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Clathrates are open crystals in which molecules are arranged in a hierarchy
of polyhedral cages that encapsulate guest molecules and ions. As well
as holding fundamental interest, molecular clathrates serve practical

purposes, such as for gas storage, and their colloidal counterparts also
appear promising for host-guest applications. Here using Monte Carlo
simulations, we report the entropy-driven self-assembly of hard truncated
triangular bipyramids into seven different host-guest colloidal clathrate
crystals with unit cells ranging from 84 to 364 particles. The structures
consist of cages that are either empty or occupied by guest particles, which
canbedifferent from or identical to the host particles. The simulations point
to crystallization occurring through the compartmentalization of entropy
between low- and high-entropy subsystems for the host and the guest
particles, respectively. We use entropic bonding theory to design host—
guest colloidal clathrates with explicit interparticle attraction, providing a
route to realize such systemsin the laboratory.

Clathrates are found in gas hydrate systems, where natural gas guest
molecules are trapped inside ice cages'™*, or in intermetallics*®, where
metalionguests are encapsulated by cages of group 14 elements suchas
Si, Geand Sn. Thelength scale of the cagesin these traditional clathrates
is typically 1 or 2 nm, but the recent discovery of clathrate structures
self-assembled from colloidal particles’ creates the possibility of larger
cages and concomitant mesoscale phenomena relevant to biological
or photonicapplications. One of the most interesting properties of the
molecular clathrate is the host-guest relationship, which s often used for
trapping natural gas’ or storing hydrogen’, and the guest dynamics has
been extensively studied®** " to understand itsimportance in relation
tothe thermophysical properties and stability of the clathrate. Extend-
ing the host-guest chemistry of molecular clathrates to colloidal ones
mightleadto practical applications such as nanoparticle storage and the
scaffolding of nanoparticle guestsintoadesired lattice. So far, however,
none of thereported colloidal clathrates have been able to accommodate
guests because of their closed cages, raising the question of whether
itis possible to self-assemble colloidal clathrates with open cages of
sufficient size to accommodate guest particles or macromolecules.

In this Article we report the self-assembly of seven host-guest
colloidal clathrates with unit cells ranging from 84 to 364 particles in

Monte Carlo (MC) simulations of hard, otherwise non-interacting trun-
cated triangular bipyramid (TBP) shapes, inwhich entropy maximiza-
tionalone drives assembly of the ordered crystal from the disordered
fluid phase'®". By design, truncating the TBP tips creates a cavity inside
the cages thatis large enough toaccommodate aguest (Fig.1), and the
guest/cavity size ratio as determined by the amount of TBP truncation
dictates theresulting clathrate crystal (Fig. 2), similar to that reported
in gas hydrate systems®'®. Itis noteworthy that, in every case, hosts and
guests form two sublattices with distinctly different particle dynamics
and with an unusual compartmentalization of the entropy" such that
the sublattice of guest particles contains asubstantially higher entropy
per particle (Fig. 3a-c). As we will show, this entropic compartmen-
talization thermodynamically stabilizes the equilibrium assemblies
(Figs. 3d,e and 4). Five of the seven structures reported are one-
component systems, inwhichthe host and guest particles are the same
species. For one of these five systems, we also introduce two different
guests, with different particle shapes, to obtain traditional (binary)
host-guest structures in addition to the one-component system
(Fig. 2f,g). We compare these entropy-driven colloidal clathrate crystals
with molecular clathrates (Table 1), in which guest molecule rotation
is well known. We conclude by using entropic bonding theory (EBT)
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Fig. 1| Particle design for host-guest colloidal clathrates. a, TBP with
truncation parameter, from left to right, of S=0, 0.3, 0.5,0.7 and 1.0. b, Thirty
truncated TBPs form a cage-type clathrate cluster. The truncation creates a cavity
(red dotted circle) at the centre of the cluster. The size of the cavity increases

as Sincreases. ¢, The change of size ratio a = rye/Iaviey s a function of S for the
four clathrate cages measured at a constant volume fraction, ¢ = 0.65 (Extended

07

Clath Il (AOD1)

Data Fig. 2 and Guest-to-cavity size ratio section in the Methods). Data points are
obtained from HPMC simulations; solid lines are guides to the eye. The location
where the red dotted line meets each curve indicates the minimum S for the
cage to have asingle truncated TBP guest. d, A model structure of Clath [I~AOD1
(5§=0.42), composed of guest-free A-cages and single-guest D-cages.

to predict the effective attraction between truncated TBPs needed
to self-assemble a clathrate structure and show via simulation how to
achieve such asystem using DNA-functionalized nanoparticles.

Results

Particle design for host-guest hard truncated TBP clathrates
In clathrate hydrates?, the size ratio of guest to cage determines the
clathrate structure. Inspired by this knowledge, we engineered the
shape of truncated TBP particles to tune guest/cage size ratios. Previous
work® has shown that, for regular hard TBPs, the cage interiors are
almost fully filled with the body of the host particles such that thereis
noroomforaguest particle (Fig. 1b). However, a cavity can be made by
truncating the equatorial tips of the TBP (Fig. 1a,b and Extended Data
Fig.1). The truncation parameter S (0 < S <1) isdefined by the distance
betweenthetip of the regular TBP (S = 0) and the centre of the truncated
face (Extended DataFig.1). We measured the average radius of the cavity
(reaviry) in the four types of cage possible for a clathrate crystal (A, 5%
B, 5%6% C, 5%6%; D, 56", following the usual clathrate nomenclature®)
fromideally constructed clathrates thermalized in hard-particle Monte
Carlo (HPMC?) simulations at equilibrium (Extended Data Fig. 2 and
Monte Carlo simulation sectionin the Methods). HPMC attempts small
local particle moves (both translational and rotational) while avoiding
particle overlap to mimic the Brownian motion expected for colloidal
particlesinwater or other solvent (see the Monte Carlo simulation sec-
tioninthe Methods and Supplementary Table 1for simulation details).
Therange of Sover which a cage has a cavity large enough to containa
guest can be estimated from the size ratio a between guest and cavity
(@ = Fyyest/Teaviey)- The size ratio a decreases monotonically with increas-
ing S for all four cages (Fig. 1c) over the entire S range, with relative
cavity sizesD > C > B > Aforany given value of S. This observation indi-
catesthatthe type of cage that can house aguest particle varies with S.
Because the stability of any clathrate structure requires astable combi-
nation of cage types, we hypothesized that the clathrate type obtained
in self-assembly simulations would vary with S. For example, if S is
large enough for the D-cage—but not other cages—to accommodate a
guest, we might expect the self-assembly of a clathrate type Il structure

(Clath 11-AOD1) with guest-free A-cages and single-guest D-cages
(Fig.1d). The A-cages are empty because the size of the empty pore is
smaller thanthe host particle. Weshowinalater section that these empty
cages can befilled with particles of arbitrary shape during self-assembly,
provided that the size is small enough to fitinside the pore.

Self-assembly simulations

Totest our hypothesis, we conducted self-assembly HPMC simulations
of hard truncated TBPs with varying truncation S. For 0 < §<0.40, a
guest-free Clath I-AOBO formed via self-assembly from a disordered
fluid phase; this is the same type of clathrate found in the hard regu-
lar TBP system®, but now with an empty cavity inside the cages that
increases in size with increasing S while remaining smaller than the
host particle (Fig. 1c and Supplementary Fig. 1a). Above S = 0.40, we
observed only host-guest clathrates. For 0.40 < S < 0.71, five differ-
ent types of host-guest colloidal clathrate crystal self-assembled
(Fig.2a-e). The type of clathrate was confirmed by the cage identifica-
tion method and the arrangement of the cages (Clathrate identification
sectioninthe Methods). For 0.40 < § < 0.46, we obtained Clath II-AOD1
with empty (that is, guest-free) A-cages and single-guest D-cages
(Fig. 2a). In this structure, the A-cages arrange into rhombs when
viewed along the two-fold axis and, in between, the D-cages are tetra-
hedrally arranged. For 0.46 < § < 0.49, we obtained Clath IlI-AOB1C1
withempty, guest-free A-cages, single-guest B-cages and single-guest
C-cages (Fig. 2b). In this structure, the B-cages arrange in square and
triangular tiles, which can be mapped to the Frank-Kasper ophase?. For
0.49 < §<0.55, we observed the assembly of Clath I-AOB1 with empty,
guest-free A-cages and single-guest B-cages (Fig. 2c, Supplementary
Fig.1band Supplementary Video1). The B-cages are arranged in square
tiles, whichis aunique feature of the ClathIstructure. For 0.55 <5< 0.57,
Clath I-A1B1 was obtained, with both A-cages and B-cages occupied
by single guests. Finally, for 0.57 < § < 0.71, we obtained a clathrate
with single-guest A-cages and tetramer-guest D-cages (Fig. 2d). Each
tetramer is composed of four truncated TBPs that form a cluster with
tetrahedral symmetry, reminiscent of the tetrahedral cluster of hydro-
gen comprising the guest in the D-cage of a clathrate hydrate system’.
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Fig.2|Self-assembly simulation results. a-e, MC simulation results for Clath
1I-AOD1at S = 0.42 (a), Clath IlI-AOB1C1at S= 0.48 (b), ClathI-AOBlat S = 0.52
(c) and Clath [I-A1D4 at S = 0.64 (d). Red and green truncated TBPs are guest
particles, and blue truncated TBPs are host particles. Each clathrate can be
described along an axis by a unique tiling of polygons (orange lines and green/
yellow dashed circles) and abond orientational order diagram (BOOD; insets).
The BOODs are a histogram of the directions of bonds connecting nearest
neighbours. Bottom left: network representation of each clathrate (Network
representation of clathrate section in the Methods) for clear visualization of host
particle cages. Bottom right: number ratio of cages identified in each clathrate

(Clathrate identification section in the Methods). e, Phase diagram as a function
of S obtained from self-assembly simulation results. Coloured dots are data
points, and the four systems shown in a-d are indicated by red arrows. f,g, Self-
assembly simulation results of truncated TBP clathrate with other polyhedron
guests. f, Abinary mixture of truncated TBPs (S = 0.52) and tetrahedra (a, = 0.89)
forms Clath 1-A1B1. The A-cage has a tetrahedron guest and the B-cage has
atruncated TBP guest. g, Abinary mixture of truncated TBPs (S = 0.52) and
dodecahedra (a, = 0.97) forms Clath I-A1B1. The A-cage has adodecahedron
guest and the D-cage has a tetramer truncated TBP guest.

Here, the A-cages arrange into arhombus, corresponding to Clath
1I-A1D4.For S > 0.72, crystallization was not observed during the simu-
lation time. Our findings are summarized in the phase diagrams in
Fig.2e and Supplementary Fig. 2.

From the self-assembly results, we find a critical value of a below
which a truncated TBP guest enters the cavities (a, = 1.2, the red dot-
ted linein Fig. 1c), corresponding to S, = 0.40, 0.46, 0.48 and 0.58 for
cagetypesA, B, Cand D, respectively. Thus, as hypothesized, specify-
ing the value of S determines the type of cage that can house a guest
particle, whichin turn determines the type of clathrate structure that
self-assembles. Because there is no potential energy in any of these
systems, the clathrate structures that minimize free energy maximize
entropy. Although the diversity and complexity of entropic colloidal

crystals is well established'®", the way in which these clathrates maxi-
mize entropy, which we discuss next, is not.

Entropy compartmentalization

In anisotropic fluid phase of a single-component system of hard par-
ticles, the free volumeis distributed uniformly (Fig. 3a). In the clathrate
structures, the free volume is not uniformly distributed among hosts
and guests. For example, in the Clath I-AOB1 crystal (§ = 0.56), both
host and guest particles in equilibrium exhibit similar translational
displacement (quantified by the mean-squared displacement r — r(z),
where r is the centre-of-mass position) with comparable fluctuations
about the mean, over1 x 10’ MC sweeps (Fig. 3b, upper panel), indicat-
ing a similar free volume in the two sublattices in which translational
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Fig. 3| Entropy compartmentalization and free energy calculation.

a, Aschematic of entropy compartmentalization in a single-component system.
b, Translational (upper) and rotational (bottom) displacement of the host and the
guest truncated TBPs of Clath I-AOB1 (S = 0.56) at P* =13 for 1 x 10’ MC sweeps.

¢, Left: Helmholtz free energy of the S = 0.56 system at ¢ = 0.60 in fluid and crystal
(Clath I-AOB1) phases. Right: Helmholtz free energy of host and guest sublattices

Truncation, S

inthe crystal.d, Gibbs free energy of clathrates at P*=10.0in 0.35<5< 0.75
systems. e, Phase diagram of truncated TBP clathrates (P* versus S). The melting
pressure is obtained from where the free energy of the clathrate crystal crosses
the free energy of the fluid as the pressure increases (Extended Data Fig. 5).

The colour key is the same asind.

motion can occur. In contrast, guest particles exhibit much larger
rotational displacements (q — qé, where qis aunit quaternion describ-
ing orientation) than host particles (Fig. 3b, lower panel and Supple-
mentary Video 2), indicating unequal free volume partitioning. We
observe the same behaviourinall seven colloidal clathrates. Thus, the
many microstates available to these self-assembled crystal phases arise
from the many rotational degrees of freedom available to the guest
particles. In this way, we say that the entropy is compartmentalized,
and canbe almost entirely attributed to the sublattice(s) of guest par-
ticles. When multiple cage types contain guests, the rotational degrees
of freedom of the guestsin all cages contribute to the system entropy.

Entropy compartmentalization is confirmed in these clathrate
structures by free energy calculations. Based on the Frenkel-Ladd
method*?, we developed away to calculate the free energy of the two
subsystems of host and guest particles independently by controlling
each subsystem with different paths (Extended Data Figs. 3 and 4 and
Free-energy calculation for the host and guest sublattices section in
the Methods). For example, in the Clath I-AOB1 system (¢ = 0.60 and
§=0.56),the per-particle Helmholtz free energy F of the guest subsys-
tem (Fyyes/Ngues = 0.72ky T) has only 1/8 the per-particle free energy of
the host subsystem (Fp,oq/Niose = 5.65k; T). Because there are far fewer
guest particles than host particles and no potential energy, the guest
subsystem has substantially lower free energy and thus much higher
entropy than the host subsystem. The Clath I-AOB1 system has 92 host
particles and 6 guest particles per unit cell (Supplementary Table 1),
and thus Fye, = 4.32ky T and Fy,, = 519.8k; T, a difference of over two
orders of magnitude.

We compared the bulk free energies of the different clathrate
phases to confirm the relative thermodynamic stability among the
various clathrate typesatagiven S. We calculated the Gibbs free energy
G of seven types of clathrate (six of which self-assembled and one,

Clath IV-AOBICI, did not and is metastable in all S ranges) for
0.35<S<0.71atconstant pressure (P*=11.0) (Fig. 3d and Free-energy
calculation of bulk phases section in the Methods). The calculation
accurately predicts the range of S over which each of the six
self-assembled clathrate crystals is stable (Fig. 3d). Melting pressure
(P} is another indicator to estimate the stability of a crystal in hard
particle systems. P}, can be determined from where the free energy of
the fluid and crystal cross (Extended Data Fig. 5a), and the free energy
of the fluid can be calculated using thermodynamic integration
(Free-energy calculation of bulk phases section in the Methods). We
confirmed that the values of P}, obtained from the free-energy calcula-
tions are consistent with those we find in the simulations (Extended
DataFig. 5b). Based on the P, of each clathrate phase, we constructed
aphasediagram (P*versusS) for 0.35 < S < 0.71(Fig. 3e). We also tested
theimportance of the guest for the stability of the host clathrate frame-
work by removing the guest particles from a previously self-assembled
ClathI-AOB1 (S =0.52). Upon further equilibration, the host network
reorganized to sacrifice the required number of host particles to fill
the empty cages, forming a new, complete host-guest structure
(Extended Data Fig. 6). This indicates that the presence of the guest
particleis essential to stabilize the host framework.

Three types of rotational dynamics of guest particles

The rotational dynamics of the guest particles varies depending on
the relationship between the shape and symmetry of the guest parti-
cle and cavity. To investigate the rotational dynamics of the guests in
each of the colloidal clathrates, we tracked the motion of the guests
in equilibrium. We assigned a direction vector of unit length to the
guest particle (Fig. 4a,f), tracked its position for 3 x 10’ MC sweeps, and
mapped the accumulated positions of the direction vector onto a unit
sphere. We identified three distinct types of rotational motion of the
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particlein aB-cage of a Clath I-AOB1 crystal phase (S = 0.52) at P*=12.5 from MC
simulation (d) and the lower energy distribution as computed from EBT (e), in
each case represented on a unit sphere (left) and spherical coordinates (r=1.00)
(right). f, For a truncated TBP tetramer guest, four direction vectors (v, v,, V5
and v,) with unit length o were assigned from the tetramer centre to the centre
of each truncated TBP. g, Accumulated points of the direction vectors of a
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tetramer guestin a D-cage of a Clath 1I-A1D4 crystal phase (S = 0.64) at constant
pressure P*=15.0 on a unit sphere (left) and spherical coordinates (r=1.00)
(right). h, Distribution of prolateness Pr of the cavity of the B-cage of Clath I-
AOBI (the same system as in d) and the D-cage of Clath II-AOD1 (the same system
asinb). The negative Pr of the B-cage indicates an oblate shape of the cavity,
and the Pr = 0 of the D-cage indicates a spherical shape of the cavity. i, Both
the D-cage and the tetramer guest in Clath [I-A1D4 (the same systemasin g)
have tetrahedral symmetry, inducing the discrete rotation of the guest.
j-1,Schematic representation (left) and rotational motion (right) of the
tetrahedronin cage A (free rotation) (j), the hexagonal prismin cage B
(rotationaround an axis) (k) and the icosahedronin cage A (discrete rotation)
(I). The three cages are composed of S = 0.52 truncated TBPs.
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Table 1| Hard colloidal TBP clathrates versus clathrate
hydrates

Hard colloidal TBP clathrates Clathrate hydrates
Host: tTBP Host: H,0O
Guest: Guest:
Hostand guest  No guest® (0<S<0.40) Natural gas®'®*
particles tTBP (Fig. 2a-d) Hydrogen*®

12,32,33

tTBP and tetrahedra (Fig. 2f) Other small molecules

tTBP and dodecahedra (Fig. 29)

39,33

Free rotation (Fig. 4b,j and Free rotation

Extended Data Fig. 10a)

Guest rotation
Rotation with preferred

orientations (Fig. 4d,g,k,1)

Rotation with preferred
orientations®'>'#**

Electrostatic field* " or
hydrogen bonding™**

Entropic bonding® (Fig. 4c,e
and Extended Data Fig. 8)

Host-guest
interaction

Guest rotation
and stability of
clathrate

Rotational entropy of guest
increases the stability of
clathrate (Fig. 3c)

Rotational entropy of guest
increases the stability of
clathrate*°

Guestremoval  The host structure rearranges -
slightly to contribute new
hosts to the emptied cages

(Extended Data Fig. 6)

tTBP, truncated TBP.

guest particles: (1) free rotation (Fig. 4b), (2) rotation around an axis
(Fig.4d) and (3) discrete rotation (Fig. 4g). For the single truncated TBP
guest of the D-cage in the Clath II-AOD1 phase (S = 0.42), we assigned
adirection vector from the centre of the particle to a tip (Fig. 4a) and
observed that the accumulated positions of the direction vector showa
randomdistribution (Fig. 4b), indicating the free rotation of the guest
(Supplementary Video 3). For the single truncated TBP guest of the
B-cageinthe ClathI-AOB1phase (S = 0.52), the accumulated positions
of the direction vector distribute along a continuous band (Fig. 4d),
indicating that the guest is rotating around an axis (Supplementary
Video 2). For the tetramer truncated TBP guests of the D-cage in the
Clath [I-A1D4 phase (S = 0.64), we assigned direction vectors fromthe
tetramer guest centre to the centre of each truncated TBP (Fig. 4f) and
observed thattheaccumulated positions form several clusters (Fig. 4g),
indicating that the four truncated TBPs comprising the tetramer move
as one, and with preferred orientations. Each cluster has a mixture of
thefour direction vectors (Fig.4g, right), indicating that the tetramer
guest rotates through all four discrete directions (Supplementary
Video 4). Werefer to this type of rotational motion as discrete rotation.

The shape of a guest relative to that of the cavity that contains it
correlateswith the three types of rotational motion. We characterized
cavity shape using the prolateness Pr (Dynamics of guest particles sec-
tionin Methods) and confirmed that the cavity of the D-cage is almost
spherical (Pr = 0), while the cavity of the B-cage is oblate (Pr = -0.02)
(Fig. 4h). Combined with the above findings, the spherical cavity of
the D-cage does not hinder the single truncated TBP guest (-0.4 aspect
ratio), resulting in free rotation (Fig. 4h, right inset). In contrast, con-
tinuous rotation around an axis and discrete rotation occur when the
guest shares symmetry elements with the cavity. For example, the
oblate cavity of the B-cage (symmetry group D) allows the oblate guest
(symmetry group D) to align along, and rotate around, the same sym-
metry axis (Fig. 4h, leftinset). In the case of discrete rotation, both the
truncated TBP tetramer guest and the D-cage cavity have tetrahedral
(T) symmetry (Fig. 4i), producing four preferred, discrete orientations
within the cavity. Similar types of rotational behaviour were reported
for two-dimensional (2D) colloidal crystals of polygons when the par-
ticle symmetry matches the symmetry of its local environment?*,

To elucidate the correlation between guest and cage shape/sym-
metry, we used EBT* to calculate the ground-state free energy for each
individual orientation of a guest particle (Entropic bond calculations
section in the Methods). We first validated the applicability of EBT to

the host-guest clathrate systems by constructing a phase diagram
forthe simulated structures, finding good agreement with both simu-
lations and Frenkel-Ladd free energy calculations (Extended Data
Fig.7). Wethenused EBT tocompute the free energy of aguest-occupied
D-cageinClathll-AOD1and B-cagein ClathI-AOBl1atS=0.42and 0.52,
respectively, for all possible guest orientations. Histograms of the com-
puted free energies from EBT show two distinct distributions for the
B-cage (Extended Data Fig. 8b), but only one continuous distribution
for the D-cage (Extended DataFig. 8a). Employing the same definition
of directional vector in Fig. 4a, mapping the lower free energy distribu-
tion for the B-cage to a unit sphere predicts the same rotational pattern
about an axis observed in the simulations (Fig. 4e). EBT predicts free
rotation for the case of the D-cage (Fig. 4c), in agreement with simula-
tion. The excellent agreement between EBT predictions, the observed
rotational dynamics and the corresponding clathrate structures reveals
that thermodynamics not only drives the formation of the clathrate
structures but also controls the allowed/disallowed guest dynamics
for eachrespective clathrate cage.

The above results suggest that one cana prioriselect the shape of
the guest particles relative to the cage shape to target specific rotational
patterns, whichis potentially useful for the design of stimuli-responsive
sensors or signal-amplifying/propagating mesostructures. To test this
idea, wereplaced the truncated TBP guests with tetrahedral, hexagonal
prismandicosahedral guestsin S = 0.52 clathrate cages (Fig.4j-I) and
observed their rotational motion using HPMC simulation. As hypoth-
esized, thetetrahedron guest (a, = 0.89) freely rotates in the A-cage due
tothe symmetry mismatch between the guest (tetrahedral symmetry)
and the cage (icosahedral symmetry); the hexagonal prism (a; = 0.95)
rotates continuously around an axis in the B-cage because both guest
and cage have an oblate shape; and the icosahedron guest (a, = 1.01)
rotates among several discrete orientations in the A-cage due to the
symmetry match between the guest (icosahedral symmetry) and the
cage (icosahedral symmetry). When the guest particles are sufficiently
smallrelative to the cage size, the shape and symmetry of cage versus
particle is irrelevant and all guests rotate freely. This shape control
over therotational dynamics of the guest particles could be especially
powerful in the self-assembly of host-guest clathrates from binary
mixtures of shapes, as discussed next.

Self-assembly of binary host-guest colloidal clathrates

The cavities of the clathrate cages can be filled by particles different
from that of the host during self-assembly, as confirmed by HPMC
simulations of two binary hard-particle systems: (1) truncated TBPs
with tetrahedra and (2) truncated TBPs with dodecahedra (Fig. 2f,g,
Supplementary Fig. 3 and Supplementary Table 2). We chose the size
of the second particle type to fit into the cavity of the A-cage in Clath |
inboth cases, butselected different symmetries toinduce different rota-
tional dynamics. For the first system, a fluid mixture of truncated TBPs
(§=0.52) and tetrahedra (a, = 0.89) self-assembled into Clath [-A1B1
at ¢ = 0.55, with the A-cages now occupied by a single tetrahedron
guest (rather than remaining empty or being filled by a host particle)
and the B-cages occupied by a single truncated TBP guest (Fig. 2f).
Similarly, the second system (S = 0.52) formed Clath I-A1Blat ¢ = 0.55,
with the A-cages containing a single dodecahedron guest (a0, = 0.97)
and the B-cages containing a single truncated TBP guest (Fig. 2g). As
expected, the guest and host particles again show different rotational
dynamics and entropy compartmentalization, and the second particle
types with different symmetries show different rotational dynamics.
Tetrahedron guests in the truncated TBP-tetrahedron system rotate
freely in the A-cages (Extended Data Fig. 10a) due to the symmetry
mismatch with the cage, whereas the dodecahedron guests in the
truncated TBP-dodecahedron system rotate among several discrete
orientations in the A-cages (Extended Data Fig. 10d) due to the sym-
metry match with the cage. For both systems, the single truncated
TBP guest in the B-cages rotates continuously around an axis (both
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the truncated TBP and B-cage have an oblate shape; Extended Data
Fig. 10b,d); at the same time, the host truncated TBP particles
exhibit only local vibration (Extended Data Fig. 10c), as in all of the
one-component self-assembled colloidal clathrates. The multiple types
of rotational motion identified for the different species of guest par-
ticles in the different cages of the binary clathrates indicate that the
entropy of the guest subsystem may be even further compartmental-
ized among different guest sublattices, by design.

Host-guest colloidal clathrate with attractive polyhedra

We anticipate that these and other open-caged colloidal clathrate crys-
talscanberealized inthe laboratory in several ways, even when purely
hard particles are notavailable or desired. EBT calculationsindicate that
the key ingredient is a net attraction of at least 3 kT between the host
particlesto ‘freeze’ theminto the cage network (Extended Data Fig. 9).
In the hard-particle systems studied here, this attraction is emergent
andimplicit—astatistical, effective force of attraction driven by entropy
maximization. However, an attractive interaction energy between par-
ticles canbe explicitly encoded through the use of attractive ligands®.
Oneway to achieve this would be to use DNA-mediated interactions to
explicitly program a minimum 3-kT attraction between the facets of
the host truncated TBPs. For example, mixing abatch of non-attractive,
truncated TBPs (or other suitable shapes) with truncated TBPs func-
tionalized with self-complementary DNA should produce arelatively
rigid host clathrate network composed of DNA-linked particles,and a
guestsublattice of unlinked particles that rotate in the cages of the net-
work (to make them non-attractive, the guest particles could be func-
tionalized with non-complementary DNA). Thermal annealing about
the DNA melting temperature should produce net DNA base-pairing
interactions between truncated TBP faces onthe order of kT. Once this
thermal energy scaleis achieved, entropy maximization will dominate
and drive the particles functionalized with non-complementary DNA
to occupy theinterior of the clathrate cages. A similar scheme should
work for other types of patchy particle with attractive interactions
between host particles and no attraction between guests or between
guests and hosts.

Wetested these possibilities using two different molecular dynam-
ics (MD) simulation models (Methods): amean-field, pairwise interac-
tion potential using the anisotropic Lennard-Jones potential (ALJ)”
and a patchy particle model of DNA-functionalized colloidal parti-
cles™”®, Both models have successfully predicted nanoparticle assem-
blies”?*?°, In the AL) model, we checked that a B-cage (S=0.52) of
attractive truncated TBPs with a purely repulsive guest TBP
self-assembles at ~5-kT attraction between host particles (Supplemen-
tary Video 5). Here, the choice of 5 kT as opposed to 3 kT was chosen
because EBT does not consider thermal fluctuations present in the
simulations. That is, 3 kT is the minimum attractive strength in the
absence of fluctuations. By selecting 5 kT we ensure that the attraction
issufficiently strong to overcome thermal fluctuations. For the patchy
particle model, we constructed a Clath I-AOB1 (N =2,315, S = 0.52)
system with attractive host truncated TBPs and repulsive guest trun-
cated TBPs. We confirmed that the clathrate is stable at 7*/T};, ~ 0.90
asshowninthe potential energy of the system over time (Supplemen-
tary Fig.4). The fact that the clathrate structure can be stabilized with
attractive host particles suggests that the design approach used here
toselect for different clathrate structures using particle shape should
be useful in guiding experiments, regardless of the source of interac-
tion (and whether explicit or implicit) between particles.

Discussion

Our study shows entropy compartmentalization in both single- and
binary-component, hard-particle host-guest clathrate crystals that
self-assemble from a disordered fluid phase. We observe purely
entropy-driven self-assembly of five different single-component
host-guest colloidal clathrate crystals by simply tuning the amount

of truncation of the TBPs. We also observe purely entropy-driven
self-assembly of two additional clathrate phases with some cages
occupied by tetrahedraor dodecahedra, and others occupied by trun-
cated TBPs. In all cases, the host truncated TBP particles assemble
intoatightly packed, open clathrate network structure and are largely
immobile, while the guest particles exhibit three different types of
rotational dynamics: free rotation, continuous rotation around an
axis and discrete rotation. Because rotation of the guest particles is
the primary way of sampling microstates in equilibrium, we say that
the open clathrate structures are stabilized by the rotational entropy
ofthe subsystem (or subsystems) of guests. That entropy can stabilize
an open colloidal crystal is not new; Mao et al. showed how an open
kagome lattice of attractive triblock Janus spheres is stabilized over a
close-packed structure by the additional vibrational entropy afforded
to the spheres by the open structure®. In our clathrate system, the
absence of explicit attractive interactions, and compartmentalization
of entropy not by degrees of freedom, asinref. 30, but by particle sub-
system, makes such entropic stabilization unusual. Importantly, our
description of the nature of the entropic stabilization for hard-particle
colloidal clathratesis not unlike that used for molecular (for example,
hydrate) clathrates**'*"*, where the host network of water molecules
isice-like and the guests rotate either freely or with preferred orienta-
tions (Table 1). In molecular clathrates, non-free rotation of guests is
attributed to anisotropy in the electrostatic fields arising within the
cages>*'921*3 In colloidal clathrates, the anisotropy necessary for
non-free guest motion arises simply from mismatches between the
symmetries of the particle and the cage.

Unlike molecular clathrates, the pores in colloidal clathrates are
not connected; thus, these colloidal crystals do not lend themselves
to applications requiring the transport of guest particles within the
crystal. However, they are relevant for applications involving particle
storage, particle capture/release, and scaffolding (positioning) of guest
particlesintoadesired lattice. For example, if the size of the open pores
ofthe clathratesis designed to be tens of nanometres, the structure can
be used to capture biomaterials (for example, proteins and viruses) by
judiciously functionalizing the host particles. As another example, note
that the open pores in Clath [-AOB1 are arranged as a body-centred
cubic (bcc) lattice, so one can arrange arbitrary particles into a bcc
lattice (alattice they might never form on their own) by filling them
into the open pores.

As has been demonstrated now in many articles in the literature,
the ability of entropy alone to produce thermodynamically stable crys-
tals that are isostructural to atomic and molecular crystals seems not
to be limited by crystal complexity, and so perhaps we should not be
surprised that purely entropic, colloidal host-guest clathrates are also
possible. However, that entropy alone can produce the key ingredient
of the molecular clathrate (rotating guests inside a relatively ‘frozen’
cage network) and that this rotational ability is critical to the stability of
the crystalis profound. Our findings point at new solutions dictated by
thermodynamics that leverage entropy maximization to drive the for-
mation of complex structures. Inthe systems reported here, sublattices
forminsuch away that the contributionto the entropy difference from
translational degrees of freedom is negligible compared to that from
rotational degrees of freedom, whichin turn are apportioned solely to
the members of one of the sublattices. Thus, although thermodynamic
entropy is a global system property and undefined on the local level,
we canloosely say that the system compartmentalizes its entropy into
the sublattices. Moreover, we see that multiple guest sublattices with
different rotational dynamics and thus different entropies are pos-
sible through further compartmentalization dictated by the guest/
cavity size ratio and symmetries of the various types of guest and cage
contained withinasingle clathrate crystal. Once again, we see that the
‘solution’ found by thermodynamics does not depend on the origin of
theforcesinthe system, and that, in principle, structures equivalentto
those of a great many atomic and molecular crystals can be achieved
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with colloidal nanoparticles. Our findings also further support the
long-held opinion that colloidal systems can be useful models for
atomic and molecular systems by permitting the study of processes
that may be hard to see on atomic and molecular scales.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41557-023-01200-6.
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Methods

Monte Carlo simulation

Simulations were performed using the HPMC? algorithm imple-
mented inthe HOOMD-blue simulation package®*, whichis available
athttps://github.com/glotzerlab/hoomd-blue. The system size for all
self-assembly simulations (Fig.2) iseither N=4,000 or N=10,000, and
all simulations were performed with periodic boundary conditions.
HOOMD-blue’s HPMC module logs the positions and orientations of
particles as xyz coordinates and quaternions, respectively; quaterni-
ons are a simple and fast metric for post-processing of the data. The
self-assembly simulations were initialized from a dilute isotropic fluid
phase with volume fraction ¢ = Nv,/V < 0.1 and compressed until the
desired thermodynamic target (¢ or reduced pressure P* = Pv,/k; T) was
reached. Here, v,and Vare the volume of a particle and the volume of
the simulation box, respectively. The unit length is defined by 0, and
the volume of atruncated TBPis set to v, =1.00° regardless of trunca-
tionamountS. Following compression, each run was continuedin the
NVT ensemble at constant volume fraction ¢ or in the NPT ensemble
atconstant pressure P* until equilibration was reached, as determined
by the appearance of a plateau in the time evolution of pressure or vol-
ume, respectively. Our experience has taught us that hard polyhedron
systems typically crystallize (if they are going to crystallize) within the
range of particle volume fractions 0.45 < ¢ < 0.65inthe NVT ensemble
orwithintherange of reduced pressures 8 < P*<20inthe NPT ensem-
ble. For the present systems, we thus scanned those parameter ranges
to find the values of ¢ and P* where colloidal clathrates formed. For
most systems, crystallization occurred within 1.0 x 108 MC sweeps.
As observed for the previously reported hard regular TBP colloidal
clathrate system®, in most cases, the equilibrium state was that of a
crystal in coexistence with a fluid phase. The simulation parameters
for Fig. 2 are shownin Supplementary Table1.

Guest-to-cavity size ratio

Theguest-to-cavity sizeratio ais defined as ryyeq/Feaviey, Where ry e is the
radius of acircumscribed sphere of the guest particle. We occasionally
use a,—the value of a for an A-cage (that is, r ., is that of the A-cage).
I'.viry Was obtained by the distribution of the distances from the centre
of the cavity to each vertex of the cavity (Extended Data Fig. 2). To
obtain the cavity size distribution of the four different clathrate cages
in0.35 <5< 0.71, we constructed ideal clathrate structures for Clath I-
AOBO, ClathII-A0D1, Clath IlI-AOBIC1, ClathI-AOB1and Clath 1I-A1D4,
and equilibrated those structures before measuring the sizes of their
cavities. After measuring the cavity size of the four clathrate cages, we
plotted a versus S (Fig. 1c). Note that, if the shapes of the guest and the
cavity areboth aspherical, aguest can potentially fit inside a cavity even
thoughr,isslightlylarger thanr,,;, becauser.,, isanaveraged value.

Clathrate identification

The type of clathrate can be identified by its cages and their arrange-
ment’. We classified the cages of the truncated TBP clathrate structure
into four types’ based on the number of truncated TBPs comprising the
cage (A-cage, 30 truncated TBPs; B-cage, 36 truncated TBPs; C-cage, 39
truncated TBPs; D-cage, 42 truncated TBPs); these are mappable tothe
52,567,526 and 526" cages of molecular clathrates, respectively. The
notation 5"6™indicates that a cage has n pentagons and m hexagons as
faces. To detect the number and type of cages in the clathrate crystal,
we converted the truncated TBPs into their polar tips, because the par-
ticles point their polar tips towards the cage centre. We then detected
clusters of the polar tips within a cutoff and counted the number of
polar tips in each cluster. The cluster sizes 30, 36, 39 and 42 then cor-
respondtocagesA, B, Cand D, respectively. Each type of clathrate has
itsown unique arrangement of cages, which can be used to classify the
typeof clathrate. For clathrate type1, the B-cages are arranged insquare
tiles along the four-fold symmetry axis. For clathrate type 2, the A-cages
are arranged in rhombus tiles along the two-fold symmetry axis.

For clathrate type 3, the B-cages are arranged in the Frank-Kasper sigma
tiles along the four-fold axis.

Network representation of clathrate

To simplify visualization of the clathrates, we occasionally represent
the truncated TBP host lattice by a network connecting tetramer cen-
tres (Fig. 2a-d,f,g). This representationis also showninref. 7.

Free-energy calculation for the host and guest sublattices

The free energies of the truncated TBP guest sublattice and the trun-
cated TBP host sublattice were calculated along two paths (A and B)
using the Frenkel-Ladd method***, implemented in HOOMD-blue. For
each path, we selected multiple states(1,2, 3, ...) between the reference
stateand theequilibriumstate that are connected to subsequent states
by a continuous and reversible harmonic potential (Extended Data
Fig.3), whichallows usto calculate the free energy difference between
the reference and equilibrium states. From the reference state to the
Al state (the first state along path A), we released the guest particles
and constrained the positions of the host particles as in the reference
state. In this way we obtained Fy;_nos: (=Fget host) aNd Foy guescindependently
(Fasnoscis the free energy of the host particles at the Al state). Inthe same
way, we obtained Fg, o5 aNd Fy; guest (SFret guese) fOT the Bl state, by releas-
ingonly the guest particles fromtheir positionsinthe reference state.
For the A2 state, we partially released the host particles from Al until
the host particles in A2 showed the same translational and rotational
displacement as that of the host particles in B1 (Extended Data Fig. 4),
giViNg Fuz host ~ Feinose- Similarly, for the B2 state, we partially released
the guest particles from their positions in B1 until the guest particles
in B2 showed the same translational and rotational displacements as
that of Al, giving Fg, guest ~ Fai guest- I this way, we calculated the free
energy of the guest and host particle subsystems independently for
each intermediate state. As we increase the number of intermediate
states n, Fyyeseand Froq Will approach Fey) gyese aNd Freg) post-

Free-energy calculation of bulk phases

The Gibbs free energy per particle, G/Nkg T, of the bulk fluid and clath-
rate phases was calculated using a combination of the Frenkel-Ladd
method”and thermodynamicintegration®. Theapproachisdescribed
indetailinref. 23.

Dynamics of guest particles
The dynamics of the guest particles were characterized by the accumu-
lated positions of adirectional vector on the guest particle mapped onto
aunitsphere (Fig.4b-e,g, left panels). These positions were converted
tospherical coordinates (r, 8, ) and plotted as afunction of §and ¢ for
r=1(Fig. 4b-e, g, right panels). For a single truncated TBP guest, the
directional vector was assigned from the centre of the truncated TBP
towards one of the three equatorial tips of the truncated TBP (Fig. 4a).
For a truncated TBP tetramer guest, the directional vectors are a set
of vectors from the centre of the tetramer towards the centre of each
truncated TBP (Fig. 4f). For freely rotating guests, the distribution of
accumulated positions of the directional vector isisotropic. For guests
rotating around an axis, the distribution is a continuous band. For the
discretely rotating guests, the distribution is localized into clusters.
Thetype of guest particle motionis determined, in part, by @ and
by the prolateness, Pr, of the cavity. The size ratio a has already been
defined. Prmeasures the prolateness (or the oblateness) of acluster of
points from the elements of the radius of gyration tensor*’:

18 0.0
Smn = Nzrnirn[
i=1

where r? is the mth Cartesian coordinate of the position vector r of
theith particle. Because the radius of the gyration tensor is asymmetric
3 x 3 matrix, it can be diagonalized:
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where the diagonal elements are chosen such that A2 < 22 < A2. These

x =y =

eigenvalues are used to define the Pr of the cavity as shown in ref. 40:

3 = A
H,’:l (Ai _A) =27 detS

Pr=——"Grsp

In the limit of high prolateness, Pr =2, and in the limit of high
oblateness, Pr=-0.25.

Entropic bond calculations

Entropic bond calculations followed the same protocol as detailed in
ref.25. Briefly, we constructed each of the observed clathrate structures
fortruncated TBPs spanning the range of truncation values Sstudiedin
the maintext. For eachlattice, we solved for the energy of formation as
afunction of changing the truncated TBP’s degree of truncation. Con-
struction of the phase diagram in Extended Data Fig. 7 was performed
by selecting for the lowest-energy structure ateachtruncationvalueS.
Energy computations for the rotational behaviours of guest particles
were performed for a single cage type (either B-cage or D-cage). The
guest particles were rotated so that the directional vector (defined in
Fig.4a) points at all possible angular locations on the surface of a unit
sphere, each correspondingto aspecific orientational configuration.
The orientations of the cage particles were kept the same across all
sampled guest orientations.

Molecular dynamics simulations

We used a patchy particle model”*® that has been used previously to
model DNA-functionalized nanoparticles, where a hard particle core
(here, a truncated TBP) is surrounded by patches interacting with
patches on other particles. The patch—patch interaction is modelled
by a shifted Gaussian potential, V(r) = egauss€XP [<1/2 (F — ro/Ogauss)],
where g, is the depth of the potential well, o¢,, is the width of the
potential well, ris the centre-to-centre distance between patches, and
roisthe potential energy minimum distance. In this simulation, we used
Ecauss = 0.1€, 06, = 0.30 and r, = 0.450 for the host particles, where £
and o are the energy and length units used in MD simulations. The
shifted Gaussian potential was not applied to the guest particles to
make them purely repulsive. This model uses the discrete element
method* to model the hard-core TBP, and the rounding radius for the
methodis 0.20. The xyz coordinates of the patches ona TBP are listed
inSupplementary Table 3.

Totest the stability of the Clath I-AOB1 system using this model, we
constructed anideal structure with N =2,315TBPs (S = 0.52) and placed
thecrystal cluster at the centre of asimulation box with volume fraction
Vi otal/ Voox = 0.01. We then stabilized the systemin the NVT ensemble at
T*/T%, =~ 0.90 for 4.2 x10° MD timesteps, where T* is the dimensionless
temperature (k;7/€) and T}, is the melting temperature of the clathrate.
Each timestep (4¢) is 0.0017, where tis the simulation time unit. The
potential energy of the system was monitored over time (Supplementary
Fig. 4b) to ensure the system was thermodynamically (meta-)stable.

Data availability

Alldatathatsupport the conclusionsin this manuscript are presentin
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Extended Data Fig. 1| TBP truncation. The truncation parameter S is defined as the length ratio of the maximum truncation length (/,; n,). The [, . is defined as the

maximum distance of the vertex truncation without overlapping the two truncation directions. The regular TBP (S = 0.0) vertices are: (1,1,1), (-1,-1,-1), (2,2,-4), (2,-4,2)
and (-4,2,2). All the TBPs were rescaled to have unit volume.
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Extended Data Fig. 2| Cavity size measurement. a, The truncated TBP tips (left) that point toward a cage center forma cavity (right). The radius of the cavity is
determined by the average distance between the center of the cavity and the truncated TBP tips. b, The distribution of the radius of the cavity B obtained fromabulk
crystal phase of S=0.52 system (Clath I - AOBI) at three different pressures.
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Extended Data Fig. 3 | Free energy calculation. A schematic diagram of the
free energy calculation of the guest and host sublattices in a single component
system. The free energies of the guest truncated TBP sublattice and the host
truncated TBP sublattice were calculated along two paths (A and B). For each
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path, we selected multiple states (1,2, 3 ...) between the reference state and the
equilibrium state that are connected to subsequent states by a continuous and
reversible harmonic potential. See Methods for more details.
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Extended Data Fig. 4 | Free energy matching between states. Free-energy rotational displacements of the host particles. b,c, When the translational and
matching between two states (B1, A2) represented in Extended Data Fig. 3. a, the rotational displacements of the host particles of the A2 matches with that of
Potential energy U(y) change of between the Aland the A2 states of S=0.56 and ¢ B1, the spring constant is prevented from further decreasing. Here, the y of A2 is
=0.60.As we gradually decrease the spring constant y of the harmonic potential 1.0(Iny=0).

holding the host particlesin place, we continue tracking the translational and the

Nature Chemistry


http://www.nature.com/naturechemistry

Article

https://doi.org/10.1038/s41557-023-01200-6

Pressure P*

a
M 261 --- Fluid ‘
é —— Clath 2 (AOD1)
S~ 4
G 24
LLl
q) 22'
Q
'
. 20
Q 7
o R
) 189 ~
8 9 10 11 12

Extended Data Fig. 5| Melting pressure measurement. a, Gibbs free energy of
the fluid and the solid phases of S = 0.42 system. The free energy of the fluid was
calculated by thermodynamic integration and that of the solid was calculated

by the Frenkel-Ladd method (Methods). The red arrow indicates the pressure

(on

Pressure P *

8_

—e— C(Clath 2 (AOD1)

0.45

0.50 0.55 0.60

Packing fraction ¢

where the free energy of the fluid and the solid crosses. b, The equation of state of
S$=0.42system, obtained by melting Clath Il - AODL. The crystal meltsat P - 9.7,
whichis asimilar pressure obtained ina.
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Extended Data Fig. 6 | Reorganization of clathrate structure by the guest particles) spontaneously fill the empty cavity. In these simulation snapshots, all
removal. (left) Guest particles are removed from Clath1- AOB1(§=0.52),andthe ~ blue and red spheres represent the centers of truncated TBPs, and grey bonds
systemis equilibrated at P =11.0. (middle and right) Part of host particles (red connect nearest neighbors.
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Extended Data Fig. 7 | Clathrate Phase Diagram from EBT. Phase diagram of various clathrate morphologies as computed from EBT. Colors correspond to same
phases as in Fig. 2 of the main text. Scatter points are from simulations.
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Extended Data Fig. 8 | Histogram of Orientation Free Energy per Particle from EBT. (left) D-cage of Clath Il - AODL. (right) B-cage of Clath 1 - AOB1. Distribution of
D-cage is continuous, but this is a distinct set of lower free energy configurations for the B-cage.
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Extended Data Fig. 9 | Cage Particle Bonding Free Energy. Computed bonding free energy between particles making up the clathrate cages. o is the in-sphere
diameter of the truncated TBP. Free energy well sits at - 3 kT.
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Extended Data Fig.10 | Rotational motion of guest in binary clathrate
systems. a-b, Accumulated points of a direction vector (from particle center to
avertex) of (a) atetrahedron guestina A-cage and (b) a truncated TBP guest in
aB-cage of aClath - AlBlcrystal phase (S =0.52) at a constant volume fraction
(¢=0.62) for 3 x10” MC sweeps, represented on a unit sphere (left) and spherical
coordinates (r=1.00) (right). ¢, Rotational displacement of the host truncated
TBPs (blue), the guest truncated TBPs (green) and the guest tetrahedra (yellow)
ofthe Clath1- A1B1(S=0.52) at ¢» = 0.62 for 10’ MC sweeps. d, Accumulated
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Discrete rotation
points of direction vectors of (left) a dodecahedron guest in a A-cage and (right)
atruncated TBP guestin a B-cage of a Clath | - A1B1 crystal phase (§=0.52) ata
constant volume fraction (¢ = 0.62) for 10° MC sweeps, represented on a unit
sphere. (left) For the dodecahedron guest, the direction vectors are from particle
center to six randomly selected vertices of the particle, so there are six different
colors. (right) For the truncated TBP guest, the direction vector is the same
vector with Fig. 4a.

Nature Chemistry


http://www.nature.com/naturechemistry

	Entropy compartmentalization stabilizes open host–guest colloidal clathrates

	Results

	Particle design for host–guest hard truncated TBP clathrates

	Self-assembly simulations

	Entropy compartmentalization

	Three types of rotational dynamics of guest particles

	Self-assembly of binary host–guest colloidal clathrates

	Host–guest colloidal clathrate with attractive polyhedra


	Discussion

	Online content

	Fig. 1 Particle design for host–guest colloidal clathrates.
	Fig. 2 Self-assembly simulation results.
	Fig. 3 Entropy compartmentalization and free energy calculation.
	Fig. 4 Rotational motion of guests in clathrate cages.
	Extended Data Fig. 1 TBP truncation.
	Extended Data Fig. 2 Cavity size measurement.
	Extended Data Fig. 3 Free energy calculation.
	Extended Data Fig. 4 Free energy matching between states.
	Extended Data Fig. 5 Melting pressure measurement.
	Extended Data Fig. 6 Reorganization of clathrate structure by the guest removal.
	Extended Data Fig. 7 Clathrate Phase Diagram from EBT.
	Extended Data Fig. 8 Histogram of Orientation Free Energy per Particle from EBT.
	Extended Data Fig. 9 Cage Particle Bonding Free Energy.
	Extended Data Fig. 10 Rotational motion of guest in binary clathrate systems.
	Table 1 Hard colloidal TBP clathrates versus clathrate hydrates.




