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Abstract

The development of adsorption and membrane-based separation technologies to-

ward more energy and cost efficient processes is a significant engineering problem fac-

ing the world today. An example of a process in need of improvement is the separation

of C8 aromatics to recover para-xylene, which is the precursor to the widely used

monomer terephthalic acid. Molecular simulations were used to investigate whether

the separation of C8 aromatics can be carried out by the porous organic cages CC3

and CC13, both of which have been previously used in the fabrication of amorphous

thin film membranes. Metadynamics simulations showed significant differences in the

energetic barriers to the diffusion of different C8 aromatics through the porous cages,

especially for CC3. These differences imply that meta-xylene and ortho-xylene will

take significantly longer to enter or leave the cages. Therefore, it may be possible

to use membranes composed of these materials to separate ortho- and meta-xylene

from para-xylene by size exclusion. Differences in the C8 aromatics’ diffusion barri-

ers were caused by their different diffusion mechanisms, while the lower selectivity of

CC13 was largely down to its more significant pore breathing. These observations will

aid the future design of adsorbents and membrane systems with improved separation

performance.

Introduction

Molecular separation processes are estimated to be responsible for 10-15% of the world’s total

energy consumption.1,2 Therefore, one of the key economic and environmental challenges

today is the development of less energy-intensive alternatives to commonly used separation

processes such as distillation. The separation of the aromatic molecule para-xylene (pX)

from its structural isomers meta-xylene (mX), ortho-xylene (oX) and ethylbenzene (Figure

1) is an example of a separation in need of an alternative process and was named one of

“seven separations to change the world” by Sholl and Lively.2 Millions of tonnes of pX
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are used each year in the production of many polyester fibres and the production of the

polymer polyethyleneterephthalate(PET),3 thus it is a precursor of considerable industrial

importance.3,4

The xylene structural isomers share similar physical properties that complicate pX sep-

aration; for instance, nearly-identical boiling points reduce the effectiveness of distillation.5

The most common isomer separation method for pX involves a simulated moving bed (SMB)

containing a zeolite which preferentially adsorbs pX.6,7 The Parex process that was developed

by UOP is an example of an SMB process.8 A downside of SMB processes is that they require

the use of a competitive desorbent to remove pX from the zeolite bed; a further separation,

usually using distillation, is then required to remove the desorbent from the pX product.9

The different freezing points of the four isomers enable separation by crystallisation; however,

the method is highly energy intensive.5

Figure 1: Ethylbenzene, the three xylene isomers, and their kinetic diameters.10

There is a significant precedent for the use of porous materials in the separation of C8

aromatics, as shown by the widespread application of zeolites in the Parex process.6 Zeolites

are also used as catalysts in xylene isomerization reactions, which are used in tandem with

SMB or crystallization separations to increase the overall pX yield.7,11 Increasingly, metal-

organic frameworks (MOFs) are also being investigated for this separation. For adsorption-

based separations, Torres-Knoop et al. found that MAF-X8, a Zn pyrazolate-carboxylate

MOF, was selective for pX due to the presence of channels which allowed π-stacking of the

pX molecules.12 Gee et al. also reported several MOFs with a pX selectivity comparable
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to the BaX zeolite that is used in the Parex process.13 Both MIL-4713 and UiO-6614 have

been reported to be selective for oX, and a separation using one of these two MOFs can

compliment existing pX-selective methods.

Shape-selective membranes provide an alternative for the separation of xylene isomers,

which Sholl and Lively claim would use 90% less energy than traditional methods.2 Some

state-of-the-art membrane materials under investigation include zeolites and MOFs. Both

zeolites and MOFs contain well-defined interconnected channels with nanometer-sized aper-

tures that allow pX (kinetic diameter = 5.8Å) to be separated from the bulkier mX and

oX (kinetic diameter = 6.8Å). MFI zeolite membranes in particular have been extensively

studied for pX production.6,15–18 The manufacture of crystalline zeolites and MOFs into

large-scale and defect-free membranes remains challenging, however. Solution-processable

polymers of intrinsic microporosity (PIMs) are a promising alternative for chemical sepa-

rations. Polymeric membranes tend to present a broad size distribution of micropores and

swell in the presence of organic chemicals leading to poor separation selectivity.19 Carbon

molecular sieve (CMS) membranes have demonstrated great potential for the separation of

xylene isomers due to their ordered pore architectures, high diffusion selectivity, and ease of

manufacture.20

Porous organic cages are a class of porous materials that are made of discrete molecules

with intrinsic voids, which can self-assemble to form extended pore networks in the solid

state.21–23 These materials have many potential uses in the field of separation, including

in the sensing and removal of the pollutant formaldehyde from air;24 the removal of the

greenhouse gas SF6 from air;25 the separation of noble gases;26 and the separation of aro-

matic molecules,27 including enantiomers of chiral aromatics.26 One key advantage of porous

molecular materials over extended framework materials, such as MOFs or zeolites, is their

high solution processability, which comes from their ability to dissolve in solvents without

disassembling.28 Both amorphous29 and crystalline30 porous organic cage thin films can be

fabricated by solution casting from organic solvents such as dichloromethane. The resultant
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amorphous thin film membranes are capable of a shape-selective separation of H2 and N2.29

This promising membrane separation performance suggests that porous organic cages could

potentially be used in shape-selective membranes for the separation of aromatic molecules.

This work focuses on computational evaluations of the diffusion of C8 aromatics in two

imine-based porous organic cages (Figure 2): CC3, which is constructed from triformylben-

zene building blocks connected by cyclohexane diamine linkers,31,32 and CC13, which uses

the same building block but with 1,1-dimethyl diamine.33

(a)

(b)
(c)

Figure 2: a) The porous organic cages CC3 and CC13 and their precursors. The molecules
differ only in the vertex functionalization. b) A simplified wireframe CC3 molecule (gray
= aromatic building block, red = cyclohexane linker), and the crystal structure and pore
network of its α-polymorph (cyan = pore network). c) A wireframe model of an amorphous
CC3 structure previously reported in the literature.34

CC3 and CC13 have several properties that would make them ideal for the shape-

selective separation of C8 aromatics, including the diameters and flexibility of the cage
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windows. The static pore limiting diameter of a single CC3 cage is 3.62Å,35 which is far

too small to allow the C8 aromatic molecules in Figure 1 to diffuse through. However,

the windows in porous organic cages, including CC3 and CC13, are capable of dynamic

changes in size. In other words, the cages can expand to accommodate large guests25,26,35,36

or provide access to formally occluded voids in a crystal structure.37,38 This phenomenon is

similar to Barbour’s “porosity without pores”39 and Holden et al. defined three classes of

porosity as a result of this observation. The first class is static porosity, which is porosity

that is present even in a static crystal structure. The second is dynamic porosity, which is

not present in the static crystal structure but instead results from the dynamic motion of the

cage molecules. The third and final type is cooperative porosity: porosity which can only

exist due to the presence of a guest molecule in the pore network.38 Diffusion mechanisms

that take advantage of cooperative porosity have been observed for many guest molecules

that, under normal circumstances, are too large to pass through a host’s pore network.

Examples of this include the diffusion of linear alkanes and SF6 in ZIF-8,40 the diffusion of

SF6 in CC3,25 and the diffusion of xylene isomers in UiO-66.14

Consideration of dynamic and cooperative porosity is essential to gain an accurate picture

of the sorption behavior of a porous organic cage, especially when considering guests whose

diameters are similar to or larger than the limiting diameter of the cage windows. Diffusion

of guest molecules can be explored using molecular dynamics (MD) in many cases. Values for

a guest’s self-diffusivity in a porous network can be calculated once ballistic motion through

the pore network has been achieved, which, for smaller guests, can require simulation times of

less than 10 ns at 298 K.36 High-temperature MD has also been used to observe the diffusion

of large guests, such as xylene isomers in CC3.27 Alternatively, enhanced sampling methods

can be used to understand the cooperative diffusion of large guest molecules.41–44 Umbrella

sampling is one example of an enhanced sampling method, which uses artificial harmonic

restraint forces to limit the motion of a guest molecule in a system.45 Camp and Sholl

used umbrella sampling to identify the cooperative diffusion mechanisms for large guest
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molecules such as SF6 in the CC3 crystal structure and gave a quantitative estimate for the

diffusivity of SF6 in CC3.43 By contrast, no diffusion of SF6 could be measured in a 10 ns

MD simulation.36

An alternative enhanced sampling method is the metadynamics method of Laio and

Parrinello.46 Metadynamics has been used to observe the diffusion of SF6 in CC3 and to

determine the diffusion mechanism and associated energetic barrier.25 It has also been used

to determine the energy barriers to Xe and Kr diffusion in CC3 and other porous organic

cages and cage-like molecules in a search for new noble gas separating agents.47 In this work,

metadynamics is used to evaluate key energetic barriers to the diffusion of C8 aromatics in

the porous organic cages CC3 and CC13.

Methods

Validation of the Single Molecule Approach

In this study, calculations were carried out on isolated CC3 and CC13 single molecular

cages, as opposed to the cages’ solid-state crystal structures. Calculations with single cages

have been previously used to evaluate barriers to the diffusion of SF6,25 Xe and Kr47 in

CC3. The main advantage of studying single cages compared to solid-state structures is

that it allows for a faster exploration of properties intrinsic to a particular cage that may

affect its ability to separate a set of molecules. Furthermore, Miklitz et al. showed that

window size fluctuations, which are crucial to a cage’s ability to separate large guests, show

mostly the same distribution in an isolated CC3 cage and the crystal structure of its α-

polymorph.47 The single molecule approximation also allows much longer timescales, such

as the 100 ns previously required to evaluate the energetic barrier to SF6 diffusion25 and the

even longer timescales applied in this work, to be accessed at a reasonable computational cost.

Some properties can vary based on the cage’s packing and therefore cannot be determined

using the single molecule approximation. For example, the preferred binding site of pX in

7



the CC3 crystal structure is in the inter-cage void,27 which is not present in a single cage

model. The self-diffusivity of a particular guest molecule also cannot be calculated using this

approximation because a guest molecule’s diffusion behavior can vary between crystalline and

amorphous structures of the same cage.34,36 However, several significant energetic barriers can

be calculated independently of the bulk structure. These barriers are the barrier to crossing

through the cage windows and the barrier to the reorientation of a guest molecule in the

cage so that it can leave through a different window. An understanding of this reorientation

barrier is necessary because the molecules must reorient themselves in order to move through

the tetrahedral pore network of CC3α.27 The motions leading to these barriers are shown

schematically in Figure 3a. The differences in the window and reorientation barriers for

each aromatic guest will give a qualitative view into whether the separation is viable using

a particular cage, which would provide an efficient route for screening porous organic cage

systems for separation applications.

(a)

(b)

Figure 3: a) A schematic showing a generic guest molecule (blue cylinder) entering a
schematic molecular cage (gray = aromatic building block, red = cyclohexane linker) by
one window and exiting by another. There are potentially three distinct energetic barriers
to this diffusion process; passing through the first window; reorienting in the cage so as to
be able to exit through a different window and finally passing through the second window in
order to leave the cage. b) The windows used to define the collective variable for the meta-
dynamics simulations, with the hydrogen atoms used to approximate the window centers
highlighted in magenta (window 1) and cyan (window 2).
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Calculation of Free Energy Barriers to Diffusion

The single cage molecular structures for CC3 and CC13 were extracted directly from the

Cambridge Structural Database (CSD), reference codes PUDXES32 and OFOQEI,33 respec-

tively. For the CC13 molecule, a single isomer of the cage was generated by resolving the po-

sitions of the linker atoms with a Python script (see Section S1 for details). Single molecules

of pX, mX, oX, ethylbenzene, benzene, and toluene were manually inserted into each of the

cages and each structure was used as an input for a simulation using DL_POLY2.20,48 with

the input structures generated using DL_FIELD3.5.49,50 The OPLS_2005 force field51 was

chosen for the simulations, as the OPLS family of force fields has proven effective at model-

ing imine-based porous organic cages,52 including the calculation of diffusion barriers25 and

pathways.37

The metadynamics calculations were carried out using DL_POLY2.20 and the PLUMED

2 plugin.53 Two collective variables were used: the distances between the centers of two of

the cage’s windows and the center of mass of the guest molecule. These collective variables

were designed to encompass all three energetic barriers described in Figure 3a. Furthermore,

energetic walls were used to prevent the guest molecule from moving more than 4.5Å from

the cage center of mass and from entering the other two cage windows. Window centers

were approximated by computing the center of mass of the three aromatic hydrogen atoms

surrounding each window of the cage. The particular hydrogen atoms that were used in the

collective variables and that were employed in the metadynamics simulations are shown in

Figure 3b. Two-dimensional Free Energy Surfaces (FESs) were generated using the sum_hills

utility of PLUMED and the lowest energy pathways across the FESs were found using the

MEPSA code developed by Marcos-Alcade et al.54 The lowest energy pathways across the

FES encompassed two window crossings and a reorientation. We also computed these FESs

using a reweighting procedure.55,56 Error bars on these estimates of the free energy were

estimated using a block averaging procedure57 and were found to be on the order of 1 kJ mol−1

to 2 kJ mol−1. Finally, snapshots of the trajectories were visualized using the VMD package58
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to explore the guest diffusion mechanisms. Full simulation details and an example input file

for these metadynamics simulations can be found in Section S2.1, while the convergence of

the simulations is discussed in Section S3.

Calculation of Pore Limiting Envelopes

A pore limiting envelope (PLE) is a histogram of the window sizes of a particular cage over

time. The PLEs for CC3 and CC13 with no guest and the PLEs with single molecules of

ethylbenzene, pX, mX and oX were calculated using an approach similar to one reported

previously.47 MD simulations in the NVT ensemble were run using DL_POLY2.20 for each

combination of guest and cage. The simulations used a timestep of 0.7 fs and were run

for 105 ns at 300 K using a Nose-Hoover thermostat. Atomic positions were sampled every

1.4 ps, resulting in 75,000 total configurations that were then analyzed using pywindow, a

Python package developed to calculate the structural properties of porous materials.59 For

each cage, the final PLE histogram was generated from the diameters of all sampled windows

(4 per cage over each of the sampled configurations).

For the simulations with a guest molecule present, the decision was made to not apply

an energetic wall near the cage. This is different to the metadynamics simulations described

in the previous section, in which the wall was used artificially encourage guest molecules to

remain close to the window. The second set of metadynamics simulations were run using

the same collective variable as the one used by Hasell et al. to study the diffusion of SF6 in

CC3 and the changes in window size during this process.25 This collective variable samples

the distance between the center of mass of the cage and the center of mass of the aromatic

guest, with an energetic wall placed 24Å away from the cage center of mass to prevent the

guest from moving too far from the cage (see Section S2.2 for further details and an example

input file). PLEs were constructed from these metadynamics simulations by selecting only

those sampled configurations where at least part of the guest molecule was in the window,

defined as a collective variable value in the range of 2Å to 6Å, and then only including the
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largest of the four window diameters in that configuration (which was assumed to be the

one containing the guest).

Results and Discussion

We will first discuss the diffusion pathways and the associated free energy barriers for the

six guest molecules passing through CC3, before comparing to these properties in CC13 to

determine the influence of vertex functionalisation.

Diffusion Free Energy Barriers in CC3

We first explored the diffusion pathway for the six guest molecules (the four C8 aromatics

in Figure 1, benzene and toluene) in CC3. The 2D FESs are shown in Figure 4, which also

includes an annotated FES plot (Figure 4a) to assist in the interpretation of the results for

each guest molecule. Figure 4c shows the 2D FES plots for each guest molecule in CC3.

The minimum energy paths are represented in Figure 4c by a dotted line that indicates

the approximate trajectory, ignoring small local energy fluctuations. It is important to

not place too great a significance on small energy differences (less than a few kJ mol−1)

between barriers calculated with metadynamics simulations using a forcefield, due to the

combination of potential errors with the forcefield and the limitations of the convergence

criteria discussed in Section S3. The minimum energy paths in this two-dimensional CV

space that were obtained by applying MEPSA54 on these free energy surfaces are shown in

Figure S16a. The energy profiles for the minimum energy paths are shown in Figure 4b and

the values for the key energetic barriers and calculated errors in the reweighted FESs are

shown in Table 1.

The top left plot in Figure 4c shows the FES plot for benzene diffusion through CC3,

where the minimum energy path for diffusion passes close to the cage center of mass. Benzene

passing close to the center of mass gives the guest/host complex shown in the first image in
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(a) (b)

(c)

Figure 4: a) An annotated 2D FES, highlighting the key features of the plot, and their
relation to features of the actual cage, and the minimum energy pathway that the guest will
travel along as it moves between the two cage windows. Energies are relative to the point
(4, 4), which is approximately in the center of the cage. For a further discussion of the plot’s
features, see Section S4. b) The free energy profile for the minimum energy path for each
aromatic guest crossing through a CC3 cage. c) The 2D FES for each guest within CC3,
including an approximate minimum energy path (dotted line). The guest is shown in the
bottom left-hand corner of each plot.
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Table 1: The calculated window crossing and reorientation barriers for aromatic
guest molecules in CC3 and CC13. The largest energetic barrier(s) for each
guest/cage pair are highlighted in bold.

CC3 CC13

Guest Window
Barrier
(kJ mol−1)

Reorientation
Barrier
(kJ mol−1)

FES
Error
(kJ mol−1)

Window
Barrier
(kJ mol−1)

Reorientation
Barrier
(kJ mol−1)

FES
Error
(kJ mol−1)

mX 43 2 2.2 34 0 1.5
oX 35 2 1.9 31 0 1.6
benzene 35 1 2.3 29 0 2.2
toluene 25 1 2.1 27 0 1.6
ethylbenzene 13 7 1.6 8 3 1.9
pX 6 6 2.3 6 8 2.1

Figure 5a. There is no barrier to the reorientation of the benzene molecule in the center of

the cage, as the molecule is small enough that it can pass through the void without a steric

clash. Therefore, the only diffusion barrier, which can be expected to be rate-determining,

is for diffusion out of the cage window. Figure 4b confirms this interpretation as it shows

that the maxima in the energy profile appear when the benzene is in the window itself. A

representative configuration adopted by the benzene molecule when it is in the window is

shown in the central panel of Figure 5a, and the rightmost panel of Figure 5a shows a typical

configuration for this system when the benzene is fully outside of the cage molecule. The

window diffusion barrier for benzene was found to be 35 kJ mol−1 and is comparable to those

calculated in the past for large guest molecules, such as SF6, in CC3.25

By studying the diffusion of toluene (Figure 4c, top center), the effect that adding a single

methyl group to the benzene ring has upon the diffusion of the guest in CC3 was examined.

Similarly to benzene, there is no discernible barrier to the reorientation of toluene in the

CC3 void, but toluene has a higher energy when it is close to the cage center of mass.

This increase indicates that toluene is a worse fit in the cage void than benzene. Having

said that, the window barrier for toluene, which is once again the rate-determining step for

the diffusion, is 25 kJ mol−1, which is 10 kJ mol−1 smaller than the barrier for benzene. The

window diffusion mechanism for toluene (Figure 5b) demonstrates that the molecule’s methyl
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 5: Snapshots of trajectories in which a) benzene, b) toluene, c) ethylbenzene, d)
pX, e) mX, and f) oX are exiting the porous organic cage CC3 (gray = C, white = H,
blue = N; the guest molecule is entirely colored in red). In a), b), e), and f), the three
images correspond to, from left to right, a trajectory frame where the guest was fully in the
cage, a frame where the guest was in the cage window, and a frame where the guest was
entirely outside the cage. In c) and d), an additional frame within the cage is included, so
a reorientation within the cage can be seen.
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group leads it out of the cage. When packed in the solid state, the methyl group would also

lead the toluene molecule into a neighboring cage through that cage’s window. Because

the methyl group is narrower than the aromatic ring, a preference for passing through the

window methyl-first would imply a two-step cooperative diffusion mechanism in which the

methyl group enters the window first and slightly enlarges it, subsequently making it easier

to accommodate the ring. This cooperative diffusion mechanism is impossible for benzene,

which may explain why it has a bigger window crossing barrier.

Increasing the size of the substituent by replacing the methyl group in toluene with the

ethyl group in ethylbenzene (Figure 4c, top right) brings more significant changes to the FES

and the minimum energy path. The center of mass of the cage is no longer the lowest energy

region of the FES; instead, low energy regions are located just inside the windows, as the

longer length of ethylbenzene means that it sits with its center of mass slightly towards one

of the cage windows. This can be seen in Figure 5c. In the first of the images in Figure 5c,

the molecule is π-stacked with the cage wall but offset from the center of mass. In the second

image, the ring of ethylbenzene is close to the center of the cage void, but the overall center

of mass of ethylbenzene has moved toward the window. This behavior is consistent with the

route calculated for the ethylbenzene minimum energy path (shown in the FES in Figure 4c),

which avoids the cage center of mass. Furthermore, there is now an energetic barrier to the

reorientation shown in the first two images of Figure 5c, which has a magnitude of 7 kJ mol−1

(Figure 4b). However, the window barrier, which has a magnitude of 13 kJ mol−1, is still rate-

determining. The decrease in the window barrier compared to benzene and toluene is because

of the substituent on the molecule, which enables a cooperative diffusion mechanism much

like that observed for toluene. Figure 5c shows ethylbenzene passing through the window

ethyl first, but in this case, the substituent effect is more significant because the diameter of

the ethyl group is larger than the diameter of the methyl group.

Further analysis was undertaken to establish whether the mechanism shown in Figure 5c

is the only window crossing mechanism for ethylbenzene. In theory, the benzene ring can
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leave the cage before the ethyl group, and this mechanism’s crossing barrier could have a

different energy. To investigate the likelihood for this mechanism, an additional metady-

namics calculation was performed using an additional collective variable that measured the

orientation of ethylbenzene with respect to the vector connecting the center of the ring of

ethylbenzene and the cage center of mass. The methods and results for this analysis are

discussed further in Section S5.

The relationship between the substituents and their FES is more complicated for the

xylene isomers (Figure 4c, bottom row) than for benzene, toluene or ethylbenzene. For pX

(Figure 4c, bottom left), the FES is qualitatively similar to the FES for ethylbenzene. Figure

5d shows that the lowest energy sites for the guest molecule are also located just inside the

window. Adding the additional methyl in a para-position compared to toluene, shifts both

the reorientation and window crossing barriers to approximately 6 kJ mol−1, which means

that for pX both barriers will determine the overall diffusion rate. Figure 5d explains both

the presence of the reorientation barrier and why the window barrier is smaller than for

ethylbenzene, toluene or benzene. As was the case for ethylbenzene, the molecule is too

long to adequately occupy the cage center of mass, which is highlighted by the energy spike

around the center of mass in Figure 4c. Additionally, the first two images in Figure 5d

show that the length of the pX molecule forces at least one of the methyl substituents into a

window whenever the guest is inside the cage. Having the substituent in the window in this

way results in a cooperative diffusion mechanism such as those described for toluene and

ethylbenzene, but one that can occur much more frequently than the cooperative diffusion

of the other two guests because the substituents of pX spend so much time in the window.

The FES for mX (Figure 4c, bottom center) was found to be qualitatively similar to those

for benzene and toluene. The preferred path also passes close to the cage center of mass and,

while a reorientation barrier of 2 kJ mol−1 is present, it is both approximately equal to the

calculated error in the FES and dwarfed by the window crossing barrier of 43 kJ mol−1. The

positions of the methyl groups on the ring in mX mean that the ring is able to sit against the
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cage wall with the substituents aligned with the windows, but not protruding out of them as

was seen for pX. It is therefore much less unfavourable to have mX at the center of the cage

void than to have ethylbenzene and pX. Figure 5e shows that the substituents again enable a

cooperative diffusion mechanism, with one methyl group being the first part of the molecule

to pass through the window and the other methyl group being the last. Furthermore, the

molecule rotates during the crossing such that the broadest part of the molecule is in the

window for the minimum length of time. A configuration in which mX is in the window is

shown in the second image of Figure 5e, with the cage deforming slightly to allow this to

happen. It is this brief motion that is responsible for the sharp maximum seen in the energy

profile in Figure 4b, which is the most massive energy barrier of any of the molecules in this

study.

oX (Figure 4c, bottom right) also behaves similarly to benzene and toluene. The preferred

path for this molecule passes close to the cage’s center of mass, has a small reorientation

barrier (again approximately equal to the FES’s error), and has a rate-determining window

diffusion barrier of 35 kJ mol−1, which is very similar to that of benzene. The mechanism by

which oX leaves the cage is shown in Figure 5f. The only substituent effect, in this case, is

that oX prefers to leave via the unsubstituted side first, as the two methyl groups are too

close together for either to enable a cooperative diffusion mechanism.

The results summarized above indicate that diffusion through the CC3 window will

be the main bottleneck for diffusion through the extended network and, therefore, for a

kinetic separation in CC3. For the four C8 aromatics (Figure 1), the order of window

barrier size, which can be predicted to be inversely proportional to diffusivity in CC3,

was mX (42 kJ mol−1) > oX (35 kJ mol−1) > ethylbenzene (13 kJ mol−1) > pX (6 kJ mol−1).

The difference between the diffusion barriers for pX compared to mX (36 kJ mol−1) and

oX (29 kJ mol−1) suggests that CC3 would be highly selective for separating pX from mX

and oX via a membrane or chromatographic separation. The difference in the diffusion

barriers is much larger than those calculated for the experimentally proven separation of
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Xe and Kr using the same method (3 kJ mol−1).47 Even the difference between the barriers

for pX and ethylbenzene (7 kJ mol−1) was greater than the value for the two noble gases,

which indicates that CC3 could potentially also separate ethylbenzene from a mixture of

C8 aromatics, albeit with a lower selectivity than the separation of mX and oX from the

mixture. As noted above, this selectivity is a result of the predicted diffusion mechanisms,

which are cooperative diffusion mechanisms that are enabled by the guests’ substituents.

Membrane separations governed by configurational effects have long been known. Singh and

Koros found that rotational effects were responsible for the ability of zeolite 4A to separate

N2 and O2; these gas molecules, like the four aromatics with a kinetic diameter of 5.8Å,

have a similar cross-section but lengths different enough to result in a selective separation.60

Additionally, in studies of gas separations in CMS membranes, molecular-sieving effects

have proven able to govern sorption selectivity as well as diffusion selectivity,61 which could

indicate that the kinetic selectivity of the C8 aromatics may result in a significant difference

in permeability in a real membrane.

Diffusion Free Energy Barriers in CC13

In order to establish whether similar imine cages showed the same behavior as CC3 and to

investigate the impact that small modifications to the cage structure have on guest diffusion

barriers, equivalent metadynamics simulations were carried out using the porous organic cage

CC13 (Figure 2a). The FESs for CC13 (Figure 6a) and energy profiles of the minimum

energy pathways (Figure 6b) broadly show the same features found for CC3 (Figure 4).

However, they are more noisy and are less symmetrical than the CC3 plots. The reduction

in symmetry is mainly because of the asymmetry of the CC13 molecule itself, which comes

about because each linker has two possible orientations (see Section S1 for further details).

Therefore, unlike in CC3, the four windows of a CC13 isomer are often not equivalent,

although, as shown in Figure S1, the windows behave similarly across all the possible isomers.

In all of the simulations the two window barriers differed by less than 10% of the larger value.
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Some of the noise is also likely a result of the increased flexibility of the cage, which proved

problematic when setting up the simulations (see section S2.1 for details of the additional

constraints that were included in the simulations and which may have affected the FESs

in Figure 6a). As in Figure 4c, the FES plots in Figure 6a feature approximate minimum

energy paths. The exact paths that were calculated using the MEPSA code54 are shown in

Figure S16b. The window and reorientation barrier sizes for CC13 are shown and compared

to the equivalent values for CC3 in Table 1.
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(a)

(b)

Figure 6: a) The 2D FES for each simulation with CC13, including an approximate mini-
mum energy path (dotted line). b) The energy profile for the minimum energy path for each
aromatic guest crossing through a CC13 cage.

The same trend that was observed for the CC3 window barriers was also observed for

the CC13 window barriers, which indicates that the guest molecules in CC13 also diffuse

via the same cooperative diffusion mechanism observed in CC3 (outlined in the snapshots

in Figure 5). Four out of six guests showed smaller window barriers in CC13 compared
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to CC3, with the barriers for pX and toluene being equivalent. These changes in the

magnitudes of the barriers ensured that the differences in the window barriers of the C8

aromatics are decreased, suggesting that CC13 will have a slightly poorer potential guest

selectivity. Having said that, however, the differences between the barrier for pX and the

barriers for mX and oX (28 and 25 kJ mol−1 respectively) are still more than enough to

allow for an effective separation. The difference between the barriers for ethylbenzene and

pX is 1.5 kJ mol−1, which is probably too small for CC13 to represent a viable separating

agent for ethylbenzene and pX (this value is very similar to the error calculated for the

FESs). Similarly to CC3, the reorientation barrier will likely have a negligible impact on

diffusion rates through CC13 for all the guest molecules apart from ethylbenzene and pX;

in CC13, these were the only two guests to have a measurable reorientation barrier at all.

The reorientation barrier for pX (Figure 6b, bottom center) is 2 kJ mol−1 larger than the

window barrier, but this difference is unlikely to affect the diffusion selectivity of the cage.

Importance of Window Breathing for Small Molecule Diffusion

In order to investigate the difference in the diffusion behavior of the aromatic molecules

between the two cage systems, the structural differences of the cages were explored by calcu-

lating their PLEs with and without the C8 aromatics present. Pore breathing could explain

the predicted lower selectivity of CC13, and could also further justify the observation that

the C8 aromatics diffuse through the cage windows via cooperative diffusion mechanisms.

The PLEs of both cages are shown in Figure 7. The PLE of the empty CC3 cage has a mode

of 3.74Å, which is smaller than the mode of 3.88Å that is observed for CC13. Additionally,

the CC13 PLE includes larger window sizes than the window of CC3, especially when the

guest molecules are in the cage windows. For example, the PLE of empty CC13 features

window diameters that are larger than 5Å, which are larger than any of the diameters seen

in the empty CC3 PLE. With the guest molecules in the window, the same effect is seen

at even larger window diameters. Diameters that are larger than the kinetic diameter of
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ethylbenzene and pX are thus more common in the PLEs for CC13 when compared to the

equivalent PLEs for CC3. This result implies that the windows of CC13 are better at

accommodating large aromatic molecules such as xylene isomers.

(a)

(b)

Figure 7: Pore limiting envelopes for (a) CC3 and (b) CC13 for empty cages (green) and
cages with guests in the window: ethylbenzene (red), pX (cyan), mX (yellow) and oX (blue).
PLEs were normalized to a probability density using a matplotlib internal function. Dotted
lines represent the kinetic diameters of ethylbenzene and pX (purple), and mX and oX
(black). Single molecules of the two cages are shown in the upper left corner of each plot,
with their window facing out of the plane of the page.

The PLEs with guests present show larger window diameters than the PLEs for the empty

cages, which provides further evidence for the cooperative diffusivity mechanism discussed

in this work. A similar change in window diameter has also been observed during the

cooperative diffusion of SF6.25 The larger window diameters were seen in all PLEs in CC13,

but especially those with guest molecules present. This result indicates that dynamic porosity
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caused by the breathing motions of the windows of CC13 is a more significant aid to the

cooperative diffusion of the guests in CC13 than in CC3. This higher degree of dynamic

porosity explains why the majority of the window barriers in CC13 are smaller in magnitude

than their equivalents in CC3, and why this effect was most significant for mX and oX, the

two molecules with a larger kinetic diameter. The likely explanation for the greater flexibility

of CC13 is that the linker used in CC13 allows more conformational freedom for the cage

than the cyclohexane vertices.

Conclusions

Metadynamics simulations were used to explore whether two porous organic cages, the widely

studiedCC3, and the structurally similarCC13, could be used to separate the three isomers

of xylene and their structural isomer ethylbenzene. These cages have both been successfully

used to fabricate amorphous membranes,29 and are thus candidates for use in membrane

separations. A set of two collective variables was developed to calculate the free energetic

barriers associated with pX, oX, mX, ethylbenzene, benzene and toluene diffusing through a

porous organic cage molecule, and several significant potential barriers to the guests’ diffusion

- passing through a cage window and reorienting within a cage - were investigated. These

calculations showed that, with the exception of the two longest molecules, ethylbenzene and

pX, the window barrier is significantly greater in magnitude than the reorientation barrier,

and will likely be rate-determining for diffusion through the cage pore networks.

In both cages, the window barrier for pX diffusion was more than 25 kJ mol−1 smaller

than those for mX and oX, which indicates that both cages should kinetically separate pX

from the other xylene isomers with high selectivity. In CC3, there was also a difference of

7 kJ mol−1 between the window barriers for ethylbenzene and pX, so CC3 may also be able

to separate pX and ethylbenzene, albeit with lower selectivity than the separation of the

three xylene isomers. This separation is probably not possible with CC13 as the barriers to
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the diffusion of pX and ethylbenzene differ by just 1.5 kJ mol−1.

The selectivity predicted for the separation of the C8 aromatics in CC3 was justified by

exploring the mechanisms by which each guest crosses through the window. Ethylbenzene,

pX, and toluene all passed through the window using cooperative diffusion mechanisms

aided by their substituents, which resulted in lower window barriers than benzene. The

positions of the substituents on mX and oX prevented them from gaining the benefits of

cooperative diffusion to the same extent, however, as the substituent effects were offset by

the larger diameters of mX and oX. The lower selectivity of CC13 for the separation of

the C8 aromatics was justified by comparing the cages’ allowed window sizes. The CC13

window was found to be much more likely to open wide enough to accommodate large

aromatic molecules.

Overall, the metadynamics simulations were able quantify the energy barriers to diffusion

of C8 aromatics through two cages, thus giving a qualitative idea of their selectivity. The

simulations also allowed us to discover the key factors that affect the size of these barriers

and showed that the differences between the guest molecules were due to differences in

the cooperative diffusion mechanisms, while the differences between the two cages could be

accounted for by considering pore breathing. This knowledge could be used to develop a

screening process further for existing and hypothetical porous organic cages for their ability

to perform the separation of C8 isomers and for other molecular separations.
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