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GRAPHICAL ABSTRACT

PolyOAPS-
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ABSTRACT

PolyPOSS-imides are hybrid hyper-cross-linked networks based on inorganic
octa(aminopropyl)silsesquioxane (POSS) cages covalently bonded via organic imide bridges. They
were initially developed for separations under harsh conditions, but they cannot be used above
300°C due to the decomposition of their -(CH2)3- propyl linkers. Replacing the aliphatic-arm POSS
with its phenyl-arm derivative, octa(aminophenyl)silsesquioxane (OAPS), should thus increase their
resistance. However, OAPS has three possible isomers depending on the meta, para or ortho

position of the -NH> group on the phenyl ring. To pre-screen the most interesting structures before
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attempting synthesis, molecular dynamics (MD) simulations were recently used to compare twenty-
two model networks based on the OAPS isomers, the initial POSS and several imide precursors at
high temperatures. Six phenyl-arm polyOAPS-PMDA and polyOAPS-6FDA and two aliphatic-arm
polyPOSS-PMDA and polyPOSS-6FDA were selected for further analyses of their CH4 and CO2
sorption isotherms at 35°C. All of them have an average number of ~5 links per cage and cross-
linking densities of ~3.8. In terms of connectivities and free-volume morphologies, both the
metaOAPS and paraOAPS networks are found to be open structures with many low-energy sites
and high penetrant solubilities. On the other hand, the ortho functionalization leads to denser
morphologies associated to lower solubilities, which makes it closer to the POSS networks.
Differences are enhanced when the inorganic precursor is associated to a rigid organic linker such
as PMDA.

The iterative GCMC (Grand Canonical Monte Carlo)-MD sorption-relaxation technique was
used to predict the single-gas uptakes of CHs and CO: in the networks over an extended 0-60 bar
pressure range at 35°C. The sorption capacities varied in the order paraOAPS > metaOAPS >
orthoOAPS > POSS for the inorganic precursor, and PMDA > 6FDA for the organic precursor
(except for the orthoOAPS). All correlate directly to the accessible free-volume, but the CO2/CHy
ideal sorption selectivities remained essentially the same over the whole pressure range. Compared
to POSS, OAPS showed less swelling at equivalent penetrant concentrations in the matrix. It is also
more resistant to other mechanical deformations such as isotropic dilation or uniaxial tension. This
confirms that the polyOAPS-imides can indeed be used under harsher conditions than the current

polyPOSS-imides, without loss of the CO2/CHy4 sorption selectivities.

Keywords: Hyper-cross-linked hybrid networks, PolyOAPS/POSS-imides, Molecular dynamics
(MD) simulations, Grand Canonical Monte Carlo(GCMC)-MD simulations, Free-volume

morphology, CHs and CO; sorption

§ Supporting Information: force-field, experimental procedure, limit criterion for cross-linking,
relaxation and production runs at 35°C, pure gas simulations, energies, sorption as a function of

fugacity, DMS fits



1. Introduction

The separations of mixtures account for over 50% of the energy costs in chemical industries
[1]. They are particularly difficult to carry out when they involve molecules of a similar size such as
small gases and vapours. Dense polymer membranes have long been considered as a viable
alternative to the traditional cryogenic distillation or selective adsorption processes because of their
ability to separate small penetrants based on their differences in solubilities and/or diffusivities [2,
3]. Their energy cost is estimated to be 90% less than distillation and the membrane devices are
easy to scale-up. However, in practice, their use is still under-developed because of the need to find
more resistant materials [1, 4]. While many polymers have been considered for their transport
properties, these are usually assessed under moderate temperatures and pressures [5]. On the other
hand, when exposed to harsher conditions, conventional polymers tend to lose their structural
integrity and, as a result, their permselectivities. This is problematic since many industrial
treatments of natural gas, syngas or power plant flue gas involve high-pressure feeds and/or high
temperatures [6, 7].

Hybrid organic-inorganic materials have emerged as promising candidates for improving the
thermomechanical resistance of separation membranes while maintaining their gas-sieving
properties [8]. Hybrids based on the cubic inorganic polyhedral oligomeric silsesquioxanes (POSS),
i.e. SigO12 siloxane cages with 8 organic arms R attached to the silicium atoms [9-11], are
particularly interesting because of their high versatility. Depending on the nature of R, they can
either be physically mixed or chemically cross-linked to a large number of polymers [12-16]. A
recent review reports the many opportunities for POSS in the field of advanced separation
membranes [17].

The focus here is on hyper-cross-linked polyPOSS-imide networks [18-21], in which amino-
functionalized inorganic POSS are covalently bonded with organic imides originating from
dianhydride precursors. It should be noted that dianhydrides can also act as precursors for organic
polyimides, which usually show good gas selectivities [22, 23]. In the case of the hybrid networks,
solutions of both types of precursors are prepared at room temperature in non-miscible solvents.
When contacted, interfacial polycondensation occurs between the -NH; on the POSS and the

anhydride moieties. Since both sides of the dianhydrides are able to react, this results in a defect-



free hyper-cross-linked polyPOSS-(amic acid) film, which is further converted into its final
polyPOSS-imide form via thermal imidization at 300°C. This procedure can be directly carried out
on high-surface-to-volume ratio hollow fibre supports for upscaling [24], and as such, it is well
adapted to membrane modules [25].

The first polyPOSS-imides developed by interfacial polycondensation were based on
octa(aminopropyl)silsesquioxane, i.e. a POSS precursor functionalized with aliphatic -(CH2)3-NH>
arms (Fig. 1a) [18-21]. They were indeed found to perform under tougher operating conditions (up
to 60 bar and 300°C) than conventional polymer membranes [18-20, 25]. However, the flexible
aliphatic arms of the POSS resulted in excessive dilations and thermal degradation above ~300°C,
thus limiting the gas separation efficiencies of the imide constituents. This was confirmed by
molecular simulations [26-28]. It was then proposed to replace the initial POSS precursor by
octa(aminophenyl)silsesquioxane, commonly referred to as OAPS [10, 29], which is functionalized
by phenyl -C¢Hs4-NH2 arms [30]. There are three isomers, since the -NH> group can be attached at
different positions on the phenyl ring, and we refer to them as metaOAPS, paraOAPS and
orthoOAPS. The three OAPS isomers can co-exist in various proportions depending on the
synthesis route [29, 31, 32], but they can also be obtained separately from the appropriate
aminophenyltrialkoxysilanes [33]. Our model networks were based on each of the different isomers
to assess unambiguously the effects of the substitution position. Their chemical structures are given
in Fig. 1a along with those of the initial POSS precursor.

Fig. 1b shows the organic precursors under study, i.e. the pyromellitic dianhydride (PMDA)
and the 4,4'-(hexafluoroisopropylidene) diphthalic dianhydride (6FDA). Hyper-cross-linked
networks based on the OAPS inorganic precursor are referred to as "polyOAPS-imides" to
differentiate them from the "polyPOSS-imides" based on the initial aliphatic POSS precursor, and

two of their chemical structures are provided in Figs. 1c-d.
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Fig.1 (a) Inorganic and (b) organic precursors for the hyper-cross-linked polyPOSS-imides and
polyOAPS-imides under study. (¢) and (d) show two polyOAPS-imide networks with an

average connectivity of four links per OAPS cage.

When attempting to develop new materials, molecular modelling techniques such as
molecular dynamics (MD) and Monte Carlo (MC) simulations, can be used to pre-screen a large
series of candidate structures [34]. This allows for the subsequent synthesis efforts to only
concentrate on the most promising ones. Furthermore, experiments under harsh conditions are
difficult to implement and to interpret [35], whereas both MD and MC simulations can be carried
out under a large variety of operating pressures and temperatures [36]. The present work represents
the third stage in the detailed molecular characterization of polyPOSS/OAPS-imides. In a first stage
[26-28], the generation procedure for such hyper-cross-linked model networks was optimized on
several polyPOSS-PMDA and polyPOSS-6FDA at the experimentally-determined initial average
value of 4 links per POSS cage [19]. This allowed for the first detailed characterization of their
structures, thermomechanical properties, and CO2 and CH4 permeabilities at the molecular level
[26-28]. Following the identification of the POSS aliphatic arms as a weak link, eighteen new
molecular models were generated based on the three isomers of OAPS as the inorganic precursors
and on the PMDA, 6FDA and 4,4"-oxydiphthalic (ODPA) dianhydrides as the organic precursors
[30]. The cross-linking procedure was stopped at the same average value of 4 links per OAPS cage

for nine of them, but the remaining nine polyOAPS-imides were allowed to cross-link until there



were no more possible reactions. Their characteristics and thermomechanical resistances were then
directly compared to those of the corresponding polyPOSS-imides at 300°C, i.e. at the experimental
temperature for the imidization. While the onset of decomposition for polyPOSS-imides is known
to be at ~350°C [21], that of polyOAPS-imides is expected to be well over 400°C [37, 38]. Carrying
out the cross-linking reactions to completion significantly improved the resistance. Indeed,
following the initial characterization of 4 links per cage on average [19], it was later shown
experimentally that increasing the concentration of the POSS solution could lead to connectivities
of up to 4.9 links per cage for polyPOSS-6FDA [20]. This is very similar to the value found when
carrying out the cross-linking to completion for our model polyPOSS-6FDA. Furthermore, the
polyOAPS-imides with the maximum degree of connectivity were found to maintain their structural
integrities at 400°C. In all cases, the optimal networks were those either based on the orthoOAPS
inorganic precursor and/or on the rigid PMDA organic precursor with the maximum possible
connectivity. Those based on the metaOAPS and paraOAPS (with the same organic precursor)
behaved in a fairly close way, as did those based on the two flexible organic linkers, 6FDA and
ODPA (with the same inorganic precursor) [30].

The present work investigates the behaviour and the ideal CO2/CHg4 sorption selectivities at
35°C, i.e. just above the critical temperature for CO;, for the most promising polyOAPS-imide
networks selected over the aforementioned screening stage [30]. Since bulk periodic molecular
models do not have any explicit external reservoirs, specific techniques are required to estimate the
number of penetrant molecules in the networks in equilibrium with a preset external gas pressure
[36]. The most commonly-used approach is the efficient Grand Canonical Monte Carlo (GCMC)
method [34, 39-44], but the calculations have to be carried out on a set of pre-prepared matrix
configurations. It can result in artefacts upon loading of either the midly-plasticizing CH4 or, even
worse, the highly-plasticizing CO; which leads to significant matrix dilations [45]. This problem
can be addressed by coupling GCMC with controlled-pressure MD, which naturally allows for the
matrix and its volume to relax upon penetrant sorption [34, 42, 45-50]. However, the decreasing
density during the MD phase results in the penetrant solubility rising. The model thus drifts from
the preset external gas pressure and it is necessary to reapply GCMC to adjust the sorbed number of

molecules corresponding to the newly-relaxed volume. Several alternating cycles of sorption and



relaxation are usually required to reach convergence and, as such, we refer to this sorption-
relaxation procedure as the "iterative GCMC-MD method" [36]. Due to the slow molecular
relaxations [28], a recent work has shown that 30-40 GCMC cycles coupled with controlled-
pressure MD simulations of 1000 ps were required to attain convergence for CO in the 6FDA-
6FpDA polyimide [36]. It is clear that these are very time-consuming simulations and consequently,
the number of networks under study was limited to eight. GCMC on its own is more appropriate for
rapid screening of the sorption capacities [34, 51], but it has to be restricted either to low-
plasticizing penetrants or to low uptakes for plasticizing penetrants. In the present case, we assess
CH4 and COz sorption over an extended 0-60 bar range at 35°C, and as such, we need to make
extensive use of the iterative GCMC-MD method.

The selected networks were the three polyOAPS-PMDA and the three polyOAPS-6FDA,
each of them with a different OAPS isomer, with the cross-linking reactions carried out to
completion, along with a polyPOSS-PMDA and a polyPOSS-6FDA generated under exactly the
same conditions [30]. The inclusion of these latter samples was the reason for the choice of the
polyOAPS-6FDA over the polyOAPS-ODPA (which behaved quite similarly), the main points
being that i) the OAPS-based networks can be compared to the corresponding POSS-based and 1ii)
the networks with the rigid PMDA organic linker can be compared to those with a flexible linker.
The details of the models and the specific methodologies associated to gas solubility and sorption
are summarized in Section 2 and Section 3, respectively. Section 4 analyses the bulk properties and
the free-volume morphologies of the pure networks at 35°C. Section 5 compares their uptake curves
for both CH4 and COa», their amount of swelling, their interactions with the gases as well as their
ideal CO2/CHy4 selectivities. Their resistance to isotropic dilation and uniaxial tension is discussed

in Section 6.

2. Network molecular models

As mentioned above, the polyPOSS-imide and polyOAPS-imide model networks have been

presented in detail before [26-28, 30], but for clarity, we hereby summarize their main features.



2.1. Force-fields and simulation parameters

Both MD and GCMC simulations were carried out using the gmgq parallel package [52]. The
total molecular potential energy U, is obtained from the sum of the angle-bending, torsional, out-
of-plane, van der Waals and electrostatic interactions (Eq. 1):

Upot:%:Ube;zd(e)-l_ZUtors(T)-l_ Z Uoop(i)-l_ Z Uvdw<r)+ Z Ucoul(r) (1

i—planar (i,j)nb (i,j)nb

Each term in Eq. (1) is detailed in the Supporting Information, along with the force-field parameters
for all OAPS-based molecules (Tables S1-S2-S3 and Fig. S1) and the cutoffs for non-bonded
interactions [30]. Those for the aliphatic POSS-based molecules are available in Refs [26, 27]. The
gas molecules were represented by optimized all-atom models for CHs [53] and CO» [54]. High-
frequency motions, i.e. the bond stretching modes, the hydrogen vibrational modes and the O=C=0
bending mode for CO», were kept rigid using constraints [55, 56], in order to ensure a correct
equipartition of the kinetic energy with a time step of Az = 107" s in the MD integration algorithm
[57].

The temperature T and pressure tensor P were maintained close to their required values by
loose-coupling [58, 59]. The MD simulations were run under either constant-volume NVT or
controlled-pressure-tensor NPT conditions. The latter allows for the system to relax towards its
equilibrium size and shape. The resistances to mechanical stresses were obtained by changing
linearly the components of the required pressure tensors and recording the changes in box sizes and
shapes. The average thermodynamic data were stored every 1 ps while the molecular configurations

were stored every 5 ps for post-analysis. They were visualized with the VMD software [60].

2.2. Generation and relaxation of the hyper-cross-linked networks

The fully-atomistic networks were built using a similar procedure to other molecular models
of cross-linked materials [61-72]. It basically starts with mixtures of the precursors, in which cross-
links are formed using a heuristic distance criteria and are subsequently relaxed [70]. The
composition of the mixtures, the distance criterion, the target cross-linked densities and the

relaxation protocol are usually chosen to mimick experiment. The synthesis route for the hyper-



cross-linked networks under study here [18-21] is provided in Fig.S2 of the Supporting
Information.

A detailed description of the optimized generation procedure for our polyOAPS-imides and
polyPOSS-imides is available in Ref. [30]. To summarize, separate bulk models of the different
inorganic and organic precursors (Fig. 1) were first built and validated at room temperature. 3:1
dianhydride:OAPS and dianhydride:POSS mixtures were then prepared by superimposing an
inorganic bulk with an organic bulk and selecting the molecules that overlapped the least. Using
216 OAPS (or POSS) precursors led to model networks of ~30000-40000 atoms, i.e. they were
large enough to give statistically-significant results [66, 68]. The mixtures were relaxed at 300°C,
cooled back to room temperature, and carefully checked for any signs of phase separations. This did
not occur and the cross-linking started with recording all the distances between the dianhydride
ketone carbons Ciker and the OAPS (or POSS) amine nitrogens N. Based on these Cier”N radial
distribution functions (Fig. S3 in the Supp. Information), the maximum distance criteria for the sum
of the shortest CierN distances at either end of a dianhydride, Ruin, was set to 7 A. Earlier
investigations have shown that setting Rmin to either 6 or to 7 A gave similar connectivities for the
polyPOSS-imides [26, 27], but that 6 A is too short for dianhydrides to be able to cross-link with
the orthoOAPS precursor [30]. As such, all dianhydrides having Ruin <7 A were selected, both their
covalent bonds between Cyet and the anhydride oxygen Oanny were broken and replaced by two new
Cker-N bonds. Oanny and the amine hydrogens were removed, thus mimicking the experimental loss
of one water molecule per imidization reaction [18-21]. The newly created OAPS-diimide (or
POSS-diimide) links were relaxed back to their equilibrium bond lengths by energy minimization,
and the network was gradually re-thermalized with MD under NVT conditions up to 10 ps. At that
point, Rui» was re-calculated for all unreacted dianhydrides, and those within the Ruin <7 A
criterion were selected to form more bonds. The cross-linking-relaxation process continued in an
iterative manner until it was terminated and the remaining unreacted dianhydrides were then
removed from the system. The cross-linking reactions can either be stopped once a specific degree
of connectivity is reached or continued until there are no more possible reactions.

Our screening of 22 different structures [30] showed that the networks with the reactions

carried out to completion exhibit significantly higher resistances to mechanical deformation than

10



those with slightly lower cross-linking densities. The former required much longer cross-linking
simulation times, as it became less and less frequent to find unreacted dianhydrides with Ry <7 A.
The increased degree of cross-linking, however, resulted in over 99% of the atoms forming a single
continuous network with the few remaining molecules belonging either to unreacted cages or to
small cage-dianhydride-cage blocks. All the networks considered here will thus be those obtained
by carrying out the reactions to completion, i.e. those with the higher degrees of connectivity.

Once cross-linked, the networks were relaxed for 20000 ps under NPT conditions at 300°C
to mimick the experimental imidization conditions. The initial screening stage [30] was directly
carried out at 300°C, since these networks are aimed at being resistant under harsh conditions. The
structures were then cooled down at -0.1 K/ps and further run at 35°C for 4000 ps. The densities
and energies relaxed fast (see Fig. S4 in the Supp. Info) and the properties at 35°C could be
averaged over the last 2000 ps. It should be noted that there is always a dependence of the density
on the cooling rate [73], but this usually remains minor with -0.1 K/ps, which is a fairly slow

cooling rate for MD simulations [36].

3. Gas solubility and sorption methodologies

3.1. The TPI method for gas solubility

In molecular simulations, the free energy for the solvation process is usually estimated using
the test-particle insertion (TPI) approach [74, 75]. This means repeatedly inserting a virtual
penetrant molecule at random sites into a matrix, here the hyper-cross-linked networks, and
calculating the average change in the potential energy A® associated with million of trials insertion.

The (dimensionless) solubility S can be obtained in the NPT ensemble from the following equation

> 2)

with kg being the Boltzmann constant. In the case of limited volume fluctuations, the approximation

[76]:

given in Eq. (2) holds quite well. To improve its efficiency [36], the TPI method can be parallelized

and combined with an excluded-volume map sampling (EVMS) approach, which screens out

11



regions of very low insertion probabilities [77-79]. For dense matrices, this allows for up to 85-95%
of the space to be pre-excluded, thus speeding-up TPI by factors of 10-20 compared to purely
random insertions [28, 80, 81].

The probability density distributions of the insertion energies p(A®) can be weighted by
their Boltzmann factor to represent the likely energies for any probe molecule actually inserted into

the matrix, i.e. the preferential sites for penetrant adsorption [28]:

o, (A8) = p(Ad)exp| -~ 22 3)

B

The pw(AD) can also be used to check the reliability of TPI as poorly-converged unweighted p(A®)
give rise to ragged Boltzmann-factor weighted distributions [28].

In the present work, the parallel TPI-EVMS was used to characterize the solubility of CH4
and CO; in the pure networks and the morphology of their respective void-spaces. It was also used
prior to the uptake curve predictions, as the latter require for each gas the determination of its
concentration Cgqs and its solubility Se.s in its own gas phase over the full range of pressures p
considered. For the models of CH4 and CO; [53, 54], the Cyus(p) and the S,us(p) were previously
obtained from a series of MD simulations of the pure gas under NVT conditions at 35°C [36]. The
average pressures were directly extracted from the MD simulations carried out at different number
densities and the solubilities Sqqs(p) were obtained from TPI analyses. Both Cgus(p) and Sgus(p) were
then fitted to analytical functions, which are provided in the Supporting Information along with the

fit parameters (Table S4).

3.2. The iterative GCMC-MD method for penetrant sorption

Due to their periodicity in three dimensions, molecular bulk models lack explicit reservoirs,
which is problematic when the uptake from a gas reservoir held at a fixed pressure p has to be
modelled [42]. It is possible to prepare fully-atomistic films with reservoirs on either side, but these
are very expensive calculations in terms of simulation times and, furthermore, they require intricate
preparation procedures to properly represent the transitions from the surface-like to the bulk-like
membrane core regions [82]. As such, they are still quite rare [83-86]. On the other hand, it is

possible to adjust the penetrant loading within a dense matrix using the Grand Canonical Monte
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Carlo (GCMC) technique [76, 87]. It ensures that the number of penetrant molecules inserted into
the matrix phase is in equilibrium with an external gas of pressure p, based on the equality of the
chemical potential for the penetrant in the gas phase, [4qs, and that for the penetrant in the matrix
phase, tmarix [80, 88].

GCMC calculations are carried out under #VT conditions, i.e. at constant chemical potential,
volume and temperature. Here a virtual gas reservoir of pressure p exchanges penetrant molecules
with the static matrix of fixed volume V using Monte Carlo moves to establish an equilibrium
between both phases. There are two types of trial moves: the transfer from the gas phase to the
matrix phase, which is referred to as "insertions into the matrix" and the opposite, which is referred
to as "deletions from the matrix". The characteristics of the gas phase, Cgs(p) and Squs(p), are
directly taken from the pure gas data (Section 3.1).

As for TPI, the efficiency of GCMC can be significantly improved [36] by using the EVMS
formalism, which again screens out the dense regions of the matrix with very low insertion
probabilities. In practice, the matrix phase is first scanned to identify the volume Vi, where

insertions will be attempted. This defines the EVMS unbiaising factor us as:

V.

GCMC then selects a penetrant molecule from either the gas phase at pressure p or from the

matrix phase. Its probability of being moved into the other phase is related to its Boltzmann factor

. For the gas phase, the Boltzmann factor simply

for the energy change upon insertion, CXp[
B

corresponds to Squs(p) (Eq. (2)), but for the matrix phase, it has to be explicitly calculated. Since
there are no insertions into the screened-out part (which would have essentially been associated to
negligible Boltzmann factors), the probability of insertion into the matrix phase pin can then be

written as:

exp ACD] y exp[ Acp]

XP|———— b —

Pin = L in ®
Sgas(p)-l-exp —k—T] Sgas(p)-l-ubexp —k—T]m
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Similarly, the probability of insertion into the gas phase p;, takes into account the bias of the EVMS

formalism:

Sgas(p) -~ Sgas(p)

(6)
AD AD
Seus(P)+ eXp[——kT ] S gas(P) 14 eXp[——kT ]m

The proposed move is then accepted or refused depending on p;, and p;, and this process is repeated
many millions of times until detailed balance is obtained, i.e. the flux of molecules from the gas
phase to the matrix phase is the same as that from the matrix phase to the gas phase. For rigid
penetrant molecules, convergence translates into a fairly simple relationship between Cgas, Seas and
the concentration and the solubility of the penetrant in the matrix phase, Cuarix and Spmarixc at
pressure p [28, 36, 80, 81, 89]:

Cmatrix(p ) = Smatrix(p )
Cous(P) S (D)

(7)

Convergence is deemed to be attained once the number of sorbed penetrant molecules in the matrix
phase stabilizes and Eq. (7) is obeyed. However, it is important to average over several different
configurations of the matrix phase since the penetrant solubilities can significantly vary from one to
another. For both CHs and COa, the typical numbers of GCMC trial moves used here amounted to
20 million per configuration and averages were made over 20 separate configurations of the matrix
phase.

GCMC is a powerful technique to predict sorption, but since the trials are done on static pre-
stored matrix phase configurations, it is unable to take into account the possible volume changes
and relaxation of the matrix following the change in the number of penetrants. It is thus combined
with NPT MD, which allows for the system to relax following a change in the number of penetrants
[45-48]. However, this relaxation perturbs the equality in Eq. (7) and GCMC has to be re-used in
order to adapt the number of sorbed penetrant molecules to the newly-relaxed system. A new MD
relaxation phase follows and so forth. These iterative GCMC-MD cycles have to be repeated until
convergence is obtained. The number of iterative cycles is typically ~5-10 for CH4 but in general,
more iterations, i.e. ~5-40 depending on p, are required for the highly-plasticizing CO> where the

extensive volume dilation leads to slow convergence [28, 36].
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In the polyOAPS-imide and polyPOSS-imide networks, a CH4 or CO> sorption curve starts
with a GCMC phase on 20 representative configurations of the matrix where the target pressure of
the virtual gas phase is set to 1 bar. An optimum final configuration is then chosen amongst the 20
and, if necessary, its number of penetrants is adjusted to the average obtained from all the GCMC
runs. This configuration is then simulated for 200 ps with NVT' MD in order to establish thermal
equilibrium, before being allowed to relax under NPT conditions for 1800 ps with a target pressure
of 1 bar. The last 20 MD configurations are then used in a second campaign of GCMC sampling.
This is again followed by a second MD simulation of 200 ps under NVT conditions and 800 ps
under NPT conditions. The latter phase is shortened since the number of penetrant molecules added
is much less than at the first iteration. This iterative GCMC-MD process then continues until the
number of sorbed penetrant molecules in the relaxed matrix phase stabilizes and the concentration
ratio equals the solubility ratio (Eq.(7)). Subsequent iterative GCMC-MD simulations are
performed in a similar way at different pressures over the whole range considered, i.e. in the present

case at 2, 5, 10, 20, 40 and 60 bar.

4. Molecular characterization of the polyOAPS/POSS-imide
hyper-cross-linked networks

The analyses of the pure networks were all performed at 35°C, i.e. at the same temperature

than the sorption curves.
4.1. Connectivities

Compounds based on POSS and their phenyl derivative OAPS have a lot of potential in the
field of separation membranes [17], but their multi-arm nature gives rise to very complex molecular
connectivities. Three main types of organic-inorganic links can be identified [26, 27, 30]. These are
by decreasing order of occurrence: 1) the intercage single-links, which are imides linked to two
different cages, i1) the intracage links, which are imides attached to two arms of the same cage and
ii1) the intercage double-links, which are two imides linked to two different arms of the same two
cages. The number of arms linked per cage varies from O to 8 and as such the average number of
arms linked per cage is not sufficient to fully characterize the connectivities. In addition, the actual

cross-linking densities, i.e. the number of different cages linked to a cage, are lower than the
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average number of linked arms per cage due to the intracage links and double intercage links. The
connectivities were analysed in our screening work at high temperatures [30] and the main features
for the eight networks under study are summarized in Table 1. Fig. 2a gives the probability density
distributions of the number of arms linked per OAPS in all three polyOAPS-6FDA networks and

Fig. 2b displays a snapshot of one of them, the polyparaOAPS-6FDA.

Table 1. Detailed connectivities of the polyOAPSimide and polyPOSSimide network models

meta ara ortho meta ara ortho

Connectivities OziPS (fziPS OA+PS PO_'_SS OziPS (fziPS OA+PS PO_'_SS

PMDA | PMDA | PMDA PMDA 6FDA | 6FDA | 6FDA 6FDA

Total no. of atoms 33672 | 33828 | 33492 | 31644 | 43183 | 43245 | 41974 | 41362
<No. of links per cage> 53 54 5.2 5.1 4.9 4.9 4.5 4.9
<No. of intercage links per cage > 4.6 5.1 33 43 3.7 3.7 3.9 4.1
<No. of intracage links per cage > 0.7 0.3 1.9 0.8 1.2 1.2 0.6 0.8
<No. of different cages linked to a 42 47 3.0 40 3.4 35 36 37

cage> (= cross-linking density)

<% of cages having only intercage

. . 36.6 54.6 19.9 42.6 31.0 37.0 49.1 42.1
single-links >

<% of cages having one intracage

link + all others intercage single- 31.5 13.9 49.5 30.1 39.8 38.9 27.3 28.7
links >

<% of cages having one intercage
double-link + all others intercage 26.8 24.5 7.9 194 15.7 13.4 16.7 194
single-links >
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Fig.2 (a) Percentages of OAPS cages as a function of their number of arms linked in the three
polyOAPS-6FDA networks. (b) Schematic representation of a (50 A)? subset of the
polyparaOAPS-6FDA network (colour code: yellow = Si, red = O, cyan = C, blue = N,
green = F, white = H).

All these networks have an average number of links per cage of ~5, although the
distributions are quite broad (Fig. 2a). In addition, the proportions of intercage and intracage links
vary significantly depending on the nature of their precursors. A higher average number of
intercage links is clearly an asset for the mechanical resistance, and in this respect, the PMDA
networks appear better than the 6FDA networks. However, there is one exception, the
polyorthoOAPS-PMDA, where the combination of the ortho geometry and the short PMDA linker
makes it harder to form intercage links but leads to a higher proportion of intracage links. This is
confirmed by the average characteristic distances and angles for intercage links reported in Table 2,
i.e. the intercage Si~Si distances (which represent the total length of the linkers) and the imide
N-centreN angles (with the centres being the two middle aromatic carbons for PMDA and the
(CF3)2-carrying carbon for 6FDA). The orthoOAPS behave significantly differently from the para
and meta isomers with a tendency for its organic linker to be stretched in the case of the flexible

6FDA, whereas this is hardly possible with the rigid PMDA (Table 2).

17



Table 2.  Average intercage Si~Si distances and imide Ncentre~N angles

meta para ortho meta para ortho
. OAPS | OAPS | OAPS POSS OAPS | OAPS | OAPS POSS
Intercage links N . N + N N N +
PMDA | PMDA | PMDA PMDA 6FDA 6FDA 6FDA 6FDA

<Si~Si distances>

o 15.49 | 1690 | 11.09 | 13.31 | 15.08 | 15.75 | 13.67 | 14.44
/A (+0.01)

<N-centre~N angles>
/ deg. (£0.1)

1329 | 1324 | 133.1 | 133.4 | 98.0 942 | 1069 | 102.8

The cross-linking density, i.e. the number of different cages linked to a cage, is ~3.8 on
average and actually correlates very well with the number of intercage links. There is a rather large
proportion of cages having either one intralink (which does not reinforce the network), or one
intercage double-link (which reinforces the structure but counts as one for the cross-linking
density). However, it is usually either one or the other, and as such their effects of one unaccounted
link compensate in terms of the cross-linking density. It is also possible to get more complicated
connectivities with either two intracage links or one intracage and one intercage double-link, but

their occurrence is very limited because of the large steric constraints imparted on such structures.
4.2. Densities

The relaxed densities at 35°C, pnetwork, are shown in Fig 3. The energies, which are given in

Table S4 (Supp. Info) show no indications of specific molecular strains.

(b) with 6FDA

meta ortho  pOSS
OAPS para OAPS

OAPS

Density / g cm-3
Density / g cm-3

Fig.3 Compared average densities pnetwork for the polyOAPS-imides and polyPOSS-imides. The

maximum standard error is 0.001 g cm™.

The density clearly depends on both types of precursors. While there are no experimental

densities available yet on such thin-films, the model densities for all the precursors were tested
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earlier and found to be very close to their respective experimental values [26, 27, 30]. This provides
confidence that cohesion is properly represented in the models. As far as the organic precursors are
concerned, the flexible 6FDA leads to denser systems because of its better ability to pack. When
compared to PMDA, the initial 6FDA-based model mixtures are denser, their polyPOSS-(amic-
acid) intermediates are denser and there is a larger volume loss per H,O upon imidization [26, 27,
30], which is consistent with the experimental refractive indices [21]. On the other hand, the stiffer
PMDA does not adapt well to the steric constraints introduced by cross-linking and this leads to
more free volume in the corresponding networks. As far as the inorganic precursors are concerned,
the pnetwork vary in the order paraOAPS < metaOAPS < orthoOAPS. This can be related to their
molecular dimensions in the pure state, i.e. an average length (defined as twice the average distance
between the centre of a siloxane cage and its eight primary amine N) of ~17.4 A for the para,
~15.5 A for the meta and ~10.2 A for the ortho isomers, respectively. Interestingly, the differences
are very much enhanced when associated to the stiff PMDA precursor. This results in
polyorthoOAPS-PMDA being a much denser structure than its other isomers as it combines the
constraints of both its inorganic and organic precursors. It is also denser than the polyPOSS-PMDA

as its average Si~Si distance is shorter (see Table 2).
4.3. Free-volume morphology

In molecular simulations of dense matrices, the free-volume or void-space can be
characterized using different techniques [23, 43, 90, 91]. A simple geometric approach is the
percentage of probe-accessible volume, %PAV, which is obtained by repeated random trial
insertions of a virtual spherical probe of predefined radius [92]. The insertions are only successful
when the probe does not overlap with the matrix atoms, represented in this particular analysis as
hard spheres with standard van der Waals radii [93]. In the present case, up to 20 insertions of a
probe of radius 1.784 A (half the N> kinetic diameter [94]) were attempted for each A3 of the 400
configurations stored in the production runs. The average %PAV thus characterizes the fraction of
void-space that can accommodate such a spherical probe without any assumptions on the forms of
the holes and without any energetic considerations. Smaller probe sizes such as He can be used too,
but they can insert into very small holes, where there are hardly any chances of getting any other

penetrants. As such, half the N> kinetic diameter is a good compromise between avoiding those
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holes that are too small and still being able to sample the more significant ones. The <%PAVy>
(with the subscript "0" referring to the pure matrices) are displayed in Fig 4, and as for the other
properties, they vary depending on both types of precursors. They generally correlate negatively
with the densities (Fig. 3) and confirm that the phenyl-arm OAPS isomers result in much more open
structures than the aliphatic-arm POSS. The maximum amount of accessible void-space is reached
for polyparaOAPS-PMDA, which combines the linear arms of the para isomer with the linear
geometry of the stiff PMDA linker. However, both the other two OAPS isomers also create more
space than the flexible -(CH3)-NH2 POSS linkers because of the intrinsic planarity and rigidity of
their phenyl rings. Once again, the differences are enhanced when associated to the PMDA organic
linker, as it only allows limited relaxation of the network upon imidization [27]. On the other hand,
the ability to stretch of the 6FDA angle, which is especially noticeable in the case of the

polyorthoOAPS-6FDA (Table 2), somewhat relaxes the constraints of the inorganic precursor.

(a) with PMDA b) with 6FDA

meta

para  ortho

OAPS
meta OAPS

<%PAV>
<%PAVy>

Fig. 4 Average percentage of probe-accessible volume, <%PAVy>, for trial insertions of a
spherical probe of radius 1.784 A in the pure polyOAPS-imide and polyPOSS-imide

networks. The maximum standard error is 0.02%.

A more elaborate assessment is provided by the TPI method (Section 3.1.), which accounts
for both the geometric and energetic dependence of the penetrant solubility in the pure matrices.
The Boltzmann-weighted probability density distributions pw(A®) (Eq. (3)) upon insertion of
realistic CHs or CO2 model probes [53, 54] support the Gaussian site-distribution model [95, 96]
and provide the range of site energies for penetrant adsorption [27, 83, 90]. The lower AD are
associated to the most favourable and the higher A® to the least favourable sites for insertion. A

comparison of the p,(A®) for both CHs and CO: in the polymetaOAPS-PMDA network (Fig. 5a)
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shows their large difference in infinite-dilution solubility Suamixvo, Which is obtained from the area
under these curves [28]. Figs. Sb-c compare the p,(A®) for CH4 and CO; in all PMDA networks.
The pw(A®) for the 6FDA networks are rather similar on the same scales (Figs. 5d-e), which
suggests that the free-volume morphology is mostly governed by the nature of the inorganic

precursor, although the influence of the organic linker is more noticeable in certain cases, e.g. the

paraOAPS with CO».
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Boltzmann-weighted probability density distributions p,(A®) for the insertion energy A®

of a CH4 or a CO2 molecule in the networks. (a) compares the p,(A®) for both penetrants
in the polymetaOAPS-PMDA matrix. (b) and (c¢) show the pw(A®) for CH4 and CO,,
respectively, in the PMDA networks. (d) and (e) show the corresponding data for the
6FDA networks.

All the networks exhibit fairly homogeneous Gaussian-like distributions over a range of high-

energy to low-energy sites, which are displaced towards the lower A® for CO,. The largest standard

deviations are found for the paraOAPS isomer, where the low density is associated to a large

variety of hole morphologies. However, the integrals under the p.(A®) curves, i.e. the Syarixo, are
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almost as high in the metaOAPS networks, as opposed to the orthoOAPS and POSS networks. The
most energetically-favourable sites for the insertion of CO: (corresponding to A®/kgT < -15) are
superimposed with the siloxane cages and the inorganic arms in Fig. 6 (low energy sites in yellow,
cages in red, inorganic arms in green, primary amine or imide N in blue). The rest of the organic
imides and the hydrogens are omitted from Fig. 6 and the images are clipped on thicknesses of a

few A to better visualize the positions of the lowest energy sites with respect to the inorganic phase.

(a) polymetaOAPS-PMDA (b) polyparaOAPS-PMDA
i T~y " ~._ c — TRy
] N0 w2 s A Y \

Fig. 6 Schematic representations of the most favourable sites for the insertion of CO»
(corresponding to A®/kpT < -15) in the four PMDA networks. The low-energy sites are
displayed in yellow, the siloxanes cages in red, the inorganic arms (cross-linked and un-

cross-linked) in green and the N (either from -NH> or from imides) in blue.

The lowest-energy sites are well-spread in both the paraOAPS and the metaOAPS networks. In
these matrices, most of them are close to the siloxane cage oxygens, i.e. they are found in the spaces
between the cross-linked and/or un-cross-linked OAPS arms (Figs. 6a-b). There are even extended

clusters of very low energy sites (Fig. 6b). On the other hand, the orthoOAPS geometry prevents
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access to the cages, its low-energy sites are less numerous and tend to be closer to the arms of the
inorganic precursor but further away from the cages (Fig. 6¢). For POSS, the lowest-energy sites
are mostly spread in the organic phase (Fig. 6d). The various p,(A®) result in significantly-different
infinite-dilution solubilities Syarixo. Their relative values with respect to those of the highest-
solubility networks Suarrix0-max, i.e. the polymetaOAPS-PMDA for CHs and the polyparaOAPS-
PMDA for COa, are provided in Table 3. The orthoOAPS and POSS Syuunixo are indeed roughly half
of those in the paraOAPS and metaOAPS networks. As noted from Fig. 5, the organic PMDA or

6FDA linker has much less of an influence on the Siasrixo.

Table 3. Relative infinite-dilution solubilities Sparrix0 / Smatrix0-max With a maximum error of

~1% and average fractions of significant volume <%FSV, > for the insertion of CHs and CO; in the

pure matrices.

meta para ortho meta para ortho
OAPS OAPS OAPS PO+SS OAPS OAPS OAPS P(:-SS
+ + + + + +
PMDA | PMDA | PMDA PMDA 6FDA 6FDA 6FDA 6FDA
N
——mari0 _ for CH, 100% | 94% | 45% | 50% | 95% | 86% | 43% | 40%
Smam‘x()—max
S .
——matrix0__ £ CO2 93% 100% | 51% 42% 89% 82% 34% 33%
matrix0—max
<%FSVy> for CHy 7.5 16.4 2.8 1.2 3.3 5.8 5.5 1.0
<%FSVy> for CO; 4.4 8.5 1.6 0.8 2.0 3.5 34 0.6

A related property is the fraction of significant volume (FSV), which is the part of the matrix
actually responsible for the penetrant solubility, and can be estimated from the unweighted p(A®D)
and weighted p.(A®) distributions [52]. To account for 100% of the solubility would mean
considering all energies from -oo to +oo0. However, Fig. 5 shows clearly that the integrals of the
weighted functions will reach a plateau relatively quickly as the insertion energy increases. As such,
it is possible to define a critical upper limit of the integral over p,(A®) that accounts for 99.9% of
the solubility, and which we refer to as A®.. The FSV is the fraction of random insertions that lead
to energies in the range from - to A®. and thus contribute in practice to 99.9% of the solubility. It
is given by the integral of the normalized unweighted probability density p(A®) up to the critical

upper limit A®. (Eq. (8)):
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R p(AD)dAD (8)

The <%FSVy> for both penetrants in the pure matrices are reported in Table 3 along with the
relative infinite-dilution solubilities. For methane, the <%FSVy> are close to the <%PAVy>
obtained from the geometric insertion of a spherical probe (Fig. 4). This suggests that the solubility
of CH4 mostly comes from the available void-space in the matrix. For the more soluble COz, the
insertion energy distributions are displaced towards much lower energies (Fig. 5a). Only those sites
that provide favourable interactions give a significant contribution to the solubility, thus the fraction
of useful volume for insertion in the matrix, <%FSVop> for CO;, decreases. However, the relative
order remains the same as that of the <%PAVy> and the methane <%FSVy>, which confirms the

importance of the amount of available void-space in the pure matrix in addition to the interactions.

5. Single-gas sorption isotherms for CH4s and CO; in the
polyOAPS/POSS-imide networks

The CH4 and COz sorption isotherms in the networks under study were obtained at 35°C and
over the full 0-60 bar range by using the iterative GCMC-MD technique. As mentioned in
Section 3.2., it is important to average the GCMC sorption phase over enough configurations and to
allow the MD relaxation phase to properly sample the slow changes in the matrices [36]. As for
other glassy materials [83, 84, 86, 97], the network mean-square displacements at 35°C are
typically of the order of 1-2 A% over time-intervals of 1 ns. Relaxations thus only occur on a local
scale, and furthermore, they are very slow on the timescale of MD simulations [28, 85].

Fig. 7a illustrates the variations in the number of sorbed CO> predicted by GCMC for a gas
reservoir pressure of 1 bar over just one million trials for 20 successive stored configurations
(separated by 5 ps intervals) of the pure polyparaOAPS-6FDA network. Although this only
represents the start of a full 20-million-trial GCMC phase, the number of sorbed CO2 molecules
between specific configurations can already differ from the average by ~ £50, i.e. ~ £10% of the
average number sorbed. Averaging over a sufficient number of configurations thus strongly reduces

this source of error.
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Fig. 7. (a) Variations in the number of sorbed CO; at 1 bar predicted by GCMC for 20 successive
configurations of a pure network (thin lines with different colours). Only the first million
trials of the GCMC phase are shown and the average number of sorbed CO: is indicated by
the thick blue line with squares (b) The slow volume relaxation associated with the uptake
of CO; from 40 to 60 bar in the polyorthoOAPS-PMDA network as a function of the
number of GCMC-MD iterations.

Fig. 7b shows the number of successive GCMC-MD iterations needed for the volume to
stabilize when the polyorthoOAPS-PMDA network at 40 bar of CO; is further loaded up to 60 bar.
The gradual volume swelling upon CO; sorption leads to a rise in the solubility and consequently,
the number of sorbed CO> has to be regularly re-adjusted with GCMC, re-relaxed with MD and so
on. Several combinations for the number of iterations and the length of the MD phase have been
proposed [36, 45-48, 50]. In all cases, the most critical point is to take into account as much as
possible the slow matrix relaxation of the system under study, especially when strongly-plasticizing
penetrants such as CO; are considered.

The actual uptake curves showing the penetrant concentration in the matrix Cpamid(p) as a
function of the gas pressure p are provided in Figs. 8a-b for CH4 and in Figs. 8c-d for CO,. The
same data are presented as a function of the gas fugacity in Fig. S5 of the Supp. Info. Both pressure
or fugacity representations can be used [98, 99], the curves are similar and the relative order
remains the same. The matrices, which all contain between 30000 and 45000 atoms (Table 1), are
large enough to provide significant statistics on the uptakes [36]. Indeed, the maximum standard

errors on the Cuarix(p), which were estimated using the method given in Ref. [87], are only 0.3
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cm?(STP)/cm? for CHs and 0.7 cm3(STP)/cm? for CO». As such, they are smaller than the symbols

on the scale of Fig. 8.
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Fig. 8. Single-gas sorption isotherms: the concentrations Cumarix(p) of penetrants in the networks
plotted as a function of pressure p as obtained using the iterative GCMC-MD method for
(a-b) CH4 and (c-d) COs. In all cases, the standard errors are less than the size of the

symbols.

The Cuani(p) vs p curves are Type I adsorption isotherms [100], and can be fitted over the
entire pressure range to the dual-mode sorption (DMS) model [101]. The DMS formalism and the
fit parameters corresponding to Fig. 8 are provided in the Supp. Information (Table S6). As
expected from their critical temperatures [102], CO; sorbs more than CH4, but the concentrations in
the polyOAPS-imides also depend on both their inorganic and organic precursors. Interestingly, the
Charix(p) for the polyPOSS-PMDA and polyPOSS-6FDA are almost superimposable for a specific
penetrant. This has already been investigated for a lower cross-link density [28]. When compared to

polyPOSS-PMDA, the polyPOSS-6FDA matrix sorbs more penetrant molecules because of its
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greater proportion of organic phase, but it is compensated for in the Cmauix(p) by the difference in
the volumes. This is not the case for the polyOAPS-imide networks, where the sorption varies in the
order paraOAPS > metaOAPS > orthoOAPS and PMDA > 6FDA (except when associated to the
orthoOAPS isomer). All of them have a higher sorption capacity than the aliphatic-arm POSS as
suggested by the free-volume analyses (Section 4.3.). There again, the differences are enhanced for
the PMDA networks, with a clear distinction between the high-solubility paraOAPS/metaOAPS on
one side and the lower-solubility orthoOAPS/POSS on the other side. The trends in sorption thus
directly reflect the morphology of the pure networks (Figs. 5-6 and Table 3). In the case of the
6FDA networks, the <%PAVy> and <%FSVy> for the orthoOAPS are much higher than for the
POSS (Fig. 4 and Table 3), and this brings the orthoOAPS uptake curves closer to the other two
isomers.

Although it is difficult to measure small volume changes in experimental samples [103-
106], the dilations of the matrices upon sorption can be easily monitored in molecular models.
Fig. 9 displays the volume swelling of each network as a function of Ciarix(p) for both its CH4 and

CO> uptake curves.
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Fig. 9. Percentage of volume swelling in the eight networks as a function of the sorbed penetrant
concentration in the matrix Cpanix(p) for (a-b) CHs4 and (c-d) COo». Please note that, unlike

Fig. 8, the scales used for CO> are different from those for CHa.

The volume swelling curves in Fig. 9a-b are consistent with the mildly-plasticizing nature of
CHs, which usually leads to maximum dilations of 2-3% in glassy polymers on that pressure range
[81]. On the other hand, CO; is a highly-plasticizing penetrant and as shown by Fig. 9c-d, it is able
to lead to dilations of up to 10-20% at the highest pressures under study [36, 97]. The average
partial molar volumes (pmv) estimated from the limiting slopes of the volume vs number of sorbed
molecules are ~26 cm®mol! for CO, and ~14 cm®mol! for CHa4, in agreement with the
experimental pmv in polyimides [103, 105, 107]. However, Fig. 9 clearly shows that the networks
display different resistances to plasticization when compared at equivalent Cpunix(p). The
metaOAPS and paraOAPS isomers with PMDA swell less as a function of penetrant concentration
due to their lower densities (Fig. 3) and associated higher free volumes (Fig. 4 and Table 3). There
is even some evidence of a slight contraction at moderate p due to the amount of unrelaxed free-

volume in these systems [27] and the extra cohesion energy provided by the sorption of penetrants.

29



In the case of 6FDA, a similar, albeit less pronounced, retarded swelling behaviour can be seen for
OAPS, which again correlates well with their densities and free volumes. As for the uptake curves
(Fig. 8), the orthoOAPS behaves similarly to POSS when associated to PMDA, and closer to
metaOAPS when associated to 6FDA. However, in general, the swelling at the same Chanix(p)
varies in the order paraOAPS < metaOAPS < orthoOAPS < POSS. This reduced amount of
swelling is an asset for the OAPS precursor as it offsets its larger sorption capacities, thus limiting
the decrease in selectivities [ 108, 109].

To relate the total swelling (Fig. 9) to that of the actual free-volume, the average probe-
accessible volume <%PAV> was analysed for all pressures p as for the <%PAVy> of the pure
matrices (Fig 4), but under two conditions: (i) by including or (ii) by excluding all the other
penetrant molecules in the system. Condition (i) follows the filling-up of the accessible free-
volume, while condition (ii) probes its relative swelling. The decrease (upon filling-up) and increase
(upon swelling) of the <%PAV(p)> with respect to the <%PAVy> of the pure matrices are reported

in Fig. 10 as a function of the sorbed COz concentrations. The trends were similar for methane.
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Fig. 10. Relative average percentage of probe-accessible volume <%PAV(p)> with respect to that
of the pure matrix <%PAVy> as a function of the sorbed CO; concentration in the matrix

Charix(p) while (a-b) including and (c-d) excluding the other CO; present in the matrix

Figs. 10a-b show the decrease in <%PAV(p)> as Cuarix(p) increases and confirm the
retarded swelling of the OAPS networks due to part of their free-volume still being accessible. As
noted above, the <%PAVy> and <%FSVy> for the three isomers are closer when associated to 6FDA
than to PMDA, which explains the similarity of the OAPS curves in Fig. 10b. The swelling of the
free-volumes (Figs. 10c-d) also correlates with the <%PAVy>. In the PMDA networks, both the
orthoOAPS and POSS are filled up rapidly and have to start swelling at low Cpanix(p) to
accommodate more penetrants. On the other hand, the metaOAPS and paraOAPS still have free-
volume available, and as such, the volume swelling only appears at much higher Ciurix(p). In the
6FDA networks, the situation is similar for POSS, but not for the three OAPS isomers. The lowest
<9%PAVy> is found in metaOAPS, and its free-volume is able to swell by over 200% at the highest
penetrant concentration. The orthoOAPS follows the metaOAPS but it is not able to swell as much,

thus limiting the uptake. The paraOAPS is always the least dense structure and can thus sorb a lot
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of penetrants before it has to swell. However, its swelling ability is almost as good as the
metaOAPS, which in turn further increases its sorption capacity. There is thus an added effect of the
organic-inorganic connectivity in their swelling behavior.

Radial distribution functions g(r) for the C in CHs and the O in CO; were used to
characterize the actual interaction sites of the penetrants in the networks. A g(r) between atom-types
i and j gives the average probability of finding n; atoms of type j around an atom of type i within a
spherical shell of volume 4zr’dr relative to that expected from a random distribution at the same

number density for type j, pj (Eq. (9)):

g(r) = —1— ©)

4mr-or P;
The histograms are collected using bins of equal radial width and the g(r) are normalized
accordingly taking into account the increase of the volume as r increases. The closest interactions
are the same as those in polyimides [36, 83, 84, 86, 97], i.e. the penetrants easily approach the imide
ketone oxygens and the fluorine groups on the 6FDA moiety. However, as seen in Fig. 6, there are
also preferential sites in the vicinity of the siloxane cages and the OAPS phenyl rings.

Representative g(r) are compared at the same pressure (20 bar) in Fig. 11.
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Fig. 11. Radial distribution functions g(r) for specific interactions between the penetrants (C atom
for CH4 and O atom for CO) and different atom-types in the networks. The legend is the

same for all plots.

The g(r) confirm that the penetrants occupy easily-accessible sites, which include those close to the
protruding groups of the organic imide moieties and the pendant NH> groups on the unreacted
OAPS or POSS arms (Figs. 10c-e). There are also less-accessible sites in the immediate vicinity of
the siloxane cages, i.e. close to the O in between the arm-bearing Si atoms, except for the

orthoOAPS (Fig. 10a) where the reacted and unreacted -NH> groups in the ortho position naturally
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occlude the space close to the cage. In general, the penetrants favour the organic phase in the POSS
networks, which contains their lowest-energy sites (Fig. 6). On the other hand, the lowest-energy
sites of the OAPS networks are closer to the cages and in the vicinity of their phenyl arm linkers
(Fig. 11b). As expected, the behaviour of the penetrants in the paraOAPS and metaOAPS networks
is quite similar, while the orthoOAPS differs because of its specific features. At higher pressures,
the preferential interactions do not change as the general increase in the free-volume is affine with
the amount of volume swelling (Figs. 9-10) [36, 84]. There are no signs of permanent clusters
forming, even if some penetrant molecules tend to find themselves close to others, especially at
high pressures. Snapshots of CH4 sorbed in the polymetaOAPS-6FDA matrix and CO; sorbed in the
polyparaOAPS-PMDA matrix at different pressures are provided in Fig. 12. In addition, 3D
animations of the polyparaOAPS-PMDA and polyorthoOAPS-PMDA simulation boxes loaded

with 20 bar of CO2 can be found in the Supporting Information.
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Fig. 12. ~(20 A)? close-ups of the polymetaOAPS-6FDA network loaded with CH4 (top pictures)
and the polyparaOAPS-6FDA network loaded with CO; (bottom pictures). The colour

code is the same as in Fig. 2.

The ideal CO2/CH4 sorption selectivities can be obtained from the sixteen uptake curves

(Fig. 8) as:

C .
aS (p) _ matrix—CO, (r) (10)

CO,/CH, Cmatrix—CH 4 ()

and they are given in Fig. 13.
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Fig. 13. Ideal CO»/CH4 sorption selectivities (Eq. (8)) at 35°C for the eight networks under study

Although it could have been expected that the lower densities and higher fractions of void-space in
the polyOAPS-imides would lead to a significant decrease in the sorption selectivities, this is not
the case. The selectivities are only slightly smaller than those in the denser polyPOSS-imides and
are still consistent with experimental CO2/CH4 sorption selectivities found in polyimides [110,
111]. The sorption selectivity in these hyper-cross-linked networks thus does not seem to be
affected by the set of inorganic and organic precursors studied here. There could be larger

differences in the diffusion selectivities and that will be the subject of future work.

6. Mechanical resistances of the polyOAPS/POSS-imide
networks

In addition to the sorption-induced swelling, separation membranes need to be able to resist
other mechanical stresses when subjected to harsh conditions. The network resistance to isotropic
dilation and uniaxial tension has already been evaluated at high temperatures (300°C and 400°C)
during our initial screening stage [30], but we briefly present here the corresponding results at
35°C, which were obtained from additional MD simulations. The isotropic volume dilation was
tested by simultaneously reducing the xx, yy and zz on-diagonal components of the pressure tensor
and the uniaxial extension by only changing the yy component. In both cases, the rate of
deformations was -1 bar/ps. In spite of the rates of deformation accessible to the MD timescale
being very fast, such simulations are still able to provide a reasonable comparison of the intrinsic
mechanical properties [26, 27, 112, 113]. The resistances to isotropic dilation and uniaxial tension

at 35°C for the eight networks under study are given in Fig. 14.
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Fig. 14 (a-b) Isotropic dilation curves at 35°C for the polyOAPS-imide and polyPOSS-imide
networks under study, (c) uniaxial stress-strain curves for the PMDA networks and (d)
average Young's moduli E for the 6FDA networks. The maximum standard error on E is

0.05 GPa.

Both tests show the same trends (Fig. 14). At the very start, the polyPOSS-imides resist better
against the deformations as they are dense and have the smallest <%PAV> (Figs. 3-4). As such,
they have the highest yield stresses in the dilation tests (Figs. 14a-b) and the highest elastic moduli
in the tension tests (Fig. 14c-d). The model E agree well with the experimental moduli reported for
closely-related structures [27, 114, 115]. The initial deformation of the polyPOSS-imides is then
followed by a ductile behaviour typical of cold-drawing and a subsequent strain hardening stage.
On the other hand, the polyOAPS-imides strain harden at much lower values of the
dilation/extension because of their phenyl linkers, thus strongly limiting the ductile stage. The
orthoOAPS tends to bring added resistance, as does the stiffer PMDA. For the flexible 6FDA, the
organic linker is already extended when associated to orthoOAPS, unlike for the para and meta

isomers where it has more scope for deformation (Table 2). However, in all cases, the polyOAPS-
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imides consistently outperform the polyPOSS-imides in terms of strain hardening, which confirms

their better overall mechanical resistance.

5. Conclusions

In this work, the molecular characteristics and sorption capacities at 35°C were compared
for a series of hybrid hyper-cross-linked model networks based on cubic SigO12 cages covalently
bonded with imides, in which the inorganic linkers originate either from POSS (with aliphatic -
(CH2)3-NH> arms) or from OAPS (with phenyl -C¢Hs-NH> arms). PolyPOSS-imide membranes
have already been synthesized using interfacial polycondensation on ceramic porous supports [18-
21] and upgraded to tubular modules [25]. However, they cannot be used above 300°C due to the
decomposition of their aliphatic -(CHz)3- linkers [21, 26, 27]. Using the phenyl-arm OAPS as the
inorganic precursor should increase their thermoresistance, but it has three possible isomers
depending on the meta, para or ortho position of the -NH2 group on the phenyl ring.

To avoid a long programme of synthesis, a large number of molecular networks based on
the three isomers of OAPS and on the PMDA, 6FDA and ODPA imides were recently modelled at
different cross-link densities [30]. Their thermoresistance was screened at 300°C and 400°C and six
promising networks, i.e. the three polyOAPS-PMDA and the three polyOAPS-6FDA with the
maximum cross-link densities, were selected for further examination of their sorption properties at
35°C. These are compared here to those of the corresponding polyPOSS-imides generated under
exactly the same conditions.

The network connectivities and morphologies are highly dependent on their precursors. All
of them have an average number of ~5 links per cage, but these include intercage single-links and
double-links as well as intracage links, thus reducing the actual cross-linking densities to an average
of ~3.8. The metaOAPS and paraOAPS networks have rather similar Si~Si bridging distances and
imide Ncentre'N angles, unlike the ortho functionalization, which leads to connectivities closer to
those of the POSS. Densities vary quite a lot, and differences are enhanced when the inorganic
precursor is associated to the stiffer PMDA imide.

The TPI method, combined to the EVMS formalism for added efficiency, was used to obtain

the infinite-dilution solubilities of CHs and CO: penetrant molecules as well as the underlying

38



distributions of insertion energies. The free-volume morphology analyses showed that the phenyl-
arm OAPS all result in more open structures than the POSS, although the orthoOAPS Boltzmann-
weighted probability density distributions for the insertion energies of the penetrants are closer to
POSS than to metaOAPS and paraOAPS. Both the latter have high solubilities because of very
favourable sites in the spaces between the OAPS arms. On the other hand, orthoOAPS inherently
prevents access to the cages and its low-energy sites tend to be close to the phenyl rings but further
away from the cages. This is more similar to POSS, where the lowest-energy sites are spread in the
organic phase.

The iterative GCMC-MD approach was used to predict both the CHs and CO: sorption
isotherms at 35°C over the 0-60 bar pressure range in the eight networks under study. The sorption
capacities varied in the order paraOAPS > metaOAPS > orthoOAPS > POSS, in agreement with
their larger amounts of accessible volume. Once again, the behaviour of orthoOAPS was closer to
that of POSS, except that it had a significantly higher fraction of its volume available for penetrant
insertion in the 6FDA networks. In all cases, systems with the OAPS precursor showed less
swelling when compared at equivalent penetrant concentrations in the matrix. However, their
CO,/CHy ideal sorption selectivity remained essentially the same at equivalent gas pressures.

Further mechanical isotropic dilation and uniaxial tension tests confirmed the better strain
hardening response of the polyOAPS-imides due to the phenyl arms. The polyOAPS-imides are
thus interesting because of their better sorption capacities and their added resistance to mechanical
deformation whilst still keeping a similar sorption selectivity to the polyPOSS-imides. Diffusion

and transport properties at higher temperatures will be analysed in a future work.
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Nomenclature

Coas concentration of the penetrant in the gas phase

Charrix concentration of the penetrant in the matrix phase

FSV fraction of significant volume

kg Boltzmann's constant

P pressure tensor

p pressure

PAV probe-accessible volume

Dig probability of an insertion in the gas phase

Pim probability of an insertion in the matrix phase

Seas solubility of the penetrant in the gas phase

Smatrix solubility of the penetrant in the matrix phase

T temperature

up unbiaising factor in the EVMS method

V volume

Vin volume where insertions will be attempted in the EVMS method

a ideal sorption selectivity

e chemical potential of the penetrant molecule in the gas phase

woo excess chemical potential of the penetrant molecule in the matrix phase

AP change in potential energy for the (virtual) insertion of a test particle

AD critical upper limit in the insertion energy used to define the FSV
C

p< A(p) normalized probability density of AP

P, ( Acp) Boltzmann-weighted normalized probability density of A®
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