Observations made on polymerized formaldehyde products 
(58, 59) show that the condensation products are greatly elon- 
gated in one direction. A number of diacetate derivatives of 
polymerized formaldehyde 

CHs-C-( OCH2)x-O-C-CHs 
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with 8-19 CHzO groups show an increase in the long spacing from 
23.7 d. to 43.7 d., corresponding to about 1.9 A. for each CHzO 
group. Preliminary observations on a number of “polyenes,” 
CeHS-C=C-C=C. -CeH5 (60), indicate that the long spacing 
increases about 1.5 d. for each added -C=C-group; this sug- 
gests that the arrangement might be 

-c c-c 
ll ll ll * 
c-c c- 

It is probable in these cases that the increase in the “long spac- 
ing” is not a true measure of the change in the length of the chain 
upon addition of groups (note the fatty acids). 

UNIT O F  STRUCTURE, SPACE-GROUP, AND MOLECULAR SYMMETRY 
DETERMINATIONS 

The complexity of the structures of most organic compounds 
and the lack of guiding principles to  aid in their elucidation has 
prevented a more thorough analysis than a unit of structureand 
space-group determination in some cases. Efforts have been made 
to  detect structural similarities from the dimensions of the units 
of structures of related compounds. Some instances in which 
such a method has met with an element of success are described 
below. 

Aromatic hydrocarbons 
The results obtained from a number of aromatic hydrocarbons 

are listed in table 5. In each case the space-group is C2i. The 
units of structure contain four asymmetric molecules or two 
molecules that must a t  least have a center of symmetry. Thus 
naphthalene, anthracene, diphenyl and dibenzyl have a t  least 
a center of symmetry. Stilbene and dimesityl with symmetrical 
formulas do not necessarily have an element of symmetry. The 
values of a, of a sin p, and of b, and therefore of ab sin p, are similar 
for naphthalene, anthracene, diphenyl, phenanthrene and fluorene. 

It has been suggested (63) that the change in the length of the 
c axis, 2.50 d., between naphthalene and anthracene is a measure 
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of the width of the benzene ring. It is said that a calculated 
periodicity of scattering matter along the c axis supports this 
suggestion. An effort has been made to determine these struc- 
tures (61). Simplifying assumptions were made to reduce the 
fifteen parameters for anthracene to four. The structure de- 
termined, in which the benzene ring had characteristics similar 
to aliphatic compounds, was said to be compatible with the 
experimental data. Later work, however, indicates that the cor- 
rect structure is one in which all of the atoms of a particular 

FIQ. 18. STRUCTURAL FORMULAS FOR PHENANTHRENE AND FOR DIPHENYL 
Centers of symmetry are indicated by cross marks, 

molecule are in one plane (61a). This is in agreement with the 
results obtained from the structure determination of hexamethyl- 
benzene (27), which is a more complete structure determination. 

A close similarity is to be observed in the values of c or of c sin 
p for fluorene, phenanthrene, and diphenyl; the values of c sin p 
are 2 X 9.42 A., 2 X 9.52 B., and 9.45 w., respectively. The 
suggestion has been made (64) that the phenanthrene molecules 
are arranged along the c axis as shown in figure 18. The similari- 
ties between these compounds and naphthalene and anthracene 
suggest that the molecules are oriented relative to the crystallo- 
graphic axes, approximately as shown in figure 19. The actual 
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dimensions of the unit of structure are not relative measures of 
the molecular dimensions. 

The dimensions of the units of structure for stilbene anddibensyl 
are similar in the length of the b axis to those of the compounds 
mentioned above. In  all of the above cases the formulas are 
probably extended rather than folded back in part. 

A 
Anthracene 

0 
3 
A 
Naphthalene 

LA% 
Stilbene 

8 H 
H 

H3 

H3c H% "3 

FIQ. 19. STRUCTURAL FORMULAS OF A NUMBER OF AROMATIC HYDROCARBONS 
Centers of symmetry are indicated by cross marks. Possible positions of the 

axes relative to the molecules are shown schematically. 

Xugars and sugar-like compounds 
The units of structure of d-glucose, d-fructose, d-cellobiose (65) 

a-methylglucoside (m.p. llO'C.), and a-methylmannoside (66) 
are listed in table 5.  In each case the molecule, as might be 
expected from its chemical formula, does not necessarily have an 
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element of symmetry, Close similarities are to be noted in the 
dimensions of the units of structure of d-glucose and a-methyl- 
glucoside, and of d-fructose and a-methylmannoside. The vol- 
umes of the units of structure of a-methylglucoside and a-methyl 
mannoside are the same within experimental error; the densities 
are the same, although the dimensions of the units of structure 
are markedly different. 

Dinitrobenzenes (67) 
Unit of structure and space-group determinations have been 

carried out for 0-, m-, and p-dinitrobenzenes (table 5 ) .  p-Dinitro- 
benzene has a t  least a center of symmetry, as might be expected 
from its formula. m-Dinitrobenzene has either a center of sym- 
metry or a plane of symmetry; the former can hardly be the 
case. An inspection of the published data (67) does not show 
clearly whether the plane of symmetry is perpendicular to the 
benzene ring as suggested, or whether the benzene ring and the 
nitrogen atoms, as well as perhaps the oxygen atoms, are in the 
plane of symmetry. In  either case the length of the c axis, 3.82 
A., is a measure of the closest distance of approach between two 
molecules of separate units of structure. This distance is approxi- 
mately the same as the closest distances of approach between 
atoms of separate molecules of other organic compounds (table 7 ) ,  

Compounds CR4 
The minimum molecular symmetry has been determined for 

some tetrasubstituted products of methane. Pentaerythritol 
C (CH20H) 4 (70), pentaerythritol tetraacetate C (CH,OCOCH,), 
(71) and the tetramethyl ester of methanetetracarboxylic acid 
C (COOCH,) (72) probably have molecular symmetry corres- 
ponding to that of the point-group Sq. The substituted groups 
are arranged tetrahedrally around the central carbon atom. In 
each of the above cases the tetragonal unit of structure contains 
2CR4, and the space-group is Si, C4i, and C4i respectively. The 
results are in agreement with the accepted tetrahedral distribution 
of the valences of carbon in aliphatic compounds. 

Observations on dibenzalpentaerythritol (73) indicate that 
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the molecule must have three twofold axes which are perpendicu- 
lar one to the other, corresponding to the symmetry of the point 
group V .  The hexagonal unit of structure contains 3C19H2004; 

6 5  12 11 11‘ 12’ 5’ 6’ 
CH-CH /cH-cH \ 4  /o-cHz 

\ 41/ \ \ 
/CHz-o 

/YH HC-C c 
CH=CH 

/ 7 ’  \ 

and has a = b = 6.03 A., c = 36.7 A. The space-group is D:. 
The molecule has a twofold axis along which the atoms designated 
as 1, 4, 7, 10, 7’, 4’ and 1’ must be placed. The constituents of 
the benzene ring (1, 2, 6, 4; 4, 3, 5, 1; 4’, 3’, 5’, 1’; l’, 2’, 6’, 4’) 
must in each set be in a plane, as must also be the atoms 4, 7, 8, 
12; 4’, 7’, 8’, 12’. It is possible for all of the atoms of one mole- 
cule to be in a plane. These results might in part arise from 
molecular rotation in the solid state, but the symmetry require- 
ments of the molecule do not suggest such an explanation. 

Crystals of pentaerythritol tetraformate (74) have been 
examined. The orthorhombic unit of structure containing eight 
molecules has a = 19.80 A,, b = 9-90 A,, c = 11.70 A. The mole- 
cule does not necessarily have an element of symmetry. 

CH2-0 
,c-?H\ /lo\ 

HC 

C H = C H  0-CHz 
2 3  8 9  9’ 8’ 3’ 2‘ 

l \  

Cellulose and other Jibrous materials 
A fiber x-ray diagram is obtained from an aggregate of crystals 

or crystallites of a particular material which have some common 
parallel crystallographic direction. Such a diagram was first 
noted for hemp fibers in 1913 (75). Investigations have now been 
carried out on a number of fibrous organic materials-cellulose, 
hair, muscle, nerves, etc. The characteristics of the fiber dia- 
grams give some indications of the physical properties of the 
materials. 

Attempts have been made to determine the structure of the 
cellulose residue (CeHlo06), from ramie fiber diffraction data 
(76, 77). The spacings of the observed interference pattern can 
best be explained by a monoclinic unit of structure containing 
4CsHloO5, having a = 8.3 A., b = 10.3 A. (fiber axis), c = 7.9 A., 
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and p = about 84'. This small number of CsHIaO5 groups 
in the unit of structure is hardly in conflict with the known high 
molecular weight of cellulose, since it is probable that only a 
periodicity along the fiber axis is determined from the diffraction 
data. The postulated atomic arrangements in the glucose residue 
of ramie (76,77) are hardly to be emphasized, since even the struc- 
ture of crystalline glucose is yet unknown. 

TABLE 6 

Interatomic distances in some organic compounds 

DISTAKCE 

c-I .............................. 
C-Br ............................. 

c-c1 ....................... 

C-N.. ........................... 
c-0 ............................. 
c-s .............................. 
c-c ............................. 

c-c ........................ 

C-H ............................. 
N-H ............................. 

COMPOUSD VALUB IN A. 

>1.94 (2.10) 
1.94 
1.97 
1.81 
1.81 
1.91 
1.44 
1.25 h0.17 
1.81 ( 1 )  
1.55 kO.09 
1.54 k 0 . 1 2  
1.54 
1.54 
1.44 
1.42 h0.03 
1.13 
1.08 

GENERAL DISCUSSION 

It was pointed out in the introduction that complete crystal 
structure determinations of some organic compounds indicate 
the presence of groups of atoms in such compounds. These 
groups, which are the chemical molecules, are characterized by 
certain minimum distances of approach between separate atoms 
within the groups, which are markedly smaller than the shortest 
distances between the atoms of different groups. The interatomic 
distances within the molecules, as determined from a few com- 
pounds that have been discussed, are listed in table 6. The 
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CZH.3.. ....................................................... 
Ca(CH8) 6 .  .................................................... 
C ~ H I Z N ~ .  .................................................... 
m-C~Hi(N02)z.. ............................................. 
CzgH~o.. ................................................... 
C ~ H ~ O O C C I ~ H S ~ O ~ .  ........................................... 
Graphite ..................................................... 

values are quite constant but, on account of the wide limitations 
of parameter values, minor variations could not necessarily be 
detected. It is expected that these values are approximately the 
ones to  be found in other organic compounds. 

The distances between atoms of separate molecules are not as 
constant as are those between atoms of the same molecule. Some 
regularity, however, is to be noted in the values for a number of 
halogen compounds (see table 2). Results obtained from a few 
compounds which contain only carbon, hydrogen, nitrogen, and 
oxygen are given in table 7. The values are quite similar, even 
though the possible effects produced by the hydrogen atoms in 
the different compounds might be expected to cause 'variations. 

3.64 
3.69 
3.72 
3.82 

3 . 6 3 . 9  
3.5-3.8 

3.35 

TABLE 7 

M i n i m u m  distances of approach between carbon atoms of adjacent organic molecules 

COMPOOND I DISTANCE IN A. 
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The determined atomic arrangements in aliphatic compounds 
are in agreement with the concept of a tetrahedral distribution of 
the carbon valencies. For reasons necessitated by the structure 
analyses the compounds examined have usually been quite sym- 
metrical ones. In  these cases a carbon atom could have a regular 
tetrahedral distribution of its valencies, but such an arrangement 
is not necessarily general. One might expect that if several 
dissimilar atoms are connected to the same carbon atom, the 
departure from a regular figure might be quite marked. This 
concept, however, is not supported by any results yet obtained. 

In graphite and hexamethylbenzene the three directions in which 
a carbon atom is surrounded most closely by other atoms are all 
in the same plane. It is possible that this arrangement is a 
characteristic one for aromatic compounds. The tetrahedral 
distribution of carbon valencies is probably to be found only in 
aliphatic compounds. 

The determined minimum molecular symmetries of organic 
compounds are usually in agreement with expectations based on 
the structural formulas. In  the case of indigo, however, the 
presence of a center of symmetry was not necessarily expected. 
The symmetry of dibenzalpentaerythritol could be compatible 
both with the requirement of “plane” benzene rings and with the 
tetrahedral configuration of the aliphatic carbon atoms. It is 
to be emphasized that the symmetry determined from the x-ray 
diffraction data is the minimum one, except in a few special 
cases. 

Attempts have been made to determine the atomic configura- 
tions of special isomers, such as maleic and fumaric acids and of 
optically active compounds such as d- and Z-tartaric acids. 
These attempts have not been very successful. The diffraction 
characteristics of optical isomers of a compound are necessarily 
the same since reflection of x-radiation adds an effective center of 
symmetry. Optically active compounds always crystallize in 
forms belonging to one of the eleven crystal classes which possess 
no planes of symmetry. 
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