
718 C Y L I N D R I C A L L Y  A V E R A G E D  D I F F R A C T I O N  P A T T E R N S  

possible point 6 can make them more probable than 
the sequences retained. The b sequence is now more 
probable. In step 5, when point 6 is known, only the b 
sequence is retained. 

If the elements h~j have different probabilities apart 
from continuity considerations (which will normally 
be the case, if they have initially been found by some 
such method as isomorphous replacement), these 
initial probabilities can be included at both the se- 
quence-extension stage and the final selection stage. 
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Molecular models with magnetic multipoles, which were invented by the author for the purpose of 
simulating crystal structures, are revised. The models of the new type are made of Ba ferrite magnets 
and plastic pieces only, no Mn-Zn ferrite being used. The crystal structures of SiF4 and a-CF4, as 
well as those of UCI6 and WCI6 are represented by use of different species of molecular models. 

Introduction 

The purpose of this series of papers (Kihara, 1963, 
1966, 1970) is to explain the structures of molecular 
crystals in terms of the shapes of the molecules as well 
as the intermolecular force. We treat rigid nonpolar 
molecules with no power to form hydrogen bonds. 

If the molecules do not possess any appreciable 
electric multipoles, the crystal structures are governed 
by the principle of closest packing of the molecules. 
The orthorhombic crystals of C12, Br2 and I2, and the 
cubic crystals of SiI4, GeL, SnL, etc. are examples of 
such structures. 

If, on the other hand, the molecules have sufficiently 
strong electric multipoles, the electrostatic interaction 
often governs the crystal structure. In such cases, the 
crystal structure does not necessarily correspond to the 
closest packing of the molecules. 

The electrostatic multipolar interaction between 
molecules can be represented by use of molecular 
models with magnetic multipoles. A structure into 

which these models are assembled will simulate the 
actual crystal structure. 

In Part II (1966), eight types of molecular models 
made of barium ferrite magnets were given. In Part III 
(1970), models consisting of barium ferrite magnets 
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Fig. 1. Ratio of the triple-point to the critical-point tempera- 
tures as a function of the dimensionless quadrupolar inter- 
action. 
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Fig. 2. Relative orientations with minimum potential energy 
for D2 and N2 (a), and for CO2 (b). 
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Fig. 3. Models of rod-like quadrupolar molecules and their 
minimum-energy configurations. The parts with arrows are 
Ba-ferrite magnets; those without arrows are plastic pieces. 
Model 1 is for D2 and N2; Model 2 is for CO2; Model 3 
is for acetylene HCCH; Model 4 is for cyanogen NCCN; 
Model 5 is for C1CH2CH2CI and 
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and manganese zinc ferrite pieces were included. There, 
the manganese zinc ferrite, whose permeability is 
greater than 1000, was considered to play the role of the 
polarizability of a molecule in the field of adjacent 
molecules. The present paper makes a thorough revi- 
sion of Part III with respect to these 'polarizable' 
models. 

The revision is based on the fact that the force due 
to the polarization of a molecule induced in the field 
of the permanent multipoles of adjacent molecules is 
usually negligible as compared with the direct electro- 
static forces between multipoles. Instead of the material 
with large permeability, we use in the present paper 
non-magnetic material (plastic or wood). Thus the 
models given in the following are simpler but never- 
theless more realistic than the polarizable models in 
Part III. 

Multipole interactions in solids 

In the gaseous and liquid states, electric multipolar 
interactions between nonpolar molecules are negli- 
gible. In the solid state, however, these interactions 
play an important role. 

Let us first consider the ratio TjTc, Tr and T~ being 
the temperature at the triple point and the temperature 
at the gas-liquid critical point, respectively. This ratio 
is 0.55 for Ne,. Ar, Kr and Xe. For symmetric linear 
molecules, the ratio takes the values in the following 
sequence: carbon disulphide CS2, 0.29; oxygen 02, 
0.35; fluorine F2, 0.37; chlorine C12, 0.41; hydrogen 
H2, 0.42; deuterium D2, 0.49; nitrogen N2, 0.50; 
cyanogen (CN)2, 0.61; acetylene C2H2, 0.62 and carbon 
dioxide CO2, 0.71. Since the shapes of these molecules 
are similar, these values indicate how much the depth 
of the intermolecular potential depends on the relative 
orientations of the molecules. 

In order to show that the quadrupolar interaction 
plays an essential part in this dependence of the poten- 
tial depth on the molecular orientations, we calculate 
the dimensionless quantity Q2vcS/3(kT~)-l. Here v~ 
is the volume per molecule at the critical point, k is the 
Boltzmann constant, and Q is the quadrupole moment. 
The values of this quantity for 

02, F2, N2, D2, C02  

are in the proportion 

0.02:0.08:0.28:0.37:1.00. 

Fig. 1 shows clearly the importance of the electrostatic 
multipolar interactions in solids. Molecular models of 
the present type apply to CO2, C2H2, (CN)2, N2 and Dz 
but not to F2, 02 or CS2. 

The ratio Tt/Tc is 0.39 for carbon tetrafluoride CF4 
and 0.73 for silicon tetrafluoride SiF4, indicating large 
octopolar interaction for SiF4. In fact, the crystal 
structure of CF4 is different from that of SiF4. 

Crystals which are additionally stabilized by large 
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multipoles of the molecules often do not melt but 
sublimate under atmospheric pressure. Thus, solid 
carbon dioxide sublimates at -78.5°C, acetylene 
-84°C,  silicon tetrafluoride -95°C,  sulphur hexa- 
fluoride SF 6 -63°C,  uranium hexafluoride UF 6 
56-5 °C, and hexamethylenetetramine (CH2)6N4 263 °C. 

Quadrupolar molecules 

The intermolecular potentials for D2, N2, 02, F2 and 
CO2 were recently calculated as functions of the 
distance between the molecular centres and the relative 
orientations of the two molecules (Koide & Kihara, 
1974). For D2 and N 2, the relative orientation shown in 
Fig. 2(a) corresponds to the minimum potential energy; 
for CO2, the minimum-energy orientation is as shown 
in Fig. 2(b). 

Model 1 for D2 or N2 and Model 2 for CO2 in Fig. 3 
have such characteristics. An assembly of these mol- 
ecular models simulates a cubic crystal structure with 
the space group Pa3, to which solid carbon dioxide 
and the lowest-temperature solid phases of nitrogen 
and deuterium belong. Fig. 4 shows the crystal struc- 
ture of carbon dioxide represented by Model 2. 

Model 3 in Fig. 3 is for acetylene HC=CH. A cubic 
Pa 3 structure with four molecules per unit cell and an 
orthorhombic Pnnm structure with two molecules per 
unit cell are formed by this model. The former 
simulates the high-temperature modification stable 
between -140°C  and the sublimation temperature; 
the latter simulates, probably, the unestablished low- 
temperature modification below -140°C (cf. Figs. 11 
and 12 in Part II). 

Model 4 in Fig. 3 is for cyanogen N-C-C_--N. Solid 
cyanogen is orthorhombic Pbca with a tetramolecular 
unit cell with the edge ratios a/c=0.874 and b/c= 
0.891. The structure given by an assembly of Model 4 
is similar, with a/c=0.90 and b/c=0.90, as shown in 
Fig. 6, which is obtained by piling up the two-dimen- 
sional structure shown in Fig. 5. 

1,2-dichloroethane C1CH2CH2C1, trans-1,4-dibromo- 
cyclohexane 
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and many other quadrupolar molecules crystallize into 
monoclinic P2a/c with two molecules per unit cell. 
Model 5 is for these molecules: the structure shown in 
Fig. 7 simulates the real crystal structures. 

Models 6-8 in Fig. 8 for disk-like quadrupolar 
molecules are the same as described in Parts II and III. 
The cubic crystal structure Pa3 of fl-hexachloro- 
cyclohexane C6H6C16, the orthorhombic Pbca of solid 
benzene and the monoclinic P21/c of flat molecules 
like naphthalene can be represented by Models 6, 7 and 
8 respectively. 

Octopolar and hexadecapolar molecules 

Fig. 9 shows models for octopolar molecules. Models 9 
and 10 are for hexamethylenetetramine and SiF4 
respectively. A body-centred cubic structure I43m 
is formed by either of these models (of. Fig. 2 in Part 
II and Fig. 13 in Part III). 

Model 11 is for B4C14 or CF4. There is an essential 
difference between Model 10 and Model 11 in their 
stable configurations of the two-molecule systems, 
which are compared in the same figure. Fig. 10 shows 
a stable two-dimensional structure into which Model 11 
can be assembled. Two structures are formed by piling 
up this structure into layers: One gives tetragonal 
P42/nm¢ (Fig. 11), which simulates the crystal structure 
of B4C14, and the other gives monoclinic C2/c (Fig. 
12) of e-CF4 (Bol'shutkin, Gasan, Prokhvatilov & 
Erenburg, 1972). 

Fig. 13 shows models for hexadecapolar molecules. 
Model 12 is for octa(silsesquioxane) (HSi)8012 and 
octa(methylsilsesquioxane) (CH3Si)sO12; the rhom- 
bohedral crystal structure R~ of these molecules can 
be simulated (of. Fig. 19 in Part III). 
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Fig. 8. Models of disk-like quadrupolar molecules and their 
minimum-energy configurations. Model 6 is for fl-hexa- 
chlorocyclohexane C6H6C16; Model 7 is for benzene C6H6 
Model 8 is for flatter molecules like naphthalene. 
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0 

Fig. 4. Cubic Pa3 structure simulating the crystal structure 
of carbon dioxide (Model 2). 

Fig. 5. A two-dimensional structure composed of Model 4. 

b 

Fig. 6. Orthorhombic Pbca structure simulating the crystal 
structure of cyanogen (Model 4). 

Fig. 7. Monoclinic P2t /c  structure simulating the crystal struc- 
ture of 1,2-dichloroethane (Model 5). 

[To face p. 720 
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Fig. 10. A two-dimensional structure composed of Model 11. 

t 
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Fig. 1 1. Tetragonal P42/nmc structure simulating the crystal 
structure of B4CL (Model 1 I). 
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Fig. 12. Monoclinic C2/c structure simulating the crystal struc- 
ture of ct-CF4 (Model 11). 

Fig. 14. A two-dimensional structure composed of Model 14. 

Fig. 15. Rhombohedra l  R3 structure simulating the crystal 
structure of WC16 (Model 14). 
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Model 9 

Model 10 

Model I I  

Fig. 9. Models of octopolar molecules and their minimum- 
energy configurations. Model 9 is for hexamethylenetetra- 
mine (CH2)6N4; Model 10 is for SiFa; Model 11 is for BaCI4 
and CF4. Ba-ferrite magnets are with arrows; the parts 
without arrows are plastic or wooden pieces. 

Model 13 is for U F  6 and UC16; Model 14 is for 
WCI 6. The multipolar interaction is very strong for 
U F  6 since the fluorine atom is strongly electronegative. 
As regards UC16 and WCI6, the former is considered 
to have a larger hexadecapole because the ionization 
energy is 4 eV for uranium and 8 eV for tungsten. The 
two models take these differences into account; the 
stable configuration of the two-molecule system rep- 
resented by Model 13is compared with that of the 
three-molecule system represented by Model 14. By 
use of Model 13, both the orthorhombic Pnma struc- 
ture for U F  6 and the trigonal P3ml structure for UCI 6 
are simulated (cf. Fig. 21 and Fig. 20 in Part III). These 
crystal structures cannot be represented by Model 14, 
which gives rhombohedral R3 formed by piling up the 
two-dimensional structure shown in Fig. 14 into layers 
as shown in Fig. 15. 

Conclusion 

Fourteen species of quadrupolar, octopolar and hexa- 
decapolar molecular models explain the structures of 
typical molecular crystals in which electrostatic multi- 
polar interaction plays an important part. By use of 

Model 12 

Model 13 

Model 14 

Fig. 13. Models of hexadecapolar molecules and their mini- 
mum-energy configurations. Model 12 is for (HSi)8012 and 
(CH3Si)sO12; Model 13 is for UF6 and UCI6; Model 14 is 
for WC16. 

these models, some predictions can be made as regards 
unestablished crystal structures. The low-temperature 
modification of solid acetylene is probably Pnnm 
with two molecules per unit cell as represented by 
Model 3 (Kihara, 1966) rather than Cmca with four 
molecules per unit cell which has been inferred by some 
authors (Ito, Yokoyama & Suzuki, 1969; Hashimoto, 
Hashimoto & Isobe, 1971). The crystal structure of 
OsF8 is probably R3 as represented by Model 12 
(Kihara, 1970); one of the high and low-temperature 
modifications of SF 6 is probably either Prima or 
P'3ml as represented by Model 13. 
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