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ABSTRACT:
Molecular simulations for gas adsorption in microporous materials with flexible host structures is
challenging and, hence, relatively rare. To date, most gas adsorption simulations have been carried
out using the grand-canonical Monte Carlo (GCMC) method, which fundamentally does not allow
the structural flexibility of the host to be accounted for. As a result, GCMC simulations preclude
investigation into the effect of host flexibility on gas adsorption. On the other hand, approaches
such as molecular dynamics (MD) that simulate the dynamic evolution of a system almost always
require a fixed number of particles in the simulation box. Here we use a hybrid GCMC/MD scheme
to include host flexibility in gas adsorption simulations. We study the adsorption of three gases—
CH4, CO2, and SF6—in the crystal of a porous organic cage (POC) molecule, CC3-R, whose
structural flexibility is known by experiment to play an important role in adsorption of large guest
molecules.1,2 The results suggest that hybrid GCMC/MD simulations can reproduce experimental
adsorption results, without the need to adjust the host–guest interactions in an ad hoc way.
Negligible errors in adsorption capacity and isosteric heat are observed with the rigid-host
assumption for small gas molecules such as CH4 and CO2 in CC3-R, but the adsorption capacity of
the larger SF6 molecule in CC3-R is hugely underestimated if flexibility is ignored. By contrast,
hybrid GCMC/MD adsorption simulations of SF6 in CC3-R can accurately reproduce experiment.
This work also provides a molecular level understanding of the cooperative adsorption mechanism
of SF6 in the CC3-R molecular crystal.

INTRODUCTION
Microporous materials underpin a range of industrial gas adsorption and separation processes.3–5
Accurate understanding of gas adsorption in microporous materials is therefore the key to the
design of new materials for efficient adsorption and separation. Microporous materials such as
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metal-organic frameworks (MOFs),6 covalent-organic frameworks (COFs),7 zeolitic imidazolate
framework (ZIFs),8 porous aromatic frameworks (PAFs)9 and porous molecular crystals10,11 have
emerged as new adsorbents for gas adsorption and separation performances. More recently, porous
molecular solids have attracted growing interest for gas adsorption and separation applications.11–
14

Unlike MOFs and COFs, which are extended framework structures, porous molecular solids are

assembled by close packing of discrete molecular subunits, such as calixarenes and cage-like
molecules.15,16 Molecular crystals result from the balance of many competing, weak interactions,
such as van der Waals (vdW) and electrostatic interactions. The discrete molecular subunits are not
connected by strong chemical bonds, which leads to distinct properties such structural flexibility
and solution processability.17–19

Porosity in molecular crystals that are built from porous organic cage (POC) molecules is a function
of both the stability of the molecular shape and the stability of the crystal packing. Also, the extent
of interconnected porosity between intrinsic pores (inside cage molecules) and extrinsic pores (inbetween cage molecules) can be affected by the structural flexibility of the molecular crystal. For
example, local, transient molecular flexibility might allow diffusion guest molecules that are
seemingly too large into the intrinsic cage cavity,2 while large rearrangements of the cage molecules
in the solid state can give rise to “on/off” porosity switching behaviour.17 The effects of such
structural flexibility in porous molecular crystals can profoundly affect practical adsorption
properties but they are still a challenge to probe and understand, both experimentally and
computationally. Also, this lack of understanding thwarts the ‘intuitive’ structure–function
relationships: for example, a cage that is designed to size-exclude a particular molecule in a
separation may nonetheless adsorb that molecule due to structural flexibility.
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Molecular simulations are a powerful tool for characterizing porosity in microporous materials, in
principle allowing us to identify optimal structures for a target adsorption/separation
application.20,21 Most of the existing simulations of gas adsorption in microporous materials—such
as MOFs, COFs, ZIFs and PAFs,22–25 as well as porous molecular crystals1,26—have been carried
out with the grand-canonical Monte Carlo (GCMC) method while treating the host adsorbent
structures as rigid, which is referred to here as the “rigid host model”. However, adsorption-induced
structural changes to the host adsorbent are commonplace in various classes of microporous
materials.21,27–29 Clearly, any dynamic flexibility of the host structure cannot be accounted for by
simulations based on the rigid host model, which typically uses the time- and volume-averaged
crystal structure from X-ray crystallography.

Porous organic cage crystals have been the subject of several previous studies on the adsorption
behaviour of flexible hosts. Chen et al. showed that the dynamic window apertures of a POC
molecule, CC3, allowed the diffusion of gases that would otherwise be too large to pass through
the static, single-crystal structure of CC3.30 In a follow-up, computational study, it was
demonstrated that the molecular flexibility of CC3 was the key to transient pore-channel formation,
which would go on to influence the diffusion of gas molecules.21 Holden et al. further showed that
taking into account the host flexibility was essential to correctly (albeit qualitatively) explain the
porosity of another POC molecule.31 All those studies employed a combination of GCMC
simulations, using a rigid host, for adsorption predictions and molecular dynamics (MD)
simulations to investigate the effects of the host flexibility on the diffusion of guest molecules at
pre-defined loadings. This is also common practice when studying adsorption properties of flexible
framework-type materials computationally.32,33 By contrast, adsorption simulations with a flexible
host structure (termed as “flexible host model”, hereafter) are rare in the literature. Thijs et al.
included the flexibility of the zeolite silicalite in GCMC simulations by allowing the host atoms to
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have translational Monte Carlo moves, thus directly investigating the influence of the framework
flexibility on the adsorption of hydrocarbons.34 Sholl et al. developed an alternative strategy to
account for the flexibility of a MOF in adsorption predictions by running standard GCMC
simulations on a series of static snapshots taken from MD simulations of the MOF performed
separately.35 It should be noted that considerable amounts of recent efforts have gone into probing
and understanding guest-induced structural changes of the host structure. Wu et al. showed that a
2D highly flexible and breathing porous framework exhibited a double-step adsorption of CO2,
because of the structural contraction or expansion of the host framework during gas removal and
uptake.36 Meza-Morales et al. studied CO2 adsorption in a coordination polymer CPL-2
experimentally and computationally, and found that rotational movements of the host ligands
directly influenced the adsorption of CO2.37 Uncommon adsorption behaviours, such as negative
gas pressures, have also been observed for CO2 adsorption in flexible MOFs.38 Molecular crystals
have also been reported to show interesting guest-induced host structural changes. Sheng et al.
presented a flexible molecular crystal with high adsorptive selectivity of CHCl3 over ethyl acetate,
facilitated by guest triggered alkyl transformation.39 Nikolayenko et al. demonstrated a structurally
dynamic and robust halogen-bonded molecular crystal that underwent reversible switching of its
pore volume by exposure to different gases of different sizes and shapes.40

In this work, we use a hybrid GCMC/MD scheme, which allows for direct sampling of host motions
in adsorption simulations, to study the gas adsorption of CH4, CO2 and SF6 in a porous organic cage
crystal, CC3-R.16 The CC3-R cage molecule has an internal void of 80 Å3, which is accessed
through the four triangular windows that arrange in a tetrahedral way around the cage centre.21 In
the solid state, CC3-R cages pack window-to-window, resulting in a 3-D interconnected
diamondoid pore structure that runs through the centre of each cage. CC3-R crystals are stable to
desolvation, giving rise to high levels of permanent microporosity with apparent Brunauer–
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Emmett–Teller (BET) surface areas of up to 800 m2g-1, depending on the level of crystallinity.41
Highly crystalline CC3-R has been shown to adsorb a variety of gases of different size and
geometry, including hydrogen, nitrogen, methane, carbon dioxide, xenon, krypton and, most
recently, sulfur hexafluoride.1,19,41,42 All previous adsorption simulations on CC3-R adopted the
standard GCMC method in conjunction with the rigid host model. This treatment has been shown
to require fine-tuning of the host–guest interactions in order to reproduce the experimental
adsorption isotherms.1 Here, we combine the hybrid GCMC/MD scheme with some most widely
used generic force fields to describe the host–guest interactions, thereby simulating the adsorption
of CH4, CO2 and SF6 in the fully flexible CC3-R. We show that experimental adsorption results can
be reproduced correctly without altering the original force field parameters.

COMPUTATIONAL METHODOLOGIES
The molecular simulation software for adsorption and diffusion in flexible nanoporous materials,
RASPA 2.0,43 was used throughout this study. All hybrid GCMC/MD simulations included a hybrid
MC/MD move, in which the MD path was computed in the isoenthalpic–isobaric (NPH) ensemble.
Each MD move was performed for 5 timesteps of 0.5 fs each, with a probability of 2% in the
simulation. The MD runs allowed the molecular cage crystals to relax upon the loading of the guest
molecules, with newly relaxed configurations either accepted or rejected by the MC sampling
rule.44 Other trial MC moves included insertion, deletion, translation, rotation and reinsertion; these
moves were randomly attempted with equal probabilities. All of the GCMC/MD and GCMC
simulations involved an 800,000-cycle equilibration period followed by a 200,000-cycle
production run; one cycle consisted of n MC moves, with n being equal to the number of adsorbate
molecules (or 20, whichever is greater). In a typical GCMC/MD simulation performed here, the
sampled MD path amounted to approximately 260 ps in total.
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An accurate force field for the host structure is essential to account for the host flexibility correctly
in GCMC/MD simulations. Recently, Holden et al. developed a bespoke force field, or the cage
specific force field (CSFF), for a series of POC molecules including CC3-R.31 CSFF was adopted
to address the flexibility of CC3-R in our simulations. All force field parameters are given in Tables
S3–S5, and RASPA force field definition files are also provided.
In our simulations, the non-bonding interatomic interactions—including host–host, guest–guest
and host–guest pairs—were described using Lennard–Jones (LJ) interactions. 1–4 intramolecular
non-bonding interactions were also turned on within the CC3-R cage molecule. Equation (1) was
used to calculate the LJ interactions between host–host atom pairs in conjunction with the
corresponding mixing rules by Equation (2), as used in CSFF. For host–guest and guest–guest atom
pairs, the LJ interactions were calculated using Equation (3), with the Lorentz–Berthelot mixing
rules by Equation (4).
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where Eij is the LJ potential between atoms i and j, separated by a distance r; σij is the position at
which the potential is zero; Ɛij is the depth of the potential energy well. All LJ interactions were
truncated at a cutoff distance of 12 Å. Three generic force fields, DREIDING,45 OPLS,46 and UFF47,
were used to assign LJ parameters to the host CC3 atoms when determining the intermolecular
host–guest interactions with CH4, CO2 and SF6. Electrostatic interactions were handled by the
Ewald summation method with the relative precision set to 10-6. Point charges of the atoms of CC3-
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R were taken directly from CSFF, which were taken as the original PCFF charges derived by fitting
to ab initial electrostatic potentials.48 All non-bonded potential parameters are given in Table S6.

The LJ parameters of CH4 and CO2 were taken directly from the Transferable Potential for Phase
Equilibria (TraPPE) force field.49 The CH4 molecule was treated as a united atom with the LJ
parameters ε = 148 K, σ = 3.73 Å. The CO2 molecule was modelled as a rigid, linear three-site
molecule with atomic partial charges placed on each atom (O_CO2: -0.35 e, C_CO2: 0.7 e); its LJ
parameters were assigned as ε = 79 K, σ = 3.05 Å for O_CO2, and ε = 27 K, σ = 2.80 Å for C_CO2.
The SF6 molecule was modelled atomistically and as rigid, with the LJ parameters ε = 163.89 K, σ
= 3.246 Å for S, and ε = 27.24 K, σ = 2.954 Å for F, taken from the 7-site model by J. Samios et
al.50

All simulation boxes contained one unit-cell of CC3-R with periodic boundary conditions exerted
in three dimensions. Using CSFF, we first optimized the (empty) CC3-R crystal structure, starting
with the experimentally reported, desolvated structure, using the Baker minimization method.16,51
The final CSFF-optimized CC3-R crystal structure had a cubic cell with the cell length of 24.759
Å, in excellent agreement with the experimental cell length of 24.8 Å. Superimposing the optimized
cage molecule on top of the experimental one revealed a similarity greater than 98%, with the
average root-mean-square deviation of atomic positions being 0.2 Å (see Figure 1 and Table S2).
We further calculated the pore size distribution (PSD) of the optimized CC3-R crystal structure,
using the method from Gelb and Gubbins52 as implemented in RASPA. As shown in Figure 2, there
are two dominant pore sizes centred around 3.42 Å and 4.56 Å, which correspond to the interstitial
cavity between two neighbouring cage molecules (marked 1 in Figure 2) and the cage cavity
(marked 2 in Figure 2), respectively. These two key pore diameters of the CSFF-optimized CC3-R
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are in good agreement with the values reported previously.1 Hence, the CSFF implemented here
was able to accurately model the molecular structure of CC3-R and its crystalline packing. The
CSFF-optimized CC3-R crystal structure was used in all GCMC simulations (with the rigid host
model) and as the starting host configuration in all GCMC/MD simulations.

Figure 1. Overlay of CSFF-optimized (blue) and experimental (red) structures of the CC3-R
molecule; hydrogen atoms were omitted for clarity.

Figure 2. Pore size distribution (a) and the 3-D pore structure (b) of the CSFF-optimised crystal
structure of CC3-R. The interstitial cavity between two adjacent cage windows is marked 1 and the
cage cavity is marked 2.
9

RESULTS AND DISCUSSIONS
Adsorption isotherms of CH4, CO2 and SF6 in CC3-R
Adsorption of CH4, CO2 and SF6 in CC3-R was simulated with both the flexible and rigid host
models to probe the effects of the CC3-R flexibility on its adsorption behaviours. Figure 3
summarizes all simulated adsorption isotherms, which are compared with their experimental
counterparts.16,42 For CH4 adsorption (Figure 3a), DREIDING based simulations performed very
well in reproducing the experimental isotherm, in terms of both the adsorption amounts and the
shape of the isotherm, while the use of OPLS or UFF led to considerable overestimations.
Interestingly, CH4 isotherms predicted taking into account the flexibility of CC3-R do not differ
significantly from those using a rigid host, which is the case for all three generic force fields tested.
Similarly, Garcia-Sanchez et al. reported that the host flexibility had little influence on the CH4
adsorption in LTA zeolites.53 By contrast, CO2 adsorption (Figure 3b) is sensitive to the treatment
of CC3-R flexibility: the inclusion of host dynamics markedly enhances the uptake of CO2, starting
even from very low gas pressures, independent of the force-field choice for the host–guest
interactions. For SF6 (Figure 3c), the largest molecule amongst the three gases, it becomes essential
to allow the host structure to fluctuate in order to accommodate the amounts of adsorbates measured
experimentally, even for pressures as low as 0.038 bar. Clearly, the rigid CC3-R crystal structure
has less than half of the pore space accessible to SF6 in the flexible or experimental structure. It
was also shown previously that the diffusion of SF6 through CC3-R was facilitated by the dynamic
nature of the cage structure. 42 Overall, the hybrid GCMC/MD simulations, using DREIDING based
host–guest interactions, were able to reproduce the experimental adsorption isotherms for all the
three gases. By contrast, all the other combinations between rigid-/flexible-host and
DREIDING/OPLS/UFF were prone to overestimating the uptakes of the smaller CH4 and CO2 and
severely underestimating those of the large SF6.
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Figure 3. Predicted and experimental adsorption isotherms of CH4 at 275 K (a), CO2 at 289 K (b)
and SF6 at 273K(c) in CC3-R. The different host–guest force fields are colour-coded: black
(squares), DREIDING; red (circles), OPLS; and blue (up-pointing triangles), UFF. Results based
on the rigid host model and the flexible host model are indicated by unfilled symbols and filled
symbols, respectively. Experimental results are shown as green, down-pointing triangles.
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Adsorption positions of CH4, CO2 and SF6 in CC3-R
To elucidate the effects of the structural flexibility of CC3-R on its adsorption of the different gases,
we next focused on DREIDING based simulations with the rigid or flexible host model. Figure 4
shows an overly of simulation snapshots of CH4, CO2 and SF6 molecules adsorbed in CC3-R at 1
bar. Simulations based on either the rigid or the flexible host model yielded similar adsorption
locations of CH4 and CO2 in CC3-R. Both the interstitial cavities and the cage cavities (cavities 1
and 2 in Figure 2) are accessible to CH4 and CO2 molecules. The linear CO2 molecules can
additionally be adsorbed at the cage windows, which are too small for the spherical CH4 molecules.
Figure 4a–d also shows that the flexible CC3-R allows more CH4 and CO2 molecules to be
accommodated in the pore structure, especially in the interstitial cavities and around the cage
windows; both sites are the more confined spaces than the cage cavities in the rigid CC3-R. The
influence of host flexibility becomes even more pronounced for SF6 adsorption (Figure 4e,f). The
interstitial cavities in the rigid CC3-R crystal structure are completely inaccessible to SF6, though
each cage cavity can adsorb one SF6 molecule. By contrast, motions of the host atoms free up pore
space for SF6 adsorption in both the interstitial and the cage cavities. This explains the huge
differences in the simulated SF6 uptakes between the rigid and flexible host models shown in Figure
3c. In passing, we note that the SF6 molecule located inside a rigid cage cavity is highly confined,
whereas it can adopt more orientations when the cage is flexible.
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Figure 4. Overlay of thirty snapshots from the adsorption simulations of CH4 (a, b; 275 K), CO2
(c, d; 289 K), and SF6 (e, f; 273 K) in CC3-R at 1 bar, based on the rigid host model (top) or the
flexible host model (bottom): green, the united-atom representation of CH4; grey and red, carbon
and oxygen of CO2, respectively; yellow and cyan, sulphur and fluorine of SF6, respectively;
hydrogen atoms of CC3-R are omitted for clarity, while carbon and nitrogen atoms are shown in
grey and blue, respectively. The cage (green circles) and interstitial (blue circles) cavities are shown
in (a); the centre-to-centre distances of cage–cage (i.e., between two neighbouring cage cavities),
cage–interstitial, and interstitial–interstitial cavities are 10.30, 5.07 Å, and 8.69 Å, respectively.

Radial distribution functions (RDFs) were used to characterize time-resolved conformational
changes of each adsorbate molecule with respect to other adsorbate molecules (Figure 5). For CH4
adsorption, the rigid host model and the flexible host model yielded the same characteristic CH4–
CH4 distances, 5.18 Å and 8.87 Å (black curves in Figure 5), measured by the two distinct peaks
of the RDFs for the pair. These distances correlate with the characteristic distance (5.07 Å) between
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the centres of a cage cavity and one of its adjacent interstitial cavities and with that (8.69 Å)
between the centres of two neighbouring interstitial cavities (see Figure 4a). In comparison, the
SF6–SF6 RDFs show an additional peak at 11.00 or 11.20 Å, with the flexible or rigid host model,
respectively. This corresponds to the characteristic distance (10.30 Å) between the centres of two
neighbouring cage cavities. The narrower, sharper peaks in the SF6–SF6 RDF (flexible host),
compared to those of the CH4–CH4 counterpart, indicate that the SF6 molecules are more confined
to the specific adsorption sites than the smaller CH4 molecules. Again, not surprisingly, the SF6–
SF6 RDF of the rigid host model only shows characteristic distances for SF6 adsorbed inside
different cage cavities, corroborating the simulation snapshots shown in Figure 4e. The CO2–CO2
RDFs show a different picture: the adsorbed CO2 molecules pack densely in CC3-R, with their
close proximity indicated by a single, distinct RDF peak at 4.08 Å.

Figure 5. Radial distribution functions computed for CH4–CH4 (black; 275 K), CO2–CO2 (red; 289
K), and SF6–SF6 (blue; 273 K) during the adsorption simulations with the flexible host model (solid
curves) or the rigid host model (dashed curves), all at 1 bar.
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Structural dynamics of CC3-R loaded with CH4, CO2 and SF6
We monitored pore-size changes in the flexible CC3-R loaded with CH4, CO2 or SF6 at 1 bar and
at the same temperatures explored above. For each system, we calculated PSD for thirty snapshots
taken from the production run of the hybrid GCMC/MD simulation, after deleting all the guest
molecules in the structure. For comparison, we performed MD simulations for the empty CC3-R
crystal structure at the respective temperatures and calculated PSD histograms in the same way as
for the guest-loaded systems. Figure 6 shows overlays of such snapshots for the three gases,
together with the PSD of the static crystal structure of CC3-R. The adsorption of CH4 did not result
in marked changes in the sizes of the interstitial or cage cavities (Figure 6b). Similarly, the CO2
adsorption did not change the crystal structure of CC3-R drastically, but still the pore-size increases
in both types of cavities were noticeable (Figure 6c). The broader, flatter PSD profiles of CO2loaded CC3-R indicate that the CC3-R structure was expanded more uniformly by taking up CO2
than CH4. More significantly, the largest guest molecule amongst the three, SF6, expanded the host
structure considerably, with the interstitial and cage cavities enlarged by approx. 0.73 Å and 0.67
Å, respectively. Accordingly, the available pore volume of CC3-R was increased most upon the
adsorption of SF6, compared to the other two gases (Figure S7). The fact that pore sizes in CC3-R
vary depending on the adsorbate’s identity suggests a cooperative adsorption mechanism in action:
the host flexibility is required to facilitate guest adsorption, which in turn influences the host
structure and its dynamics. The phenomenon of cooperativity is very challenging to explore by
experiment, so here simulations may offer a unique insight.
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Figure 6, Pore size distribution (PSD) of the CSFF-optimized, static CC3-R with zero loading (a)
and overlay of PSDs of thirty snapshots taken from the hybrid GCMC/MD simulations of CC3-R
loaded CH4 (b; 275 K), CO2 (c; 289 K), or SF6 (d; 273 K), and blank host MD simulations all at 1
bar.
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CONCLUSIONS
This study shows that the structural flexibility of the porous molecular crystal CC3-R must be taken
into account to adequately describe the adsorption of SF6 and, by analogy, other large guest
molecules. On the other hand, the adsorption of small gases, such as CH4 and CO2, can be predicted
reasonably well with the rigid host structure, requiring significantly less computational effort. More
generally, we demonstrate that hybrid GCMC/MD simulations are a powerful approach for directly
probing gas adsorption in flexible hosts, thus allowing for improved understanding of dynamic and
cooperative adsorption events.
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