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Structure Selectivity of Space Fullerene Materials

Masakazu Matsumoto!, Hideki Tanaka!

A fundamental principle on the crystal structure selectivity for the clathrate materials is derived from the

standard theory on the stability of the clathrate hydrates and the empirical rule for the Frank-Kasper phases of

alloys. It explains why the number of naturally-occurring clathrate structures is limited out of a diversity of

possible structures and proposes a guideline to explore the new crystal structures.
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Figure 1 : Clathrate structures CS-I and CS-II and their
component cages, D (dodecahedral; blue), T (tetradecahe-
dral; green), and H (hexadecahedral; yellow).
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Figure 2 . Empirical relation between the size of the guest molecule and

the crystal structure.
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Figure 3 : Local packing structure of a water molecule
surrounded by four guest molecules. Water molecule can
make four hydrogen bonds with four neighboring water
molecules through the gap between guests.
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Figure 4 . Left: Polyhedral packing structure built of water
molecules. A guest molecule (white sphere) occupies each
polyhedral cage. Right: Polytetrahedral packing structure
built of guest molecules. A water molecule (red and sky-
blue spheres are oxygen and hydrogen atom of a water
molecule, respectively) occupies each tetrahedron.
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Figure 5 . Left: Combination of five regular tetrahedra
leaves a small gap. Right: The gap becomes larger when
twenty regular tetrahedra are combined.
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Figure 6 - (a) (b) hexagonal and pentagonal bipyramids by
allowing small distortions to the regular tetrahedra. (c) (d)
(e) (f) Four Kasper polyhedra built of hexagonal and
pentagonal bipyramids. Numbers of faces are 20, 24, 26,
and 28, and coordination numbers are 12, 14, 15, and 16,
respectively.
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Figure 7 . Ternary diagram of cage compositions of vari-
ous clathrate structures.
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, HoH
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=17 — VL (Matsumoto and Tanaka, 2012)
Table 1 : Cage compositions (Matsumoto and Tanaka,
2012).

IIZZ?)I; Clathrate X y z
A15 CS-I 1 0 0
o TS-1 23/43 0 20/43
H - 23/43 0 20/43
J - 23/63 0 40/63
Z HS-I 0 0 1
P - 23/80 17/80 1/2
9 - 23/80 17/80 1/2
u - 0 17/37 20/37
P (0N} 0 17/37 20/37
zra-d — 0 17/37 20/37
M - 0 17/37 20/37
T - 0 17/23 20/37
C15 CS-1I 0 1 0
C14 HS-II 0 1 0
C 36 - 0 1 0

X 8: 6FHD FK B NA N v —MED 7 — YRR &,
Ay DEARROEE.

Figure 8 : Illustration how the cage composition of 6 clath-
rate structures and Ay, of them are related.
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ERENZOPIZHEH L TH, Ay WHEEIL TEML T
LES7:®, MEDREMEIZ T 2 LZEICTSHIENT
ExVEVLIFELHERYEEKRT 2. X 16) X, X )
D7 —YNOSEBEE C, OFFEIC b IKTFEL 2D T
TF—YNEEEFEEINTYH, HDEVIE 2L EDRS
S[EEHNTYH, ZOHKIZHS Z LB TE RV,

A Q) WRLEEY, #ANA R — DR T
VY e iE, TANEEERWEDRELETIC L B
KTy VEG Wl &, 7A N2 oDHES Ay DFIT
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mbb. 5B, CSITECl4, CHDLIIC, ry—¥
RERR LR — DR DB E R, Ape BELVDT, 2D

9: FOZAEN Au. %, TIOSENLTHIIED FOK
SV BRL, BHOAMNDE S B Z OBEDILERT
VR BERT . HSIHEE IR wl 23E v (RD THE W)
728, ZAENR»RVENTY, REEMICIE iy,
Figure 9  Illustration how the stability can be estimated.
Black points on the upper triangle indicate the Ay of
various crystal structures. Length of the swinging rod
indicates the ud of the structure and the height of the
dropped empty circles indicate the stability of the struc-
ture, ue.
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Figure 10 : Theoretically estimated phase diagram against
the Lennard-Jones parameters of the guest molecule.
Temperature is 273K and partial pressure of the guest gas
is 10 MPa. Red and black points indicate the Lennard-
Jones parameters of the molecules whose clathrate
hydrate structures are known to be CS-I and CS-II in
reality, respectively (Hirschfelder et al., 1954).
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Figure 11 : Lower convex hull made from chemical poten-
tials u. of various phases. It indicates the fact that the
points off the convex hull can never become the lowest no
matter how the Ay, triangle is tilted.
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Figure 12 : Chemical potential planes, u., of various phases
plotted against the slope of the Ay, triangle. Colors of the
phase boundaries correspond to those in Figure 11.
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Figure 13  The generalized phase diagram. Thin solid and
dashed contours are guest-host interaction strength, &g,
and the size of the guest molecule, oy, respectively, at
10MPa and 273K, and they indicate how the Ay. plane in
Figure 11 is slanted and which phase becomes the most
stable as a result.
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