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Abstract

Individual molecules with intrinsic porosity, such as porous organic cages (POCs), have
significant potential to improve the performance of a variety of separations media. An
exemplar application is the blending of POCs with polymers to make molecularly mixed
composite membranes (MMCMSs). The intimate interaction between individual cage
molecules and polymer chains results in a “solid-solution” that avoids longstanding
interfacial issues associated with mixed matrix membranes. Moreover, as the cages are
soluble in polymer solutions, the processing of these composites can be easily adapted to
established polymer-based technologies as concerns with two-phase processing systems
are avoided. MMCMs are still a relatively new development, and underlying transport
processes within the membrane are not well understood. Here, we offer a detailed

interpretation of guest transport through these solid solutions. We demonstrate how the
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presence of cage molecules affects polymer chain motions that can impact guest transport
through the polymer phase. We also show how cage loading affects membrane free volume.
We find that gas permeation deviates significantly from predictions made with the Maxwell
model for mixed matrix membranes. POCs were found to significantly alter membrane
properties in the polymer phase because of intimate molecular interactions between the
POC and polymer, violating one of the Maxwell models underlying assumptions. This
work provides preliminary information on the nature of guest transport in MMCMs to aid

their future adaptation to industrially-relevant separation units.
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Molecularly-mixed composite membrane; Porous organic cage; Free volume; Polyimide;

Gas separations

1. Introduction

One of the most active areas of separations science is the development of new
microporous materials for challenging molecular separations. A recent development in this
field is the creation of porous organic cages (POCs).[1] Exemplar microporous material
classes include zeolites,[2] metal-organic frameworks,[3] or similar three-dimensional
network structures. In these materials, the porosity is derived from the formation of
extended network structures. In contrast, POCs form self-supported, intrinsic porosity that
does not require any higher-order structure; in essence, they are permanently microporous
molecules. Moreover, they are solution-processable. This characteristic can significantly
streamline the deployment of these materials into existing manufacturing networks as they

are unlikely to significantly disrupt existing solution processing techniques. Other classes
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of organic molecules also have been noted to show intrinsic porosity.[4, 5] Notable
examples include pillar[n]arenes,[6] calix[n]arenes,[5] and urea-macrocycles.[7] In these
molecules, the opening into the guest-accessible cavity is often as wide as the cavity itself.
Therefore, the adsorption of guest molecules is controlled solely by the geometry and
chemistry of the cavity. On the other hand, cage molecules typically have windows that are
smaller than the internal cavity and can be used to control guest diffusion. Also, the cage
structure of POCs allows BET surface areas previously unobtainable (in some cases >2,000
m?/g) in non-network molecular solids.[1, 8, 9] Thus, POCs and similar cage molecules
allow much greater control over guest transport than other intrinsically porous molecules.
POCs can be formed by several different mechanisms such as boronic acid condensation
and alkyne metathesis but are most commonly formed via an imine condensation of amines
and aldehydes with complementary geometry.[10, 11] Since their creation, several studies
have demonstrated the ability of these materials to perform challenging separations.[12-
14]

As noted earlier, POCs are solution-processable individual molecules, which
provides many possibilities for the type of separation media and modality that these
materials can be integrated into. A notable advance is the development of thin film
composite (TFC) membranes from POCs by Cooper and co-workers.[15] Solutions of
CC3, CC13, and CC3 derivatives were processed onto porous substrates via spincoating to
create thin topcoats with only cage molecules. SEM images showed that the topcoats
created uniform, apparently non-defective membranes. Separation performance for several
gas pairs was tested and shown to have performance approaching Robeson’s 2008 H2/N>

upper bound.
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An application that we find to be especially intriguing is the potential for POCs to
be used in polymer-based composite materials. Several examples of this have already been
reported in the literature.[16-19] Most of these studies have focused on using POCs to
make mixed matrix membranes (MMMs) in which POC crystals are dispersed throughout
a polymer matrix. Niu and co-workers have created water purification membranes using
the POC Noria to interfacially synthesize polyarylate and polyamide MMMs. They
demonstrated that the presence of Noria in the membrane improved both water permeance
and salt rejection over the membranes without Noria.[17, 19] Computational work by
Doonan et al. further supports the ability of POC composite materials to improve
performance over their pure polymer counterparts.[20] An exciting application in using
POCs in composite membranes is the formation of molecularly-mixed composite
membranes (MMCMs).[21, 22] MMCMs take full advantage of the solubility of POCs to
make membranes that are “solid solutions” in which the POC molecules are
homogeneously dispersed throughout the polymer matrix. MMCMs have the benefit of
overcoming the compatibility issues seen in many composite materials[23] because the
filler phase is intertwined with the polymer matrix at a molecular level.[24] For this
application, POC derivatives, termed amorphous scrambled porous organic cage
(ASPOCs), may be more appropriate. ASPOCs are made by using a mixture of diamine
linkers in the cage synthesis to make different but isoreticular POCs. The steric hindrance
from the different linkers prevents efficient packing of the cages into coordinated structures
in the solid-state and leaves them as an amorphous powder.[25] The lack of long-range
order benefits both solubility and BET surface area compared to crystalline POCs.

MMCMs using ASPOCs and a commercial polyimide (Matrimid) have previously
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demonstrated membrane homogeneity via Raman mapping, differential scanning
calorimetry, and other techniques. The composites also had both higher permeance and
rejection of polystyrene oligomers in a variety of solvents compared to native
Matrimid.[16]

Since ASPOC-based MMCMs are a relatively new type of composite material, we
believe that it is important to describe in detail our interpretation of molecular transport
processes through these membranes. In this work, we attempt to shed light on this
phenomenon by analyzing the results of gas permeation experiments through the lens of
plasticization/antiplasticization effects. We have previously shown that at low
concentrations, ASPOCs can act as antiplasticizers in glassy polymers; we believe this
occurs via the POCs wedging themselves between polymer chains and subsequently
inhibiting segmental motion.[16] nlike a traditional free-volume occupying antiplasticizer,
the POC has a permanent void due to its internal cavity. Thus, the POC can potentially
affect both chain mobility (by reducing it) and increase the fractional free volume of the
resulting matrix. Hence, the approach to characterizing transport must be altered from
traditional antiplasticization methods. We will also show that conventional models for
estimating the permeability of composites, namely the Maxwell model, are not at all
suitable for MMCMs.

2. Theory
2.1 The Sorption-Diffusion Model

To study transport through MMCMs, it is necessary to start with the well-known
sorption-diffusion model.[26] Conceptually, the sorption-diffusion model states that for a

species to permeate through a membrane, it must adsorb to the upstream side of the
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membrane, diffuse through the length of the membrane, and then desorb from the
downstream side, with the driving force provided by a chemical potential gradient across
the membrane. Mathematically, it is given by Equation 1,

P=Sx*D (1)
where P is permeability and is the product of S, the solubility coefficient, and D, the
diffusion coefficient. Solubility and diffusion coefficients can be determined by
experiment. They can also be decomposed further to gain insight into the energetics of
transport. Since permeation is an activated process, it follows an Arrhenius-type

relationship with temperature, given in Equation 2.
Ep
P=P -—— 2
0€xp ( RT) (2)

In Equation 2, P, is the permeation pre-exponential term and Ep is the activation energy
of permeation. By measuring permeation over a range of temperatures, we can calculate
the activation energy from plots of the natural log of the permeability vs. inverse
temperature. This information provides a useful metric for understanding the underlying
mechanisms of membrane transport for different penetrants.

Another important metric of membrane performance is selectivity. Selectivity is the
ratio of the respective permeabilities of two components. By combining this ratio with

Equation 1, Equation 3 is derived.

(-0

Here, aa is the permeation selectivity between component A and component B. From
B

Equation 3, it is clear that the separation of two components is ultimately driven by

differences in their sorption and diffusive behavior in the membrane. Hence, a thorough
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understanding of sorption and diffusion behavior is necessary to understand membrane
transport fully.
2.2 Molecular Fillers Influence on Membrane Free Volume

We hypothesize that the incorporation of molecular cage fillers into polymeric
membranes affects transport by two primary mechanisms commonly discussed in the
antiplasticization literature. Whereas plasticization indicates that a component present in a
membrane has increased chain mobility, elasticity, and permeability, antiplasticization
occurs when a diluent causes a reduction in chain mobility and permeability, thus
effectively “hardening” the polymer.[27, 28] The first antiplasticization effect of interest
is on the fractional free volume of the membrane. The generally accepted definition for the
fractional free volume is given by Equation 4.[29-31]

V - VO
Very = % (4)

Here, Vgpy is the fractional free volume of the native polymer, V is the experimentally
measured specific volume, and ¥, is the specific volume of the material at 0 K, in other
words, its theoretical minimum specific volume. V; is determined from group contribution
methods. The most commonly used method is proposed by Bondi [32] and given in

Equation 5, although alternative methods by Sugden and van Krevelen are also commonly

employed.[33, 34]

7 =13 Wik )
k=1

Here, V};, is the van der Waals volume of various constituent groups on the polymer repeat

unit. From Equations 4 and 5 and some experimental observations, we can estimate the
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fractional free volume of native polymers; however, this problem quickly becomes more
complex when the effects of diluents are considered.

It is useful to consider an estimation of the V term in Equation 4, both for cases
when experimental observations may be unavailable and for understanding how low
molecular weight diluents affect polymer free volume. Some examples are equations
proposed by Vrentas[35] or a simplified version later proposed by Ruiz-Trevifio and Paul
given in Equation 6.[36]

7m i7d 144 dVlm df/:qm m
V(T = waVA(T) + w,UP(T) + —T " ar (Ty" —T) (6)

Here, ]’qu (T) is the specific volume of the glassy mixture at a temperature, T, below the
mixture glass transition temperature, Tg", wy is the weight fraction of diluent, VA(T) is the
specific volume of the pure diluent in the equilibrium liquid state, w,, is the weight fraction

of polymer, l’/\zp (T) is the specific volume of the pure polymer in the equilibrium liquid

av™  avit
state, and(—’ ——<

o= o ) is the difference in the thermal expansion coefficients of the

mixture in the equilibrium liquid and glassy states, respectively. An illustration of how
Equation 6 is applied to the free volume of an MMCM system is shown in Figure 1. In
Figure 1, the orange highlighted area corresponds to regions of the polymer relatively
distant from a cage molecule. The free volume in these regions is assumed to be unchanged
from that of the neat polymer. The blue highlighted area is the pore volume of the cage

molecule. The green highlight area corresponds to polymer regions immediately
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surrounding cage molecules. The free volume in these regions will deviate from that of the

neat polymer due to non-ideal mixing between the cage and polymer.

Neat Polymer Free Volume

Cage Pore Volume

Non-ldeal Polymer Free Volume
™ dl?gm)

OT) = waDA(T) 4w, 07 (T) + ( (7 —T)

Figure 1: Application of Equation 6 to the three “zones” of free volume in an MMCM
system. We note that Equation 6 was originally formulated for describing specific
volume but can be considered analogous for our description of free volume. The
orange area represents the free volume of the neat polymer, assumed to be
unchanged in polymer regions far away from a cage molecule. The blue area is
the cage pore volume. The green area is polymer regions immediately surrounding
cage molecules, which will be distorted from the neat polymer regions due to non-
ideal mixing between the cage and polymer.

When utilizing Equation 6 in cases in which /¥ (T) is not already known, it can be

readily estimated from Equations 7, [36] 8, and 9.[34]

. _ av? ap?
7w =g+ (G- Gh) @ -1 )
ddV} ., 10MVW ®
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M is the molecular weight of the polymer repeat unit. Equation 7 can also be applied to
diluents, although it was originally in the context of low molecular weight diluents like
polymer oligomers. It is unclear whether the concepts of “glassy” or “equilibrium liquid”
states can be applied to ASPOC diluents, given their relatively rigid structures. Therefore,
we propose Equation 10 for the estimation of the V/# term in Equation 6.

PAT) = 0,5(T) = 0(T) = T, (T) (10)
In Equation 10, I7C_S (T) is specific volume occupied by the cage skeleton at temperature T,

V.(T) is the total molecular volume of the cage at T, and I7C’p (T) is the volume of the

~

internal cage pore (easily determined from diffraction and sorption measurements). V, and

I7C,p are both commonly reported parameters in computational studies of POC structures

~

that should provide a reasonable estimation of the skeletal cage volume, or Vs can be
measured directly from density measurements. To complete our calculation of Equation 6,
we make the assumption that the thermal expansion of the mixture is approximately equal

to that of the polymer so that we arrive at the same approximation used by Ruiz-Trevifio

and Paul.
davm dI7gm _ A dVgp an
dar  dr )~ \dr dr

With the use of Equation 6 to estimate V and by taking a weighted average of the
¥, values for the diluent and polymer, we can nearly estimate the fractional free volume
with Equation 4; however, Equation 4 does not consider the effects of diluents with

intrinsic porosity. Direct use would underestimate the FFV of ASPOC-filled MMCMs

10
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because the pore volume of the cage is neglected. Hence we propose a slightly modified
version of Equation 4 that accounts for the pore volume and the fact that the rigidity of the

cage will exhibit some sieving effect on guest molecules.

S . dp, —d,
V=V, +wV,, - tanh <e . d—>
14

(12)

Vepy = 7

Here, d,, is the diameter of the cage window, d is the kinetic diameter of the guest, and
w, is the weight fraction of the cage present in the membrane. Although FFV is usually not
calculated in the context of the specific guest molecule under investigation, Park and
Paul[37] have previously demonstrated how consideration of guest effects can be useful
for interpreting permeability data. We believe that it will be particularly important in this
context due to potential sieving properties of the cage molecules. Figure 2 illustrates our

hypothesis of how free volume should be considered for intrinsically porous molecular
fillers. The tanh (e . dpd;dg) term in the numerator of Equation 12 provides a simple scaling
p

factor to account for the relative sizes of the guest and cage windows. This term of course
converges to unity in the limit of no guest and approaches zero as the size of the guest and
window approach each other. As the guest size surpasses the window size, the term
approaches negative one because the pore volume is now mostly inaccessible to the guest,
and the cage is effectively a solid sphere that is occupying otherwise available free volume
elements. We note that the proposed functional form was not derived on any theoretical
basis but should empirically capture the relationship between the accessible free volume of
the cage and guest molecule size. The tanh function was selected instead of a step function
because it smoothly passes through zero instead of considering the cage pore volume in a

binary manner of accessible or inaccessible. This distinction is likely unimportant for guest

11
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molecules that are either much smaller or much larger than the cage window but should
better represent the accessible free volume available to guests that are close in size to the
cage window. Guests that are slightly smaller than the pore window are still considered
able to access the free volume, but it will be more challenging because the activated process
of jumping through the window will become more difficult than for a much smaller guest.
Conversely, if guests are slightly larger than the nominal window size, they may still
occasionally access the pore interior due to cage flexibility, so it would be incorrect to

assume the cage is completely inaccessible.[13, 38, 39]
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Figure 2: lllustration of the molecular sieving free volume considerations expressed
in Equation 12. V — V, represents the total free volume of the polymer phase,
which is the result of thermal expansion of the polymer from its ideal specific
volume at 0 K, as shown in the image in the lower left. The image on the lower
right illustrates how the cage will exhibit a sieving effect on guest molecules, so
molecular size must be considered to determine in the cage pore volume should
be included in free volume calculations or not. The cage will effectively act as a
solid impediment to large guests but can be easily accessed by smaller guests.

2.3 Molecular Fillers Effects on Polymer Chain Mobility
While the free volume effect will be important in characterizing the transport effects of

molecular fillers, we believe that it alone will be insufficient.[40] The second mechanism
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by which ASPOC fillers influence transport is by affecting the mobility of polymer chains.
For a permeate to diffuse through a polymer membrane, elements of the chain must have
sufficient mobility to allow permeates sufficient space to make a diffusive jump.[30, 41]
Antiplasticizers, in addition to their free volume effects, can also lower the energy barriers
of secondary relaxations through attractive interactions with the polymer chains.[42-44]
This mechanism allows the chains to settle into configurations that are closer to their
equilibrium configurations, which of course, raises the energy penalty for shifts to
configurations that facilitate penetrant transport. Polymer relaxations are typically referred
toas a, 8, v, etc. in order of decreasing temperature. The a relaxation is indicative of large-
scale chain movement that is typical of the glass to rubber transition. f§ relaxations in glassy
polymers typically correspond to the relaxation of non-equilibrium packing defects. The y
and lower order relaxations are attributed to motions of single repeat units or various
functional groups on repeat units.[45, 46] Clearly, for operation below the glass transition
temperature, the nature of the § and lower-order relaxations will be of primary importance.
We can measure the onset of these various relaxations with dynamic mechanical analysis
2.4 Net Effect of Molecular Fillers on Transport

Now that we have established the tools with which to study the effects on membrane
transport of adding molecular fillers and their effects on free volume and chain mobility,
we will hypothesize how these changes affect membrane sorption and diffusivity. We first
consider how these hypotheses would affect sorption with the well-known dual-mode

adsorption model, shown in Equation 13.

(13)
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Here, kp is the Henry’s law constant, p is sorbate pressure (or equivalently concentration),
Cj; is the Langmuir capacity constant, and b is the Langmuir affinity constant. The dual-
mode model assumes that sorption takes place by two mechanisms, one in which the
sorbate is dissolved and governed by Henry’s law, and one which occurs in microvoids and
is governed by the Langmuir isotherm.[47] Since the Langmuir capacity is the maximum
amount of sorbate that can sorb in the microvoids, it should be positively correlated with
the free volume.[48] Similarly, we expect the Henry’s and affinity terms to be positively
correlated with chain mobility, as more mobile chains should be able to better position
themselves for favorable sorbate interactions. This is borne out in previous work, where all
dual-mode parameters were found to decrease at low antiplasticizer loadings.[49] In our
case of using an intrinsically porous antiplasticizer, we expect that the porosity of the filler
will counteract this reduction at low loadings to increase net solubility. We note we will
not be able to decouple the individual Henry’s and Langmuir coefficients of the polymer
and filler. We will only be able to observe the overall coefficients of the composite.

We now consider the effects of the ASPOC filler on diffusion. Estimation of the
permeability and diffusion coefficient through a polymer membrane is well-established in

the literature and usually takes an exponential form, as shown in Equation 14.[29, 50-52]

B

D =Axexp <—m) (14)

Although Equation 14 provides a useful correlation for many polymer-penetrant
combinations, free volume alone has been shown to be insufficient for correlating
permeation and diffusion in some cases.[45, 53] In these cases, we believe that the
dynamics of chain mobility may not be adequately considered. Koros and co-workers have

noted a higher diffusivity of oxygen in PET compared to PEF, even though PEF has a
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higher FFV. They attribute this to the higher mobility of the phenyl ring-flipping in PET
compared to the furan moiety in PEF.[30] Relating this general concept back to the current
work, we predict that diffusion through the polymer phase will be initially retarded at low
ASPOC loadings due to increasing chain rigidity, but may increase at higher cage loadings
due to net free volume increases.
3. Materials and Methods
3.1 Materials
Matrimid 5218 was purchased from Ribelin. Commercially-available reagents were

used as received: 1,3,5-benzenetricarbaldehyde (Manchester Organics); (1R,2R)-1,2-
cyclohexanediamine, ethylenediamine, and trifluoroacetic acid (TFA) (Sigma Aldrich).
3.2 CC3 Synthesis

CC3 was prepared as previously reported in its homochiral form.[54] Dichloromethane
(100 ml) was layered slowly onto solid triformylbenzene (TFB, 5 g, 30.86 mmol) without
stirring at room temperature. Trifluoroacetic acid (1 mL) was added directly to this solution
as a catalyst for the imine bond formation. Finally, a solution of (R,R)-1,2-
diaminocyclohexane (5 g, 44.64 mmol) in dichloromethane (100 mL) was added to this,
again without mixing. The reaction was covered and left to stand. Over 5 days, all of the
solid triformylbenzene was used up, and octahedral crystals of CC3 grew on the sides of
the glass reaction vessel. The crystalline product was removed by filtration and washed
with 95 % ethanol / 5 % dichloromethane.
3.3 ASPOC Synthesis

ASPOC was prepared using a procedure described previously.[10] As-synthesized CC3

(1 g, 0.894 mmol) was dissolved in 100 mL DCM. Ethylenediamine (EDA) (0.269 g, 4.47

16
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mmol) was dissolved into a separate container of 100 mL DCM. A catalytic amount (0.02
g, 2 mole % relative to the number of imine bonds in the original CC3)[55] of TFA was
added to the EDA solution as a catalyst. The two solutions were combined into a round
bottom flask and stirred at room temperature for seven days. After seven days, the product
was isolated by rotary evaporation. The product was immersed in ethyl acetate for three
days, replacing with fresh solvent each day, and then dried at 100 °C under a vacuum
overnight.

3.4 Scanning Electron Microscopy (SEM)

SEM was performed on a Hitachi SU8010. Cross-sections of membranes were
prepared by cryo-fracturing. A small portion of the membrane was soaked in hexane for
approximately 15 min then submerged in liquid nitrogen for 5-10 minutes. The membrane
portion was broken in two, and the broken edge was placed facing upward on the sample
stub. Samples were sputtered with gold using a Quorum Q-150T ES prior to imaging.
Images were taken at a working voltage of 5 kV and a current of 10 mA.

3.5 X-ray Diffraction

X-ray diffraction was performed with PANalytical X’Pert PRO Alpha-1 at 40kV and
40 mA with Cu-Ka radiation of 1.54184 A over a 20 range of 3° to 50°. Samples were
mounted onto a silicon zero background holder. The step size was 0.0041778°, and the
scan time was 10.160 s/step.

3.6 Pycnometry

Membrane density was measured via pycnometry and performed by Micromeritics on

an AccuPyc II 1340 at room temperature with nitrogen. Fractional free volume was

calculated using Eqgs. 12 and 5. A weighted average of polymer and cage specific volumes
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was used to determine the 7 term in Eq. 12. The cage volume was determined from a
weighted average of the conformations in the cage mixture based on previous results.[10]
3.7 Thermoelastic Properties

Young’s modulus measurement and dynamic mechanical analysis (DMA) were
performed on a TA Q800. For both experiments, a strip of membrane approximately 3 cm
x 0.3 cm was used. For determining Young’s modulus, a static force of 0.001 N and ramp
force of 0.1 N/min at 25 °C was used. For DMA, a constant frequency of 1 Hz and
temperature ramp method was used with a 0.1% strain over the temperature range -135-
400 °C with a 3 °C/min ramp rate. Dynamic scanning calorimetry was performed on a
Netzsch STA 449F3 under nitrogen. Samples were cycled from 50-350 °C at 10 °C/min
under nitrogen three times. Data from the second ramp to 350 °C was used to determine
the glass transition temperature.
3.8 Gas Sorption Measurements

Equilibrium and kinetic gas sorption measurements of carbon dioxide and nitrogen
were measured between 0 and ~75 psi in a pressure decay sorption apparatus at 35 °C using
approximately 20 mg of membrane samples. A constant testing temperature was obtained
by submerging the sample cell in an oil bath. Sample densities measured from helium
pycnometry were used in calculations. All gases were assumed to be ideal for the purposes
of calculation.
3.9 Gas Permeation Measurements

Permeation of nitrogen, helium, sulfur hexafluoride, and carbon dioxide was measured
in a constant volume, variable pressure permeation system at 25, 35, and 45 °C.

Permeability was calculated with the slope (after ten lag times) of the permeate pressure
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) d .
vs. time, 22 membrane thickness, £, downstream volume, V, membrane area, A,

dt’

temperature, T, and transmembrane pressure difference, Ap using Equation 14:

dp
_actV (14)
A-T-Ap

An upstream pressure of approximately 75 psi was applied for all measurements.
4. Results and Discussion
4.1 Membrane Morphology

The morphology of the membranes was first investigated to determine if aggregates of
cage particles were forming in the membranes. The membranes were visually inspected
with SEM as shown in Figure 3. As seen in Figure 3B, the membrane morphology is
apparently homogenous up to a magnification of 25,000x at cage loadings of up 5 wt%.
Above this loading, globules, presumably of agglomerated cage molecules, are observed
in Figure 3C-D. The images suggest that there is a precipitation point of the cage within
the polymer, above which any additional cage will “crash out” upon membrane
vitrification. This observation agrees with previous observations in which the
agglomeration of cages at high loadings was hypothesized.[22] In Figure 3C, it appears
that there may also be some settling of cage particles during the vitrification process. Based
on additional experimental work to be described later in the article, we hypothesize that
membranes above the saturation loading form a combined MMCM-MMM morphology in
which some ASPOC remains homogeneously dispersed within the polymer phase at the
nano-scale but agglomerates from the addition of cage above the saturation loading create
a more traditional MMM morphology at the meso-scale (i.e., the cage “precipitates out”).

An illustration of this hypothesis is provided in Figure 4. As shown in the figure, when
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considering the polymer phase at the nano-scale, the ASPOCs (green) are homogeneously
dispersed and maintain a “solid solution” morphology at all loadings, although the amount
of cage dispersed throughout the polymer obviously increases. At the meso-scale, the
membrane maintains a uniform MMCM morphology at low loadings; however, as the cage
loading passes the saturation point within the polymer, agglomerates form throughout the
membrane. The result is a more traditional MMM morphology. The MMCM-MMM may
or may not exhibit some of the classical interfacial issues commonly associated with
MMMs.[56] Based on the images in Figure 3B, it appears that our system leads to a “sieve
in a cage” defect around the cage agglomerates, which we expect will lead to a decline in

membrane selectivity.
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393  Figure 3: SEM images of membranes with incorporated ASPOCs. A) and B)
394  Membrane that is 5 wt% ASPOC. C) and D) Membrane that is 10 wt% ASPOC
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Figure 4: Graphic illustrating the dispersion of ASPOCs in the membrane at
different scales and loadings. Polymer chains are in gray and ASPOCs in green.
In the upper part of the figure, the MMCM maintains a homogeneous morphology
at both the meso- and nano-scales at low loadings. Once the cage “saturation
point” is passed in the lower part of the figure, cage agglomerates precipitate out.
Cages are hypothesized to remain homogeneously dispersed throughout the
polymer phase at the nano-scale (lower left). At the meso-scale, cage aggregates
form a combined “MMCM-MMM” morphology. Note that the relative sizes of cages
and polymer chains are not to scale.

There is also the possibility that the presence of cages might affect polymer chain
packing at higher loadings.[22] This hypothesis was further probed with wide-angle X-ray
diffraction, shown in Figure S1. The primary reflection at approximately 15 ° corresponds
to an average interchain spacing of ~7.5 A, relatively close to the spacing measured for
similar polyimides.[57] The spacing varies little across the membranes regardless of
loading, suggesting that cages do not impact the average interchain spacing. We speculate
that this spacing is apparently close enough to the cage molecular diameter (~10 A)[54]

that the cages can sit between chains without increasing their average spacing.

4.2 Membrane Free Volume
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Free volume is an important parameter for understanding guest transport in dense
membranes. Therefore, we investigated the specific volumes and fractional free volumes
of several membranes of varying ASPOC loadings with nitrogen pycnometry. The results
are shown in Figure 5. Estimates that assume ideal mixing between the two phases were
calculated using Equation 15.

Videar = Weles + (1 — w)¥, (15)
Equation 15 represents a weighted average of the experimental, individual specific
volumes of the ASPOC and neat Matrimid (and thereby assuming ideal mixing between
the two phases) for the specific volume. As seen in Figure 5A, all membranes present a
large, positive deviation from ideal mixing behavior. This result is unexpected as previous
work with similar, although not the same, POCs has found that they behave like traditional
antiplasticizers.[16, 58] The enhanced specific volume effect carries over to the FFV
results in Figure 5B. The data reported in Figure 5B were calculated using Equation 12.
FFV follows the same trend as specific volume, leading to much higher FFVs than
expected. The cages apparently create more free volume within the membrane than
expected from a simple weighted average of the neat polymer and cage FFVs. The large
discrepancy between the experimental and ideal mixing FFV scenarios also demonstrates
how the cages add little additional volume at the low loadings investigated. Instead, their
primary mechanism of altering membrane properties seems to be through their effects on

the bulk polymer phase.
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Figure 5: ASPOC-MMCM free volume measurements. A) MMCM specific volume.
Experimentally-measured values are indicated with green circles. Estimates using
a weighted average of the experimental specific volumes of the ASPOC and neat
Matrimid and assuming ideal volume additivity are indicated with black squares.
B) Fractional free volume calculated with Equations 5 and 12 using results in A.
Green circles represent FFV calculated using the experimentally-measured

specific volume and black squares represent estimates that assume ideal mixing
and use Equation 15.

4.3 Mechanical/Thermoelastic Properties

The thermoelastic properties of the membrane can provide some insight into its
transport behavior. Therefore, we investigate the stress-strain behavior, glass transition
temperature, and lower order chain motions with DSC and DMA. The stress-strain
behavior and corresponding Young’s modulus of several membranes of varying ASPOC
loading are shown in Figure S2. In Figure S2, we observe that adding a small amount of
ASPOC to the polymer initially makes the membrane less rigid, as evidenced by the more
gradual stress-strain response and lower Young’s modulus. As the cage loading increases
above 2.5 wt%, the membrane apparently becomes more rigid. Although not enough to

affect the average interchain spacing, it appears that the addition of a small amount of cage

24



454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

filler disrupts interactions between polymer chains to make them more mobile. As more
cage is added, we hypothesize that attractive interactions between the cage and polymer
re-constrict bulk chain mobility to close to original levels.

Increased mobility in the polymer phase is further supported by the measurement
of the glass transition temperature (Tg) with dynamic scanning calorimetry, shown in
Figure 6. Neat Matrimid exhibits a Tg of 327 °C. Once ASPOC is added, the Ty shifts 6-8
°C downwards for all membranes, indicating that the cages are indeed acting as plasticizers.
This result was unexpected since previous work from our lab suggests that POCs typically
act as antiplasticizers that restrict chain mobility when incorporated into membranes.[16]
Recent computational work has illustrated how variations in cage chemistry can lead to
significant differences in membrane properties and performance,[58] so the difference is
likely due to the different ASPOC formulation used in this work. This discrepancy
underscores the impact of cage chemistry on the final membrane properties. The large-
scale increases in chain mobility caused by plasticization are also likely responsible for the
“softening” behavior observed in Figure S2. Interestingly, the Tg does not follow the
pattern of an initial reduction followed by a gradual increase observed in the Young’s

modulus, or if it does, it is much more subtle.
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Figure 6: Dynamic scanning calorimetry curves of MMCMs of various weight
loadings. Note that the derivative of heat flow with respect to temperture is shown
to highlight where the inflection point indicating the glass transition occurs.

We are also interested in chain mobility at smaller scales relevant to the diffusion
of guest molecules through the membrane. We probed the mobility of B and y chain
motions with dynamic mechanical analysis at 1 Hz, shown in Figure 7. First, looking at the
B motion around 140 °C, we observe that the peak of the neat Matrimid curve occurs at
131 °C. When a small amount of ASPOC is added, the transition shifts upward to 4-19
depending on the cage loading. In the y transition range, there appears to be a slight
decrease in the transition temperature in the MMCMs relative to neat Matrimid, although
the experiments are not sensitive enough to be definitive. The increase in the 3 transition
temperature with cage loading is surprising since it displays the opposite trend observed

for the Tg. A hypothesis for this contradictory behavior is shown in Figure 8. The top part
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of the figure illustrates the neat polymer scenario where chains are highly entangled at the
macro-scale, leading to more rigid viscoelastic properties, as observed in Figure S2 and
Figure 6. At the nano-scale, chain segments are able to easily relax into free volume
elements via the B transition. The bottom part of the figure illustrates our hypothesis when
molecular fillers are introduced into the polymer. At the macro-scale, we hypothesize that
attractive interactions with the cages partially “untangle” chains relative to the neat
polymer. Less entangled chains would presumably have more freedom for the large-scale
movements associated with the glass transition, resulting in a lower Tg. We emphasize that
the degree of order imposed by the cages is highly exaggerated for clarity in the figure and
does not reflect physical reality. At the nano-scale, the molecular fillers block chain

movements and prevent relaxation into free volume elements.
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Figure 7: MMCM elastic behavior from DMA at 1 Hz
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Figure 8: Hypothesis of the effects that molecular fillers have on polymer chain
dynamics at varying length scales. (Top) The no cage scenario with highly
entangled chains at the macro-scale that can freely relax into free volume elements
via B chain motions. (Bottom) Cage presence resulting in less entangled chains at
the macro-scale and cages blocking movements into free volume elements at the
nano-scale. We emphasize that the “untangling” effect is highly exaggerated in the
figure to more effectively illustrate the hypothesis.

4.4 Gas Sorption
As stated earlier, it is important to understand the nature of guest sorption to

characterize membrane transport. Isotherms of nitrogen and carbon dioxide at 35 °C are
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shown in Figure 9 (top and bottom, respectively). For both gases, we observe that the
experimental sorption is far above the weighted average estimate. The excess sorption is
likely a result of the enhanced FFV observed earlier, creating more sorption sites. Another
interesting aspect is the degree of sorption increase in the MMCMs relative to Matrimid.
MMCM Nz sorption increases by a factor of 5-7. COz only increases by a factor of 2-3,
although total sorption remains much higher than Na. This can partially be explained by
guest sorption in the cage sites. The ASPOC exhibits a relatively low CO2/N2 sorption
selectivity at 5 atm of approximately 2.25, while Matrimid has a much higher selectivity
of about 12. Hence, the cages appear to add a significant amount of non-selective sorption
capacity to the membrane, both within the cages themselves and by creating additional
sorption sites throughout the polymer. In all of these membranes, the ASPOC only
comprises a small amount of the total material (< 3 vol%). Even though the cage may be
able to adsorb more sorbate per unit mass, the polymer comprises such a large fraction of
the membrane that contributions of the ASPOC are negligible in comparison. Therefore,
we must focus on how the cage affects the interaction between the sorbate and polymer to

understand the implications of the sorption results.
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Figure 9: Gas sorption isotherms of nitrogen (top) and carbon dioxide (bottom)
from 0 to 5 atm at 35 °C. Points indicate experimental measurements. The blue
dotted line denotes the estimated adsorption based on a weighted average of the
adsorption of Matrimid (solid black line) and ASPOC (splined red circles).

To gain more insight into the gas-membrane sorption interactions, we fit the isotherms
in Figure 9 to Equation 13. The results are presented in Figure 10. For the Henry’s constant,
we observe a large increase in the case of COz. This increase is likely due to the “softening”
of the polymer observed in Figure S2 and the lowering of the Tg, resulting in a more rubbery
polymer. Sorption in rubbery polymers is well documented to follow Henry-type
sorption,[48] so it is sensible that this term would increase relative to the neat polymer. The
Langmuir capacity is observed to greatly increase for both N2 and COz, although more for
nitrogen relative to the neat polymer value. This result suggests that more micropore

sorption sites of lower selectivity are available. The value of Cj, has been shown to be
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highly correlated to membrane free volume,[59] so the increase for both gases is likely
caused by the large increases in FFV seen in Figure 5. The Langmuir interaction parameter
of N2 significantly increases in the MMCMs relative to the neat polymer, likely due to
much stronger sorption inside the cages. The Langmuir capacity term of CO2 does not vary
much between the MMCMs and the neat polymer since both Matrimid and the cages

exhibit a high affinity for COx.

0.50

l I I I 0.00

Cage Loadmg wt%

12
Eco,
of EN,

*

8

B
o

kp (cm*(STP)/(cm**atm))
‘.3 .. 9
c' i (cm3 (STP)/cm3)
5 8 8

b (1/atm)
B

Cage Loadmg (wt% Cage Loading (wt%)

Figure 10: Dual-mode parameter values for CO2 and N2 of MMCMs at various cage
loadings.
4.5 Gas Permeation

Finally, we investigated the gas transport properties of MMCMs at various weight
loadings. Graphs showing the permeability and selectivity of several gas pairs are shown
in Figure 11. All measurements in Figure 11 were performed at 35 °C in a constant volume
permeation system on pure gases. Permeability error bars were made with three
measurements on the same membrane, and propagation of error was used to calculate

selectivity error. We also include grayscale cones indicating the range of predictions by the

well-known Maxwell model (Equation 16) for mixed matrix membranes.[56]

P; + 2P, — 2¢p¢(P. — Py)
Pr +2P. + ¢¢(P. — Pf)

[Peff = Ic (16)
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Here, P.¢s is the effective permeability of the composite, P, is the permeability of the
continuous polymer phase, Pr is the permeability of the filler, and ¢ is the volume fraction
of the filler. The cones are bounded by lines predicting composite permeability and
selectivity assuming the filler has infinite permeability and selectivity (the near-vertical
edge) and infinite permeability and selectivity of unity (the horizontal edge). In all three
graphs, we can clearly observe that the actual MMCM performance falls far outside the
predictions of traditional MMM theory. This result is to be expected because one of the
underlying assumptions of the Maxwell model is that both the filler and polymer remain
unchanged from their pure component properties. This is not the case, as we have shown
with an array of experimental techniques. Thus it is sensible that the Maxwell model would

be incapable of predicting MMCM performance.
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Figure 11: Gas permeation measurements on MMCMs at various loadings at 35
°C. Measurements were made with pure gases in a constant volume measurement
system. Permeability error bars were made with three measurements on the same
membrane and propagation of error was used to calculate selectivity error. Error
bars are present but are smaller than the points on the graphs. Insets with gray
scale cones show the range of predictions from the Maxwell model at the indicated
weight loadings (which were converted to volume loadings for calculations).
Calculations assuming the filler had infinite permeability and either infinite
selectivity (indicated by the near vertical edge of the cones) or a selectivity of unity
(indicated by the horizontal edge of the cones) were used to calculate a range of
predictions for possible filler selectivities. A) Pure component permeability and
selectivity of He over N2 Note that the point denoting the 2.5 wt% MMCM is
obscured by the 5 wt% membrane. B) Pure component permeability and selectivity
of N2 and SFe. Note that for all membranes, the rate of SFs permeation was
indistinguishable from the system leak rate and was taken to be 0.038 Barrer as
an upper bound. C) Pure component permeability and selectivity of N2 and COa.
Note that the point denoting the 2.5 wt% MMCM is obscured by the 5 wt%
membrane.

Starting with Figure 11A, we compare the helium permeability and helium/nitrogen
selectivity of several MMCMs of increasing cage loading. Although helium permeability
varies between membranes, it shows a general increasing trend with cage loading while
selectivity steadily decreases. Both helium (kinetic diameter 2.6 A) and nitrogen (kinetic
diameter 3.64 A) are much smaller than the nominal diameter of the cage window (5-6 A),
so there should be no sieving effect from the cage. They both apparently also benefit from
the enhanced free volume and macro-scale chain mobility while not being hindered by the
smaller-scale rigidification described previously.

In the case of N2/SFs separation in Figure 11B, we instead observe steady increases in
both nitrogen permeability and selectivity. We note that SF¢ permeation was
indistinguishable from the leak rate in our system for all membranes. Its permeability was
conservatively taken to be equal to the leak rate at 0.038 Barrer. We report only a minimum

selectivity based on the upper limit SF¢ permeability. Therefore, the selectivity increase is
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driven solely by the increases in nitrogen permeability; however, the actual selectivities are
almost certainly higher than those we report. SFs (kinetic diameter 5.5 A) is much larger
than nitrogen. Although it may be able to enter the cage cavity due to structural flexibility,
it is probably mostly rejected from the cages, unlike nitrogen. Additionally, SFs likely faces
considerable diffusive resistance in the polymer phase due to smaller-scale rigidification
that we have observed via DMA measurements. While we cannot report actual selectivities,
it is still impressive that ASPOCs can increase nitrogen permeability up to 3x without
sacrificing selectivity towards a component that is only 2 A larger.

In Figure 11C, we compare the permeabilities of nitrogen and carbon dioxide.
Surprisingly, we observe increases in both CO2 permeability and CO2/N2 selectivity up to
10 wt% cage loading. Both N2 and CO2 are significantly smaller than the cage pore
window, so it is unlikely they experience an appreciable degree of molecular sieving from
the cage. Instead, we will examine these results with the assistance of the sorption
isotherms in Figure 9. Figure 12 compares the CO2 and sorption coefficients (left) and
diffusivities (right) and their respective selectivities towards nitrogen under the same
conditions as the permeation measurements. Diffusion coefficients were calculated by
dividing the permeability by the sorption coefficient as in Equation 1. On the left side of
Figure 12, we observe the same CO: sorption trend as before. CO2 sorption initially
experiences a boost at low cage loadings that becomes less pronounced as the matrix
tightens under the influence of restrictive interactions with the cages at higher loadings.
The permeability boost in Figure 11C is apparently the result of enhanced sorption capacity

in the membrane. Conversely, the sorptive selectivity steadily decreases. It appears that the
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cages impart a significant amount of sorption capacity, but this additional capacity is
increasingly non-selective.

On the right side of Figure 12, we observe that the COz diffusivity changes little with
cage loading; however, the diffusive selectivity dramatically increases from 2 to around 6.
Importantly, diffusivity plays such a significant role in overall transport that the increase
in diffusive selectivity is enough to offset the decrease in sorption selectivity and result in
a net permeation selectivity increase. The enhancement in diffusion selectivity is
unexpected considering the results presented earlier that indicate that the polymer is largely
less rigid as a result of the cages. The diffusion selectivity enhancement is likely due to the
restriction in the  chain motions reducing the transient movements that enable diffusive

jumps through the membrane.

o

CO,/N, Diffusion Selectivity

1E-6 -
0.07{ 12

—_

T 0.06+ L10

7
\

CO, Diffusivity (cm?/s
m
[e+]
/
°

N WA OO0 N 0 O

CO, Sorption Coefficient

cm

o o

& R

.\

| 1

o)

CO,/N, Sorption Selectivity

; ; 1E-9+—F5 ; ; : , ;
0 2 4 6 8 10 0 2 4 6 8 10
Cage Loading (wt%) Cage Loading (wt%)

Figure 12: MMCM transport parameters. (Left) Sorption coefficients and sorption
selectivities, (Right) diffusivities and diffusion selectivities

Examing the energetics of transport can also provide useful information on how the
cages affect permeation properties. Figure S3 shows how the permeation activation
energies (Ear) of nitrogen, helium, and carbon dioxide change with cage loading.

Activation energies were calculated from least-squares fitting of Arrhenius plots made
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using Equation 2. Gas permeation was measured at 25, 35, and 45 °C. The permeation
results used to generate the data in Figure S3 are given in Table S1. The Eap of helium
varies little with cage loading. This observation indicates that either the changes in sorption
and diffusion energetics balance each other out or, more likely, the presence of the cage
does not have an appreciable effect on the helium transport energetics. Helium is, in
general, such a weakly sorbing species that it is unlikely that the presence of cages would
have an appreciable effect on the sorption behavior.[60] Similarly, helium diffusion is
already among the least sensitive to polymer motions due to its small size that neither the
cages nor their effects on the bulk polymer would not have much effect. The permeation
activation energy of CO2 shows a little more variation than helium, with the Ea r increasing
from 10.6 kJ/mol in neat Matrimid to 15.2 in the 2.5 wt% MMCM. The Ear of CO2 then
drops off somewhat and rises again. These small variations are probably the result of the
competing effects of enhanced sorption capacity facilitating permeation and increased
chain rigidity hindering it or perhaps experimental error. This hypothesis cannot be
confirmed without more information on the sorption and diffusion energetics but would be
in agreement with the results in Figure 12, where the sorption and diffusion coefficients
were observed to be non-monotonic with respect to cage loading. Interestingly, the nitrogen
Ear declines significantly with cage loading. N2’s greatly increased sorption capacity with
cage loading apparently lowers the energy barrier of permeation to a much greater degree
than any impediment from chain rigidification raises it, so that the net effect is a lowering

of the Eap.
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S. Conclusions

In this work, we have thoroughly characterized the effects of intrinsically porous
molecular fillers on membrane physical and transport properties. We found that there is a
saturation loading of cages within polymers and that past this loading, excess cages will
agglomerate and form an “MMCM-MMM” morphology. We also found that MMCM
“solid solutions” are highly non-ideal. Interactions between the filler and polymer lead to
positive deviations in specific volume from what would be expected in an ideal mixing
scenario. These interactions also significantly affect polymer chain rigidity. Curiously, the
cages have the opposite effect depending on the scale of observation. MMCM Tg’s were
found to be depressed from the neat polymer, indicating plasticization and reduced chain
rigidity at the macro-scale, but the onset of the  transition increased, indicating increased
chain rigidity at the molecular scale. In the separation of CO2 and Nz, the presence of cages
was found to increase both permeability and selectivity. The permeability enhancement
was driven by increased sorption throughout the membrane polymer phase. The selectivity
enhancement was found to result from increased diffusion selectivity, likely caused by
rigidification of the B motions. The permeation activation energy was observed to vary
little with cage loading in the cases of helium and carbon dioxide but decreased
significantly for nitrogen.

When porous, molecular fillers are incorporated into polymeric membranes to make
MMCMs, several membrane properties change. These properties are often competing with
respect to their effects on gas transport, making a fundamental understanding of structure-
property relationships difficult. In this work, we attempt to decouple some of these

competing effects so that we can further develop our understanding of this exciting new
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membrane class. Based on the results presented earlier, we propose some guiding

principles for future work in this area:

1.

We often refer to MMCMs as “solid solutions.” Like any solution, there is a
saturation loading, in this case, the maximum amount of cage that can be
considered to be “dissolved” in the polymer. Any cage added past this threshold
will precipitate out and form an “MMCM-MMM” morphology that will be
subject to the interfacial issues commonly observed in traditional MMMs. This
threshold is relatively low (below 10 wt% for the system studied here) but may
be able to be raised with appropriate polymer-filler matching or filler
functionalization.

MMCMs are a completely distinct membrane class from traditional MMMs and
should be analyzed as such. Traditional MMM permeation theory (i.e., the
Maxwell model) is not appropriate for MMCMs because they violate the
assumption that the continuous and filler phases do not interact.

Molecular fillers significantly alter bulk polymer properties, altering the
membrane transport properties. Any attempt to estimate the performance of a
polymer/molecular filler matching a priori, like with the Maxwell model for
MMMs, will likely need to start with molecular simulations to investigate the
composite physical properties, namely the free volume and chain mobility.
Performance estimates may be able to be made from there based on the
performance of the neat polymer.

Molecular fillers primarily alter transport properties through their effects on the

bulk polymer, especially when present at the low loadings investigated here.
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Therefore, the relationship between cage external functionality and transport
properties should be heavily investigated when optimizing a given
polymer/molecular filler matching for a given separation.

5. Like MMMs, MMCMs' separation performance will ultimately be limited by the
performance of the neat polymer. They are a method to make a good polymer
better but cannot enable a low-performing polymer to compete with the state-of-
the-art.

We note some key limitations in our development of these guidelines. These
guidelines are based on extensive characterization of only one polymer/filler system. Given
the importance of intermolecular interactions between the filler and polymer on the final
membrane performance, alterations to these guidelines may be required based on the
specific system under investigation. As the field matures and our understanding of the
relationship between cage chemistry and membrane performance grows, this point will
become more evident. Additionally, gas permeation measurements, while encouraging,
were performed on pure gases. Mixed gas performance, especially the sorption and
diffusion behavior, will almost certainly vary from the results presented here and may
require alteration to our analysis as given. However, we believe that our interpretation of
the available data thus far will provide an important foundation for future researchers who

choose to study this promising membrane class.
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