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Simulations of p-rert-Butylcalix[4]arene with Multiple Occupancies of Small

Guest Molecules

Saman Alavi* and John A. Ripmeester'®

Abstract: Classical molecular dynamics
simulations were used to study low-
density f,-phase p-tert-butylcalix[4]ar-
ene inclusion compounds with multiple

the calixarene units was validated in
our previous work (Chem. Eur. J. 2006,
12, 5231). The inclusion energy and
unit cell volume of the calixarene in-

clusion compound were determined for
various guest occupancies and for occu-
pancies greater than 1:1, strong guest—
guest interaction effects are observed.

calix occupancies of xenon, carbon di-
oxide, methane, and hydrogen guest
molecules with guest-—host ratios rang-
ing from 1:4 to 4:1. Custom parameter-
ized force fields were used for the
guests and the AMBER force field for

systems -
molecular
occupancy

Introduction

The pure form of the low-density 3,-phase of solid p-tert-bu-
tylcalix[4]arene (tBC) (Figure 1) crystallizes in the mono-
clinic P2,/n space group."? The B,-phase is metastable at
room temperature and has a density of 1.050 gcm—.”) When
exposed to low pressures of small gas-phase molecules such
as Xe, NO, SO,, N,, O,, H,, and CO,, the ,-phase forms in-
clusion compounds in which the host lattice structure retains
the P2,/n space group.®* Upon heating the inclusion com-
pound, the guest molecules are desorbed at temperatures
that depend on the nature of the gas guest species. This vari-
able retention of different gas-phase guest molecules can po-
tentially be used for gas-phase separations.

A number of simulation studies of the interactions of
guest molecules with the calixarene solid host lattice phases
have appeared in the literature. Ogden and co-workers”
used ab initio molecular dynamics calculations to study the
host—guest interactions for CS, and toluene p-tert-butylca-
lix[4]rene inclusion compounds in the solid phase and for
isolated gas-phase complexes. They observed that crystal
packing has a significant effect on host-guest packing in the
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The structure and energetics of the 2:1
CO,/py-phase inclusion compound were
compared to those of the low-tempera-
ture 2:1 CO,/calixarene in which the
guest molecules occupy both cage and
interstitial sites.

multiple

calixarenes. The predicted packing configurations of the
guests in the crystal were in good agreement with experi-
mentally determined structures for these compounds. Ledn,
Leigh, and Zerbetto!® performed a molecular mechanics cal-
culation with the MM3 force field on the effect of guest in-
clusion on crystal packing of the p-tert-butylcalix[4]arene
solid. They studied a range of possible structural motifs ob-
served for the self-included calixarenes and calixarene—guest
complexes. They calculated small interaction energies be-
tween the guest and host (<30 kcalmol™') and predicted
that the guest would be mobile in endo-calixarene com-
plexes. The selectivity of isolated p-tert-butylcalix[4]arene
molecules towards different guest molecules was studied by
Daschbach etal.” using the potential of mean force
method. Their study suggested that selective interactions of
the calixarenes can be used for the separation of compo-
nents of a gas mixture.

We have recently studied structural and dynamical behav-
ior of By-phase calixarene inclusion compounds with xenon,
nitrogen, hydrogen, methane, and SO, using molecular dy-
namics simulations® with guest—host occupancy ratios up to
1:1. At these occupancy ratios, the unit cell volume and in-
clusion energy were determined to vary linearly with guest
occupancy and the guest molecules in adjacent calixes do
not interact and adsorption is consistent with the Langmuir
adsorption isotherm. The calculated inclusion energy of the
guest molecules was found to correlate well with the tem-
perature of release of the guests in the thermogravimetric
experiment.”!
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Figure 1. The structure of the p-fert-butylcalix[4]arene molecule (top) and
the low-density calixarene f3,-phase. The four-layer ABCD repeat unit of
the solid phase is shown along with characteristic distances between the
centers of neighboring cages (in Angstroms). Oxygen atoms are shown in
black and carbon atoms in gray. For clarity, the hydrogen atoms are not
shown.

The pressure and temperature of the formation of the in-
clusion compounds of xenon, carbon dioxide, methane, and
hydrogen guests with less than 1:1 host—guest ratios along
with the observed percent occupancy of the calixarenes are
given in Table 1. In this work we study multiple occupancies
of these guest molecules in the calixarenes with molecular
dynamics simulations. The effects of multiple occupancies
on the unit cell volume and inclusion energy are deter-

Table 1. Experimental loading conditions for hydrogen, methane, carbon
dioxide, and xenon guests in the low-density f,-phase calixarene and
mole percent of host calixarene occupancy.

Guest P [atm] T [K] Host occupancy
[%]

H," 31 298 66

CH," 35 298 71

Cco,M 1 296 40

CO,1 300 313 80

Xel®! 1 298 30

[a] Ref. [21]. [b]Ref. [22]. [c] Ref. [29]. [d] Ref. [28]. [e] Ref[10].
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mined, and the radial distribution functions for the guest
molecules in the multiple occupancy case are compared to
those for the singly occupied cages. The doubly occupied
carbon dioxide/f-phase calixarene is compared with the
high-pressure 2:1 carbon dioxide/calixarene complex with
interstitial guest molecules that has recently been experi-
mentally observed at 125 K.’ Alternative solid-state phases
have also been recently observed for xenon tBC inclusion
compounds for loadings greater than 0.25 for the host/guest
ratio.'’! The formation of these alternative crystal structures
is discussed in the context of the inclusion energies obtained
for the tBC complexes.

Computational Methods

A 2x2x2 replica of the unit cell of the low-density calixar-
ene y-phase with 25.272 x51.538 x25.292 A® dimensions was
used in the simulation; the positions of the atoms in the unit
cell were taken from X-ray crystallographic data.®! In the
molecular dynamics simulations the p-tert-butylcalix[4]arene
molecules are considered to be rigid, with intermolecular
potentials considered to be a sum of Lennard-Jones (LJ)
and electrostatic point charge potentials between atoms on
different molecules:

1 N 12 6

- o \" (9:\], a4

Viner = 2 z {4817{(’:7) (’if) }+4“50’i/} M
=1 j>i=1

The LJ parameters ¢; and o; for the atoms of the calixarene
cages were taken from the AMBER force field'! and stan-
dard combination rules were used for the LJ potential pa-
rameters between unlike atom-type force centers i and j.
Electrostatic point charges, g;, on atoms of tBC were calcu-
lated from Mulliken analysis by using HF/6-31G(d) level
calculations. The complete set of L] parameters, electrostat-
ic point charges, and Cartesian coordinates of the tBC mole-
cules and details of the force fields for the xenon and meth-
ane guests are also given in reference [8]. The H, LJ param-
eters are taken from the Wang potential™ with atomic
point charges assigned to reproduce the gas-phase quadru-
pole moment of H, Carbon dioxide LJ parameters are
taken from the elementary physical model (EPM) of Harris
and Yung,"® which was used in simulations of dense fluid
carbon dioxide. Point charges on CO, were determined to
reproduce the experimental gas-phase quadrupole moment
of 4.3 Buckingham.!'"¥ The LJ parameters and point charges
of the guest molecules are given in Table 2.

Equilibrium properties of the inclusion compounds were
calculated with isotropic NPT molecular dynamics simula-
tions using the Nosé—Hoover thermostat-barostat algo-
rithm!™'" on the simulation cell with the DL_POLY 2.16.1'81
The relaxation times for the thermostat and barostat were
chosen as 0.1 and 1.0 ps, respectively. The equations of
motion were integrated with a time step of 0.5 fs using the
Verlet leapfrog scheme.”?) Coulombic long-range interac-
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Table 2. Average atomic charges and Lennard-Jones interaction parame-
ters used for the xenon, carbon dioxide, methane, and hydrogen guests in
the MD simulations.

Atom q [e] o [A] &; [kcalmol ']
Xe 0.0000 4.099 1.8480
C (in CO,) +0.6645 3.064 0.0576
O (in CO,) —0.33225 2.785 0.1649
C (in CH,) —0.572 3.350 0.1017
H (in CHy) +0.143 2.610 0.0171
H (in H,) 404932 2.68224 0.0288
H(cm) (in H,) 0.9864 0.000 0.0000

tions were calculated by using Ewald sums™™? with a preci-
sion of 1x107°% and all interatomic interactions in the simu-
lation box were calculated within a cutoff distance of
Reyop=12.0 A. The simulations were carried out for a total
time of 100 ps, in which the first 10 ps were used for temper-
ature scaled equilibration. For CO,, CH, and Xe, occupan-
cies up to two guests per calixarene molecule, and for the
smaller H, guests, occupancies up to four were considered.
The simulations were carried out at a pressure of 1.013 bar
and a temperature of 173 K.

The experimental crystal structure for a tetragonal high-
pressure 2:1 CO,/host calixarene at 125 K has been deter-
mined” for which one CO, guest occupies a calixarene cage
and the second CO, molecule resides in an interstitial site
and is aligned along the unit cell ¢ axis. The unit cell of this
phase is shown in Figure 2. We will compare the unit cell
volume and inclusion energy for this phase with the hypo-
thetical doubly occupied low-density [3-phase calixarene. A
2x2x4 replica of the unit cell of this high-pressure phase
with 25.442 x25.442x50.340 A*> dimensions was used in the
simulations.

sl

a

Figure 2. The unit cell structure of the interstitial phase of the 2:1 CO,p-
tert-butylcalix[4]arene inclusion compound. The structural data is taken
from reference [9]. Oxygen atoms are shown in black and carbon atoms
in gray. For clarity, the hydrogen atoms are not shown.

Results and Discussion

The H,—H, center-of-mass, CH,—~CH, carbon-carbon, CO,—
CO, carbon-carbon, and Xe—Xe radial distribution functions
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(RDFs) at a pressure of 1.013 bar and a temperature of
173 K for the multiply occupied guest-host solids are shown
in Figures 3 to 6, respectively. In each Figure, the LJ interac-
tion potential (in arbitrary energy units) for the guest—guest
interactions is given for reference.

The adsorption of H, gas to the extent of 0.2 wt% was
measured for tBC at room temperature and 31.0 atm equi-
librium pressure.”! This roughly corresponds to a 2/3 occu-
pancy of the calixarene bowls. The RDFs for the H,~tBC in-
clusion compounds with guest-host ratios of 1:1 to 4:1 are
shown in Figure 3. The maximum of the first broad peak in

4 Ho per cage
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i
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Figure 3. The hydrogen—hydrogen center-of-mass radial distribution func-
tions for the fully occupied 1:1, 2:1, 3:1, and 4:1 guest-host calixarene for
the 173 K simulation at 1.013 bar. The H,—H, Lennard-Jones potential is
shown with the dot-dash line to characterize the guest—guest interactions.
The scale of the y axis of the LJ potential is arbitrary.

the RDF for the singly occupied H, inclusion compound lies
near 7 A and corresponds to the separation of hydrogen
molecules from paired calixarenes in facing rows shown in
Figure 1. The next broad peak in the singly occupied cages
starts near 10.5 A and corresponds to the separations of
guests from the next nearest neighboring calixarenes from
the facing rows in Figure 1. The doubly to quadruply occu-
pied H,—calixarenes show a sharp peak in the RDF at a sep-
aration of about 3 A. This average separation of hydrogen
molecules in the guest cluster corresponds to a bulk density
of 0.03 gcm™. For comparison, the density of liquid hydro-
gen at its boiling point of 20 K at atmospheric pressure is
0.07 gem ™. The broad peaks of the RDFs indicate guest
motions in the cages.

An equilibrium methane-tBC inclusion compound satu-
rated with 1.7 wt % methane forms at a methane pressure of
35 atm, at room temperature (starting from an initial pres-
sure of 38 atm). Full occupancy of all bowls with methane
corresponds to 2.4 wt % methane.”? Starting with lower ini-
tial pressures of methane, equilibrium was attained at a
pressure of 410 Torr, and the molar ratio of methane to cal-
ixarene was determined to be 14 %.?*?Y Only diffuse elec-
tronic density data could be obtained from single-crystal X-
ray diffraction data of the methane-tBC inclusion com-
pound. The solid-state NMR spectrum revealed a *C reso-
nance at 0 =—11.3 ppm for the guest methane in the calixar-
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ene.” This shift can be compared to *C methane resonan-
ces ranging from 0 =—8 ppm in zeolites,” 0=—9.4 ppm in
tris-o-phenylenedioxycyclotriphosphazine,”  and 6=
—4 ppm observed for methane clathrates.” This large up-
field shift implies relatively strong interactions of the meth-
ane with the ring currents in the calix. Evidence of methane
diffusion through the cages was observed. The first maxi-
mum of the singly occupied CH,—calixarene carbon—carbon
RDFs (shown in Figure 4) is calculated to be about 6.8 A,
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Figure 4. The CH,~CH, center-of-mass radial distribution functions for
the fully occupied 1:1 and 2:1 guest-host calixarene for the 173 K simula-
tion at 1.013 bar. The CH,—~CH, Lennard-Jones potential is shown with
the dot-dash line to characterize the guest-guest interactions. The scale
of the y axis of the LJ potential is arbitrary.

and for the doubly occupied inclusion compound the CH,
guests in the same cage display a peak in the RDF at a dis-
tance of about 3.2 A. In the doubly occupied case, the first
CH, RDF peak lies mostly in the repulsive region of the LJ
carbon-carbon interaction potential, and a repulsive energy
contribution from placing a second CH, molecule in the cal-
ixarene cage is expected.

The formation of the inclusion compound of CO, in tBC
was observed with solid-state  NMR spectroscopy by
Graham et al.® at 40°C and 30MPa CO, (supercritical)
pressure. The ®C peak for CO, in the inclusion compound
was observed at d=129.9 ppm. X-ray structure data could
not be obtained from these crystals of this inclusion com-
pound, and thermogravimetric analysis showed that under
these conditions, 70% of the tBC molecules incorporated a
CO, guest.™ Atwood and co-workers™**” state a CO, occu-
pancy of 80% in the cavities (two host molecules) at atmos-
pheric pressure and 23°C, and they reported a *C NMR
signal for CO, at 6=121.9 ppm. In a recent experiment,
Udachin et al.’! were able to obtain single-crystal X-ray
structural data for the 1:1 and 2:1 CO,/tBC compounds. In
the 1:1 compound, the CO, molecules located inside the
calix gave rise to an average angle of 26.6° with respect to
the pseudo-fourth order axis of the calix. In the 2:1 calixar-
ene, the interstitial CO, molecules lie along the fourfold
symmetry axis of the calix, whereas the guest molecules in
the calix are tilted at an average angle of 35.4° with respect
to this axis. The closest O—O distance between the CO,
guests in the 2:1 compound was determined to be 2.8 A.
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The ®C NMR chemical shift of the CO, carbon in the 1:1
compound was determined to be 6 =122.4 ppm. The 2:1 cal-
ixarene displays a single line in the C spectrum with a mea-
sured chemical shift of §=123.6 ppm. The single line in the
NMR spectrum of the 2:1 calixarene shows that the intersti-
tial CO, guest and the guest in the calix undergo a rapid ex-
change.

In the singly occupied inclusion compound, the first maxi-
mum of the CO, carbon—carbon RDFs (Figure 5) is calculat-
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Figure 5. The CO,~CO, center-of-mass radial distribution functions for
the fully occupied 1:1 and 2:1 guest-host calixarene for the 173 K simula-
tion at 1.013 bar. The RDF of the high-pressure CO, calixarene is also in-
cluded for comparison. The CO,—CO, Lennard-Jones potential is shown
with the dot-dash line to characterize the guest—guest interactions. The
scale of the y axis of the LJ potential is arbitrary.

ed to be at about 7.3 A which corresponds to the random
distribution of the CO, molecules in adjacent calixarene
cages. With double occupancy in the (3, framework, the two
CO, guests in the same cage display a peak in the RDF at a
distance of about 3.2 A. The interstitial 2:1 guest-host inclu-
sion compound shown in Figure 2 has a broad first peak at
about 4.0 A with a shoulder at about 3.4 A. The interstitial
complex allows larger separations between the CO, guests.

Experiments show that for host-guest ratios less than
0.25, the solid-state phase of the Xe-calixarene inclusion
compound maintains the P2,/n space group and unit cell
vectors of the By-phase.'’! For host—guest ratios of 0.25, the
separations of xenon atoms from X-ray crystallography in
the 0.25 occupied inclusion compound are 6.78 and 10.39 A,
respectively,'” and from '’Xe-'”Xe dipolar coupling in
double quantum (DQ) NMR spectral'”’l the Xe—Xe distance
is determined to be 6.6 A. In the simulations, for xenon oc-
cupations up to 1:1, the first maximum in the RDEF, shown
in Figure 6, lies between 6 and 7 A, and the broad peak in
the RDF between 9 and 10.5 A corresponds to the separa-
tion of xenon atoms from the next nearest neighboring cal-
ixarenes in the lattice. These values are in excellent agree-
ment with the experimental values. The calculated first Xe—
Xe separation is somewhat smaller than the other nearest
guest—guest separations studied in this work.

In the doubly occupied xenon inclusion compound the
first large maximum in the RDF lies at about 4.5 A and rep-
resents two xenon atoms in the same calixarene bowl. The
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Figure 6. The xenon-xenon radial distribution functions for the 1:1 and
2:1 guest-host calixarene for the 173 K simulation at 1.013 bar. The Xe—
Xe Lennard-Jones potential is shown with the dot-dash line to character-
ize the guest—guest interactions. The scale of the y axis of the LJ poten-
tial is arbitrary.

separation of these two guests corresponds to the minimum
of the Xe—Xe LJ interaction potential, but a comparison of
the width of the RDF peak with the LJ interaction potential
shows that there is a significant repulsive component to the
interactions for Xe—Xe pairs in the same calixarene cage.
Experimentally, at guest-host ratios greater than 0.25, a
second peak arises in the ”Xe NMR spectrum which has
been interpreted as being related to a new configuration
with closest Xe—Xe separations at 8.8 A.') Our simulation
results agree with other experimental evidence!'"”l that these
second peaks do not represent doubly occupied calixarene
cages and are caused by a solid-state phase transition that
arises from the sliding of adjacent calixarene layers.

The inclusion energy per unit cell, AE;,, for the guest
molecules is defined by Equation (2):

AE,,, = E(guest-calix)—E(calix)— E(guest) (2)

where E(guest-calix) and E(calix) are the energies per unit
cell of the guest-calixarene solid phase at each occupancy
and the pure f,-phase calixarene, respectively. The free
guests molecules are assumed to be ideal gases with ener-
gies, E(guest) =3nRT/2, where n is the moles of guest mole-
cules per unit cell and R is the gas constant. This assumes
the guest molecules have the same rotational energy in the
calixarene phase as free gas molecules. The inclusion ener-
gies for different occupancies of the H,, CH,, CO,, and Xe
guests are given in Table 3 and plotted in Figure 7. The
linear variation of the inclusion energy for occupancies up
to 1:1 shows that within the scope of the present simulations,
guests in singly occupied adjacent adsorption sites do not
appreciably interact and the Langmuir adsorption isotherm
can be valid for describing the adsorption process. Using the
values in Table 3, for the 1:1 guest-to-host ratio, the inclu-
sion energy per guest for xenon is the largest at —24.0 kcal
mol~!, followed by CO, with —10.2 kcalmol !, and methane
and hydrogen guests with —6.7kcalmol™! and
—2.2 kcalmol™', respectively. The values of the inclusion
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Table 3. Dependence of the calculated inclusion energy per unit cell
(kcalmol ') with occupation fraction for xenon, carbon dioxide, methane,
and hydrogen guests in the low-density f,-phase calixarene at 173 K and
1.013 bar pressure. The error bars in the energies are 0.5 kcalmol .

Occupation AE;4(Xe) AE;pq(CO,) AE;q(CH,) AE;q(H,)
0.25 —244 -10.5 —6.2 —2.2
0.50 —47.8 —21.1 —-13.9 —4.8
0.75 —71.7 -30.8 -20.5 —6.7
1.00 -95.9 —40.8 -26.9 -9.0
1.50 —51.0

2.00 —89.1 —60.3 —-29.8 —-13.3
3.00 —16.1

4.00 -17.9

AEingl (kcal mol™" unit cell)

Cage Occupancy

Figure 7. The variation of the inclusion energy per unit cell (kcalmol™)
for p-tert-butylcalix[4]arene with xenon, carbon dioxide, methane, and
hydrogen guest occupancies for the 173 K simulation at 1.013 bar. For oc-
cupancies greater than 1:1, deviations from linearity are observed.

energy give an indication of the conditions required to
maintain the stability of the calixarene compound as given
in Table 1. It can be seen that the H, and CH, guests that
have the smallest inclusion energies require the highest pres-
sures to maintain their stability.

For the 2:1 inclusion compounds, the repulsive interac-
tions between guests in the same cages contribute to a de-
crease in the magnitude of the inclusion energy as compared
to the 1:1 compounds. This trend is particularly noticeable
in the inclusion energy of the xenon and methane clathrate
since repulsive interactions among guests in the same calix-
arene cage can be large, see Figure 4 and 6. Deviations from
linearity in the inclusion energy/occupancy curves are seen
for all guests, implying that a simple Langmuir isotherm will
not apply over the range of occupancies greater than 1:1.

The dependence of the unit cell volume and density on
the fractional guest occupancy at 173 K and ambient pres-
sure are given in Table 4 and the unit cell volumes are
shown in Figure 8. In Figure 8, it is seen that up to an occu-
pancy ratio of 1:1, the addition of xenon guests to the calix-
arene causes a decrease in the unit cell volume. The repul-
sion among the two xenon guests in the 2:1 guest-host com-
pound causes an increase in the unit cell volume of about
15 %, which is outside the scale of this Figure. For the other
guests, the increase in the unit cell volume upon reaching
1:1 occupancy is negligible. A roughly 2% volume increase
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Table 4. Dependence of the calculated unit cell volume and density with
the occupation fraction for xenon, carbon dioxide, methane, and hydro-
gen guests in low-density [3-phase calixarene at 173 K and 1.013 bar pres-

sure. The error in the density values is 0.003 gem >,

Occupation Veuea [A'] Peaiea [gem ]
0.00 3903.3+9.1 1.104
Xe 0.25 3894.4+10.1 1.163
0.50 3886.0+£8.8 1.221
0.75 3878.6£8.0 1.280
1.00 3870.4+8.2 1.339
2.00 4552.2+14.5 1.330
CO, 0.25 3900.4+£10.5 1.124
0.50 3899.2+9.4 1.143
0.75 3896.5+10.0 1.162
1.00 3893.9+9.4 1.182
1.50 3924.9+10.0 1.210
2.00 3947.4+9.6 1.240
3912.0+ 8.5 1.2511!
CH, 0.25 3989.4+8.9 1.112
0.50 3897.4+79 1.120
0.75 3894.8+10.1 1.127
1.00 3893.0+8.9 1.134
2.00 3943.94+9.2 1.147
H, 0.25 3902.1+8.4 1.105
0.50 3901.1+8.5 1.106
0.75 3901.84+9.2 1.107
1.00 3899.1+9.5 1.109
2.00 3904.6+8.5 1.111
3.00 3922.24+9.5 1.109
4.00 3930.4+10.0 1.110

[a] Determined from experiment for interstitial CO, phase described in
reference [9].
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Figure 8. The variation of the unit cell volume (A®) for p-tert-butylca-
lix[4]arene with xenon, carbon dioxide, and methane for 1:4 to 2:1 guest/
host complexes, and hydrogen for 1:4 to 4:1 guest/host complexes for the
173 K simulation at 1.013 bar. The unit cell volume of the interstitial 2:1
guest/host carbon dioxide complex is also show. The unit cell volume of
the 2:1 Xe inclusion compound is out of the range of this Figure and is
not shown.

for CO,~ and CH,—calixarenes is observed upon reaching
double occupancy. The volume of the interstitial 2:1 CO,—
calixarene shown in Figure 8 is significantly lower than the
hypothetical 2:1 calixarene studied in this work.

For xenon occupancies greater than 0.25 the adjacent
layers of tBC cages rearrange in a manner that retains the
existing single-crystal structure.'”’ Due to the strong re-
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straints of periodic boundary conditions, these rearrange-
ments are difficult to reproduce in MD calculations. Experi-
mentally, inclusion of the second CO, guest molecule in the
calixarene leads to the formation of a solid-state phase with
both intercalixarene and interstitial guest molecules.” The
common characteristic of the Xe— and CO,~tBC inclusion
compounds is the large inclusion energies for the guests.
These large inclusion energies can affect the balance of the
energies that determine the solid-state structure and lead to
phase transitions at higher guest ratios. The H, and CH,
guests with small inclusion energies are not expected to
cause phase transitions in the calixarene solid phase.

Conclusion

Molecular dynamics simulations were used to study calixar-
ene inclusion compounds with xenon, carbon dioxide, meth-
ane, and hydrogen guest molecules. The AMBER force field
is used for the intermolecular Lennard-Jones interaction pa-
rameters of the calixarenes and specialized force fields are
used for the guests in the simulations.

The unit cell volume and inclusion energy, defined in
Equation (2) for different guest/host ratios are determined
in this work. Up to a host/guest ratio of 1:1, these quantities
show linear variation with guest occupancy which implies
the absence guest—guest interactions in neighboring cages.
The inclusion energies of xenon, carbon dioxide, methane,
and hydrogen are —24.0, —10.2, —6.7, and —2.2 kcalmol ™,
respectively.

The Xe- and CO,-tBC inclusion compounds are experi-
mentally observed to exhibit solid-state phase transitions at
occupancy ratios greater than 0.25 and 1, respectively. These
two guests have the largest inclusion energies in the calixar-
ene. The large inclusion energies can affect the balance of
forces in the clathrate structure and lead to different calixar-
ene solid-state structures. The magnitude of the calculated
inclusion energy in the f;-phase may be used as an indica-
tion of whether solid-state phase transitions are likely to
occur in the inclusion compounds.
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