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a b s t r a c t

Hybrid hyper-cross-linked membranes based on inorganic polyhedral oligomeric silsesquioxanes (POSS)
covalently bonded with organic imides have been shown to maintain remarkable molecular sieving abil-
ities and gas separation performances up to 300 �C. These films are obtained through the interfacial poly-
condensation of POSS with a dianhydride, leading to a polyPOSS-(amic acid) network, which is then
converted to a polyPOSS-imide network by thermal imidization. Using the pyromellitic (PMDA) dianhy-
dride as a test case, the underlying molecular structures have been generated by molecular dynamics
(MD) simulations and specific algorithms which closely mimicked the mixing, polycondensation and
imidization steps of the experimental scheme. This allowed realistic models of the final cross-linked
imide networks to be compared with their un-cross-linked monomer mixtures and their intermediate
amic-acid precursors. Both the formation of the network and the subsequent imidization decreased
the density as the systems became sterically more constrained. The volume shrinkage during imidization
was less than expected considering the amount of water removal. This led to a larger void space and an
improved gas solubility for the polyPOSS-imide films. Although the networks were constructed with the
experimentally-found average of four linked arms per POSS, the distribution of the number of links per
POSS were quite wide with a range from zero to the maximum possible of eight links per POSS. There
was also considerable heterogeneity in the POSS� � �imide� � �POSS angles, which was related to the flexible
aliphatic linker between the organic and inorganic moieties. Thermomechanical analyses confirmed that
these cross-linked materials were well-suited for high-temperature applications. When subjected to uni-
axial tension, they strain hardened at large deformations and their elastic moduli remained solid-like at
high temperatures.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

Gas separation by nonporous glassy polymeric membranes has
long been investigated as an alternative to the more conventional
cryogenic distillation or adsorption separation processes because
of the smaller sizes of the membrane devices and their lower
energy costs. Their main applications include the separation of
common gases such as O2, N2, He, H2, CH4 or CO2 from air, natural
gas, flue gas, syngas or other petrochemical products [1,2]. Many
gas permeabilities and selectivities of polymer membranes have
been reported in the literature [2,3], but most of them were mea-
sured at 25–35 �C. On the other hand, some industrial applications
such as the treatment of syngas directly from the water gas shift
reactor or the treatment of power plant flue gas involve processes
at much higher temperatures [4].

There are only very few polymers, among which polyimides [5]
and their thermally-rearranged derivatives [6,7], which are able to
maintain gas molecular sieving abilities at temperatures of 200–
300 �C. High-performance polymers can also be crosslinked, which
suppresses plasticization and improves resistance [8]. However,
inorganic materials usually exhibit even better thermomechanical
properties. As such, hybrid materials based on both organic and
inorganic moieties have gained attention for potentially combining
good gas separation properties along with thermomechanical
resistances and cost-efficiencies [9]. These so-called hybrid
organic–inorganic membranes include both the blends in which
the inorganic phases are physically dispersed in the organic matri-
ces [10], as well as the networks in which the inorganic and
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organic components are linked through strong ionic or covalent
bonding [11].

Polyhedral oligomeric silsesquioxanes (POSS) [12], with the
basic formula (RSiO3/2)n are one of the emerging classes of hybrid
organic–inorganic materials for controlled gas transport properties
[13]. They are based on rigid inorganic siloxane cages functional-
ized with flexible organic substituents R at their corners. There
are many different POSS depending on the nature of R and the
value of n, which typically varies from 6 to 16 [14]. However, the
most extensively studied up to date are the cubic POSS with
n = 8, i.e. Si8O12 cages functionalized with eight pendant organic
arms [12]. Within the context of permeation, small gas molecules
can move through the intertwined organic chains [13], but POSS
are rarely studied on their own since their membrane-forming
capacities are limited. On the other hand, gas transport properties
have been investigated for polymeric membranes that use either
POSS as physical fillers or covalently bonded with organic moieties
of various lengths [9,15–18]. In both types of materials, these
hybrid membranes can include oligo- or polyimides as the organic
component [19–22]. Poly(imide silsesquioxane)s also find applica-
tions in other high-performance domains [23], such as fuel cells
[24,25] or space survivability [26].

Recently, Raaijmakers, Benes and coworkers have developed a
method for the facile production of ultrathin and hyper-cross-
linked films consisting of networks of POSS covalently bound with
organic imide moities [27–30]. This approach is based [31] on the
polycondensation of a primary amine-functionalized POSS with a
dianhydride at the interface between two immiscible solvents,
which results in the formation of an homogeneous polyPOSS-
(amic acid) film. The amic acid groups are then converted into cyc-
lic imide groups via thermal imidization at temperatures up to
300 �C, thus producing a defect-free polyPOSS-imide thin film. This
method has been applied to various dianhydride linkers and shown
to lead to hyper-cross-linked networks with tailored molecular
sieving capabilities, which are able to maintain gas separation per-
formances up to 300 �C. In addition, the facile synthesis conditions
and the defect-free processability are well adapted to large-scale
production [27–30].

The high thermal stabilities of those polyPOSS-imides have
been attributed to the hyper-cross-linked nature of the thin films.
It has been shown using X-ray photoelectron spectroscopy (XPS)
that on average, four out of the eight functional groups on each
POSS react with a dianhydride, the four remaining groups mainly
consist of amines, and both anhydride groups on each dianhydride
are converted to cyclic imide bonds [27,28,30]. However, it is
unclear how the actual linkages are distributed within the material
at the molecular level. The present work thus attempts to bridge
the gap between the experimental characterizations and the
underlying molecular structures by using molecular dynamics
(MD) simulations and construction algorithms which closely mim-
ick the entire experimental reaction scheme. The pyromellitic
(PMDA) dianhydride is chosen here as a test case. Molecular mod-
els of amino-functionalized POSS and PMDA dianhydrides are first
prepared separately at room temperature and then put into contact
to represent the initial conditions for interfacial polycondensation.
Several algorithms are tested to carry out the actual polycondensa-
tion reaction and create the intermediate polyPOSS-(amic acid)
networks. The models are then heated up and subjected to an algo-
rithm which converts the amic groups into cyclic imide groups,
thus creating the final model polyPOSS-imides films.

Molecular models of cross-linked materials are usually based on
heuristic distance criteria with various relaxation procedures [32].
Essentially two approaches have been used to create networks
from atomistic models of the mixtures of the reacting molecules,
most of them related to epoxy-based thermosets [33–44]: (i) for-
mation of the entire network from a single static configuration
and (ii) progressive formation of the network via alternating reac-
tion and relaxation cycles. In the first case, the problem is essen-
tially equivalent to solving the travelling salesman problem for
which solutions exist, e.g. the simulated annealing technique
[36,38]. The static approach inevitably leads to longer and longer
initial bonds being defined as the degree of cross-linking is
increased and considerable strain can end up being trapped in
the resulting structures [33]. Progressive formation of the network
can in part alleviate this problem as strains induced by creating
long bonds are relaxed out. For example, it is possible to link a pair
of sites at each reaction step before carrying out cycles of energy
minimization and MD to shrink the newly created long bond and
re-equilibrate the system [34]. Such a one-by-one approach is
not entirely satisfactory in that the time required depends on the
system size. Heine et al. [45] proposed a dynamic cross-linking
method for poly(dimethylsiloxane) networks, where all reacting
sites within a pre-specified range at each time step reacted in
the course of an MD simulation with specific bonding potentials
for the newly created bonds preventing instabilities developing
in the dynamics. Varshney et al. [35] coupled the dynamic cross-
linking concept with the iterative cycles of energy minimization
and MD, along with a multistep relaxation procedure based on
variable bonding force constants and distance criteria. Although
there were differences in the details (for example the chosen cutoff
for cross-linking), similar bond-forming/relaxation approaches
have been applied successfully both to epoxies [36–38,41] and to
other networks [46–48]. Several aspects have been further
explored, such as the evolution of the partial atomic charges during
curing [39], the formation of bonds being based on reaction kinet-
ics instead of a distance criterion [40], or the use of a modified Len-
nard–Jones instead of a bond potential [42].

Coarse-graining approaches have also been used to create net-
works [36], most of the reported work dealing once again with
epoxies [49–51]. These typically involve mapping the reaction
mixture to a coarse-grained (CG) system, performing the
network-forming reactions in the CG system and back-mapping
to an atomistic model [49]. However, the mapping/reverse map-
ping procedures are far from being straightforward [52] and such
elaborate approaches are mostly pertinent if the reaction rates
become too slow in the atomistic system or if the diffusion of the
reactants is important, e.g. through the formation of density
gradients [50,51]. This is not necessary here as the POSS + PMDA
mixtures are already solid-like and their reaction rates are known
to be relatively fast: the resulting membranes are thin [27,29,30],
i.e. the formation of the network is rapid with respect to the diffu-
sion of the reacting species through the forming membrane.
Finally, rather than starting from a monomer mixture, it also pos-
sible in both fully-atomistic and coarse-grained approaches to con-
struct polymer chains in a first step and cross-link them in a
second step, either directly or by adding linkers. This has been
done for networks based on e.g. polyamide [32], polystyrene
[53], polydimethylsiloxane [54] or liquid crystalline elastomers
[55].

In the present case, we use a similar generic approach as the
fully-atomistic bond-forming/relaxation procedure and apply it
to the specific hyper-cross-linked POSS-imides under study. While
some of the aforementioned simulations do include POSS moieties
(usually at fairly low loadings) [36,38,47,48,54], the linkages based
on single dianhydride moieties are hereby much shorter, thus lead-
ing to closer POSS� � �POSS distances. In addition, the novelty is that
the cross-linking intermediate, the polyPOSS-(amic acid) form, is
specifically simulated before being transformed into the final
polyPOSS-imide form. The model networks are thus created in a
way as close as possible to the experimental films and some input
parameters, such as the stoechiometry and the degree of cross-
linking, are provided by the experimental conditions.
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The objective is to generate molecular models that are as real-
istic as possible with respect to the real hydrid poly(POSS-imide)
films obtained by interfacial polymerization and thermal imidiza-
tion. Structural and thermomechanical analyses are used to com-
pare the final cross-linked imide networks with their un-cross-
linked monomer mixtures and their cross-linked amic-acid
precursors.

2. The experimental process reaction scheme

The formation of polyPOSS-(amic acid) and polyPOSS-imide
macromolecular networks has been extensively described in Refs.
O
O

OO

O
O

O
Si

Si

Si

Si

SiR

R R

R

R

R

R

R

Si

Si

Si

O

O
O

O

O

R =

POSS

(CH2)3 NH2

(a) First step: preparation of the monom

NH

O

O

OH

(CH2)3

O
O

OO

O
O

O
Si

Si

Si

Si

SiR

(CH2)3 (CH2)3

R

(CH2)3

R

R

Si

Si

Si

O

O
O

O

O

POS

R1

R1
R1

POSS

POSS

POSS

R = (CH2)3 NH2

R1 = amic acid

(b) Second step: interfacial polycondensation l

Fig. 1. Schematic representation of the synthesis of
[27–30], but for clarity, we outline here its main features with
PMDA as the basic dianhydride (Fig. 1).

In the first step, the Si8O12[(CH2)3NH3
+Cl�]8 (ammonium chlo-

ride salt)-functionalized POSS is dissolved at a concentration of
0.9 wt% in an aqueous solution with 0.1 mol L�1 sodium hydrox-
yde. Most ammonium groups are then converted to primary ami-
nes because of the alkaline pH. In parallel, a PMDA dianhydride
solution of concentration 0.075 wt% is prepared in toluene
(Fig. 1a). In the second step, the contact of both solutions leads
to the formation of a polyPOSS-(amic acid) network via polycon-
densation at the water/toluene interface (Fig. 1b). The polyPOSS-
(amic acid) is a free-standing film, but it can also be obtained as
PMDA dianhydride
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a supported film if a porous supporting structure is prewetted in
the alkaline aqueous POSS solution before being contacted with
the dianhydride solution in toluene. The third step involves the
polyPOSS-(amic acid) being subsequently converted to a
polyPOSS-imide film (Fig. 1c) by thermal treatment for 2 h at
300 �C under an atmosphere of air and at a heating rate of
5 �C min�1. Over the entire process, residual reactants are washed
off from the sample surfaces and the solvents are evaporated under
dry nitrogen atmosphere.

The molecular modelling reaction scheme was designed to clo-
sely mimick the experimental conditions, but a few points had to
be simplified. The POSS and PMDA monomers were created as bulk
models rather than as solutions, since it would have been impossi-
ble in terms of current computational resources to create solutions
at such high dilutions with both realistic solvents and enough
monomers to give reasonable statistics in the networks. This could
be further rationalized by the fact that the polycondensation reac-
tion is necessarily governed by the high reactivity of the primary
amines on POSS and the anhydride groups on PMDA. Indeed, due
to the slow diffusion of the large POSS cages, the polycondensation
reaction is completely confined to the liquid–liquid interface. This
has been confirmed by in-situ visualizations of interfacial POSS/
trimesoyl chloride polymerization layers [56], and is in contrast
to regular interfacial polymerization reactions that proceed in the
organic solvent. As such, the solvents play a less important role
for these POSS-based networks. For the starting POSS model, it
was deemed unnecessary to model the ammonium chloride-salt
functionalization since the alkaline pH immediately converts the
majority of ammoniums into amine groups before the polyconden-
sation step. The POSS monomer models were thus all based on
octa(aminopropylsilsesquioxane) Si8O12[(CH2)3NH2]8. Similarly,
the porous supporting structure was not explicitly modelled, as
the pores are typically of the order of several nanometers and do
not influence the gas permeabilities, i.e. all model films were
free-standing. A last simplification was related to the experimental
infrared and XPS spectra suggesting that some POSS cages are par-
tially hydrolyzed during the process [27,28,30]. This could be due
to silanol groups being formed via a partial hydrolysis of POSS
cages in the presence of NaOH in the aqueous solution used for
interfacial polymerization, but it is probably somewhat counter-
acted by the fact that the opposite silanol condensation reactions
occur during the heat treatment procedure [29,30]. Since the
details of cage degradation are very difficult to assess unambigu-
ously [57] (e.g. where it is degraded, which groups are hydrolyzed,
if several parts of the same cage are degraded, if there are other
side-reactions, etc.), it was decided instead to maintain the integ-
rity of the POSS cages in the models.
3. Simulation details

All MD simulations were carried out using the gmq package
[58], either in its scalar or in its parallel form, with a time step of
Dt = 10�15 s in the integration algorithm. In the force-field, the
‘‘bonded” interactions resulting from near-neighbor connections
in the structures were described with angle-bending, torsional
and out-of-plane potentials. To avoid problems of equipartition
of kinetic energy, high-frequency modes, such as bond stretching
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or fast motions of the hydrogens in explicit CH2 and aromatic CH
groups, were removed using rigid constraints with a relative toler-
ance of 10�6 [59]. The ‘‘nonbonded” excluded-volume van der
Waals and electrostatic potentials, which depend on the distance
between two interacting sites, were applied to all atom pairs situ-
ated either on the same molecule (but separated by more than two
bonds if the intervening angles are subject to the bending potential
or by more than one bond otherwise) or on two different mole-
cules. All force-field parameters are given along with the atom-
types in Appendix A (Fig. S1 and Table S1).

The long-range electrostatic potential was calculated using the
Ewald summation method [60,61], and the three parameters con-
trolling its convergence were systematically optimized [62].
Depending on the number of processors used, the real space cutoff
Rc was typically set to 10–12 Å, the maximum integer defining the
range of the reciprocal space sum Kmax to 12–16 and the separation
parameter a to 0.19–0.24. It should be noted that the partial
charges (Fig. S1 in Appendix A) of the initial mixture, polyPOSS-
(amic acid) and polyPOSS-imide forms were different, thus implici-
tely taking into account the fact that the charge distribution
changes when chemical reactions occur [39]. The van der Waals
cutoff was set to Rc and long-range corrections to the energy and
the pressure were implemented [63]. Loose-coupling procedures
[64,65] were used to maintain the temperature T and the pressure
tensor P close to the required values with relaxation times of 0.1 ps
for T and 5 ps for P. Some initial simulations were run under
constant-volume NVT conditions (constant number of atoms N,
controlled volume V, controlled temperature T). The mixtures runs
were performed under NpT conditions, in which the isotropic pres-
sure p is controlled but the box is kept cubic and is allowed to relax
toward its equilibrium size. Most other production runs were car-
ried out under NPT conditions, in which the box size and shape are
allowed to vary in response to the difference between the mea-
sured pressure tensor and the applied pressure tensor, i.e. on-
diagonal components of the required pressure tensor are set to
1 bar and off-diagonal components are set to zero. Thermodynamic
data were stored every 1 ps, configurational data every 5 ps for
post-analyses, and systems were visualized using the VMD 1.8.7
software [66].

Several mechanical tests were also carried out. In the isotropic
dilation tests, the required pressure was first reduced linearly at
a rate of dp/dt = �1 bar/ps over 1000 ps, then maintained at
��999 bar for 1000 ps before being linearly increased at a rate of
+1 bar/ps back to 1 bar over 1000 ps and relaxed at this pressure
for 1000 ps. In addition, uniaxial extension tests were made by
changing the tension in the y direction at a rate of 1 bar/ps for
5000 ps at 22 �C and 4000 ps at 300 �C. The rate dependence of
the mechanical properties was assessed by running an uniaxial
extension test for one sample with a rate an order of magnitude
slower (0.1 bar/ps), and by carrying out a creep test: the applied
tension was fixed at the value obtained after 5000 ps at 1 bar/ps
and the relaxation of the deformation was monitored for an
extended time of 20,000 ps.
Table 1
The bulk monomer models at 22 �C.

POSS PMDA

No. of molecules 216 4630
No. of atoms 25,056 83,340
qmodel/g cm�3 (±0.001) 1.177 1.712
L/Å (±0.02) 64.53 99.30
Molecular volume/Å3 1239 ± 1 216 ± 1
Molecular dimension/Å 14.14 ± 0.02 6.731 ± 0.001
4. Preparation of the molecular networks

4.1. The POSS and PMDA monomer mixtures

To model the first step (Fig. 1a), bulk POSS and PMDA models
were prepared separately. They were then mixed to prepare the
starting configurations for the polycondensation reaction.

For the bulk POSS, three large boxes containing 216 POSS mole-
cules were prepared using the same procedure as described in
detail earlier [57]. Although preliminary tests were carried out
with much smaller systems containing 32 POSS molecules, it was
soon found that, with only a limited number of PMDA to choose
from, the actual distributions of the number of links per POSS came
out as being very noisy. In addition, small systems where connec-
tions can be made from one POSS molecule to its own image via
the periodic boundaries (because of the temporary possibility of
long links) should be avoided. As such, larger systems were used
to get better statistics. With 216 POSS molecules at the start, our
final boxes sizes of �30,000 atoms for the networks were typically
of the order of the largest systems used for epoxy-based simula-
tions [41,43,44]. The production runs were performed up to
5000 ps at the experimental temperature of 22 �C. In parallel,
PMDA bulk models of various sizes were prepared by carrying
out NVT gas-phase simulations to randomize the molecules. The
systems were then densified and relaxed with MD for 2000 ps at
22 �C. Experimentally, the average number of imide links per POSS
has been shown to be four [27,28,30], which amounts to a stoe-
chiometric ratio of two dianhydrides per POSS (2:1). Based on
the hypothesis of volume additivity for the POSS + PMDA mixtures
(the average molecular volumes being �1240 Å3 for a POSS and
�215 Å3 for a PMDA molecule), the center-of-mass of each POSS
molecule was subjected to affine scaling, thus slightly ‘‘separating”
the POSS moieties. The scaled POSS boxes were then superimposed
with dense PMDA boxes of the same sizes to test whether it was
possible to select at least 432 PMDA molecules whose atoms were
not overlapping with the atoms in the 216 POSS within a range of
3 Å. This condition also avoids the unphysical spearings and inter-
lockings which can occur when superimposing ring- and cage-
containing systems [67]. It was found that this meant having at
least a ratio of 16 PMDA per POSS in terms of volumes, i.e. scaling
the three POSS bulk boxes to lengths of �100 Å, and consequently
having to prepare three dense large PMDA boxes of a similar size.
Table 1 displays the average equilibrium densities qmodel and box
lengths L of the pure bulk models, obtained over three systems
each. In this work, averages are systematically presented with their
associated standard error. Table 1 also reports the average molec-
ular volumes and dimensions of the monomers. For POSS, the latter
can be defined as twice the average distance between the center of
a siloxane cage and its eight primary amine N, while for PMDA, it is
the average distance between both anhydride O at the ends.

To our knowledge, the experimental density of solid Si8O12

[(CH2)3NH2]8 has not been reported, but the density of the (ammo-
nium chloride salt)-functionalized POSS was found by helium pyc-
nometry to be �1.35 g cm�3. Considering the added molecular
weight of the chloride ions and the hydrophilic nature of the salt,
the model POSS density seems very reasonable. This is also the case
for the disordered PMDA model, whose density falls rather close to
the experimental crystal value of 1.68 g cm�3 [68]. In terms of
molecular dimensions, the POSS molecules are on average twice
as long as the PMDA dianhydrides.

The POSS + PMDA monomer mixtures were obtained using the
following procedure:

(a) Prepare separately �100 Å side length boxes of center-of-
mass affine-scaled 216-molecule POSS and dense PMDA
(Table 1).



Table 2
The PMDA:POSS relaxed mixtures at 22 �C.

2:1 ratio 3:1 ratio 4:1 ratio

No of molecules 648 864 1080
No of atoms 32,832 36,720 40,608
qmodel/g cm�3 (±0.001) 1.310 1.358 1.395
L/Å (±0.1) 71.2 74.0 76.7
V/Å3 (±50) 360,730 405,520 450,895
Videal/Å3 360,150 405,790 451,430
V/Videal 1.002 0.999 0.999
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(b) Superimpose both boxes and then select the requested num-
ber of PMDA (432/648/864 to get PMDA:POSS ratios of 2:1,
3:1, 4:1 respectively) that overlap the least with the POSS
within a 3 Å range.

(c) Perform a 50,000 step energy minimization to remove the
remaining overlaps.

(d) Switch to MD under NpT conditions at 227 �C to allow the
mixture to come to equilibrium in the melt phase.

(e) Cool to 22 �C at a rate of �0.1 �C ps�1 and relax for an addi-
tional 2000 ps.

Although the experimental PMDA:POSS ratio is 2:1, there was
concern that it would probably be difficult to link all the monomers
if starting directly with a 2:1 model mixture. As such, mixtures
with PMDA:POSS ratios of 3:1 and 4:1 were also prepared and
tested for network formation. We emphasize that all resulting
polyPOSS-(amic acid) and polyPOSS-imide networks will contain
the experimentally-determined 2:1 ratio of PMDA to POSS. This
is irrespective of whether they are obtained from a 2:1, 3:1 or
4:1 mixture, as in the latter two cases, all the excess unreacted
PMDA will be removed after the formation of the network. The
schematic representation of a relaxed 3:1 mixture in Fig. 2 shows
that both types of monomers are well distributed in the dense mix-
tures. The characteristics of the various model mixtures are sum-
marized in Table 2, and the model volumes V were found to be
consistent with the ideal mixing volumes Videal, as obtained from
the data for the pure PMDA and pure POSS systems given in Table 1.
The density of the mixtures increases with increasing PMDA con-
tent as pure PMDA is much denser than pure POSS (Table 1). The
un-cross-linked 2:1 mixture was further run under NpT conditions
at 300 �C for 2000 ps to compare its characteristics to those of the
cross-linked networks, which have the same PMDA:POSS ratio.
4.2. The polycondensation

To model the polycondensation leading to the polyPOSS-(amic
acid) (Fig. 1b), the PMDA:POSS mixtures had to be transformed
into networks. Since experimental evidence suggests that none of
the anhydride groups remain unreacted [27,28,30], the first
assumption was that all dianhydrides must be connected to the
arms of the POSS molecules at both ends. The schematic reaction
mechanism, which is displayed in Fig. 3, implies then that each
end of a PMDA dianhydride interacts with a primary amine on a
POSS arm. Some of the atom-types used in the force-field (see
Appendix A) change upon transformation of the monomers to the
Fig. 2. A schematic representation of a 3:1 PMDA:POSS relaxed mixture (36,720 atom
represented with blue bonds: (a) is the entire mixture and (b) displays the distribution
color in this figure legend, the reader is referred to the web version of this article.)
polyPOSS-(amic acid) network, as their chemical nature is
modified.

During the condensation, a covalent bond is formed between
the POSS nitrogen and one of the two ketone carbons on the PMDA
anhydride. This leads to the opening of the ring through the break-
ing of the bond between the ‘‘attacked” ketone carbon and the
ether oxygen. The reaction is completed by the transfer of a hydro-
gen from the amine N to the former ether oxygen to form a hydro-
xyl group. To simplify the procedure, it is assumed that both ends
of the dianhydride molecule react at the same time to an amine N
on different POSS arms, regardless of whether these arms belong to
the same POSS cage or different ones. Both links can also be
attached either in a para or in a meta conformation with respect
to the central PMDA ring. While the formation of intramolecular
bridges can be precluded in a cross-linking algorithm as imple-
mented e.g. for epoxy-POSS nanocomposites [36], we do not make
such restrictions here. The proportion of intermolecular (‘‘in-
terPOSS”) to intramolecular bridges (‘‘intraPOSS”) as well as the
proportion ofmeta to para links will thus be results of the transfor-
mation procedure.

The algorithm for building the polyPOSS-(amic acid) network
from the relaxed mixtures was:

(a) For each PMDA dianhydride, find the unreacted POSS nitro-
gens closest to each of its four ketone carbons Ck.

(b) Select the nitrogen having the shortest Ck� � �N distance to
one of the ketone carbons for each end of a PMDA and define
the sum of these two minimal distances as Rmin.

(c) Assuming that the most favorable linking situation is the
lowest Rmin, identify the PMDA to be reacted. The rare cases
where both ends of a PMDA molecule are close to the same
amine N are discarded.
s) at 22 �C. The POSS are shown as space-filling red models, while the PMDA are
of the PMDA monomers within the mixture. (For interpretation of the references to
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(d) Perform the ‘‘reaction” at both ends by changing the connec-
tivity, i.e. by breaking the anhydride C–O bond, forming the
C–N bond and transfering the –NH2 hydrogen that is closest
to the former ether oxygen to the new hydroxyl oxygen
(Fig. 3). Change the atom-types and charges, the latter of
which depend on the type of link (para or meta) that is
formed (see Appendix A).

(e) Return to (a) until the desired number of dianhydrides has
reacted. At the end of the procedure, remove all unreacted
PMDA molecules.

Radial distribution functions g(r) show that the nearest dis-
tances between the POSS amine N and the PMDA ketone C are
�2.5 Å (Fig. S2 in Appendix A). The lowest value of Rmin is thus
expected to be �5 Å. A comparison of the actual Rmin obtained in
PMDA:POSS mixtures of ratios 2:1, 3:1 and 4:1 (Fig. S3 in Appendix
A) shows indeed that the dianhydrides can be ranked according to
their proximity to the POSS and that the most favorable ones have
Rmin values of �5 to 6 Å. The Rmin increase fairly slowly with the
rank for all ratios but in the 2:1 mixture, there is an upturn in
the curve for the PMDA ranked higher than �300 as it becomes
increasingly difficult to find unreacted amine N close to the few
remaining unreacted dianhydrides.

Two different approaches were tested to apply the transforma-
tion algorithm.

4.2.1. Instantaneous approach
In the instantaneous approach, all the reactions were made at

the same time from a single mixture input configuration. As noted
before, this led to some very long initial ‘‘bonds” (up to �10 Å)
being formed in the 2:1 mixture and even in the 3:1 and 4:1 mix-
tures, some of the newly formed C–N and O–H bonds were highly
stretched. The distance rij between the bonded atoms i and j in
these stretched bonds thus had to be reduced. This was carried
out using energy minimization for 10,000 steps with the described
force field, except that a harmonic flexible bond potential was used
for the new C–N and O–H bonds (Eq. (1)):

UbðjrijjÞ ¼ 1
2
kbðjrijj � b0Þ2 ð1Þ

with kb being the force constant and b0 the equilibrium bond length.
It was found by trial and error that kb = 100 kg s�2 was sufficient to
contract the C–N and O–H bond lengths back to their equilibrium
values. Following a short constant-energy MD simulation to check
that no remaining stretched bonds or high-energy interactions such
as spearing were present and to allow a gradual thermalisation of
the system, the new bonds could be rigidified.

4.2.2. Progressive approach
The second approach was a more progressive procedure, i.e.

only the most favorable molecules at one instant were reacted
and the system was first relaxed before attempting to create more
links. This allowed some of the strain created by the formation of
the links to be relaxed away between the reaction steps. The opti-
mized procedure consisted in reacting only those PMDA where
Rmin 6 6 Å in the first place, which effectively limited the length
of the initially stretched C–N bonds to no more than �3 Å. Follow-
ing a reaction step, the system was energy-minimized for 1000
steps using the same harmonic potential for the C–N and O–H
bonds as in the instantaneous approach (Eq. (1)), run for 1 ps under
constant-energy conditions and then re-thermalized for 8 ps with
NVTMD. After this cycle, another reaction step was attempted with
the same criterion of Rmin 6 6 Å followed by the relaxation steps. If
no reactions were possible, then a further 1 ps of NVT MD was car-
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ried out before scanning the system again for possible reactions.
This process continued over several hundred picoseconds until
the required 432 PMDA had reacted with the 216 POSS; the exact
simulation times for each sample generated using the progressive
approach are given in Table 3. The excess PMDA molecules were
subsequently removed. This progressive approach worked quite
well for the 3:1 and 4:1 mixtures, but in the case of the 2:1 mix-
ture, the reaction rate slowed down too much and could not go
to completion in any reasonable time scale. To investigate the pos-
sible influence of the starting configuration of the PMDA + POSS
mixtures, three independent samples were tested for the 3:1 ratio.

Table 3 summarizes the connectivity of the polyPOSS-(amic
acid) systems generated using both the instantaneous and progres-
sive methods, with the numbers and percentages for the intraPOSS
links (links between two arms attached to the same POSS), the para
and meta links as well as the number of atoms in the resulting net-
work that are linked together and the time required to complete all
the reactions. Fig. 4 gives the probability density distributions for
the number of links per POSS molecule.

Both Table 3 and Fig. 4 show that, for all cases, the cross-linking
process results in the formation of a network structure, in which
practically all the original POSS molecules are joined together.
Occasionally a POSS molecule ends up with zero links or it can
be linked to a single PMDA, which somewhat isolates it from the
rest of the network. However, these cases are relatively rare and
more than 98% of the atoms are connected in the network struc-
ture. The isolated molecules are considered trapped within the net-
work structure and are thus retained for the subsequent MD
simulations.

Based on experimental evidence [27,28,30], all the model
polyPOSS-(amic acid) systems were constructed with an average
of 4 linked arms per POSS. However, the actual underlying distri-
butions (Fig. 4) are quite wide with the range going from 0 links
to the maximum possible, i.e. 8 links per POSS. These networks
are thus highly heterogeneous. The frequency of para and meta
links is systematically close to the expected 50/50 ratio, and
�10% to 20% of links are intraPOSS. The proportion of intraPOSS
links is somewhat dependent on the PMDA:POSS ratio, as when
the POSS are more ‘‘diluted”, there are more chances of creating
such links. IntraPOSS links are consistent with chain� � �chain inter-
actions in POSS being fairly independent of whether the arms
belong to the same siloxane cage or not [13], but it could also be
partly due to the shortness of the PMDA moiety. Indeed, one could
expect that steric hindrance does not favor such reactions for lar-
ger linkers. Various other characterizations including the energies,
which are reported in Table S2 of Appendix A, did not reveal any
obvious evidence of residual strains remaining in the systems
obtained using the instantaneous approach. As such, even though
the progressive approach initially appeared as the most reasonable,
Table 3
The connectivity of polyPOSS-(amic acid) networks prepared with different procedures.a

Reaction method Instantaneous P

PMDA:POSS ratio in original
mixture

2:1 3:1 4:1 3

S

No. of intraPOSS links 45 (�10%) 71 (�16%) 92 (�21%) 6
No. of para links 214 (�50%) 233 (�54%) 222 (�51%) 2
No. of meta links 218 (�50%) 199 (�46%) 210 (�49%) 1
No. of atoms in continuous

network (out of 32,832)
32,332
(�98.5%)

32,394
(�98.7%)

32,296
(�98.4%)

3
(

Time required to complete all
reactions/ps

– – – 6

a For the 3:1 mixture using the progressive approach, values are given for each of the
there was in fact no fundamental problems in using either the
instantaneous or progressive approach.

After the initial construction phase, the polyPOSS-(amic acid)
networks were briefly relaxed under NVT conditions and then
switched to NPT conditions. Since the density relaxation was very
slow at 22 �C, the systems were heated and run at 300 �C for
10,000 ps to obtain a reasonable stabilization of the density, ener-
gies and conformational properties. This long annealing step was
particularly critical for the conformational relaxation of the car-
boxylic groups. Indeed, it has been suggested that the rotation of
the carboxylic group toward the amide group could be the rate-
limiting step during the subsequent imidization [69] and that,
when the rotational freedom is hindered by the POSS cage, it
requires a larger activation energy than for conventional poly-
imides [29,30]. The relaxation function for the trans state of the
(Ckamic)-Car-Car-Ckamic-Ohamic angle was calculated [70] at
300 �C and fitted to a stretched exponential KWW (Kohlrausch–
Williams–Watts) form [71]. The area under this curve gave a corre-
lation time of 6800 ± 20 ps. However, in the cases where the amide
N–H does not point in the direction of the carboxylic group, the
amide N–H has to rotate towards the carboxylic group to be able
to form an imide bond. From the initial decay of the relaxation
function for the trans state of the corresponding (Ckamic)-Car-
Car-Ckamic-Namic angle, one could estimate this correlation time
as being at least 250 times longer. As such, it is probably more of a
rate-limiting step than the rotation of the carboxylic group.
rogressive (reactions if Rmin 6 6 Å)

:1 4:1

ample 1 Sample 2 Sample 3 Average

3 (�15%) 84 (�19%) 66 (�15%) 71 (�16%) 91 (�21%)
33 (�54%) 205 (�47%) 208 (�48%) �215 (�50%) 216 (50%)
99 (�46%) 227 (�53%) 224 (�52%) �217 (�50%) 216 (50%)
2,314
�98.4%)

32,314
(�98.4%)

32,698
(�99.6%)

32,442
(�98.8%)

32,278
(�98.3%)

32 1211 711 851 340

three independent samples as well as the corresponding averages.



346 S. Neyertz et al. / Computational Materials Science 117 (2016) 338–353
After their 10,000 ps relaxation at 300 �C, the polyPOSS-(amic
acid) systems were subsequently cooled back to 22 �C at a rate of
�0.1 �C ps�1 and simulated for a further 4000 ps. The final config-
urations were used both for the subsequent imidization and for the
mechanical tests. Since the instantaneous and progressive
approaches appeared to work equally well, all results were system-
atically averaged over the seven systems of Table 3 to improve the
statistics. A schematic representation of a polyPOSS-(amic acid)
network is provided in Fig. 5.
4.3. The thermal imidization

To model the thermal imidization leading to the polyPOSS-
imides (Fig. 1c), the polyPOSS(amic acid) networks have to
undergo a condensation reaction of the amide group and the adja-
cent carboxylic acid with the production of water as a side product.
Experimentally, this step is carried out up to 300 �C, water is read-
ily removed from the system as it evaporates at such temperatures
and the reaction is complete after 2 h [27–30]. The schematic reac-
tion mechanism which is given in Fig. 6, leads to the POSS cages
being connected via diimide bridges.

The algorithm for converting the polyPOSS-(amic acid) into
polyPOSS-imide networks was:

(a) For each amide group, create a bond between the nitrogen
atom and the carbonyl carbon in the adjacent carboxylic acid
group.

(b) Eliminate the hydroxyl group (Ohamic and Hoamic) and the
amide nitrogen (Hnamic) as a water molecule.

(c) Change the atom-types and charges (see Appendix A).

Since the connectivity is directly defined by the polyPOSS-(amic
acid) networks, all the transformations could be performed simul-
taneously. However, because of the different possible conforma-
tions of the amide and carboxylic acid groups, some of the initial
C–N bonds were stretched out to �4 Å. As before, these long links
were relaxed using energy minimization and the flexible bond
potential of Eq. (1), although a larger kb of 500 kg s�2 was required
to ensure the rotation of those (Ckamic)-Car-Car-Ckamic-Namic
angles that were not initially into the required cis state. A short
constant-energy MD was performed before rigidifying the new
bonds. The polyPOSS-imide networks were then run under NVT
conditions at 300 �C for 100 ps before continuing the simulations
Fig. 5. Schematic representation of a polyPOSS-(amic-acid) network at 22 �C. It originat
32,832-atom system and (b) is a close-up representation of (a). The color code is the fol
references to color in this figure legend, the reader is referred to the web version of thi
under NPT conditions up to 5000 ps. The systems were cooled back
to 22 �C at �0.1 �C ps�1 and then further relaxed up to 9000 ps. As
for the polyPOSS-(amic acid)s, the differences in energies between
the polyPOSS-imides and the un-cross-linked 2:1 mixture, which
are reported in Table S3 of Appendix A, show that they are very
similar for all seven systems under study. However, the
polyPOSS-imide networks have a less negative potential energy
than the polyPOSS-(amic acid) intermediates, which, as will be
shown later, is related to the rigidity of the imide fragment and
their lower density. A schematic representation of a polyPOSS-
imide network is provided in Fig. 7.
5. Characterization of the molecular networks

The bulk, structural and mechanical properties of the interme-
diate and final model systems, i.e. the 2:1 PMDA:POSS unlinked
mixture, the polyPOSS-(amic acid) and the polyPOSS-imide net-
works, were characterized and confronted whenever possible to
available experimental evidence [27–30]. To have good statistics,
analyses for the polyPOSS-(amic acid)s were systematically aver-
aged over the seven 32,832-atom systems of Table 3, and those
for the polyPOSS-imides over the corresponding seven 30,240-
atom systems.
5.1. Bulk properties

Table 4 presents the average model densities qmodel and box
lengths/thicknesses L = V1/3 at 22 �C and 300 �C, along with the vol-
umetric thermal expansion coefficient aV which can be expressed
both in terms of volume V or density q:

aV ¼ 1
V

@V
@T

� �
P

¼ � 1
q

@q
@T

� �
P

ð2Þ

and the linear thermal expansion coefficient aL, which is obtained
for an isotropic system from aV by:

aL ¼ aV

3
ð3Þ

Since the density-temperature cooling plots were fairly linear
for the networks, the slopes were estimated from the differences
between the qmodel obtained at 22 �C and 300 �C. For the unlinked
mixture, the cooling curve was less linear, so the slope was esti-
mated in the range 22–77 �C.
es from a 3:1 mixture transformed using the progressive approach: (a) is the entire
lowing: yellow = Si, red = O, cyan = C, blue = N, white = H. (For interpretation of the
s article.)
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As expected, the formation of a network decreases the density
and thermal expansion coefficients as the linked systems are ster-
ically more constrained and more difficult to deform when the
temperature is raised. In addition, the films experience further
thickness and density reduction during the imidization process
due to the removal of water. The experimentally-measured linear
thermal expansion coefficient for the polyPOSS-imides based on
PMDA is 76 � 10�6 �C�1 [29,30], and is thus in excellent agreement
with our model aL value of (74 ± 2)�10�6 �C�1 (Table 4). Following
imidization, the average thickness shrinks by 1.1 ± 0.1% at 22 �C,
which is also coherent with the decrease in refractive index
observed by thermo-ellipsometry [29,30]. In the models, this



Table 4
The model densities and thicknesses at both 22 �C and 300 �C.

2:1 PMDA:POSS mixture polyPOSS-(amic acid) polyPOSS-imide

qmodel at 22 �C/g cm�3 (±0.002) 1.310 1.253 1.221
qmodel at 300 �C/g cm�3 (±0.002) 1.128 1.175 1.145
aV/10�6 �C�1 (±5) 280 225 223
L at 22 �C/Å (±0.1) 71.2 72.3 71.5
L at 300 �C/Å (±0.1) 74.8 73.8 73.1
aL/10�6 �C�1 (±2) 93 75 74
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corresponds to a volume shrinkage of �3% and a mass decrease of
�5.5%, which explains the slight reduction in the density. However,
the direct comparison with experiment is not particularly straight-
forward. Indeed, even if the changes during imidization are
reduced with respect to un-cross-linked PMDA-ODA polyimides
[72], a lot of the water present in the experimental hybrid net-
works is not directly linked to the reaction step. Thermogravimetry
indicates that polyPOSS-(amic acid) powders undergo a mass loss
of �10% between 50 �C and 300 �C, while ellipsometry suggests a
difference of �25% in film thicknesses at 50 �C before and after
imidization. The large majority of this additional water has been
associated to physically bound water, the loss of which during
heating overlaps with the imidization step, along with water
released during side-reactions involving the silanol condensation
of partially hydrolyzed cages [29,30]. On the other hand, the mod-
els do not have any residual solvent and their cages are all intact.
Their water loss is thus restricted to the actual imidization
reaction.
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5.2. Void spaces

There are many ways to characterize void-spaces in molecular
simulations but the results usually depend on the definition of
the void-space and the various approximations that have to be
made [1,73]. Since the networks are intended for gas separation
applications, it is preferable to characterize the void-space avail-
able to a specific type of probe molecule based on energetic rather
than geometric criteria [74,75], e.g. with a test-particle insertion
(TPI) method [76]. Here a N2 gas molecule with the potential
parameters of Vrabec et al. [77] was repeatedly inserted at random
positions in the systems and the changes in potential energies DU
associated with the virtual insertions were recorded. N2 was used
as a probe as it does not lead to any conditioning effects. Informa-
tion on the energies of likely sites for gas adsorption can be
obtained from the Boltzmann-weighted probability density distri-
butions for the changes in potential energy [78], which are dis-
played both at room (22 �C) and at high (300 �C) temperatures in
Fig. 8a and b. The integral under these curves gives the solubility,
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Table 5
The average values for significant link distances and angles in the networks at 22 �C.

polyPOSS-(amic acid) polyPOSS-imide

InterPOSS cage� � �cage links/Å 11.79 ± 0.08 13.23 ± 0.05
IntraPOSS cage� � �cage links/Å 3.28 ± 0.01 3.33 ± 0.01
InterPOSS cage� � �ring� � �cage angles/deg 110.7 ± 0.9 132.3 ± 0.4
IntraPOSS cage� � �ring� � �cage angles/deg 30.4 ± 0.1 35.4 ± 0.2
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and lower insertion energies are associated to the most favorable
sites [73].

The actual solubilities in units of cm3(STP) cm�3 cmHg�1 at
room temperature were 0.004 ± 0.001 for the mixture,
0.031 ± 0.001 for the polyPOSS-(amic acid)s and 0.052 ± 0.001 for
the polyPOSS-imides, which are consistent with those found for
N2 in conventional polyimides [79–81]. Using the fraction of ran-
dom insertions in the systems leading to energies that contribute
to 99.9% of the solubility, the fraction of significant volume avail-
able to the N2 probe at 22 �C was estimated to 0.05% for the mix-
ture, 0.62 ± 0.03% for the polyPOSS-(amic acid)s and 1.50 ± 0.03%
for the polyPOSS-imides. The same analyses at 300 �C gave estima-
tions of 1.34% for the mixture, 1.57 ± 0.04% for the polyPOSS-(amic
acid)s and 2.94 ± 0.06% for the polyPOSS-imides. It is clear that the
amount of significant void space, i.e. the space that is available to
the N2 probe, increases in the order unlinked mix-
ture < polyPOSS-(amic acid)s < polyPOSS-imides. This agrees once
again with the decrease in density upon cross-linking along with
the minor shrinkage and the decrease in refractive index upon
imidization for the PMDA-based networks [29,30], which confirms
that both cross-linking and imidization create additional free vol-
ume because of the enhanced steric constraints. When the temper-
ature increases, the concomitant decrease in density also creates
additional free volume. However, as shown by comparing
Fig. 8a and b, it should be pointed out that solubility is not only
correlated to the available void-space: lower densities do lead to
more space for the penetrants, i.e. higher solubility, but they also
lead to a lower cohesive energy density, i.e. less solubility [82]. Sol-
ubility will thus be a compromise between available space and
cohesive energy. The insertion energies are clearly less favorable
at 300 �C than at 22 �C, and indeed the actual solubility for N2 in
units of cm3(STP) cm�3 cmHg�1 goes down to 0.0015 ± 0.0001 for
the polyPOSS-imides. Although this should be somewhat compen-
sated by a faster diffusion, it could contribute to the excellent
permselectivity measured for H2/N2 in the polyPOSS-imide net-
works based on PMDA [28,30].
The most energetically favorable inserted probes (DU/kB-
T < �10) in the polyPOSS-imides at both 22 �C and 300 �C are visu-
alized [75] in Fig. 8c and d. At both low and high temperatures, the
favorable sites for N2 remain clearly well spread out within the
network. As found before [13], these sites are always situated in
the organic phase and form some connected channels which, in
cooperation with the mobility of the network, will provide the
paths at the basis of gas permeation.

5.3. Structural analyses

The structural differences between the polyPOSS-(amic acid)
and polyPOSS-imide networks were characterized in terms of dis-
tances and angles. Fig. 9 compares the probability density distribu-
tions for the interPOSS (links attached to different cages)
cage� � �cage distances and cage� � �ring� � �cage pseudo-angles. The
‘‘cage” positions were the linking silicons and the ‘‘ring” positions
were set at the center of the organic aromatic rings. Table 5 gives
the average values corresponding to Fig. 9 both for interPOSS and
intraPOSS (links between two arms attached to the same cage)
connections.

Fig. 9 confirms that these networks are very heterogeneous as
the interPOSS angles span ranges of 140� for the polyPOSS(amic
acid)s and 100� for the polyPOSS(imide)s. Imidization leads to a
stiffening of the material with larger link distances and angles,
which slightly pushes the POSS cages away from each other. How-
ever, in both cases, some links are almost linear while others can
be very kinked. The angles are even smaller when the imide is
linked to the same siloxane cage and the distances suggest that
the linking Si are either near-neighbors or at least on the same
siloxane face. The intraPOSS links, which amount to �10% to 20%
of the total number (Table 3) thus form constrained loops at the
surface of the siloxane cages. As shown by Figs. S4 and S5 in
Appendix A, the ends of the planar imide moiety in such intraPOSS
links are slightly bent, the angles next to the imides are shifted
towards smaller values and those next to the siloxane cages



Fig. 10. Simplified representations of the organic links as pseudo cage� � �N� � �ring� � �N� � �cage bonds in a 30,240-atom polyPOSS-imide network at 22 �C. (a) Shows the organic
links on their own, (b) the same as (a) but with the siloxane cages and (c) is a close-up representation of a siloxane cage forming both intraPOSS (top right corner) and
interPOSS links. The color code is as in Figs. 5–7. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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towards larger values with respect to the interPOSS-link majority.
Interestingly, these differences between intraPOSS and interPOSS
links are almost non-existent in the polyPOSS-(amic acid) interme-
diate. This confirms that the flexibility of the amic acid arm allows
for the creation of the link, irrespective of whether the POSS arms
belong to the same cage or not. It is only over the imidization stage,
i.e. after the actual formation of the network, that the transforma-
tion of the amic acid into the rigid imide moiety adds constraints to
the intraPOSS links. Since it has been shown experimentally that
the conversion from the amic acid to the imide form is complete
[27–30], we have to assume that such intraPOSS links do occur
as well in the real material in spite of the strain they induce. The
heterogeneity of the connectivity and the differences between
interPOSS and intraPOSS links are further illustrated in Fig. 10,
which displays simplified representations of part of a polyPOSS-
imide network, in which the organic links are shown as sequences
of pseudo cage� � �N� � �ring� � �N� � �cage ‘‘bonds”.

As suggested by Fig. 10, the imide moiety remains essentially
planar and the cages do not deform significantly (see Fig. S4 for
N� � �N and Fig. S6 for Si� � �Si distances in Appendix A). Such an
extended range of cage� � �ring� � �cage angles can only be explained
by the large flexibility of the –(CH2)3– linker between the organic
moieties and the siloxanes cages. Fig. 11 compares the probability
density distributions for the successive torsional angles in the link-
ers before and after imidization. In the convention used here, a
dihedral angle s varies from �180� to +180�, with �60� < s < 60�
being a trans conformation. Similarly, the gauche conformations
0

0.01

0.02

O-Si-C-C
Si-C-C-C
C-C-C-N
C-C-N-Ck

ρ
(τ

) 
/ d

eg
-1

τ / deg

(a) amic acid

-150 -100 -50 0 50 100 150

Fig. 11. Normalized probability density distributions for the torsional angles in the –(CH
imidization.
are those angles situated either in the �180� 6 s 6 �60� or in the
60� 6 s 6 180� intervals. In the angle names, the first atom men-
tioned is the one closer to the siloxane cage.

As found before for amino-functionalized POSS [57], the key
dihedral angles are those in the middle of the linker, i.e. Si–C–C–
C and C–C–C–N. The O–Si–C–C and C–C–N–Ck angles have much
lower barriers to rotation and as such, are less discriminative.
Indeed, the polyPOSS-imides O–Si–C–C distribution (Fig. 11b)
shows that the direct link to the siloxane cage can basically adopt
any value. Both the Si–C–C–C and C–C–C–N angles are initially half
in linear trans forms and half in coiled gauche forms in the
polyPOSS-(amic acid) films. Upon imidization, the C–C–C–N trans
contribution decreases significantly from �50% to �35%,while
the Si–C–C–C angles are less affected. The increase of gauche con-
formations is also apparent in the C–C–N–Ck angles. This is partly
due to the intraPOSS links, which are so strained that all their con-
formers for the Si–C–C–C and C–C–N–Ck angles become gauche.
However, even in the case of the interPOSS links, imidization leads
to more coiled structures for the flexible linker in order to better
accommodate the stiff imide moiety.

5.4. Mechanical analyses

The mechanical properties of the unlinked and the cross-linked
model systems were investigated at both 22 �C and 300 �C by
ramping up and down the appropriate required pressure tensor P
components and measuring the associated changes in densities
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Table 6
The mechanical properties.

2:1 PMDA:POSS mixture polyPOSS-(amic acid) polyPOSS-imide

Bulk modulus K at 22 �C/GPa 4.66 ± 0.04 4.9 ± 0.1 3.85 ± 0.08
Young’s modulus E at 22 �C/GPa 5.6 ± 0.2 5.9 ± 0.2 5.1 ± 0.1
Poisson’s ratio at 22 �C 0.38 ± 0.01 0.31 ± 0.03 0.30 ± 0.03
Young’s modulus E at 300 �C/GPa – 2.2 ± 0.4 2.4 ± 0.4
Poisson’s ratio at 300 �C – 0.31 ± 0.06 0.31 ± 0.06
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Fig. 12. Tensile stress–strain curves at (a) 22 �C and (b) 300 �C along with (c–e) schematic representations of systems at extensions of �90% for the 2:1 PMDA:POSS mixture, a
polyPOSS-(amic acid) and a polyPOSS-imide network, respectively. The inorganic POSS are shown as space-filling red models, while the organic moieties are represented with
blue bonds. The respective number of atoms are 32,832 for the mixture and polyPOSS-(amic acid) and 30,240 for the polyPOSS-imide. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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and strains. Although, the model induced strain rates are necessar-
ily much higher than in experiment because of the limited time-
scale available to MD simulations, the systems could be
compared under similar conditions. The bulk moduli K were
obtained from the slopes of the pressure–density curves. The ten-
sile Young’s moduli E were obtained from the slopes of the stress-
strain curve at low deformations and Poisson’s ratio from the
transverse vs axial strains. Their averages are presented in Table 6,
while the stress–strain curves at room and high temperatures are
compared in Fig. 12a and b. Schematic representations of the var-
ious systems at 90% extension and at 22 �C are displayed in
Fig. 12c–e.

The moduli at both 22 �C and 300 �C are consistent with rein-
forced glassy organic materials. Although we do not have available
experimental data to compare directly with as the actual films are
supported [27,29,30], the model results are of the same order of
magnitude than moduli reported in simulations of epoxy-based
networks, which have been found to be consistent with experi-
mental data [37,39,42,43,50,83,84]. The networks do not behave
as typical rubbers and this is confirmed by the Poisson’s ratios that
are representative of stiff materials [34,41,85].

At 22 �C and low deformations, the stress–strain curves
(Fig. 12a) all exhibit a fairly similar behavior up to yield strains
of �10% to 20%. It has been reported that cross-linking reduces
Young’s modulus in POSS-polyurethanes [86]. This agrees with
our unlinked mixture behaving at low deformations in a similar
way to the networks, which indicates that the reinforcement effect
is indeed more governed by the presence of the inorganic particles
than by the covalent bonding. At larger deformations, the un-cross-
linked mixture loses its cohesion and eventually starts to cavitate
(Fig. 12c). On the other hand, the networks display a ductile behav-
ior typical of cold-drawing before showing a clear strain hardening
effect (Fig. 12a, e, and f), which is related to the orientation of the
organic moieties in the direction of the tension (Fig. S7 in Appendix
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A). As such, cross-linking prevents failures such as that shown in
Fig. 12c from occurring.

At 300 �C, the mixture behaves as a liquid upon application of
the uniaxial tension, i.e. the on-diagonal elements all decrease
together (not shown) and the material flows. At low extensions,
the networks deform more easily than at 22 �C with no apparent
yield stresses, but strain hardening still occurs at high extensions
(Fig. 12b). Their Poisson’s ratios remain close to 0.3 and their
Young’s moduli E are �2 GPa (Table 6), which confirms the resis-
tance of these stiff materials at elevated temperatures.

In such MD simulations, the mechanical properties of polymer-
based materials are known to be somewhat dependent on both the
rate of deformation and the thermal history of the sample
[84,87,88]. In order to assess the dependence on the deformation
rate, an additional stress–strain simulation of a polyPOSS-imide
network was carried out with a lower rate of 0.1 bar/ps instead
of 1 bar/ps. The elastic modulus and yield stress were, as expected,
slightly lower at the lower deformation rate. However, at large
deformations, the network connections lead to an elastic behavior
that is fairly independent of the deformation rate. This was con-
firmed by a creep test of the same polyPOSS-imide system at
22 �C carried out by fixing the applied tension at the value obtained
after 5000 ps at 1 bar/ps (�90% deformation, Fig. 12a and e) and
monitoring the deformation for an extended time of 30,000 ps.
The deformation soon reached a plateau, thus confirming that
there is not much scope for relaxation left in this cross-linked sys-
tem, and as such, that the rate dependence at high deformations is
minor. Both these simulations are presented in Appendix A
(Fig. S8). As for the dependence on the cooling rate, the rates used
here (0.1 �C ps�1) are very slow for large MD simulations and, as
noted above, the point here is to compare the relative mechanical
properties simulated under similar conditions. However, simula-
tions of epoxy networks have shown that if the cooling rate does
affect the yield stress, samples with different thermal histories will
collapse into a single curve once inelastic deformation begins [84].

If one compares the intermediate and the final networks, the
polyPOSS-(amic acid)s systematically exhibit higher yield stresses
and strain hardenings than the polyPOSS-imides. Following
imidization, K at 22 �C is reduced by �21% and E by �14%, i.e. a
lot more than the average density reduction of 2.6% (Table 4). It
is probably the larger amount of free volume in the polyPOSS-
imides which leads to the differences between the two curves.
However, at 300 �C, this tends to be reduced despite the similar
volumetric thermal expansion coefficients (Table 4) and indeed,
both E are close within the errors (Table 6). There is less relative
difference in the fractions of significant volume available to a gas
probe and the added stiffness of the imide is probably an asset at
such high temperatures.
6. Conclusions

This work successfully introduced methods for building realistic
molecular models of hyper-cross-linked polyPOSS-imide films
based on the PMDA dianhydride. Relaxed dense samples of the
POSS and PMDA monomers were first prepared on their own,
before being combined to form mixtures with PMDA:POSS ratios
of 2:1, 3:1 and 4:1. Two different algorithms were presented to
mimick the polycondensation step which transforms the POSS
+ PMDA mixtures into polyPOSS-(amic acid) networks by creating
amide and carboxylic acid groups. This step was carried out using
either an instantaneous approach, i.e. all the links were created at
the same time, or a more progressive approach, which allowed for
some relaxation in between the formation of the links. However,
the various PMDA:POSS mixture ratios and transformation routes
gave similar polyPOSS-(amic acid) networks, thus suggesting that
all of these procedures worked equally well. In all cases, more than
98% of the atoms were connected in a continuous network, para
and meta-connected links had an equal probability and �80% to
90% links were interPOSS. Although the models were constructed
with the experimentally-found average of 4 links per POSS, the
actual distributions of the number of links per POSS were wide
with all possible values ranging from zero to eight arms. The sub-
sequent thermal imidization step leading to the final polyPOSS-
imide films involved the condensation reaction of the amide and
the adjacent carboxylic acid with the production of water as a side
product. Since the connectivity was directly defined by the
polyPOSS-(amic acid) precursors, all the transformations could be
performed simultaneously.

Both the formation of a network and the imidization reaction
decreased the density and increased the available void-space as
the linked systems are sterically more constrained. The volume
shrinkage during the imidization step was significantly less than
expected from the amount of water removed. The model thermal
expansion coefficient for the polyPOSS-imides was found to be in
remarkable agreement with the experimental value. The decrease
in model thickness upon imidization also agreed with experiment.

In terms of structures, the model networks were found to be
highly heterogenous. The cage� � �ring� � �cage pseudo-angles cov-
ered an extended range of values, which was related to the large
flexibility of the –(CH2)3– linker between the organic moieties
and the siloxanes cages. It even allowed the intraPOSS links to form
loops at the surface of the siloxane cages. However, it is only over
the imidization stage, i.e. after the actual formation of the network,
that the transformation of the amic acid into the rigid imide moiety
added constraints to the intraPOSS links. In general, imidization
favored more coiled structures for the flexible linker to better acco-
modate the stiff planar imide moiety. It also had a tendency to
push away the POSS cages, thus gaining additional free-volume.

At room temperature, all the systems under study exhibited
good mechanical properties at low deformations. At larger
deformations, the unlinked mixture eventually cavitated, while
the networks experienced strain hardening instead. At higher tem-
perature, the mixture was liquid and the networks were slightly
easier to deform but they retained their capacity to strain harden-
ing and their moduli remained quite large. The dependence of such
mechanical properties on the deformation rate was limited. Cross-
linking thus clearly improved the overall mechanical resistance.

Although gas permeation was not the main subject of the pre-
sent work, these polyPOSS-imide networks were developed to
maintain good gas separation performances at high temperatures
and pressures [27–30]. As far as solubility is concerned, the model
networks based on the PMDAmoiety already show a good compro-
mise between available space and cohesive energy, with the favor-
able sites for gas motion being situated in the organic phase. Model
networks based on other imide moieties are under preparation and
their comparative gas separation properties will be the subject of
future work.
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