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Abstract

Networked hybrid materials containing various types of organic imides covalently bonded with
polyhedral oligomeric silsesquioxanes (POSS) have recently been developed. One of their possible
applications is for gas-separation under extreme conditions of pressure and/or temperature. Experimental
results indicate that their permeation properties depend on the specific organic dianhydride precursor used
in the synthesis. In this work, atomistic models of 6FDA-based and PMDA-based poly(POSS-imide)
crosslinked networks have been used to investigate the sorption, desorption, relaxation and permeation
properties of such materials at the molecular level and their dependence on the nature of the imide linker.
Results have been compared to available experimental data.

A highly-efficient parallelised version of the excluded volume map sampling test particle insertion
(EVMS-TPI) method was used to obtain the infinite dilution solubilities of a number of small penetrants
(N2, O, CH; and CQ) in these model networks. Analyses of the Boltzmann-weighted probability
densities for the distribution of the insertion energies showed that very reliable estimates of solubilities
could be obtained.

Extensive molecular dynamics simulations were then performed to obtain the complete model
sorption isotherms for CQand CH at 35°C up to pressures of over 60 bar using an iterative technique
which matches the chemical potential of the penetrant in the poly(POSS-imide) phase to that in the
corresponding gas phase. The sorption-induced changes in volume, the significant space available to
penetrants, the mean insertion energies and their distributions were characterized. Comparisons were not
only made between both types of poly(POSS-imide) to characterize the effect of the linker, but also with

(hypothetical) uncrosslinked mixtures of the POSS and dianhydride molecules in order to elucidate the
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effects of crosslinking. Given the known conditiogiproperties of C&) desorption isotherms were also
obtained for this penetrant. These showed sigmfichysteresis. Prolonged exposure to high
concentrations of COwas also found to lead to slow relaxations thatehsignificant effects on the
solubility.

Permeabilities were obtained for methane and cadboxide at 100°C, 200°C and 300°C at a

pressure of ~2 bar. Differences in permeabilitiesenargely diffusion dependent.

Keywords: molecular dynamics (MD) simulations; 6FDA and PMDpdly(POSS-imide) networks;

carbon dioxide and methane sorption, diffusion pexneation.

1. Introduction

The class of networked hybrid materials formednfrpolyhedral oligomeric silsesquioxanes
(POSS), of basic formula (RSif),, with organic bridges [1-8] has recently receivedewed interest in
the case where the organic linker is an imide [P-TBese materials combine the mechanical rigidity
inorganic siloxane cages [14], which act as theahodntres in the networks, with flexible yet cheatly
stable organic imide moieties [15]. The latter eogalently bonded to the corners of the siloxargesa
and thus form bridging links which give the netwstkeir structural integrity. The actual synthesiis
these poly(POSS-imide)s [9-13] passes first by raarfacial polymerization step, where an aqueous
solution of a primary amine-functionalized POSSeesinto contact with a solution of the dianhydride
(corresponding to the target imide) dissolved iroaganic solvent. A polycondensation reaction rpid
occurs at the interface between the two immisabletions, leading to the formation of a homogeseou
film of the corresponding poly(POSS-(amic acid)peTilms that are formed are relatively thin sitlce
progressive formation of the dense film at therfiatse ultimately prevents further reactants frormiow
into contact [16]. The second stage of the synshiesiolves heating the film to temperatures of ~800
SO as to convert the amic acid groups into cyceticde groups. The relative simplicity of the appioac
lends itself, in principle, to industrial produatiof membrane films of arbitrary width and lengiie].

One of the potential applications of poly(POSSde)i membranes is in the field of gas
separations under conditions of high pressuresoatemperatures [9], where the added stabilityhef t
inorganic/organic network offers advantages ovarasslinked glassy polyimides. Indeed, the latter c
have their separation performances affected byeasmd mobility or plasticization [17], e.g. at high
temperatures and/or by highly soluble penetranish s CQ The large variety in the choice of the
imide bridges gives a certain control over theriaiige spacing and link flexibility [10] and this urn
affects the transport, which is known to occur ueig in the organic phase [18]. For example, the

permeances of various gases were found to incredsehe imide bridge length, whereas selectivifias
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different gas pairs tended to decrease [10]. Intiatd it has also been shown that the imide to BOS
ratio can be controlled to a certain extent by diramn the POSS concentration in the aqueous solution
[13]. This latter study demonstrated that the sorpand swelling behaviour induced by penetranthsu
as carbon dioxide and methane is likely to be gensitive to the imide to POSS ratio.

To provide complementary insights into the wayt thearious linkers [5] affect the structure and
dynamics of poly(POSS-imide)s, we have recentlystmicted detailed atomistic bulk models of such
networks byin silico polymerization of equilibrated mixtures of (MICH,)s-SiOs/0)s With two different
imide linkers [19, 20]: (a) the pyromellitic diardiyde (PMDA), a short and fairly rigid linker, arfd)
the 4,4'-(hexafluoroisopropylidene) diphthalic digdride (6FDA), a longer and more flexible linker.
Their chemical structures are sketched in Fig. 1.
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Figure 1. Chemical structures of the octa(aminogsiigesquioxane) POSS, the PMDA dianhydride
and the 6FDA dianhydride precursors.

In order to mimick the experimental synthesis, thedel polymerization produced intermediate
poly(POSS-(amic acid)) systems, which were condetiie their poly(POSS-imide) forms at high
temperature. The resulting bulk poly(POSS-imidemoeks were extensively simulated using classical
molecular dynamics (MD) simulations and their stuual, thermal and mechanical properties were
characterized for both linkers under study at thmes cross-linking density [19, 20]. A number of
interesting insights were gained from these comspas as well as detailed information concerning the
cross-linking that is difficult to determine expegntally. For example, the interconnectivity of @SS
nodes was found to be rather heterogeneous witeschgving the possibility, albeit low, of having al
eight or none of their arms connected to other PO&fes, in spite of the average number of links per
POSS being fixed at an experimentally-determinddevaf four [13]. The occurence of intramolecular
links and multiple links between neighbouring PO&S also revealed as ~55% of cages had interPOSS
single links only.



In terms of their use as gas separation membréregffect of the steric constraints introduced by
network formation was clearly seen in the densiiethe intermediate poly(POSS-(amic acid))s andlfi
poly(POSS-imide)s decreasing with respect to tbatah ideal mixture, thus revealing the creation of
additional free-volume. Significantly, this effesas more pronounced in the case of the stiffertehor
PMDA linker.

The main objective here is to compare the gastisornd permeation in the PMDA and 6FDA
poly(POSS-imide)s models prepared previously. Galmns of infinite dilution solubilities of diffemt
small penetrants relevant to gas separations @ CH, and CQ) were first made at 35°C, 100°C,
200°C and 300°C. Extensive MD simulations were theriormed to obtain the complete sorption curves
for carbon dioxide and methane at 35°C up to pressof over 60 bar using an iterative techniqud.[21
The method matches the chemical potential of timefpant in the poly(POSS-imide) phase to that e th
corresponding gas phase. In the case of carboiddicthe desorption curve was also calculated gitgen
known conditioning properties, i.e. the irreversibbrption-induced relaxations that occur abovetiaal
amount of volume dilation [13, 22].

Another objective was to evaluate the effect @ thoss-linking procedure on gas sorption. For
this reason, the infinite dilution solubility tesiad the complete uptake curves of Gd CH at 35°C
were also made on the corresponding 2:1 dianhyalF@SS uncrosslinked mixtures.

Finally, as the diffusion of the penetrants iheatlimited at 35°C on the MD time scale, estimates
of permeabilities were obtained for methane andbarardioxide at the higher temperatures of 100°C,
200°C and 300°C for a pressure of ~2 bar. Experiatlgn it has been found that short and stiff lirke
such as PMDA, show similar apparent activation giesr for the permeation of several gases [10],
whereas longer more flexible linkers, such as 6Fbehd to give a range of apparent gas activation
energies [9]. This leads to gas permselectivitiasyimg significantly, and a better understanding is
necessary so that these new materials can be aptirfor specific gas separation applications. Whene

possible, the results were compared to the availexperimental evidence.

2. Models and methods

All details concerning the fully-atomistic modedé the octa(aminopropylsilsesquioxane) POSS,
PMDA dianhydride and 6FDA dianhydride moleculesvesll as the intermediate poly(POSS-(amic
acid))s and resulting poly(POSS-imide)s have beesngpreviously along with the basic parameters and
techniques used in the MD simulations [19, 20]biref, all bonds are considered rigid and a cladsic
force field is used to represent the bond-angledimen dihedral angle rotations, “sput-of-plane
deformations, Van der Waals and Coulombic inteoasti In addition, special constraints [23-25] are

applied to remove the degrees of freedom of hydragfems in -ChHl and aromatic -CH groups. All
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parameters used were taken from literature soyg&82] apart from the partial charges on each atom
which were obtained using the Density Functionadrly calculations on representative fragments ®f th
molecules [19, 20].

It should be pointed out that the model poly(POi8isle)s are necessarily idealized in that some
simplifications have been made [19, 20]. For exangiie POSS cages are all considered to be T8, i.e.
they contain 8 tetrahedral Si atoms, and all cagekept intact whereas, in reality, they can benep
by partial hydrolysis to form silanol and Si@roups and recondensed [10-12, 33]. The ratiin&éts to
POSS is kept constant at exactly 2:1 so as to aiaimt constant imide:POSS ratio of 4:1 (each linker
having an imide group at either end), thusateragenumber of links per POSS cage is automatically set
to 4. Experimentally, this number is not straightfard to obtain with any precision and only rough
estimates can be obtained from X-ray photoelecspettroscopy (XPS) measurements [13]. It has been
shown [10, 12] that, as far as can been determihediinkers are indeed connected to a POSS cage at
either end, i.e. there are no detectable danglmg.eHowever, the models of the pure bulk poly(POSS
imide)s are also completely free from any resididvent molecules and ions, which is more diffidolt
achieve in reality. Apart from practical consideras, the advantage of adopting such simplification

the models is that the comparison of the effectb@fifferent linkers is less ambiguous.

2.1. Molecular dynamics simulations

The MD simulations were carried out using the diontlecomposition parallelized codelgmq
[23] running on up to 27 processors. The equatanotion were solved using a leap-frog algorithm
[34] and a time step of 1 fs. All rigid constrain®re converged to within a relative tolerance of 1
using iterative techniques [24, 25]. The Ewald swatiom [35, 36] was used to calculate the Coulombic
interactions and forces with parameters optimisetheé manner described previously [23, 37, 38]. Van
der Waals interactions were truncated at the sastende (typically 10 to 12 A) as the real spacmtia
the Ewald potential. Standard long-range correstiware made to the energy and pressure [34].

In general production simulations were carried onter NPT conditions (constant number of
atomsN, controlled pressure tens®y controlled temperatufg), as described previously [19, 20]. As will
be explained later, following the introduction oén@trant molecules, simulations were generally run
underNVT (constant number of atonNy constant volum&, controlled temperatur€) conditions for an
initial period of 100 ps to allow for thermal edhiiation before switching td\NPT conditions.
Thermodynamic data were stored every 1 ps, whereafgurations were stored every 5 ps for post-

analyses.



2.2. Pure dianhydride+POSS uncrosslinked mixturesrad poly(POSS-imide)s

The starting point for the model PMDA+POSS mixtyréFDA+POSS mixtures, and the PMDA
and 6FDA poly(POSS-imide)s are the relaxed conétians obtained previously at 22°C [19, 20], since
most of the basic experimental characterizationsnigabeen carried out at room temperature. For the
dianhydride+POSS uncrosslinked mixtures, just andiguration was used in both cases. These systems
contained 432 dianhydride molecules and 216 POS8aules, i.e. a dianhydride to POSS ratio of 2:1.
This amounts to 32832 and 41040 atoms, respectivellPMDA and 6FDA. Relaxed configurations of
the mixtures at 35°C and 1 bar were obtained bfjopaing a 4 ns simulation und&PT conditions; at
this temperature, these systems are in a solidsyladate. It is important to state that the
dianhydride+POSS uncrosslinked mixtures are hypiotilesystems since the real mixtures undergo the
reactions that form the poly(POSS-(amic acid))sweleer, they will be used to assess the effectadser
linking.

For the poly(POSS-imide)s, the starting point floe simulations were also taken from those
obtained previously using a progressive approadecformation of the network [19, 20]. We briefly
summarize the procedure here. Based on initial Xfe&surements [13], the average number of imide
links per POSS was set to four in the model netgjark. a stoichiometric 2:1 ratio of the dianhgés to
POSS precursors. To increase the linking possés|itmixtures with an excess of dianhydriday.a 3:1
ratio, were prepared by first equilibrating the taies at 227°C before cooling at a rate of -0.18Gfp
22°C and then relaxing for at least 2000 ps. Thss:tinking procedure was carried out in a progvess
way at 22°C to form, in a first stage, the interimaél polyPOSS-(amic acid) networks. At any one
instant, only the most favourably-placed dianhyeridolecules, i.e. those satisfying a critical dista
criterion, were "reacted" with POSS molecules bgropg the 5-member anhydride ring and forming a
covalent bond between a POSS amine nitrogen andfaie two ketone carbons on the anhydride. The
strain created by the formation of new covalentdsowas then relaxed away by a combination of energy
minimization and MD before attempting new reactgiaps. The process of reaction step followed by
relaxation step continued until the required num@E2) of dianhydrides had been reacted. Excess
unreacted dianhydrides were discarded at this paot that the all networks did contain the
experimentally-determined 2:1 ratio of dianhydridePOSS. There then followed a period of at least
10000 ps of relaxation at 300°C before the poly(B@#ic acid)) networks were transformed to the
imide form. This happened through a condensati@action” of each amide group and its adjacent
carboxylic acid group with the elimination of watérhe resulting poly(POSS-imide)s were further
relaxed at 300°C for at least 5000 ps before beawed down to 22°C at a rate of -0.1°C/ps andadlb

to relax.



In this work, three independent poly(POSS-imidanples for both types of dianhydride created
using a distance criteriod 6 A for the network formation step were used [20] as the starting
configurations. The samples were first relaxeddfors undeNPT conditions at 35°C and 1 bar. Relaxed
samples at 100°C were then obtained in the samefnwaythe relaxed 35°C configurations and samples
at 200°C were similarly obtained from those at 0Samples at 300°C were taken from the original
relaxations of the poly(POSS-imide)s at this terapee [19, 20].

2.3. Models of gases

Although four different gases ¢§NO,, CH, and CQ) were used as virtual penetrants in order to
obtain estimations of their infinite dilution soilities, specific gas+network and gas+mixtures MD
simulations were only carried out for methane aarban dioxide. All gas molecules were considered
rigid to avoid problems of equipartition of enerdye to either high-frequency low-amplitude vibrago
or low moments of inertia. The diatomic moleculesalNd Q were modelled using the two-centre point-
quadrupole models of Vrabet al.[39] and Hanseet al. [40], respectively. For Cithe 5-site model of
Yin and Mackerell [41] was used albeit within thgid tetrahedral representation described prewousl
[42]. The model used for CQwas taken from the work of Zhang and Duan [43Yescribed in detalil
previously [44].

2.4. MD simulations of methane and carbon dioxidenithe gas phase

As will be explained in the next section, it iscassary to know for the gas models the equilibrium
pressure, number density or concentratioan/V with n being the number of gas molecules ahthe
volume of the system, as well as the solubiByof the vapour phase along the isotherms at tifereint
temperatures of interest (35°C, 100°C, 200°C araP@pin order to calculate the sorption curves for
CH, and CQ in the poly(POSS-imide)s and uncrosslinked mixdutdD simulations were thus carried
out for each penetrant on systems containing 512cules for 10000 ps undBiVT conditions at a range
of concentrations corresponding to pressures frorb bar up to ~100 bar, and at all four temperature
The average results were extracted from the 1a80 Gis for CQ, and the last 8000 ps for GHA
standard test-particle insertion (TPI) method wasduto obtain the solubilities in the gas phasé. [45
Analytical functions having the correct ideal gamits at low pressures [23] were then fitted to taea
obtained at discrete points in order to have irtiaons ofCyadp) andS;a{p) at any pressure within the

fitted regime.



2.5. Iterative method for obtaining pure gas sorptn isotherms

In real sorption experiments, a finite sample ofamal is exposed directly to progressively higher
pressures of the gas and the difficulty is to detee the change in mass of the sample. In simulatid
bulk materials with 3D periodic boundary conditipitsis a priori possible to load the systems with an
arbitrary number of penetrants. However, the difficis now to determine the pressure of the gaseh
that would have to be put in contact with the syste order to obtain the imposed loading. An eéfiti
iterative method [21] has been used to calculagestirption curves for gases in the poly(POSS-irside)
and dianhydride+POSS uncrosslinked mixtures. Detdithe method have already appeared [23, 44], so
only the salient points will be given here.

For a matrix such as those under study, once ibquih has been established between the
polymer phase containing the sorbed gas and treegas phase, the chemical potential of the gdsen t
polymer phase/so, and the gas in the gas phaggss should be equal; for simplicity we will use
henceforth the suffix "pol" to indicate the phasentaining either the poly(POSS-imide) or the
uncrosslinked mixture. In the case of rigid gaseunaoles, the equality of the chemical potentialshim

two phases implies that the differenceektesshemical potentials of the penetrant moleculethéntwo

phases,u;‘ls andu;’;], is related to their different concentrationshie torresponding phases [46]:

gas

C
Ap® = ps —p =k, Tln Cg‘” 1)

pol

given by [47]:

AP
kT

B

A statistical mechanical approximation to the escekemical potential”™ in the NPT ensemble is
<Vexp
p” =—k,Tln

") > (2)

whereA® is the potential energy change resulting from tinual introduction of a penetrant molecule

into configurations of the corresponding model. fkr&q. 2, an expression for the (dimensionless)

> ®3)

the approximation in Eqg. 3 being valid for densdarials where volume fluctuations are negligible.

solubility is obtained:

A
kT

B

Vexp|— AP
k,T <
= R~ { exp




Conventional TPl methods [45] use Eq. 3 to obwotubilities by inserting the test particle at
random positions. Although these methods work &ellow densities, such as in the gas phase, they
become rather inefficient at high densities sinciaurable particle insertion at a randomly chosen
position becomes increasingly unlikely. The exctiidelume map sampling (EVMS) approach [48-51]
is much more efficient for dense systems as itghrainates regions of very low insertion probakekt
Here a modified version [23, 44] of the EVMS TPIthed was used via a parallel processing approach
for accelerated sampling.

Equations 1, 2 and 3 can be combined to give alsimelationship between the ratios of the

concentrations and solubilities for the penetrarihe two phases:

C ex S C
—£2 — exp Ap = 1 —"  oralternatively pol — _pol (4)
Cpol kBT - @;/ Spol Cgas Sgas
exp|—2
k,T

This equation is used to determine the sorptiothesons. The simulations of the pure gas phaselaid t
subsequent fits to analytical functions give intgagions forCyadp) andSya{p) at any pressure within the
fitted regime. Then an MD simulation in th&T ensemble is conducted for a matrix loaded witivarg

number of penetrantsy, at an initial (isotropic) required guess presgurerhis allows us to determine

the average concentration of the gas in the polyp‘rmse,<cpvl(pl)>=npal/<V>, and the average

solubility of the gas in the polymer phasés, (p,)). The quantiies(C_ (p,))/C,(p) and

gas

<Sp0l(p1)>/S (p) are plotted separately as a function of the véigbessure of the gas phase and the

gas
point of intersection of the two curves provides #econd approximatigm. If this value is statistically
different fromp,, another simulation of the gas in the matrix isdiected at a required pressurggfand
the process continues until convergence [21, 44].

At low pressures the intersection of the curvesetdtive density and relative solubility occur at
angles close to perpendicular and the errors irstthability of the gas in the polymer only leadsimall
errors in the iterated pressure. At higher pressihe two curves become more tangential and titasse

in Syor lead to larger errors in the iterated pressure.

2.6. Test particle insertion analyses of poly(POSi&ide)s and dianhydride+POSS
uncrosslinked mixtures

The four gas models (Section 2.3) were used taimbéstimates of their infinite dilution

solubilities in the pure poly(POSS-imide)s and tinerosslinked mixtures at 35°C by performing EVMS
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TPI analyses on the relaxed configurations. Avesagere typically obtained over the last 1000 pthef
simulations. In addition, EVMS TPI analyses wergoatarried out on the pure poly(POSS-imide)s at the
higher temperatures of 100°C, 200°C and 300°C.

To obtain solubility coefficients from the dimeasless solubilities (Eq. 3), we note first that the
gas concentratio@(p) in the polymer is generally given in terms of thelume" of the gas absorbed, i.e.
the hypothetical volume that the gas moleculeb@mbatrix would occupy if they were an ideal gaghat

standard temperature and pressure (STP) conditibnded by the volume of the matrix:

npol(p) N kBTSTP

5
Vip) p" &)

C(p)=

wherenyo|(p) stands for the number of gas molecules absorb#tkimatrix when in equilibrium with a

STP_

gas phase at pressypel>''=273.15 K anc®'=1.01325 bar, respectively, aNgp) is the volume of the

matrix containing the absorbed gas. The soluhildgfficient is then defined as:

C
5.(p) =2 ©
P
By combining Egs. 4, 5 and 6 it can be shown [#4} timiting values of the solubility coefficiendif the

matrices can be obtained from the infinite dilutisolubilities, Sgol, i.e. the solubilities of the pure
matrices before any penetrants have been addewd), s following expression:
0 STP

lim S.(P)=—7 5 (")

We mention in passing that although experimentialiyite dilution solubility coefficients are not
directly accessible, they can be extrapolated ffiterto sorption curves at non-zero pressures [Bay.
example, a popular way of fitting the results aflsexperiments is the dual-mode sorption (DMS) rhode
[62]:

| bp C(p) b
Cipp=kp+C,|—| = S(p)=—=k +C,|—— 8
(p)=k,p H[l+bp] (p) . R e (8)
according to which gas sorption in glassy polynmsurs both by a "hole-filling" mechanism into the

non-equilibrium excess volume associated with tlassy state (characterized by the Langmuir sorption

capacity C'H and the hole affinityp) and by a Henry's law dissolution into the densgions

(characterized by the constaky). In the limit of pressure tending to zero we abthom Eqg. 8 an
extrapolation of the infinite dilution solubilityoefficient:
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lim S,(p)=k,+C,b 9)

Also calculated during the TPI analyses are thehted mean test particle insertion energies,

<A<I> *V exp _kAc]}i]>
- (10)

<Vexp Ad >

The weighting by the Boltzmann factor ensures thase averages represent the typical mean intenacti

(A®), obtained from the following equation:

(AD)=

k,T

energies that the probe molecule would have if thweye actually inserted into the matrices. The
underlying histograms of raw insertion energiesehalso been accumulated with a resolution of gX 1k
during the EVMS TPI analyses. These can be comdotethe bias implicit in EVMS and normalized to

give the corresponding probability density disttiba, p(A@). This density distribution is related, in the

case where volume fluctuations are small, to thebddy via:

S~ <exp —?—?D = Tp(A@)exp[—?—?] dAD (11)

B B
and to the mean insertion energy via:

<A<D < exp[—?—?]> TA@ & p(A(I))exp

B

kT

B

® - = AD S
_ﬁ> fm p(A(ID)eXp[—kB—T] dAD fm p,(AD) dAD

B

?lane TA(D* p,(AD) dAD
== (12)

(a¢)~ -

where we introduce the Boltzmann factor weightezbpbility density distribution for insertion enezgi

pW<A<I>) = p(A@)exp —ﬁ (13)

B
which gives an indication of the likely interactienergies that will occur for any probe moleculaialty
inserted into the matrices. The smoothnesspofA®) depends very much on the quality of the

unweighted distributions at low energies. PoorlypnsErged unweighted distributions will inevitablyegi

rise to rather ragged weighted distributions whautiplied by the Boltzmann factor as this becomes
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extremely large whed\® becomes more and more negative. This is a gooafte¢lse reliability of any
TPI method, so this weighted distribution functisrsystematically inspected.

The third quantity obtained from the TPl analysisa measure of the fraction of significant
volume ESV) that is responsible for 99.9% of the solubiliyhis approach thus uses an energetic
criterion to estimate available volume rather tlasimple geometric one [63-65]. The method exploits
the fact that the integral in Eq. 11 convergestinadyy quickly to its plateau value as the Boltzmdactor
rapidly diminishes when the insertion energy risEse critical upper limit to the integral®; that is
required to obtain 99.9% convergence for the sbtybs first determined and then theSVis given by
the integral of the unweighted distribution uphtstcritical value:

A®,

FSV = f p(A®) dAD (14)

This approach implicitly takes into account thecsfieity of each probe's interactions with the syst

and thus evaluates the significant volume thatesponds to the probe in question.

2.7. MD simulations of CQ and CH, in poly(POSS-imide)s and dianhydride+POSS
uncrosslinked mixtures at 35°C

The calculations of the GCand CH sorption isotherms in the uncrosslinked mixturad &he
poly(POSS-imide)s up to high pressures were ieitidtom each relaxed sample at 35°C, i.e. one sampl
each for the 2:1 mixtures and three samples eacthéo6FDA and PMDA poly(POSS-imide)s. Rough
estimates of a reasonable number of penetrantddatthe first step were obtained from the inéinit
dilution solubilities and Eq. 4. The loading at leaticcessive step should be sufficiently largeréoqke
a measurable difference in the pressure withoutgoeio small as to require excessive computer tiore:
example, additions of 50 or 100 penetrants werd heee in the case of the poly(POSS-imide)s.

To actually load the penetrants into the systehesEVMS TPI technique was first used to locate
the trial position of the penetrant with the lowesergy. A penetrant was then added at this paositial
the process repeated, taking into the account ddgdapenetrants, until all the desired penetraats h
been added. Such an approach eliminates the neewdketgy-minimize the system to alleviate any bad
contacts.

Following loading, systems were simulated for pP80undeMNVT conditions in order to establish
thermal equilibrium. They were then allowed to xelanderNPT conditions for a further 1900 ps at the

initial guess pressum@. As the error in the measured pressure in suchsiMlations is typically ~1 bar,
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the required pressure was set to 1 bar up untiptiet where loadings gave estimates of pressures i
excess of 2 bar. At higher loadings, was either left at the value found at a previaeding or was
estimated from extrapolations of points in the kpteurve at lower loadings.

After each change in the loading, the first 108@vere considered as a period of transition for the
system to adjust and, in particular, for the volumewell. As such, only the period from 1000 p2®90
ps was used to obtain the average properties artkteErmine the solubility of the penetrant in the
matrix+gas system. As described in Section 2.5jtdrative method was then applied to find the seco
estimate of the pressupg, and if a further iteration was required, thentheo simulation of 1000 ps
underNPT conditions was conducted at this new pressuraekssively small changes in pressure do not
change the density very much, the entire 1000 p®dgeavas analysed for the second and higher
iterations. The process continued until convergence

To maintain a fairly constant rate of loading antprove the efficiency, systems at higher
loadings were spawned from configurations of theteays at the preceding loading saved after 500 ps o
relaxation [44]. Loading was continued up to presswf at least 60 bar. In addition, the poly(POSS-
imide)s simulations at the highest loading wereeeaed to 20000 ps to check how sensitive the gesult
are to the length of time exposed to a certain;lgadeal polymer membranes, ageing (albeit ovees
orders of magnitude longer) can have a signifiedféict on sorption and permeation [52-59], and such
conditioning effects are even known to occur on M2 time scale [60]. Furthermore, as exposure to
carbon dioxide at high pressures is known to leadsignificant volume swelling and subsequent
hysteresis upon desorption [13, 22], the poly(P@8ife) systems containing GCalso had their
desorption curves determined, using the reverseeptoe to that for the uptake curves. Starting fthen
highest loaded systems relaxed for 20000 ps, a euwibmolecules were removed randomly from the
system at each unloading step, and theNRH simulation of 2000 ps was carried out. Again, jinst
period from 1000 to 2000 ps was used to obtaircargkestimate of the pressure. If necessary, andeco
iteration was performed over a period of 1000 psl so0 forth as for the uptake curve. Once all tie C
had been removed, a period of 10000 ps was sinduliateorder to see the extent of any residual
relaxation.

For the different independent samples of the stypes of poly(POSS-imide), the results were

averaged over the three samples containing the samber of penetrants.

2.8. MD simulations of CQ and CH, in poly(POSS-imide)s at 100°C, 200°C and
300°C

Permeation studies of several gases, includingd@@@ CH, have been carried out experimentally

on the 6FDA poly(POSS-imide) at feed pressures lofir2up to a temperature of 300°C [9]. Simulations
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at the higher temperatures of 100°C, 200°C and GG@&re thus also performed with loadings of,CO
and CH corresponding to a pressure of ~2 bar for bott6#8A and PMDA poly(POSS-imide) models.
Averages were made over the three independant sarmmpboth cases. Initial estimates of the numiber o
molecules to add were made using the infinite difusolubilities and Eq. 4. In general, at thesghar
temperatures where the solubility is reduced, theifial estimates gave converged pressures seffibyi
close to 2 bar not to warrant further iterationalydn the case of COat 100°C were successive loadings
required in order to obtain pressures close toréfugiired value. In order to obtain estimates fa th
diffusion coefficients of penetrant gases, thesaukitions at 2 bar were extended out to a tot&@08f00

ps at 100°C and 10000 ps at 200 and 300°C.

To obtain the permeability coefficieRt of a particular gas specieghe relation:
P=DxS. (15)

is used wherd; is the corresponding gas diffusion coefficienttine matrix. To obtain the diffusion
coefficients, the mean-squared displacements (M8Dije penetrant molecules were extracted from the

simulations according to:

)

pol; J=1
where ﬁj is the vector position of the centre-of-mass afgieant moleculg. Averages are performed
over all possible time origing and all n, Penetrant molecules. Estimates of the diffusioafft@ents
can then be obtained from:

Dizzlimiéfig—)2

6t

(17)
3. Results and Discussion

3.1. Infinite dilution gas solubilities, mean insetion energies and-SV

This section presents the results of the EVMS dilyses on the pure poly(POSS-imide)s and
uncrosslinked mixtures. The infinite dilution sallitly coefficients determined using Eq. 7 are givan
Table 1 for both poly(POSS-imide)s at 35°C, 1002@0°C and 300°C as well as for the corresponding
2:1 dianhydride+POSS uncrosslinked mixtures at 32860 shown in Table 1 are the weighted mean

test particle insertion energie$A<I>>, obtained from Eqg. 12. The third quantity givenTiable 1 is

fraction of significant volumeRS)) that is responsible for 99.9% of the solubiligg( 14).

-14-



At 35°C, the reliability of the average solub#si given in Table 1 (as reflected by the associated

standard error bars) is reasonably good for the Gmses under study. The underlying Boltzmann-
weighted distributionSpW(A<b), given in a normalized form for the 6FDA poly(POB8de) in Fig. 2,
confirm that convergence is good at 35°C for &, CH; and CQ. Higher temperatures naturally lead to

better convergence of th@w(mb) as the Boltzmann factor is reduced. Higher tentpega significantly

reduce the average solubilities too for the sanasme and the effect is compounded by the thermal
dilation of the systems which reduce the interacgoergies; this can be seen in the distributiorigg. 2

and the mean insertion energies in Table 1 mowriggs negative values as the temperature increases
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Table 1.  The infinite dilution solubility coeffiaies (in cni(STP) cn?® bar') (in bold), the mean
insertion energies (in kd/mole of insertions) amel%FSV (in italics) for the different gases
in the poly(POSS-imide)s and uncrosslinked mixtures

Temperature System Property N, 0} CH, CGO,

S(0) | 2.7240.02 | 3.63t0.03 | 9.0+0.3 | 1774
PMDAinﬁ?O'Ré()POSS' (A®) | 175203 | -18.1%0.3 | -22.8:0.6 | -36.420.2
%ESy | 1.5040.05 | 1.820.06 | 1.08:0.04 | 0.6740.04
(0) | 2.81+0.11 | 3.63t0.11 | 9.1:+0.5 | 19010
GFDAig?éﬁ)POSS' (A®) | -17.5:0.1 | -17.8:0.1 | -22.2+0.2 | -36.5:0.4
- %ESy | 1.28#0.05 | 1.60:0.06 | 0.90:0.04 | 0.5740.02
() | 0.2420.01 | 0.4520.01 | 0.81%0.04 | 17.0%0.6
21 PMDAYPOSS | (A9) | -201210 | -201207 | -25.8:20 | -38.2+1.9
%ESy | 0.051 0.088 0.022 0.012
S(0) |0.300£0.004 0.56:0.01 | 0.80+0.02 | 21.7+0.4
ZLOPDAIPOSS | (Ad) | -18.8:0.4 | 192101 | -23.6:0.9 | -37.4x11
%ESy | 0.088 0.144 0.041 0.023
S0) | 0.72+0.02 | 0.93:0.02 | 1.68+0.05 | 14.1%0.3
PMDAirE’]?Jﬁ()POSS‘ (A®) | -16.0:0.2 | -16.4%0.2 | -20.740.4 | -32.6:0.1
Looec %ESY | 1.72#0.06 | 2.08#0.07 | 1.25#0.05 | 0.9440.03
S(0) | 0.7240.02 | 0.9240.02 | 1.68+0.05 | 14.0+0.4
GFDAig?éﬁ)POSS' (A®) | -16.2:01 | -16.3t0.1 | -20.6:0.2 | -32.240.1
%ESY | 1.47#0.02 | 1.83#0.02 | 1.0440.01 | 0.7740.01
S(0) | 0.2120.01 | 0.270.01 | 0.36+0.01 | 1.46+0.05
PMDAirﬁ%)é()POSS' (A®) | 144301 | -14.60.1 | -185:0.2 | -28.240.2
- %ESY | 2.06#0.04 | 2.49#0.05 | 1.5040.02 | 1.21#0.03
S0) | 0.20740.002 0.26520.002 0.36+0.01 | 1.49+0.01
6FDA"?1?('13§)POSS' (A®) | -14.8:0.1 | -14.9+0.1 | -18.9:0.1 | -28.5:0.1
%ESY | 1.760.04 | 2.1840.05 | 1.2240.03 | 0.9740.03
S(0) | 0.118+0.005 0.145+0.005 0.168+0.007 0.45+0.02
PMDAirf’]?Jﬁ()POSS' (A®) | -12.940.1 | -131%0.1 | -16.60.1 | -24.740.2
200°C %ESY | 3.0:0.1 3.640.1 2.240.1 | 1.940.1
6FDA poly(POSS- S(0) | 0.109+0.002 0.138+0.002 0.157+0.003 0.430.01
b dé) (A®) | -13.4:0.1 | -135:0.1 | -17.1:0.1 | -25.3:0.1
%ESV 2.5440.05 3.0940.05 1.8140.04 | 1.4940.04
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Figure 2. The normalized Boltzmann-weighted dendisgributions of test-particle insertion energies,

A
@ as obtained from the TPI analyses for the differgas probes in pure 6FDA

poly(POSS-imide) systems at (a) 35°C and (b) 3001& x-axis of the right plot has been
adjusted so that the range shown covers the sarntfgatsf the left plot when taking into

account the different absolute temperatures.

In general the solubility coefficients and abselualues of the mean insertion energies for a given
system at a given temperature follow the hierarbhy~ O, < CH; < CQ,, in agreement with the
correlation seen in polymers betwe®rand the critical temperature [66]. For the poly@83imide)s, the
6FDA and PMDA forms give very similar results ae ttifferent temperatures studied, even though the
volume fraction of the organic phase is higherha tormer. This can be attributed to the shoriéfest
PMDA group leading to more steric hindrance andghédr proportion of available space than the longer
flexible 6FDA group [11, 20]. This tendency for theailable space to be slightly higher in the PMDA
poly(POSS-imide)s can clearly be seen in €SV (Table 1). In general the B&Vsare in the order
0O, > N, > CH, > CO, at all the temperatures studied. PhESVbeing based on energetic criterion, there
tends to be more of a correlation with the soltibai than estimates of gas diameters [66]. As drgdec
increasing the temperature leads to high€iSVbut to differing extents. The B&V of O,, N, and CH
approximately double in going from 35°C to 300°@r EG,, there is roughly a factor of three between
these two extremes. TRéFSVunderline the fact that different probes do natchéo access the same
amount of the available space in order to accoam®9.9% of the solubility. Simple geometric measur

of available volume can be misleading in this respe
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The results for all probes shows that the inheinggtier number densities of the mixtures [19, 20]
at 35°C lead to slightly more favourable insertiemergies but considerably lowerF®%Vs It is thus
mostly this latter difference that accounts for #i® times higher infinite dilution solubility cdefients
of the different probes in the poly(POSS-imide)sisTis one of the main consequences of cross-lnkin

A comparison of the mixtures reveals that the psobave lower insertion energies &68SVin
the PMDA+POSS mixtures and, in most cases, a I@etkmbility. This indicates a closer packing in the
PMDA case compared to 6FDA. It is known that the fwlarity of fluorine gives a low refractive index
a low dielectric constant, while free volume isrggsed [67]. The -GFgroups do create slightly more
space in the uncrosslinked 6FDA+POSS mixtures Hiatdffect seems to ka fine less important than

the steric hindrance imparted by the stiffer PMDAups following imidization.

3.2. Sorption isotherms for carbon dioxide and metane at 35°C

The uptake curves at 35°C for €@nd CH in the poly(POSS-imide)s and the related
uncrosslinked mixtures have been determined asriledcin Section 2.7. In each of the comparative
graphs presented hereafter, (a) will be for metreme (b) for carbon dioxide. For clarity, the leden
which will be the same for both graphs, will just $hown in (a). The results are first presentefign 3
in terms of the actuahumbers of moleculethat are sorbed during the uptake phase. As ateBys
contain the same number of POSS moieties (216 dpacity of the 6FDA-containing systems to absorb
more of the penetrants is clearer in this represiemt The inorganic POSS cages being impermeable t
the penetrant gases [18], the differences in uptakebe largely explained by the greater proportibn
organic phase in the 6FDA-based systems. Inde@dhepaccessible volume [23, 68] estimates of the
volume fraction of organic phase in the pure systeme ~0.62 in the PMDA cases and ~0.70 in the
6FDA cases. To further emphasize this point, thea@verage volumes of the simulation boxes of the
different systems during sorption are plotted ig. . These are straightforward to extract asNR&
simulations allow the volume to adjust naturallpeTplots show, for the same number of POSS mojeties
the much higher volumes of the 6FDA systems whesult from their higher organic phase contents It i
important to bear in mind these inherent differasnicethe discussions that follow. More will be skiter

of the changes in volume seen during sorption.
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Figure 3. The number of (a) methane and (b) camntioride molecules sorbed by the poly(POSS-
imide)s and uncrosslinked mixtures as a functiothefpressure. Errors in the estimation of
the pressure of the gas reservoir in equilibriurthuhe fixed uptake are shown as horizontal
bars and can be quite large at higher pressurethéoreason explained in Section 2.7. The

smooth lines are shown as a guide for the eye.
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Figure 4. The average volumes of the simulationeBoaf the poly(POSS-imide) and uncrosslinked
mixture systems as a function of the pressure dug@ methane and (b) carbon dioxide

sorption. The volume swelling due to sorption @& ffenetrants is clear to see.

In Fig. 5 we replot the uptake curves using the toncentrations (Eqg. 5) of the penetrants in the
different systems. In terms of concentrations, rdsults for the 6FDA and PMDA poly(POSS-imide)s
show fairly similar behaviour as the greater inhergolumes of the 6FDA MD boxes (Fig. 4)
compensate for the larger number of sorbed moledqiig. 3). As the volume of inorganic (inaccessjbl

phase is the same in both types of poly(POSS-imitle) again shows that the poorer packing indumed
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the stiffer PMDA groups leads to a higher sorptiapacity than what could be expected. It also cmisfi
that the poly(POSS-imide)s have significantly higteolubilities than the uncrosslinked mixtures

resulting from the steric hindrance imparted bydtass-links.

120 [ T T T I T T T I T T T I T T T I T T T i 120 |

—
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Figure 5. The concentrations of (a) methane and cdrpon dioxide molecules sorbed by the
poly(POSS-imide)s and uncrosslinked mixtures asretion of the pressure. Errors in the
concentrations are shown but are generally less the size of the symbols. The smooth
curves are fits to the DMS model [62] (Eq. 8).

The smooth curves shown in Fig. 5 are non-lineastl squares regression fits to the dual-mode
sorption (DMS) model [62] given in Eq. 8. Theren®intention here to justify the DMS model, for whi
there are a certain number of criticisms [69, Y0& simply use the functional form of Eqg. 8 as a nwn
and familiar way of fitting smooth curves to thesmn curves.

The actual solubility coefficients (Eq. 6) are tgal in Fig. 6 as a function of the penetrant
concentration. In the poly(POSS-imide)s, the sdityboefficients fall rapidly as the concentration
increases. For both GHind CQ, the values at ~50 c¢STP)cm® have already been reduced by a factor
of ten, i.e. roughly equivalent to those of thepextive mixtures at infinite dilution. Surprisinglghere is
little evidence of an initial linear dependence aamcentration in these systems, as would be expecte

from a Langmuir mechanism.
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Figure 6. The solubility coefficients of (a) metleaand (b) carbon dioxide molecules sorbed by the
poly(POSS-imide)s and uncrosslinked mixtures ptbte a function of the concentration of

the respective penetrants. The smooth curvestar®fihe DMS model [62] (EqQ. 8).

As the concentrations increase, the solubility fii@ents tend towards a plateau value
concomitant with a Henry's law sorption and theeeat least three reasons for this:- (a) volumdlswe
can occur, (b) chain packing can change in ordecctmmmodate more penetrant molecules and (c) the

gradual increase in penetrant concentration cae laaveffect on the interaction eney$ of further

penetrants. The relative volume change= (V — VO)/VO = AV /V, whereV is the volume of the loaded

system and/, is the volume of the pure system, are shown in Fig
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Figure 7. The volume change occuring during somptib(a) methane and (b) carbon dioxide molecules
in the poly(POSS-imide)s and uncrosslinked mixtuggstted as a function of the

concentration of the respective penetrants.

It can be seen from Fig. 7 that the swelling isgpessive and the rate tends to increase with

penetrant concentration. Although it can be expmktitat dilation tends to a linear asymptote, tha thas

been fitted to a simple function of the foep=a,C + aZC2 over the interval shown; these are the smooth

lines shown in Fig. 7. The swelling appears to tEatpr in the mixtures compared to the poly(POSS-
imide)s since the absence of cross-linking lead$dtter packing and thus a lack of space for the
penetrants. This is more evident in the case of ®Wkere the concentrations attained are much higher.
There is also slightly less swelling in the 6FDAxtare which is consistent with its greater inifaFSV,

as already discussed. In the poly(POSS-imide)sdila¢ion is similar for 6FDA and PMDA systems
despite the fact that, as noted above, the PMDA éhdswer organic (penetrant accessible) volume
fraction (0.62 as compared to 0.70 for 6FDA). Ae tbtal concentration vs. pressure curves are very
similar (Fig. 5), this implies that there is a heglpenetrant concentration in the organic phasthef
PMDA system compensating for its lower organic wodufraction. To illustrate this, the swelling okth
organic phase has been estimated. This is possljeobe accessible volume tests [23, 68] showthieat
inorganic (penetrant inaccessible) phase volunmmisstant irrespective of the loading. The resuits f
CO; are plotted as a function of the correspondingaoiqy phase concentration in Fig. 8. The smooth
lines are fits to the same form as for Fig. 7. Whempared to the results of the total swelling (Fil),

the lower swelling of the organic phase in the PMpily(POSS-imide) is clear to see in Fig. 8, wherea
for the mixtures there are hardly any changes. Aigker %FSV of the PMDA poly(POSS-imide) thus

leads to the delayed swelling and higher sorptagacity of its organic phase.
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Figure 8. The estimated volume change occuringerorganic phase during sorption of carbon dioxide
molecules in the poly(POSS-imide)s and uncrosstinkextures plotted as a function of the
concentration of C@in the organic phase in éSTP) of gas per chof organic phase. Error

bars are omitted for clarity.

Although, ultimately, the swelling is considerabligher for CQ than that observed for methane,
because of its higher solubility and the accelegatate of swelling at higher concentrations, therage
swelling provokedoer moleculds greater in the case of methane at equivalemterdrations. This can
be seen in Figure 9, where the volume change diviyethe number of penetrants is plotted as a foimct
of the penetrant concentration in the organic phisthe range of concentrations that can be coetpar
the average methane swelling per molecule is 2%~& cni/mole) higher than that of carbon dioxide.
This is consistent with the difference in partiablar volumes of the two molecules in their respecti
low-temperature crystalline (closest-packed) phdgés 72]. The differences between the 6FDA and
PMDA systems for C@in Fig. 9 occur for the same reasons as thosesied for Fig. 8.
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Figure 9. The average volume swelling induced pelenule of penetrant as a function of the
concentration of penetrants in the organic phasthefdifferent poly(POSS-imide)s. Error

bars are omitted for clarity. In the legends, Rérs to poly(POSS-imide).

The corresponding changes in the fractions ofifsggmt volumeFSV (Eq. 14) are presented as
percentages in Fig. 10. The initial rapid reductdithe %FSVto relatively low values, as the penetrants
fill the available holes, leads to the acceleraiiorthe volume swelling that occurs in the poly(F82S
imide)s in the organic phase concentration rangenfr75-100 crii{STP)/cni (Fig. 8). The greater
accessible volume of the PMDA poly(POSS-imide)sclisar to see up to concentrations of ~100
cm*(STP)/cni and, although it is not possible to see on théesofaFig. 10, the difference persists over
the entire range studied. The rather marked indiférences in th8FSVof both penetrants diminish as
the concentration increases due to those for methhetreasing at a more rapid rate before ~50
cm*(STP)/cmi. This correlates with the results shown in Figvtfich imply that CH occupies a larger
volume than C@ As already discussed, the initial lovéFS\s of carbon dioxide are consistent with the

trends seen in Table 1 where the probes whichaatenore with the matrices have the lo#&fS\5.
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Figure 10. The behaviour of the fractions of simgaift volume required to obtain 99.9% of the sditybi
(Eq. 14), expressed as percentages, as a fundtitdme aconcentration of penetrants in the

organic phase for the different poly(POSS-imida)srd) the sorption simulations.

The effect of sorption can also be seen in thengbs to the underlying Boltzmann-weighted
distributions of insertion energie;sw(Acb), at successive loadings. An example is given ¢ Ela for
carbon dioxide uptake in the 6FDA-poly(POSS-imid&)the start of volume dilation, there is an iaiti
marked effect on thGpW(Acb) with a notable decrease in solubility and an abslipft in the peak

position toward less negative energies. As theihgathcreases, there is a tendency for the digiohe
to shift back towards lower energies. This trenad loa seen also in the behaviour of the averagetiose

energies (Eq. 12) which are plotted in Fig. 12foth poly(POSS-imide)s and penetrants.
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Figure 11. The Boltzmann-weighted distributionsrefertion energieSpw(ACD), for (a) CQ probe test

particle insertions at a selection of different J@adings in the 6FDA-poly(POSS-imide)
system at 35°C. The numbers in the legend corresgonthe numbers of sorbed €O
molecules and the figures in brackets are the appede corresponding concentrations in
cm(STP)/cn of organic phase. Figure (b) is as (a) exceptti@fTPl probe molecule does

not interact with the sorbed G@lready present in the systems.

It is tempting to attribute the initial shift irne pw<A¢') towards less negative energies to a

preferential filling of the lowest energy sites tine matrix, similar to the mechanism proposed by
Kirchheim [70]. In reality, a closer inspection eas a more complex behaviour. By analysing thddda
systems using TPI in which the probe molealides not interacwith the sorbed penetrant molecules,
information can be obtained as to the effects smrgtas on the matrix itself. Such (penetrant-edeti)
distributions were systematically determined fdrsgstems and loadings and, as an example, Fig. 11b
shows the distributions corresponding to Fig. ldaalitatively, the results for GOin the PMDA
poly(POSS-imide) and CHin both poly(POSS-imide)s were similar. The disitions in which the
sorbed penetrants do not interact with the probed@placed to lower energies and are of a highak p
height. As such, the matrix can not be considesebledng a static environment into which the pemgtra
are loaded. Even at the lowest loadings, wheremelswelling is insignificant (Figs. 7 and 8), the
interactions of sorbed GQOnolecules with the matrix adjust the latter in ayvwhat leads to thapparent
increase in the quantity of favourable lower enesgyption sites seen in Fig. 11b; of course, actual
removal of the sorbed GQvould permit the matrix to relax and the distribatwould again approach
that of the pure system. Comparisons (not showthefadial distribution functions, as evaluatedry

the EVMS-TPI analyses, for the G@robe with the different types of atoms in the meas of the pure
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poly(POSS-imide)s with those for the systems loadigd 100 CQ (in which the penetrants are not seen
by the probe) reveal that these adjustments takeepparticularly around the -Nkroups at the ends of
the unlinked POSS arms, i.e. those having the ii@sty of movement.

This shift of the distributions shown in Fig. 1ib lower energies also correlates with the
behaviour of the C@excluded%FSV (not shown) which tend to decrease slightly befm@easing
again as the volume starts to swell. Tests alsealethat the majority of these adjustments occthiwi
the first 10 ps following insertion of the penetsamvhich would confirm relatively subtle underlying
changes to the matrix. Similar changes have besmisethe case of Gxonditioning of explicit models
of polyimide membranes [60].
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Figure 12. The mean insertion energies for, @ CH probe test particle insertions in the poly(POSS-
imide)s at 35°C as a function of the penetrant eotrations in cii(STP)/cni of organic
phase.

3.3. Desorption isotherms for carbon dioxide in pgi(POSS-imide)s at 35°C

As seen in the previous sections, exposure te &igh pressures leads to significant volume
swelling (Figs. 7 and 8). On experimental time ssalsubsequent hysteresis is often seen in the
desorption curves [13, 22]. For this reason, tHg(P@©SS-imide) systems containing £&lso had their
desorption curves determined. The method, explaine®ection 2.7, first involved extending the
simulations at the highest loadings shown in FiguBto 20000 ps in order to assess, albeit tdatively
limited extent, the effects that relaxation undeghhloading can have compared to those seen
experimentally [52-59]; a discussion of these raten effects is reserved for the next sectionylirich
we describe additional longer simulations that Haeen performed at even higher loadings. The iiagult
concentrations of COduring desorption are shown in Fig. 13a along wiith corresponding sorption

curves. Hysteresis is visible despite the limitédet of exposure and is similar for both types of
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poly(POSS-imide). The main reason can be seengnldb where the slow relaxation of the matrices
following the removal of C@also leads to hysteresis in the volume swellinigisTis similar to the
behaviour seen before in model glassy 6FDA-basdyinpide systems [44, 60] although the limiting
residual swelling (<1%) is smaller in the caseh&se poly(POSS-imide)s. In addition, during theQD0
ps following the complete removal of all the peasts, it continues to diminish to ~0.3% for both
poly(POSS-imide)s. This almost complete recoveryiagreement with experimental findings where it
has been attributed to the stability afforded eyhitgh degree of crosslinking [13].
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Figure 13. (a) the concentrations of £@olecules in the poly(POSS-imide)s as a functiérthe
pressure during sorption (filled symbols) and deson (open symbols). The smooth curves
are fits to the DMS model [62] (Eqg. 8). (b) theresponding plot for the % volume changes.

Smooth curves are fits to quadratic functions.

To investigate further how the volume hysteresfiiences the solubility, th&FS\6 and mean

insertion energies during the desorption were erathiPlots (not shown) of the results reveal thete
is no detectable hysteresis in ##S\s whereas th§A¢> are clearly more negative during desorption.
Comparisons of the underlyin%(A@) (also not shown) show that this results from atsifithe peaks

to more negative energies during desorption cabigexh increase in amount of the low and intermediat
energy sites. The distributions at the higher gnerde are largely unchanged which explains thatiked
invariance of théoFS\é.

3.4. Comparisons with experiments for 6FDA poly(POS-imide)s at 35°C

As stated in the introduction, experimental stadid CQ and CH sorption and swelling in
supported thin films of 6FDA poly(POSS-imide)s hdezn carried out at 35°C and up to pressures of 60
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bar [13]. This particular study demonstrated thesme sensitivity of the sorption curves to theiahi
concentration of the aqueous POSS solution usethen interfacial polymerization reaction step.
Concentrations of 0.9, 2.5 and 5 wt % of POSS wsexl and, in the resulting films, these led todarg
variations in the uptakes of G@nd CH and in the associated volume dilations [13]. Thaly also
revealed the higher sorption capacities of the miogeorganic network films compared to two typds o
polyimides and several other polymers [61]. XPSlym®s of the crosslinked films indicated that highe
POSS concentrations in the initial solutions ledidwer ratios of POSS to imide groups, i.e. lower
numbers of links between POSS cages. Although sgagilues of these ratios are difficult to obtaomf
XPS measurements, the range was estimated tongamy~§4.9 for the 0.9 wt % case to about ~3.7 fer th
5 wt % case. Indeed our chosen simulated valuendstbased on these estimations.

Comparisons with the experimental results forsihigtion of CQ in the 6FDA poly(POSS-imide)
indicate that the simulated results do correspdasest to those obtained for the 5 wt % experimienta
film. The experimental results for this particuldm are plotted in Figure 14 along with those obgal in

the present simulations.
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Figure 14. A comparison of the results obtainedhftbe simulations for the uptake of € the 6FDA
poly(POSS-imide) with the experimental results afalfmakerset al [13] for their 5 wt %
film. In (a), the concentration vs. pressure curees shown for both the sorption and
desorption. The relaxation of the pressure (seeftexdetails) over 20000 ps and 41000 ps
for the simulated systems at loadings of 1500 &0@D2CQ are indicated by the black and
blue arrows, resp. In (b), the corresponding volwwhanges are shown as a function of the

CO, concentration. For clarity error bars are omitted.

In Fig. 14a, the concentrations are plotted asnatfon of pressure and although both the experiatent

and simulated curves show similar hysteresis lotips, simulated sorption tends to overestimate the
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uptake at lower pressures and underestimate ighehpressures. Overestimates at low pressurasoare
uncommon in simulations [73-75] and have beenbatteid [44] primarily to the limited amount of long-
time relaxations and physical ageing [76] on th&trieted time scale accessible to MD and the total
absence of residual solvents and other contamimatiier than to inadequacies in the force fieldthie
specific case under study here, we cannot rulehauinfluence of the simplifications in the modgdsg.

all T8 cages being intact, see Section 2) nor @msifvity to the connectivity. Underestimates les
common but, in the case of highly soluble penesranich as C9 the exposure (or conditioning) time
has also to be considered. It is well-known thdaxa&tion times in 6FDA-based polymers can be
extremely long [56, 57]. Indeed, tests of the dffdan incremental CQpressure rise from zero to 50 bar
in a 6FDA poly(POSS-imide)s have shown that, altirothere is a rapid uptake of g@here can also be
an important secondary relaxation which is cleaxlent over a period of at least 40 hours [13].

To investigate further the effect of prolonged @syre and relaxation at high concentrations, some
additional simulations were performed on all thesenples of the 6FDA poly(POSS-imide). Starting
from the configurations containing 1500 ¢Q@e. the highest loadings shown in Fig. 3b, logdivas
continued in steps of 100 G@p to the insertion of 2000 G@sing the same protocol as described in
Section 2.7. The systems were first simulated fpe@od of 3000 ps at the required pressure of&@0 b
The last 2000 ps were analysed by TPI and thetikertechnique was then applied. If no solutioriite
equality of chemical potentials for the €@ the two phases (Eqg. 4) was found up to pressofel00
bar, the pressure was set to 100 bar for the texdtion. If a solution was found, then this pressuas
applied for the next iteration. In both cases aration consisted of 2000 ps NPT MD. During the first
15000 ps of the iterative procedure at this higiding no solution to Eq. 4 was found. The procedure
was continued up to a total simulation time of 41Q8, i.e 20 iterations. The behaviour of certain

properties during the relaxation are shown in Efg.
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Figure 15. Plot (a) shows the relaxation of therage percentage volume change (left-hand scale) and
the solubility (Eq. 3) of C® (right-hand scale) as a function of time for treditional
simulations carried out for 2000 G@nhserted in the 6FDA poly(POSS-imide) systemst Plo
(b) shows the corresponding fractions of signiftcasiume, Eq. 14, (left-hand scale) and the
average pressure of the gas phase in equilibriutn the actual uptake (right-hand scale).
Only after 15 ns of relaxation could an equalitychémical potentials for the G@n the two

phases (Eqg. 4) be found.

It is clear from Fig. 15a that there is a gradiildtion of the volume of ~0.5% with time. Over the
same period an approximate doubling of the solybifig. 15a) and6FSV (Fig. 15b) occur and these
are closely correlated to the volume dilation. Nibtat the solubility (Eq. 3) is shown in Fig. 1%dher
than the solubility coefficient as the pressuraegponding to the equality of chemical potentialsthe
CQO; in the two phases is not known when there is dotiso to Eqg. 4. Indeed, only after 15000 ps of
relaxation has the solubility of the G@n the 6FDA poly(POSS-imide) increased sufficigniibr a
solution to be found; the existence of a soluti@pehds largely on this as the variation in the, CO
concentration due to the volume dilation of ~0.58&rsin Fig. 15a is relatively small. The resulting
(average) pressure is also plotted in Fig 15b wema solution is found in at least one of the e¢hre
systems and its general trend is to diminish wviittet

This relaxation of the pressure with time for Hystems loaded with 2000 G@& also shown in
Fig. 14a (blue circles) along with those for thé®@Q3Q containing systems. Both these results at high
loadings suggest that the time of exposure is delyna variable that has to be taken into accoumtn
attempting to simulate the sorption isotherms efsthsystems. The limited MD time scales restriet th
exposure times that can be practically studiedtieitevidence is consistent with the shorter reiarat

time being one of the reasons for an underestimatidhe uptake at high loadings.
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The corresponding comparison between the aveiagdaied and the 5 wt % experimental film
for the volume swelling during GGsorption and desorption is shown in Fig. 14b. irhgal delay in
swelling seen in the simulated system is, like sléubility, consistent with a greater proportion of
available volume arising from the relatively shperiod of physical ageing. At higher loadings ie th
range from 100 < [C& < 200 cmi(STP) cn’, the experimental and simulated slopes are veriasiand
correspond to a partial molar volume for £6f ~25 cmi mol*. As already mentioned, complete
unloading leads to an almost full recovery of tr@umes in both cases in these highly crosslinked
materials.

For CH, sorption in the 6FDA poly(POSS-imide), the expexnnal results for the specific 5 wt %
experimental film exceptionally give very similasults to those obtained for g8orption [13]; at ~60
bar the uptake is slightly in excess of 200*@P) cni® and the corresponding volume swelling attains
~20%. However, uptakes of Gt pressures of ~60 bar in the 2.5 wt % and 0.%weixperimental films
are smaller than those for @O'hese are more typical of the lower solubilityth@e generally has in
glassy polymer membranes where the ratios of @HCO, concentrations at high pressures typically vary
from ~0.2 to ~0.6 [59, 77-81]. The simulated resolbtained here for CHsorption in 6FDA poly(POSS-
imide) give a ratio of ~0.4 which falls within tHistter range.

3.5. Permeation of CQ and CH, in poly(POSS-imide)s at 100°C, 200°C and 300°C

As described in Section 2.8, additional simulaifor the three independent samples of each type
of poly(POSS-imide) have been performed at thedrigemperatures of 100°C, 200°C and 300°C with
loadings of CQ and CH corresponding to a pressure of ~2 bar. Indeed,glessure and temperature
regime were used for experimental measurementseopérmeation of several gases through supported
films of 6FDA poly(POSS-imide) [9]. The actual nuemb of molecules loaded into the systems are given
in Table 2 as well as their average concentratmres the entire MD simulations. At a fixed applied
pressure of 2 bar, the numbers of molecules indatéereases with the temperature due to the lower

solubility (Table 1). The mean solubility coeffiois and estimated pressure were obtained as before.
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Table 2. The number of gas molecules loaded irgosdmples that correspond to an applied pressure
of 2 bar for both types of poly(POSS-imide) systeatsthe three different temperatures

shown. The average concentrations of penetranisgitire MD simulations are also shown.

CH, COo,
Poly(POSS-imide) No. loadeg Concn. /| No. loaded Concn. /
Temp. 3 R 3 -
cm*(STP) cn?’ cm’(STP) cn?
. PMDA 34 3.448+0.005 160 16.12+0.04
1o0"e 6FDA 43 3.415+0.001 200 15.81+0.05
. PMDA 8 0.794+0.002 30 2.97+£0.01
200°¢ 6FDA 10 0.780+0.001 38 2.952+0.001
. PMDA 4 0.384+0.001 10 0.959+0.002
S00°C 6FDA 4 0.303+0.001 10 0.755+0.001

In the case of penetrant diffusion in glassy paymatrices, the rattle-and-hop mechanism [82-
84] is generally observed whereby penetrants affemd long periods rattling around in cavities befo
making occasional hops to other sites when a chdmatereen them opens up. The time scale required to
obtain convergence of the diffusion coefficients ¢hus be longer than that which can be simulated

directly [82, 85, 86]. The values obtained in tha&se from Eq. 17 are then best considered as upper

bounds as<ARf(t)>/6z is a monotonically decreasing function up untie tkinstein regime, i.e.

<AR1~2(f)>0<f’ is attained. In certain circumstances, it is fdssto obtain better estimates to limiting

values of diffusion coefficients via the trajectarytending kinetic Monte Carlo (TEKMC) method [23,
86, 87]. The method depends critically on the idieation of a percolating network of diffusion et
between the different sorption sites in the systéthin the time scale of the explicit MD simulatioan
illustration of such a percolating network is showrfigure 16. If this condition is fulfilled, arvarage
probability matrix of jumps between sites can beedrined from the MD-generated trajectories of the
penetrants. This can then be used in a subsequestickMC simulation which is able to extend the
trajectories by a factor of 1000 at negligible comipy cost. This was found to be the case her€ oy,
whereas for ClJ a combination of a lower solubility and insuféat diffusion did not allow for the

identification of a percolating network.
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Figure 16. An illustration of the in-box trajectesi of the central carbon atom of the 200, @®lecules
in one of the samples of 6FDA-poly(POSS-imide) @0°C and a pressure of ~2 bar. A
straight line is drawn between positions at anruateof 5 ps apart for a total simulation time
of 30000 ps. Evidence of the rattle-and-hop medmnj82-84] is clear to see as €0
molecules spend long periods localised in spec#gions of space before making jumps
through narrow transient channels to other sitbs. ilhage was rendered using VMD [88].

The results for the (upper bound) diffusion caméfints, obtained directly from the MD-generated
trajectories using Eq. 17, are displayed as a fomatf the reciprocal temperature in Fig. 17a. Ehes
estimates oD show an Arrhenius-type behaviour with their natlzgarithms being proportional toTL/

A slight deviation can be can be seen for,@idthe 6FDA poly(POSS-imide) at 300°C but the leigih
temperatures correspond to the lowest loadingstlzer@ is thus less precision in the results. Tt
result apart, diffusion is in general slightly gexain the PMDA poly(POSS-imide)s, which is again
consistent with its larger amount of available gpaélso shown in Fig. 17a are the more reliable
TEKMC estimates for the diffusion coefficient of @O’ hese are significantly lower, particularly aéth
lower temperatures, than those obtained direatiinfMD since the TEKMC-generated trajectories allow
for the Einstein (plateau) regime to be attaineelvéMtheless, they preserve the finding that thieigidn

is slightly greater in the PMDA poly(POSS-imide)s.
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Figure 17. The natural logarithms of (a) the diimsand (b) the solubility coefficients obtainedrr the
simulations for C@ and CH in the poly(POSS)-imides as a function of the msee
temperature. In (a), the more reliable TEKMC estanaof the diffusion coefficients are

shown with solid lines.

As already found for the infinite dilution soluibyl coefficients (Table 1), the solubility
coefficients at 2 bar are also very close and eaetigally indistinguishable on a logarithmic scidethe
6FDA and PMDA poly(POSS-imide)s in Fig. 17b; to densistent with the barrer unit of permeability,
the solubility coefficients are given here in &8irP)/cri)/cmHg. The solubility coefficients obey well
the Arrhenius-type behaviour and the slopes opibes give activation energies of ~26 kJ thébr CO,
and ~20 kJ mdl for CH,, indicating that proportionallg. for CO, decreases faster as temperature is
increased.

The resulting permeability coefficients (Eq. 1&yaluated both from the MD and TEKMC (€O
only) estimates oD, are shown in Fig.18a. Upon heating, the permigaiilfor CQ tend to remain
rather independent df, as the increase D is compensated for by a fall &. On the other hand, those
for CH, tend to increase as the solubility coefficienteass affected by the increasing temperature. A
similar qualitative behaviour has been seen in patian experiments on 6FDA poly(POSS-imide) [9],

albeit for thin films prepared in a different wapdawith a different cross-linking density than thos

compared to previously at 35°C [13]. The ideal giysaration factorsy=F,, /P, , are predicted from

CH,'
the simulations to remain relatively high at ~20180°C to ~10 at 200°C for both 6FDA and PMDA
poly(POSS-imide)s. Qualitatively, this trend iscails agreement with experiments [9].
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Figure 18. The natural logarithms of the permegbikoefficients as a function of the inverse
temperature for CQand CH from simulations in the two different poly(POS8)iies.
Dashed lines indicate permeabilities obtained ftbm solubility coefficients and the upper
bound values oD using Eq. 15. For C£ values obtained using estimatesDbffrom the
TEKMC method are also shown (thick lines). Barithe unit of permeability coefficient
that results from multiplying togetheain 10*° cn?/s and ar&. in (cn(STP)/cni) /cmHg.

4. Conclusions

The sorption and permeation properties of twoeddht poly(POSS-imide) crosslinked model
networks have been successfully investigated. T#pendence of the properties on the nature of two
specific imide linkers has been determined anddtfiect of crosslinking has been characterized by
comparing them to the (hypothetical) uncrosslinkeixtures of the same 2:1 dianhydride to POSS
stoechiometry. The infinite dilution solubilitied the 6FDA and PMDA poly(POSS-imide)s are very
similar as the lower organic (accessible) volunaetion of the PMDA form is compensated for by a
larger proportion of available space due to theugnesteric hindrance of the shorter stiffer PMDakér.
The %FSVreveal in particular that the uncrosslinked miggihave infinite dilution solubilities ~10 times
lower than the crosslinked poly(POSS-imide)s beeafisheir much lower available spaces.

The single-gas sorption isotherms at 35°C for,@&@d CH in the poly(POSS-imide)s and
uncrosslinked mixtures were obtained up to pressofeat least 60 bar. As for the infinite dilution
solubilities, the concentration vs. pressure pfotsthe poly(POSS-imide)s are very similar for both
penetrants. Volume dilation accelerates with logdis the%FSVrapidly diminishes. Due to its steric
hindrance, swelling in the organic phase of the PMIdly(POSS-imide) is lower than that in the 6FDA

poly(POSS-imide). At equivalent concentrationshia brganic phases the average swellings per penetra
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are found to be higher for GHthan CQ in the poly(POSS-imide)s. The Boltzmann-weighted
distributions of insertion energies reveal subllanges in the matrices.

The desorption isotherms at 35°C for £@ the poly(POSS-imide)s show characteristic
hysteresis. Comparisons were made with publishg@remental curves for 6FDA poly(POSS-imide)s
[13]. At low pressures, the sorption in the simiolas tends to overestimate that found experimgntAli
high pressures, the simulated results underestithat€Q uptake. The prolonged exposure at the highest
concentration attained during sorption and furttests at even higher concentrations reveal the slow
relaxations that can occur in the structures wittet Such a drift with time has the effect of brimgythe
simulated curve more into line with that of the esiment. The long-time relaxations of the netwaks
the duration of exposure are thus factors that@ioe ignored in the simulations.

Permeation measurements at higher temperaturestihbthe solubility coefficients behave in an
Arrhenius manner and are very similar for both fBESS-imide)s. Differences in permeation thus stem
from the diffusion coefficients. Estimates Dfalso showed Arrhenius-like behaviour with thoseG®,
being generally larger than those for £hd those for the PMDA poly(POSS-imide) being iostrcases
larger than those in the 6FDA poly(POSS-imide). aiavely, the behaviour of the permeability was
similar to that found experimentally [9].

While this work was carried out using a dianhydrid POSS ratio of 2:1, other cross-linking
densities will have to be studied to assess thecefff this important parameter on the sorption and

transport of small gases in these hybrid materials.
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Nomenclature

b hole affinity in DMS model

C|’4 Langmuir sorption capacity in DMS mo

Cyac concentration of the gas in the gas p

Chol concentration of the gas in the polymer pl

D diffusion coefficient of species i

FSV fraction of significant volume

ks Boltzmann's constant

ko Henry's constant in DMS model

Nga number of gas molecules in the gas p

Npol number of gamolecules in the polymer ph:

P pressure tens

p pressure

P; permeability coefficient of species i

R vector position of the centre-of-mass of penetraoliecule j
J

<ARf(t)> mean-squared displacement of species i

S solubility coefficient

Sgas solubility of the gas in the gas ph:

Sool solubility of the gas in the polymer ph

<L | infinite dilution solubility of the gas in the potyer phase
pol

t time

T temperature

V volume

a ideal gas separation factor

e relative volume change
.

e excess chemical potential of the gas in the gasepha

pue excess chemical potential of the gas in the polyphese
po.

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

p(Aq)) normalized probability density a\®

p J(Aq)) Boltzmann-weighted normalized probability density/v»d
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