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We present a computational study of gas adsorption in a large
set of predicted porous organic molecular crystal structures. A
large number of computer-generated porous crystal structures
of 0- and m-fluorophenol, resorcinol and triptycene trisbenzimi-
dazolone were screened for their ability to adsorb xenon, carbon
dioxide and methane, and thereby form clathrates. The thermo-
dynamic driving force for gas adsorption was calculated with
rigid-body lattice dynamics and grand canonical Monte Carlo
simulations, using an accurate anisotropic force field with elec-
trostatic multipoles. The results suggest that the studied com-
pounds may form several clathrate structures at mild temper-
atures and pressures, which may facilitate carbon capture or
separation of gases by molecular sieving.
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Introduction

Clathrates are crystalline materials consisting of a porous
framework, built up by discrete molecules, that adsorb guest
molecules in their pores (1-3). The framework acts as a host
for the relatively weakly bound gaseous guests.

In the absence of directional interactions between molecules,
and disregarding lattice vibrations, the densest crystal struc-
ture of any given composition is the most stable one (4, 5).
Consequently, the empty host frameworks are generally un-
stable and clathrates are rare (6, 7).

Hydroquinone is one of the few widely known clathrate-
forming molecules (8). It has been extensively studied both
experimentally and computationally. Hydroquinone easily
forms clathrates with a large number of guests, including
COg under mild pressure (9). The hydroquinone Hs clathrate
was found experimentally only after a computational study
predicted that such clathrates can form and that they may
have more than one Hy molecule in each pore (10), obviously
of great interest for gas storage applications. The computa-
tional predictions have since been confirmed; the clathrate
exhibits fast and reversible adsorption of hydrogen gas at
room temperature and has double and triple occupancy of Ho
at elevated pressures (11, 12). In addition, the demonstrated
separation of ethane/methane and CO2/N2 gas mixtures by
hydroquinone clathrate is another example of a potential in-
dustrial application (13, 14).

Phenol and several para-substituted phenol derivatives are
known to readily form clathrates with various gases at low
temperatures, and because of their selective affinities for dif-

ferent guests, they can be used for gas separation (15). Phe-
nols with substitutions at the ortho- and meta-positions are
less prone to forming clathrates, but o- and m-fluorophenol
xenon clathrates have been described (16—18).

Clathrates with a host framework of water molecules, com-
monly called clathrate hydrates, have been intensively stud-
ied because of the problems they cause during off-shore
petroleum and natural gas extraction (19). The goal has
then often been to avoid the formation of a water methane
clathrate. More recently, additives that induce the formation
of clathrate hydrates have been studied as a means to cap-
ture CO2 from flue gas or for separating CO2 from biogas
pre-combustion (20).

Computational studies of clathrates have mainly focused on
the calculation of guest adsorption energies by traditional
force field methods. The adsorption energy is calculated ei-
ther from the static lattice energy (21, 22), or with methods
that consider the dynamics and generate a thermodynamic
ensemble, such as molecular dynamics or Monte Carlo (MC)
simulations (23-25). Lattice dynamics is an alternative to
these methods, and can be performed with more accurate
force fields (26, 27), and at a moderate computational cost.
Lattice dynamics studies of clathrates are rare, but Dang
and Pettitt (28) and Belosludov et al. (29) performed lat-
tice dynamics on hydroquinone clathrates with several guest
molecules and compared the computationally obtained vibra-
tional frequencies to experimental data. Conventional lat-
tice dynamics does however rest on an assumption that the
molecules are fixed in the crystal structures and only vibrate
harmonically around their equilibrium positions, which is of-
ten an adequate approximation for close-packed molecular
crystals (30, 31), but probably less so for clathrates, as the
guest molecules have a rattling motion in the cavities, rather
than a vibrational one (32-34).

The adsorption of gases in clathrates depend on both an en-
thalpic (static) binding energy, and an entropic part that de-
pends on the guest molecules’ motion, and how the pres-
ence of the guest affects the motion of the host framework.
The ideal cavity size thus provides a balance of binding en-
thalpy (favouring a tight fit) and entropy (allowing the guest
to move). Several researchers have noted this careful bal-
ance, and how the binding affinity of a guest in a host is re-
lated to the guest-to-cavity volume ratio (35-37). The guest-
to-cavity volume ratio, or the guest’s packing coefficient, is
hence an important property of clathrates. Maximal affinity
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occurs when the volume ratio is close to 55% (38), i.e. sub-
stantially less than close-packed.

Crystal structure prediction (CSP) generates hundreds of hy-
pothetical crystal structures in an ‘energy landscape’ (39).
The main purpose of CSP has so far been about finding the
most stable form and possibly a few metastable polymorphs,
a few kJ/mol above the global minimum (40). Recently how-
ever, we have seen a change in the focus of some CSP studies,
where a much larger part of the predicted crystal landscape
was considered and structures with specific properties were
targeted (18, 41-44).

Solvates, hydrates and clathrates have previously been the
subject of crystal structure prediction studies, although far
less often than single-component systems. CSP of multi-
component crystals are still rarely attempted because of the
difficulty in efficiently sampling the vast space of all possi-
ble relative orientations and stoichiometric ratios between the
different components, and predictions for multi-component
crystals are often less successful than single-component crys-
tals (45).

There are often porous structures in the higher-energy re-
gions of predicted crystal energy landscapes. These usually
neglected structures may be empty host frameworks of in-
clusion compounds, solvates, or clathrates. A few compu-
tational studies have explored this possibility, and with no-
table success. Several such predictions have subsequently
been experimentally confirmed (18, 46, 47). Cruz-Cabeza
(48) performed CSP on several clathrate forming molecules,
including Dianin’s compound (49), hydroquinone, p-cresol
(50), and urea. The calculations successfully reproduced the
host structures of several known clathrates, and allowed plau-
sible candidate structures to be proposed for both the p-cresol
clathrate and the rhombohedral inclusion compound of urea,
whose crystal structures had previously not been fully deter-
mined (15, 51, 52).

We have previously performed CSP calculations on o- and
m-fluorophenol (CSD: QAMWEH, QAMTUU), in order to
determine the crystal structures of their xenon clathrates.
By comparing predicted 29Xe shielding tensors with ex-
perimentally observed chemical shifts and chemical shift
anisotropies, we could propose plausible crystal structures
for these clathrates (16—18).

These successful studies show that predictions of clathrate
structures in many cases can be effectively accomplished
by performing CSP on the host molecule alone, and subse-
quently inserting guest molecules in predicted porous struc-
tures. The method relies on the assumption that the empty
host framework is metastable and corresponds to a local lat-
tice energy minimum, which is a reasonable assumption for
clathrates with gaseous guests, but probably not for solvates
or other multicomponent crystals.

In this article, we present a screening for possible novel
clathrates by computational methods. We combine CSP with
calculations of the physical properties of a large number of
predicted materials in an effort to rationally design functional
materials for gas storage and separation.

We describe lattice dynamics (LD) calculations and grand
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Fig. 1. The clathrate-forming host molecules used in this study. A) m-fluorophenol,
B) o-fluorophenol, C) resorcinol, and D) triptycene trisbenzimidazolone (TTBI). Non-
polar hydrogen atoms not shown for clarity.

canonical Monte Carlo (GCMC) simulations on more than
200 hypothetical clathrates. As host molecules, we use
o- and m-fluorophenol, resorcinol (1,3-dihydroxybenzene,
CSD: RESORA) and a more complex molecule, triptycene
trisbenzimidazolone (TTBI, CSD: DEBXIT), a molecule
specifically designed to yield porous crystals, Fig 1 (53, 54).
TTBI has four known polymorphs, and all are channel-type
inclusion compounds (43).

Resorcinol has three known close-packed polymorphs. It is
not known to form clathrates, but based on its similarity to
other phenol derivatives and its molecular shape, it is reason-
able to speculate that it could form clathrates, and experimen-
tal searches have been carried out (55). CSP has previously
been performed on resorcinol, using two different methods,
in order to elucidate its peculiar helical crystal growth (56).
Besides the greenhouse gases CO2 and CHy, we include
xenon as one of the guest molecules in this study. Xenon’s
polarizability makes it bind relatively strongly in clathrates,
facilitating their formation, and its chemical shift tensor is
extremely sensitive to the atom’s immediate surroundings,
allowing for precise solid state 129Xe NMR experiments on
clathrates. (18, 57).

In summary, we have performed LD and GCMC simulations
on more than 200 predicted clathrates of resorcinol, o- and m-
fluorophenol and TTBI with CO2, CH4 and Xe. The study is
a wide screening, aiming to identify possible materials suit-
able for gas separation and storage applications.

Methods

Scope and selection of crystal structures. We have
used hypothetical porous crystal structures generated by CSP.
The prediction of porous crystal structures of o- and m-
fluorophenol has been reported in a previous article (18). We
have also obtained CSP results of resorcinol and TTBI from
previous works (47, 58, 59).

From the CSP structure sets we selected plausible clathrate
host structures. The structure selection was based on the pore
size and dimensionality as calculated with PLATON or (for
TTBI) ZEO++ (60, 61). The porosity calculations are per-
formed by placing a probe at every point in a 0.2 A lattice
spanning the unit cell and testing whether the probe is within
the van der Waals radius + probe radius (1.2 A) of any atom
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(62-64). For this study, we selected structures with (essen-
tially) discrete pores or narrow channels, see Fig 2.

For the sake of traceability, we keep the original structure
names from the CSP studies. Some names originally con-
tained structural information, such as Z’ or space group sym-
bols, but here the structure names are arbitrary labels only.

Fig. 2. Crystal packing diagrams of the three example structures. Essentially dis-
crete, but interconnected, pores in the debxit_14_1647 structure of TTBI (top). Typ-
ical channel-type cavity in resorcinol_76_3511 (mid), and a 3-hydroquinone-like
structure of o-fluorophenol with completely closed cavities; oF0_R-3_14 (bottom).

In total, 118 porous host structures were considered, but some
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were excluded for various reasons. Some could not adsorb
any guest molecule without structurally collapsing, some
had persistent imaginary phonon frequencies, and some con-
verged to the same structure during geometry-optimization.
For example, oF0_1258, oF0_R-3_6 and oF0_R-3_39 all
converged to the structure oF00_P-1_14655. Only the latter
is included in the final set of results, which contains 84 host
structures and their 206 clathrates that appear to be stable and
successfully completed all calculations.

The crystal structures studied here, with and without guest
molecules, are included in the supplementary information
(ESI) as one CIF file containing all 290 crystal structures.

Guest insertion. We have investigated xenon atoms,
methane and carbon dioxide as guest molecules. The guest
molecules were inserted into crystal structures using a sim-
ple docking mechanism. The centre of mass of the guest
molecule is placed at the centroid of the cavity, as determined
with PLATON. For guests other than xenon, the molecule was
then rotated randomly until there were no clashes between
atoms, using 85% of the summed van der Waals radii as the
criterion for a clash. Guest insertion was performed into the
crystal structures in space group P1, so that we did not re-
strict the positions and orientations of the guest to the sym-
metry of the original host structure. The guest docking was
repeated until there were no more empty cavities in the unit
cell. The structures were then relaxed by energy minimiza-
tion, see below.

The carbon dioxide molecules were supplemented with four
non-interacting dummy atoms located around the carbon
atom, since the program DMACRYS cannot handle linear
molecules (65).

The packing coefficient of the guest was calculated from the
solvent-accessible void volumes, as calculated with PLA-
TON, and the molecular van der Waals volumes: 25.85 A3
for CHy, 38.16 A3 for CO5 and 42.21 A3 for Xe.

Energy model. Several of the methods and programs used
have been described in detail elsewhere (27, 65, 66). The
intermolecular (lattice) energy Ej,¢ is calculated with an
atom-atom force field that includes electrostatic interactions
between distributed multipoles derived from the molecule’s
charge density, as calculated with PBE0/6-311G(d,p). A po-
larizable continuum model (PCM) (67) with a relative per-
mittivity of € = 5.0 was used to model the polarization of the
molecule in the crystal. All DFT calculations were performed
with the GAUSSTAN 09 program (68).

Intermolecular interactions between each pair of molecules
M and N were modelled with an anisotropic force field of
the exp-6 form, and with distributed electrostatic multipoles:

EMN, =" (A exp (=B Ry) - C*Ry® + ERMA)
i,k
1)
where ¢ and k are atoms of type ¢ and x belonging to
molecules M and N respectively, separated by the distance
R;i. The dispersion-repulsion force field parameters A*",
B** and C*" were taken from the W99rev6311P force field
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(26, 66), supplemented with parameters for xenon (18). As is
always done with the Williams force fields, the bond lengths
to hydrogen atoms were shortened by 0.1 A (69, 70). Electro-
static multipoles were calculated from the molecular charge
densities with the GDMA program by Anthony Stone (71).
Multipoles up to rank 4 (hexadecapoles) were distributed
onto all atoms. Ewald summation was used for charge-
charge, charge-dipole and dipole-dipole interactions, while
dispersion-repulsion and interactions between higher multi-
poles were summed between whole molecules up to a centre
of mass distance of 15 A.

By Ej,t¢ we mean the sum of all intermolecular interactions
per mole host molecule. The total energy of a whole simula-
tion supercell with Z host molecules is Z Ej,t¢.

Lattice dynamics. Phonon frequencies are useful to us for
three reasons. First, that all frequencies are real confirms that
the structure corresponds to an energy minimum. Secondly,
they allow us to calculate the vibrational entropic contribu-
tion to the binding energy of the guests. And finally, phonon
frequencies can be compared to experimental Terahertz or
low-frequency Raman spectra, possibly allowing structural
determination by direct comparison to predicted frequencies
(72, 73).
Rigid-molecule geometry optimizations and lattice dynamics
calculations, using the above force field, were performed with
DMACRYS (65, 74).
The total number of non-zero phonons is
n=06ZNy+ NgNgNi—3, Ny is the number of sam-
pled k-points, N4, the number of degrees of freedom for the
guest molecule (3 for Xe, 5 for CO2 and 6 for CHy.), and Ny
the number of guest molecules per simulation cell.
The main difficulty in lattice dynamics lies in the poor con-
vergence of the vibrational energy with respect to Brillouin
zone sampling. We performed simulations on supercells, the
dimensions of which were determined from the requirement
that the reciprocal lattice vectors of the empty host structure
were all smaller than 27 x 0.07 A=, In addition, we used
Debye’s method to model phonon dispersion of the three
acoustic modes, as described elsewhere (27, 75). A linear
phonon dispersion can be assumed for the acoustic modes
near the I'-point and the dispersion relation is determined
from the elastic tensor and the Christoffel equation.
Phonon dispersion around other k-points was modelled as a
kernel density estimate (KDE) (76). We and others have pre-
viously used Gaussian kernel density estimates for this pur-
pose (66, 77). However, invoking Debye’s assumption of a
linear phonon dispersion within a small sphere around each
k-point (78), it can be shown that the dispersion can be ef-
fectively modelled by substituting each discrete phonon fre-
quency w; with an Epanechnikov kernel function (79);

3

K(z) =S (1-2%)(z) %)

where I(x) denotes the indicator function

I(z) = {?’

if [z > 1

3
if |z <1 &
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The phonon density of states of the non-zero optical phonons
w; 18 then:

go(w) = 4b?]’vk zn: (1_ (w—bwi>2>1<w—b%’> @)

i

We have explored the possibility of automatically choos-
ing the kernel bandwidth b by means of least-squares cross-
validation, or from finite differences in phonon frequencies
between k-points (80, 81), but this proved highly impractical
(76, 79). Instead, we have set b =6 cm~ 1, which, based on
experience, seems reasonable.

According to Debye’s approximation, the density of states of
the 3 acoustic modes is:

9 2
szw%w , O<w<uwp 5)

ga(w)

where wp is the Debye frequency, which we obtain from the
elastic stiffness tensor, as described elsewhere (66, 75). The
total density of states g(w) is go(w) + ga (w).

The vibrational energy per mole of host molecule is calcu-
lated as:

oo
Foin(T) = 1Zr ), hwg(w) dw
kT [ —hw
+7Z ; g(w)In (1_eXp(27rkBT)) dw

(6)

The integrals were evaluated numerically with Romberg’s
method. In a couple of cases, they did not converge, and we
then reverted to using a Gaussian KDE with half the band-
width, which gives virtually identical results (40).

The adsorption energies are calculated as the static Fy,, and
vibrational energies F.}, of the fully saturated clathrate rela-
tive to that of the empty host framework and the ideal gas at
300 K and 1 bar:

: z athr ,
ABpint = —— (Bl — Bl )
g
i Z
AF\E)llil;ld — F (F‘filgthrate _ F\%(}))st) — 1 8)
g

where p is the chemical potential of the ideal gas, see Equa-
tions 11 — 13 below.

Monte Carlo simulations. A grand canonical (constant
uVT) Monte Carlo simulation method was implemented in
order to determine the equilibrium gas adsorption at different
pressures and temperatures. The method, based on Frenkel
and Smit (82), was written in Python. The host molecules
were held fixed, and only the guest molecules were subject
to Monte Carlo moves. Insertions, deletions and translations
were equally likely to be attempted. Translations and in-
sertions were always performed after the molecule had been
randomly rotated. Insertions and translations were attempted
at randomly chosen positions independent of the molecule’s
previous position. Pseudo-random numbers were used, and
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uniformly distributed rotation matrices were generated with
Arvo’s fast method (83).

Simulations were performed on supercells created by elon-
gating the single shortest lattice vector until the supercell
contained 16 molecules of TTBI or 18 molecules of the other
compounds. The program DMACRYS and the multipole-
based force field described above were used to calculate the
energy of the Monte Carlo configurations. However, for com-
putational speed and convenience, it is necessary to identify
and reject simulation frames containing atom clashes, i.e.
where atoms are unrealistically close to each other. This is
formally equivalent to including a hard-sphere potential term
EMS {0 the sum in Equation (3), with the form:

®

s _ ) o0 R, < RYIW 4+ RyAW — 0.7 A
ik 0, otherwise

where RVIW denote the CSD-average van der Waals radius

of the atom (84).

The gases were treated as ideal. The thermal de Broglie

wavelength for an ideal gas is

h
A=——— 10
V2rmkgT (10)

where m is the molecular mass. For carbon dioxide and
methane, we include the chemical potential from the rota-
tional degrees of freedom £*°%, obtained as:

2
8T IkBT> a1

u&nz—hﬁm( 3

8r2(2rlkpT)3/?
%h:—@Tm< eritT) 12)

where I is the moment of inertia and o a symmetry number,
2 for CO9 and 12 for CH4. The chemical potential is then

AP
rot

= kpTln | —— 13
p=p""+kpTln ( T T) 13)
Monte Carlo moves involving translations and rotations are
accepted with the usual Metropolis criterion. Particle inser-
tions (+) and deletions (—) are accepted with a probability

calculated as:

. V p— ZA B
P(+) =min (1, BN, 1 1) eXp( knT ))
(14)

. ASNg —H— Z A By
P(—) =min (17 v exp( T )) as)

Simulations were performed on all 206 stable clathrate struc-
tures, at 9 temperatures between 200 and 400 K and for 6
pressures between 0.05 and 4 bar, i.e. more than 11.000
Monte Carlo simulations. These simulations were executed
on an in-house computer cluster, using an ad hocPython
server-client implementation based on CLilly (85). The
GCMC simulations required about 90.000 CPU-hours, all
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other calculations performed in this study are negligible in
comparison.

Each simulation was run until 2000 energy-evaluations had
been performed, and every tenth such configuration was
saved and used for ensemble averaging. The relatively small
number of energy-evaluations are due to the vast majority of
Monte Carlo iterations being discarded due to hard-sphere
overlaps and without energy-evaluation.

The heat of desorption g (per mole gas) was calculated from
ensemble averages as (86):

<NgZE1att> - <ZE1att> <Ng>
— (16)
! (N2) — (N)?

This estimate depends on an adequate sampling over a range
of guest occupations, and should be most reliable for those
clathrates where the simulation covered both fully saturated
and completely empty structures. The heat of desorption does
not vary substantially with temperature or pressure, why we
report the average across all simulated temperatures and pres-
sures q. The experimentally observable isosteric heat of ad-
sorption is —q+ RT'.

Our multipole-based force field for intermolecular interac-
tions should be highly reliable, and has performed very well
in the past (40). Some approximations are however necessary
to be able to carry out a screening of so many structures. We
have re-optimized the crystal structures after guest insertion,
so the calculated lattice energies and lattice dynamics sim-
ulations do account for the relaxation of the host structure
around the guest. However, this effect is not included in the
grand canonical Monte Carlo simulations. The host structure
is held fixed, and while this is computationally convenient,
it neglects the fact that the host molecules also have ther-
mal motion and that the unit cell expands and contracts with
respect to temperature, pressure and the presence of guest
molecules. Such effects are however not expected to greatly
influence the results, since organic molecular crystals gener-
ally change in volume and lattice parameters by a mere 3%
to 5% over the pressure- and temperature ranges we explore
here (66). The changes in unit cell volumes in response to
guest occupation are about as large (79).

Results

Binding energies and lattice dynamics. We present re-
sults on general trends over all clathrates and detailed re-
sults for three representative examples, namely the structures
shown in Fig 2. Most results are presented in the supple-
mentary information, and include packing diagrams, phonon
spectra and adsorption isotherms for all structures.

The three example crystal structures have different kinds
of pores. The resorcinol structure resorcinol_76_3511 is a
channel-type inclusion compound; the four-fold screw axis
of space group P4, results in the formation of open channels.
The o-fluorophenol structure oFO_R-3_14 has the hexago-
nal R3-motif common to all known clathrates of the phenol-
type. Most predicted host structures of the fluorophenols
have this symmetry. The TTBI structure debxit_14_1647

ChemRxiv | 5

https://doi.org/10.26434/chemrxiv-2024-qvfgj ORCID: https://orcid.org/0000-0001-9011-3962 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2024-qvfqj
https://orcid.org/0000-0001-9011-3962
https://creativecommons.org/licenses/by/4.0/

belongs to P27212, (P2;11 if intramolecular symmetry is
ignored). The cavities are interconnected by narrow bottle-
necks, possibly facilitating gas diffusion through the crystal
structure.

Molecular crystals are almost always close-packed with
packing coefficients near 70% (87). In real clathrates, and
in most of our predicted structures, the guest molecules have
a significantly looser packing. However, the cavity volume
calculation is imprecise, and guest packing coefficients are
in some cases not well-defined. In channels or extended net-
works of interconnected pores, it is not possible to calculate
a packing coefficient for the guest. We have therefore plot-
ted results in Fig. 3—4 only for the majority of structures with
well-defined guest packing coefficient, see the ESI for details.
The distribution of guest packing coefficients is centered near
55%, but has a wider range than expected. That is, some
apparently stable structures have cavities that seem too small
or too large for its guest. Many of the structures however
appear to have near ideal cavities for CO5 and Xe.

In Fig 3 (top), we see that, contrary to expectation, there is
no correlation between the static (0 K) binding energies and
the cavity size. It is surprising to see that strong binding
(EPaﬁd < —35 kJ/mol) can occur with packing coefficients
as small as 25% and as large as 80%.

Methane is generally less strongly bound than CO2 and Xe.
Methane is however not as strongly penalized by the loss of
entropy as COq, presumably because methane molecules are
quite free to rotate in the clathrates, which carbon dioxide,
being a linear molecule cannot.

The two structures that bind COq the strongest are oF0_R-
3_17 and oF0_R-3_20, these both belong to the class of
hexagonal R3-symmetric structures that strongly resem-
ble hydroquinone clathrates, see also the very similar o-
fluorophenol structure in Fig 2. These two structures
bind CO2 with a heat of desorption of —60 kJ/mol and
—52 kJ/mol, respectively, which can be compared to the isos-
teric enthalpy of adsorption of COs2 on active charcoal which
is typically between 15 and 25 kJ/mol (88, 89), nanoporous
carbon 16 to 33 kJ/mol (90), and amine-functionalized meso-
porous silicas 6578 kJ/mol (91).

The guest molecules introduce new lattice vibrational modes
in the crystals, which give the clathrates a stabilizing con-
tribution to the free energy. In Fig 3 (middle) we show the
spread in F\]f’lg‘d calculated at 300 K. Again, there is a wide
range, and no apparent correlation with respect to the packing
coefficient of the guest molecules.

The heat of desorption g takes the anharmonic thermal mo-
tion of the guest into account and should be a good estimate
of the experimental isosteric heat of adsorption. It is calcu-
lated as an average over all simulations at all temperatures
and pressures for each clathrate. The results are shown in the
bottom panel of Fig 3.

We can compare the heats of desorption calculated from
static (0 K) lattice energies with the more realistic estimate
g from the grand canonical ensembles, see Fig 4. There is
a correlation, as expected, but it is weak. Hence, using only
lattice energies to assess the affinity of gases in clathrates at
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Fig. 3. (top) The lattice energy stabilization of CH,4 clathrates are typically 10-30
kJ/mol, and 20-50 kJ/mol for CO5 and Xe, relative to the empty host structure.
There is no correlation between the static binding energy EPI24 and the size of the
cavity. (middle) The vibrational contribution to the free energy is also independent
of the cavity size. (bottom) The ensemble-average heat of desorption ¢ ranges
approximately from —15 to —30 kJ/mol for CH4 and —20 to —-50 kJ/mol for the
other gases. Again, there is no correlation between the adsorption energy ¢ and
the size of the cavity.

finite temperature is unlikely to give reliable results.

The binding energies, in the form of the static (lattice) energy
contribution Eg&d, the guest’s contribution to the vibrational
energy F\E’fg‘d, and the ensemble-averaged heat of adsorption

q for the different clathrates are shown in Tab 1. The vibra-
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Fig. 4. The static (0 K) desorption energy is weakly correlated with the ensemble-
average desorption energy q.

tional energy depends on temperature and pressure and was
evaluated at 300 K and 1 bar.

Clathrate Epind - pbind g
debxit_14_1647_CH4 —28.5 319 -28.0
debxit_14_1647_CO2 —39.8 340 -—-40.1
debxit_14_1647_Xe —36.5 28.1 —44.6
resorcinol_76_3511_CH4 —19.8 275 —-17.2
resorcinol_76_3511_C0O2 —-27.3 36.2 —25.6
resorcinol_76_3511_Xe -27.0 257 —=25.6
oF0_R-3_14_CH4 —234 28.5 -21.9
oF0_R-3_14_CO2 —36.3 395 —-41.3
oF0_R-3_14_Xe —35.1 29.0 —-34.1

Table 1. Adsorption energies, in kd/mol, for some representative clathrates. The
vibrational energy is a function of temperature and pressure and was calculated for
300 K and 1 bar.

Phonon densities of states for the structures debxit_14_1647,
resorcinol_76_3511, oF180_R-3_51, and their fully occu-
pied clathrate structures are shown in Fig 5. Guest inclu-
sion typically modifies some of the host’s phonon modes and
leaves other modes unaffected. Methane often introduced
new distinct high-frequency vibrations, while xenon intro-
duces low-frequency modes. Note the Debye approximation
that leads to a small interval at very low frequencies where
the DOS depends quadratically on the frequency, as per Eq.
5.

GCMC results. Thanks to the hard-sphere potential and the
immediate rejection of unphysical configurations, equilibra-
tion and convergence are reached relatively quickly. The con-
vergence is plotted for three examples where the clathrates
are about 2/3 full, see Fig 6. Only Monte Carlo moves that
did not result in a hard-sphere clash were energy-evaluated,
and only those iterations are shown in the figure. For each
such iteration, there were on the order of 100 Monte Carlo
moves that were not counted. Hence, the true number of
Monte Carlo moves in each simulation was around 200.000.
However, the adsorption isotherms show artifacts due to non-
convergence, the guest adsorption does not always depend
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Fig. 5. Phonon densities of states for the structures debxit_14_1647, resorci-
nol_76_3511, oF0_R-3_14, and their fully occupied clathrate structures.

monotonically on temperature and pressure. Hence, for quan-
titative calculations of the properties of clathrates, we rec-
ommend simulations that are longer than those used here for
screening a large number of structures.

We have calculated the equilibrium adsorption for all
clathrates at 6 pressures and 7 temperatures between 200 K
and 350 K. For the examples presented here, we have ex-
tended the temperature range to 400 K to better show the
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Fig. 6. Example convergences of grand canonical Monte Carlo simulations. Only
iterations where energy-evaluations were performed are counted. The first half of
the simulation was used for equilibration, ensemble averages were calculated over
the 1000 last iterations (red line). Green lines are 11-iterations moving averages.

desorption, especially of Xe, which tends to adsorb strongly
even above room temperature.

A. Results for example structures. The results are shown

in Figs. 7—9. The white dots show the pressure and tempera-
ture combinations where Monte Carlo simulations were per-
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formed, the stoichiometry between the dots is interpolated
by a piecewise cubic polynomial. For debxit_14_1647, we
see that the structure is completely saturated with Xe (1:1
TTBI:Xe stoichiometry) at all temperatures and pressures,
with only a hint of desorption at 400 K and 0.05 bar. Many
of the structures in our study bind xenon that strongly. The
other gases however are generally less strongly bound.
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Fig. 7. Adsorption isotherms for clathrates of debxit_14_1647. Monte Carlo Simu-
lations were performed at temperature and pressure combinations marked by white
dots. The areas between the dots are interpolated.
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We note that the adsorption isotherms are generally not
strictly monotonic, which is an artefact that arises because
the calculations are not completely converged. Longer
Monte Carlo simulations are probably needed to obtain re-
liable quantitative estimates for the gas adsorption, but to
completely converge all 10.000 simulations would be pro-
hibitively costly and beyond the scope of this initial screen-
ing.

The adsorption of gases in the resorcinol_76_3511 structure
is presented in Fig. 8. Note the scale, the maximum value
(dark red) is for a completely saturated structure (4:1 host-
guest stoichiometry in this case). This resorcinol structure
also binds xenon the strongest, and both CH4 and CO» are
quite poorly adsorbed at all pressures and temperatures above
200 K. Again, this is representative of many of the clathrates
in this study.

In Fig 9 we see the adsorption behaviour of the
hydroquinone-type oFO_R-3_14 structure. This structure ad-
sorbs CO5 strongly even at room temperature and 1 bar of
COa3 pressure, in addition, the adsorption at 1 bar is strongly
temperature-dependent around 300 K, possibly facilitating
reversible adsorption by temperature regulation. This struc-
ture also has a large difference in affinity for CO2 and CHy,
properties which may make it suitable for COg scrubbing
from flue gases or for upgrading biogas, assuming the pre-
dicted structure can be realized.

Conclusions

Powell pointed out, in 1950, that it is impossible to make re-
liable predictions as to which substances will form a clathrate
structure (92). This is no longer true. Crystal struc-
ture prediction in combination with grand canonical Monte
Carlo simulations is a powerful method for the prediction of
clathrate structures and their properties. Using such meth-
ods and a highly accurate multipole-based force field, we
have predicted novel clathrates of resorcinol, o- and m-
fluorophenol and TTBI that adsorb CO2, CH4 and Xe. We
have found 84 structures that are mechanically stable both
when empty and fully saturated with guest molecules. We
have calculated the equilibrium adsorption of Xe, CH4 and
COao, at several temperature and pressures, finding that Xe
is in general most strongly adsorbed, and CH4 quite weakly.
Several structures are fully occupied with xenon even at room
temperature and pressure, suggesting they may form quite
easily. We have also found structures that adsorb CO2, for in-
stance mF180_R-R_18, see Fig 10. This structure, which has
an unusually large CO2 heat of desorption, ¢ = —52.8 kJ/mol,
adsorbs large quantities of COy even below 1 bar of COq
pressure and above room temperature. The cavity to guest
volume ratio for this structure is ideal, 57%.

Our results suggest that, just like a molecule can have sev-
eral polymorphs, there may be several clathrates of a given
molecule, for TTBI, a molecule designed to form porous
crystals, this is already known to be true.

Because of the commercial incentives, CSP is mostly used
on novel pharmaceuticals, where the goal is to identify the
thermodynamically stable form for development into a drug
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Fig. 8. Adsorption isotherms for clathrates of resorcinol_76_3511.

product (85). As demonstrated here, CSP is useful also for
other purposes, especially in the search for, and rational de-
sign of, functional materials. In particular, unstable or exotic
materials that are challenging to study experimentally at am-
bient conditions on Earth are particularly suitable for compu-
tational modelling (93, 94).

The predicted clathrate structures are included as CIF files
in the supplementary information. They should be valuable
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Fig. 9. Adsorption isotherms for clathrates of oF0_R-3_14.

when experimentally searching for new clathrates of these
compounds, since simulated powder X-ray diffraction pat-
terns, NMR-, Raman- and THz-spectra of these structures
may allow identification of new phases by direct comparison
between simulated and experimental data (18, 72, 73, 95, 96).
The adsorption of gases in clathrates depends on both en-
thalpic and entropic contributions. We calculated the static
temperature-free adsorption energy, a vibrational energy, as
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Fig. 10. Adsorption isotherms for the m-fluorophenol structure mF180_R-3_18.
This structure is predicted to adsorb CO2 even at above room temperature and at
reduced pressures.

well as an ensemble-average heat of adsorption. We expected
to find dependencies between these quantities and the size of
the cavities. Naively, one would expect that small pores are
enthalpically favoured, while larger pores allow the guests to
move more freely, contributing additional entropy. Surpris-
ingly, we found that apparently (meta-)stable structures that
are able to adsorb quantitatively can have a very wide range
of packing coefficients, and that there are no apparent corre-
lations between cavity size and thermodynamics.

Perhaps needless to say, we encourage the scientific commu-
nity to try to isolate the predicted clathrates.
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