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ABSTRACT: Cubic octameric silsesquioxanes, because of their octahedral structures and nanometer size, represent
potentially very useful nanoconstruction sites. Here we report the reaction of octaaminophenylsilsesquioxane
(OAPS) with a variety of epoxides and dianhydrides and their subsequent heat treatment to form nanocomposite
films with exceptional oxygen barrier properties. While solution-cast films give relatively low oxygen transmission
rates (OTR), casting followed by warm-pressing lowers the OTR to values competitive with commercially available
high-performance barrier films. The lowest OTR measured was obtained with a warm-pressed bilayer films
consisting of OAPS/tetraglycidyl-m-xylenediamine and OAPS/2,4-epoxycyclohexylmethyl-3,4-epoxycyclohex-
anecarboxylate with OTRs< 1 cm3 20 µm/(m2 day atm). These silsesquioxane films are thermally very robust,
particularly the OAPS/imide films (>500°C when fully cured), making them ideal for electronics packaging and
encapsulation applications.

Introduction

One of the oft-repeated objectives of nanoscience and
nanotechnology is to develop methods of constructing materials
from the bottom up. However, the potential to realize such
approaches is limited by the availability of building blocks that
permit the strategic design of materials and thereafter their
construction with nanometer by nanometer control. The literature
is replete with articles on the design and synthesis of nanosized
particles and their assembly to nanostructured materials;1-6

however, there are very few building blocks that offer the
potential for nanometer by nanometer construction in 1-, 2-, or
3-D with control of periodicity over millimeter and even
centimeter length scales and therefore global properties.

Octasilsesquioxanes,7-11Q8[RMe2SiOSiO1.5]8andT8[RSiO1.5]8

(R ) alkyl, alkenyl, alkynyl, aryl, epoxy, methacrylate, aromatic,
etc.; Figure 1), are spherical molecules≈1.0 nm in diameter
with cubic symmetry that places a functional group in each
octant in Cartesian space, thereby, in principle, permitting their
assembly one nanometer at a time in 1-, 2-, or 3-D with complete
control of periodicity. In principle, through control of the
architecture of the organic groups connecting the vertices of
each silsesquioxane, it is possible to tailor global properties.

We and others have begun to explore their utility for building
nanostructuredmaterials,nanocompositesfordiverseapplications.12-30

Our initial goal was first to prove that it is possible to both
assemble Q8 and T8 systems in 3-D covalently linked nano-
composite networks with precise control of the periodicity over
extended length scales.15,20 A second goal was to demonstrate
the potential to tailor global properties through control of the
architecture of the organic tethers joining silsesquioxane cage
vertices. Our efforts on this emphasis relied on the epoxy and
imide chemistries of the Q8 and T8 systems, as suggested by
reactions 1 and 2 of Scheme 1.18,19

One major finding of this work was that traditional epoxy
resin stoichiometries, wherein one-NH2 group is reacted with
two epoxy moieties (N ) 0.5), offer poorer mechanical
properties than a 1:1 NH2:epoxy stoichiometry (N ) 1). In this
regard, we recently reported the development of simple, low-

viscosity epoxy resins with control of coefficients of thermal
expansion (CTEs) over on order of magnitude from 25 to 240
ppm/°C.22 In an extension of these efforts, we report here that
it is possible to use nanometer tailoring of the structures of epoxy
and imide systems to produce oxygen barrier films that,
unoptimized, are equivalent to those produced commercially
while offering improved thermal stability.

At the molecular level, transport of gas molecules across
membranes is controlled (1) by the solubility of the gas within
the membrane materials followed by diffusion through it31,32

and (2) the ability to diffuse through the membrane without
dissolution via adventitious pores and free volume.33 Thus, all
efforts to make barrier materials must also consider ways of
blocking these transport mechanisms.

A review of the literature indicates that superior barrier
properties are obtained from polymeric materials modified using
an assortment of approaches.32-39 For example, good barrier
properties extend from polymers with strong intrachain forces
that induce high packing densities that in turn hinder gas
diffusion. Thus, strong hydrogen bonding, chain alignment by
extrusion, and high degrees of crystallinity or liquid crystallinity
provide one approach to defeating diffusion of gases. Another
approach is to add easily dispersed second phases that can be
organic or inorganic inclusions such as exfoliated clay particles
or simply silica.39 An extension of this approach is to make
bilayer films where transport across the interface is problematic.
In the extreme, this can include introduction of an inorganic
phase including aluminum (metallized layers). Clearly, the need
to disperse or coat a second phase adds to the difficulty and
expense of processing as does extrusion or other processing
methods that align polymer chains.

If the claim that silsesquioxanes offer tailorability of global
properties by assembly at nanometer length scales is to be
justified, then it should be possible to develop low-viscosity,
single-phase silsesquioxane systems that on curing offer good
O2 transport barrier properties. We describe here our efforts to
identify useful barrier systems. It is important to note that the
systems developed here also offer considerable potential for
modifying CTEs, and abrasion and corrosion resistance.22
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Experimental Section

Materials. Tetraglycidyl-m-xylenediamine (TGMX, MW 332.4),
a gift from Dr. Rafil Basheer of Delphi Corp., and diglycidyl ether
of bisphenol A (DGEBA, MW 340.4, Aldrich) were used as
received. Standard concentrations of O2 in helium were purchased
from Cryogenic Gases (Detroit, MI). Nano-δ-alumina was received
as a gift from from Degussa Inc. and used as received. 4-Vinyl-
1-cyclohexene (MW 108.2), pyromellitic dianhydride (PMDA, MW
218.1), 4,4′-oxidianiline (ODA, MW 200.2), 4,4′-oxidiphthalic
anhydride (ODPA, MW 310.2), 3,4-epoxycyclohexylmethyl-3,4-
epoxycyclohexanecarboxylate (ECHX, MW 252.3), resorcinol
digylcidyl ether (RDGE, MW 222.2), andN-methylpyrrolidinone
(NMP) were purchased from Aldrich (Milwaukee, WI) and used
without further purification. Octahydridosilsesquioxane (OHS, MW
1018.0) and octaaminophenylsilsesquioxane (OAPS, MW≈ 1153)
were synthesized following methods described in the literature.16,17

All work was performed under nitrogen.
Analytical Methods. NMR Analyses. All 1H NMR analyses were

done in CDCl3 and recorded on a Varian INOVA 300 spectrometer.
1H NMR spectra were collected at 300.0 MHz using a 6000 Hz
spectral width, a relaxation delay of 3.5 s, a pulse width of 38°,
30K data points, and CHCl3 (7.259 ppm) as an internal reference.

Thermal GraVimetric Analysis (TGA). Thermal stabilities of
materials under N2 or air were examined using a 2960 simultaneous
DTA-TGA Instrument (TA Instruments, Inc., New Castle, DE).
Samples (5-10 mg) were loaded in platinum pans and ramped to
1000°C (10 °C/min/N2). The N2 or air flow rate was 60 mL/min.

FTIR Spectra. Diffuse reflectance Fourier transform (DRIFT)
spectra were recorded on a Mattson Galaxy Series FTIR 3000
spectrometer (Mattson Instruments, Inc., Madison, WI). Optical
grade, random cuttings of KBr (International Crystal Laboratories,
Garfield, NJ) were ground, with 1.0 wt % of the sample to be
analyzed. For DRIFT analysis, samples were packed firmly and
leveled off at the upper edge to provide a smooth surface. The FTIR
sample chamber was flushed continuously with N2 prior to data
acquisition in the range 4000-400 cm-1.

Curing and Pressing Studies. All samples were cast in round
100 mm diameter Teflon Petri dishes. They were heated in a Thelco
laboratory oven (equipped with temperature controller) according
to the conditions described in Tables 1 and 2. Heat-pressed samples
were precured and subsequently removed from the molds, sand-
wiched between aluminum foil sheets, and warm-pressed in air
according to the conditions described in Table 2, from 0.690-1.03
MPa (100-150 psi) in a Carver press model 3851-0 (equipped with
heating platens and temperature controller) according to the
conditions specified in Table 2. Resulting warm-pressed samples
were∼200 mm in diameter.

OTR Measurements. OTR values were measured using an HP
model 5890 series 2 GC equipped with permeation cell and
calibrated with 2%, 5%, and 10% concentrations of O2 in helium.
A schematic of the components needed to determine OTR by
permeation cell and GC is shown in Figure 2. Test films were cut
and mounted (with typical commercial two-part epoxy adhesive)
on circular aluminum foil holders 100 mm diameter with circular

Figure 1. Typical (a) Q8 and (b) T8 structures.

Scheme 1
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openings of 40 mm diameter. Mounted films were then placed in
the permeation cell and conditioned under steady flow of test and
carrier gas for 2 h. Measurements were taken (at ambient humidity)
at room temperature, 18, 50, and 70°C. The 18°C measurements
were achieved by submerging the permeation cell in an ice bath
while measurements at 50 and 70°C were taken with the permeation
cell heated in a temperature-controlled oven.

The gas (oxygen) transmission rateP (cm3 cm cm2 s cmHg)
was obtained by measuring the gas amountq (cm3) permeated
through membrane in timet (s), as follows:

wherem is the volume of gas sample loop (cm3), f the gas flow
rate (cm3/min), q the volume of permeated O2 gas (cm3), a the
area of membrane (cm2), andl the thickness of the membrane (cm).
Three separate GC measurements (within(5%) were recorded for
each film and averaged. The gas amountq was determined from a
calibration curve. The oxygen transmission rate (P) was calculated
and standardized to 20µm thickness. The OTR of the measured
films are reported in Tables 1 and 2.

Synthetic Methods and Sample Curing Studies.TCHS. OHS,
25.0 g (196.6 mmol of Si-H), and 178.6 mg of PtO2 were placed
in a 500 mL Schlenk flask equipped with magnetic stirrer and
condenser. The flask was evacuated and flushed three times with

N2. Toluene (200 mL) and 9.08 mL (122.8 mmol) of 4-vinyl-1-
cyclohexene were added via syringe. The reaction mixture was
heated at 85°C for 24 h. The solid PtO2 catalyst was separated
over celite, and residual toluene was removed under vacuum to
reveal a white powder (30.9 g, 88%).

Curing TCHS(2.0 g) was placed in a round Teflon Petri dish
and heated at temperatures specified in Table 1 to give a 0.4 mm
thick film used in gas transport measurements.

OAPS/PMDA Imide Films. OAPS, 25.0 g (173.6 mmol of NH2-
phenyl), was dissolved in 110 mL (1.13 mol) of NMP. This solution
was added to another solution containing 18.9 g (86.8 mmol) of
PMDA in 100 mL of NMP. The combined solution was stirred at
room temperature for 5 min. An 8.0 g portion of solution was cast
into molds and heated at temperatures specified in Tables 1 and 2
to give 0.50 mm thick films.

OAPS/ODA/PMDA Imide Films. OAPS (6.25 g, 43.4 mmol of
NH2-phenyl) and ODA (4.35 g, 43.4 mmol of NH2-phenyl) were
dissolved in 110 mL of NMP. This solution was added to another
containing 18.9 g (86.8 mmol of anhydride) of PMDA in 100 mL
of NMP cooled to 0°C. The combined solution was stirred at room
temperature for 5 min. An 8.0 g portion of solution was cast into
molds and heated at temperatures specified in Tables 1 and 2 to
give 0.50 mm thick films.

OAPS/ODA/ODPA Imide Films. OAPS (6.25 g, 43.4 mmol of
NH2-phenyl) and ODA (4.35 g, 43.4 mmol of NH2-phenyl) were
dissolved in 110 mL of NMP. This solution was added to another
containing 13.5 g (86.8 mmol anhydride) of ODPA in 100 mL of
NMP cooled to 0°C. The combined solution was stirred at 0°C

Table 1. Oxygen Transmission Rates (OTR) of Cast Silsesquioxane Films [at 20°C and 65% RH; cm3 20 µm/(m2 day atm O2), i.e. Standardized
to 20 µm Thickness]

sample
N

NH2 groups:epoxide groups curing
OTR ((0.5) (cm3

20 µm/(m2 day atm))

TCHS [Pt(dcp)] 170°C/5 h 24000
TCHS (PtO2) 130°C/6 h, 130°C/8 h, 150°C/8 h, 170°C/8 h 13000
50% OAPS/PMDA 120°C/4 h, 205°C/4 h, 215°C/4 h 31
50% OAPS/PMDA 120°C/4 h, 205°C/4 h, 215°C/8 h, 240°C/8 27
50% OAPS/ODPA 120°C/4 h, 205°C/4 h 35
50% OAPS/ODPA 120°C/4 h, 205°C/4 h, 215°C/8 h, 225°C/8 h 25
50% OAPS/ODPA 120°C/4 h, 205°C/4 h, 215°C/8 h, 240°C/8 h 27
50%OAPS/ODPA/ODA 120°C/4 h, 205°C/4 h, 215°C/8 h, 225°C/8 h 29
OAPS/DGEBA 0.5 130°C/5 h 110
OAPS/DGEBA 0.5 130°C/5 h, 150°C/5 h 21
OAPS/DGEBA 1.0 130°C/5 h, 150°C/5 h 24
OAPS/TGMX 0.5 90°C/2 h 14
OAPS/ECHX 0.5 100°C/1 h, 130°C/4 h 8
OAPS/ECHX 1.0 100°C/1 h, 130°C/4 h 24
OAPS/ECHX 0.5 100°C/1 h, 130°C/4 h, 180°C/4 h 6
OAPS/RDGE 0.5 95°C/4 h, 115°C/4 h 105
OAPS/RDGE 1.0 95°C/4 h, 115°C/4 h 115
EVAL F gradea <1.0

a Eval F is 32% ethylene-vinyl alcohol copolymer biaxially orientated (3× 3) and heat-treated to 140°C.41

Table 2. Oxygen Transmission Rates (OTR) of Heat-Pressed Silsesquioxane Films [at 20°C and 65% RH; cm3 20 µm/(m2 day atm O2), i.e.
Standardized to 20µm Thickness]

sample
N

NH2 groups:epoxide groups initial curing curing with pressure
OTR ((0.5) (cm3

20 µm/(m2 day atm))

50% OAPS/PMDA 120°C/4 h 240°C/8 h at 1.03 MPa 17
50% OAPS/ODPA 120°C/4 h 240°C/8 h at 1.03 MPa 12
50% OAPS/ODPA/ODA 120°C/4 h 240°C/8 h at 1.03 MPa 13
OAPS/DGEBA 0.5 120°C/4 h 200°C/10 h at 0.690 MPa 7
OAPS/DGEBA 0.5 120°C/4 h 200°C/10 h at 0.862 MPa 5
OAPS/DGEBA 0.5 120°C/4 h 200°C/10 h at 1.03 MPa 3.9
OAPS/TGMX 0.5 100°C/1 h, 200°C/4 h at 1.03 MPa 3.2

130°C/4 h
OAPS/ECHX 0.5 100°C/1 h, 200°C/4 h at 1.03 MPa 5.2

130°C/4 h
OAPS/TGMX 0.5 100°C/1 h, 200°C/4 h at 1.03 MPa 1.2

130°C/4 h
OAPS/ECHX (i) 0.5 i. 100°C/1 h ii. 200°C/4 h at 1.03 MPa 0.8

130°C/4 h
OAPS/TGMX (ii) 0.5 ii. 100°C/1 h
bilayer 130°C/4 h

t ) 60m
f

(s)

P ) ql
at × 76

(cm3 cm/(cm2 s cmHg))
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for 5 min. An 8.0 g portion of this solution was cast into molds
and heated at temperatures specified in Tables 1 and 2 to give 0.50
mm thick films.

OAPS/DGEBA Epoxide Films. OAPS (25.0 g, 173.6 mmol NH2-
phenyl) was dissolved in 110 mL of NMP. This solution was added
to another solution containing 32.12 g (173.6 mmol of epoxy) of
DGEBA in 100 mL of NMP cooled to 0°C. The combined solution
was stirred for 5 min. A 6.0 g portion of solution was cast into
molds and heated at temperatures specified in Tables 1 and 2 to
give 0.45 mm thick films.

OAPS/ECHX Epoxide Films. OAPS (3.20 g, 22.22 mmol of Ph-
NH2) and ECHX (5.61 g, 44.44 mmol of epoxy) were dissolved in
20 mL of DMF and stirred for 5 min. The solution was cast into
molds and heated at temperatures specified in Tables 1 and 2 to
give 0.50 mm thick films.

OAPS/TGMX Epoxide Films. OAPS (3.20 g, 22.22 mmol of
NH2) and TGMX (2.29 g, 51.46 mmol of epoxy) were dissolved
in 40 mL of THF and stirred for 5 min. The solution was left
overnight at room temperature to evaporate THF. The solution was
cast into molds and heated at temperatures specified in Tables 1
and 2 to give 0.50 mm thick films.

Warm-Pressed OAPS/TGMX-OAPS/ECHX Bilayer Epoxide Films.
OAPS/TGMX films were prepared as above. The films were
partially cured at 100°C/1 h and 130°C/4 h, after which it became
a flexible solid. OAPS/ECHX films were prepared as above and
cast onto the partially cured OAPS/TGMX films. Both layers were
again heated at 100°C/1 h and 130°C/4 h, removed from the mold,
sandwiched between aluminum foil sheets, and warm-pressed at
1.03 MPa, as specified in Table 2.

OAPS/RDGE Resin Films. OAPS (3.20 g, 22.2 mmol of PhNH2)
and RDGE (4.93 g, 44.4 mmol of epoxy) were dissolved in 40 mL
of DMF and stirred for 5 min. The solution was cast into molds
and heated at temperatures specified in Tables 1 and 2 to give 0.50
mm thickness films.

Results and Discussion

As noted above, traditional barrier materials rely on close
packing of polymer molecules coupled with the introduction
of both organic and inorganic crystalline second phases as micro-
and nanocomposite barriers within a standard polymer matrix.
Given that octafunctional silsesquioxane cages offer the potential

to produce very highly cross-linked materials wherein the silica
cage not only acts as the cross-linker but also provides a
completely dispersed and highly impermeable inorganic phase,40

the initial goal in this work was to form very short but highly
cross-linked materials. Both the epoxy resins of our CTE studies
and some of the polyimides studied earlier offer such opportuni-
ties.18,19,22

In addition, we were also interested in a novel self-curing
oligomer that offers the additional potential of relatively high-
temperature stability and high hydrophobicity. Thus, we briefly
examined the barrier behavior of tetrethylcyclohexenylsilses-
quioxanes (TCHS) produced via reaction 3 of Scheme 2. TCHS
melts at 120°C and cures at 180°C (reaction 4, Scheme 2) to
give fully dispersed and transparent materials that show no
evidence of nanoporosity by BET. TCHS can be cast as a liquid
and cured to provide high-quality films. Unfortunately, as shown
below, it is highly permeable to O2 but may offer utility for
separation of other gases. Thus, the majority of the work
reported here maps structure-processing-property relationships
of silsesquioxane epoxy and imide nanocomposites as O2 barrier
materials. The types of epoxy compounds studied are shown in
Figure 3. The oxygen transport values (OTRsmeasured as a
function of film thickness per unit surface area) and curing
conditions are shown in Table 1. We have also characterized
these materials via a number of standard techniques (see
Experimental Section).

In general, the OTR of the films decreases with increasing
curing temperatures and times. However, the limiting factor was
increased brittleness at higher temperatures, as films cast from
solution fractured easily from stresses as they expanded against
the molds during curing. In contrast, warm pressing minimized
brittle fracture and had a profound effect on barrier properties.

Solution-Cast Films. TCHS. Films were formed by curing
TCHS per conditions described in Table 1. TCHS is self-curing
(reactions 3 and 4); films are completely transparent and have
high thermal stability. The 5% mass loss temperature (Td5%) of
TCHS is 325°C, making it ideal for electronics encapsulation.
Qualitatively, films have a range of flexibility depending on

Figure 2. Schematic of GC/permeation cell for determination of OTR (measurements taken at ambient humidity with HP model 5890 series 2
GC).
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the temperature and duration of curing. However, no quantitative
measurements of flexibility were made. Films cured at 5 h (170
°C) provided the best flexibility and least color while those
subjected to stepwise curing (130°C/6 h, 130°C/8 h, 150°C/8
h, 170 °C/8 h) were most rigid and deeply yellow, yet still
transparent. The yellow color comes in part from the retained
Pt catalyst.

TCHS was initially synthesized using Pt(dcp), a soluble
catalyst, which is quenched after the reaction with PPh3.
However, we speculated that the presence of residual PPh3

inhibited complete curing of TCHS, explaining the unusually
high OTR values recorded in Table 1. According to solid-state
NMR studies, 130°C/5 h and 170°C/5 h TCHS films are 69%
and 79% cured.40 In response to this, we examined PtO2-

catalyzed hydrosilylation and filtered off the solid catalyst while
eliminating the need for PPh3. While the OTR values using PtO
were lower by approximately half (13 000 vs 24 000 cm3 20
µm/(m2 day atm)), they were not as low as expected or desired.
Thus, we focused on the polyimide and epoxy systems.

Polyimide Films. We previously described the synthesis,
processing, and mechanical properties of two polyimide nano-
composite systems, OAPS/PMDA and OAPS/ODPA.18,19 Al-
though the OAPS/PMDA materials are very brittle, we were
able to successfully process a number of films suitable for OTR
measurements. Note that in our earlier studies these materials
cured most effectively on heating tog300 °C.

As expected, the barrier performance of these films improved
with higher temperature (more complete) curing, but cast OAPS/

Scheme 2

Figure 3. Sets of epoxies tested with various amine curing agents.
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PMDA films could not be heated above 240°C without
fracturing into unusable fragments. Even so, films heated
stepwise (to minimize cracking) 120°C/4 h, 205°C/4 h, 215
°C/8 h, 225°C/8 h exhibited promising barrier properties (Table
1; 27 ( 0.5 cm3 20 µm/(m2 day atm)) where commercial,
biaxially stretched hot and oriented EVAL offer transport values
of 1 ( 0.005 cm3 20 µm/(m2 day atm). Note that these values
are far superior to those obtained for TCHS and reflect the length
(∼1.8 nm) and rigidity of the tethers that join the vertices of
two cubes.18,19

We also measured the barrier properties of analogous OAPS/
ODPA films, which also exhibited barrier properties directly
related to the degree of curing. Again, while cast OAPS/ODPA
samples could not be heated directly tog225 °C without
cracking, samples cured stepwise to that temperature showed
barrier properties (25 cm3 20 µm/(m2 day atm)) competitive
with commercial PVA films (20 cm3 20 µm/(m2 day atm))41

but offering air stability to 550°C when fully cured. In contrast,
the decomposition temperatures of PVA films are very close to
their melting temperatures (between 150 and 250°C), which
in turn are dependent on the degree of hydrolysis.42

In order to make the films more flexible with the goal of
curing to higher temperatures, we introduced ODA (3) as a
diluent in the OAPS/ODPA systems. Reactions of equal
stoichiometric amounts of OAPS and ODPA with ODA gave
films that were much less brittle than undiluted films, with
comparable oxygen permeabilities (29 cm3 20µm/(m2 day atm)
for OAPS/ODPA/ODA and 25 cm3 20 µm/(m2 day atm) for
OAPS/ODPA) under identical curing conditions (120°C/4 h,
205 °C/4 h, 225°C/8 h, 225°C/8 h).

As Table 1 shows, the use of ODA gives essentially the same
barrier performance. However, the resulting films are qualita-
tively more flexible and also can be cured to somewhat higher
temperatures (240°C) before failure.

Epoxy Resin Films. The bulk of our study focused on OAPS/
epoxy resin systems, since they offer the potential for very high
chain (cross-link) densities with strong hydrogen bonding as
well as the incorporation of an inorganic silica core. Figure 3
provides a complete list of epoxy compounds studied and their
structures.

The flexibility of OAPS/epoxy films also depended on cure
time and temperature. In general, OAPS/TGMX films were more
flexible compared to the other epoxide films at the same curing
conditions. All of the transparent films were colored from light
yellow to dark orange. OTR values for OAPS/epoxy films
exhibited the best properties of all the cast films studied, with
OAPS/ECHX (100°C/1 h, 130°C/4 h, 180°C/4 h) exhibiting
the lowest OTR (6 cm3 20 µm/(m2 day atm)) observed.

Again, barrier properties generally improved at higher tem-
peratures and longer cure times. For example, O2 permeability
for OAPS/DGEBA (130°C/5 h) falls from 110 to 21 cm3 20
µm/(m2 day atm) when heated for 5 h more at 150°C. In
addition, these films also benefit from the heat capacity of the
silica framework and the ability of the cube to control polymer
(tether) chain motion at elevated temperatures. For example,
theTd5% of OAPS/DGEBA is 180°C, compared to 165°C for
DGEBA alone. However, RDGE films did not offer the same
barrier performance as ECHX, DGEBA, or TGMX. While it
can be predicted that higher temperature curing may be

necessary to reduce the O2 permeability of OAPS/RDGE films,
these films could not be heat treated higher than 115°C without
cracking. Since the epoxide functionalities of RDGE aremeta
to each other across the aromatic ring and because of its
relatively short length (compared to DGEBA and TGMX), there
might not be enough flexibility in the tethers to limit cracking.
Moreover, the ability of the ECHX cyclohexyl epoxides to adopt
flexible chair conformations could explain why OAPS/ECHX
films do not crack under similar curing conditions to those used
for OAPS/RDGE.

We also manipulated the ratio “N” (NH2 groups:epoxide
groups) in OAPS/epoxide films to measure the effects on OTR
values. In general, a lowerN value led to improved OTR
performance, which corresponds to an increase in cross-link
density. The materials withN ) 1.0 andN ) 0.5 stoichiometries
are most important here because these are the ratios that can
give perfectly matched curing to form one or two cross-links
per each vertex, respectively. For example, OAPS/ECHX
impermeability improves from 24 to 8 cm3 20µm/(m2 day atm)
under the same conditions (100°C/1 h, 130°C/4 h) when the
N ratio is changed from 1.0 to 0.5, respectively.

Warm-Pressed Films. While “cube” films exhibit excellent
barrier properties when cast from solution, warm pressing
dramatically lowers the OTR of the OAPS/imide and epoxide
films (see Table 2). Initially, the films are precured (Table 2)
to remove solvent and then cured under pressure between heated
platens (see experimental details). Note that Table 2 conditions
represent maximum temperatures and loads during curing;
higher temperatures and pressures cause films to crack.

There is significant improvement in the barrier properties of
both OAPS/imide and epoxide systems when cured under
pressure. It is reasonable to assume that heating under pressure
eliminates voids and pores resulting from residual solvent
eliminated in the procuring step.

This is not unexpected given that it is known that a
combination of heat treatment and orientation will improve gas
barrier properties in ordinary polymer films, but improvement
by orientation alone without heat treatment is usually marginal.41

This suggests that thermal treatment of film systems has a direct
influence on chain-chain ordering (crystallinity), which deter-
mines the performance of barrier films. Heat treatment under
pressure may allow the cubes and tethers to order under
conditions where they usually do not crystallize. Future powder
XRD studies could elucidate whether or not this is the case.

The improvement in the polyimide films was significant, but
not as dramatic as for the epoxide systems. The OTR of OAPS/
TGMX films, for example, drops from 14 (as cast) to 3.2 when
cured at 1.03 MPa. Warm pressing reduces the propensity of
films to crack, permitting higher cure temperatures. In addition,
the curing times for all systems are shortened without sacrifice
to barrier performance.

A bilayer of OAPS/TGMX and OAPS/ECHX film cured
under pressure exhibits the best OTR of the cube films, 1.2
cm3 20 µm/(m2 day atm). We have obtained values as low as
≈0.8 cm3 20 µm/(m2 day atm) for this same system but are
hindered by the detection limits of our instrumentation, and thus
these systems may actually be better than we are currently able
to report. The transparent dark purple bilayer film offers
excellent adhesion between the layers. Unfortunately, efforts
to form OAPS/DGEBA bilayers with OAPS/TGMX or OAPS/
ECHX were not possible due to delamination after curing. More
work and the possibility of making tri- and tetralayer films offer
further potential to improve barrier properties. In addition, it
may be possible to spray coat the individual layers since these
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materials will cure near room temperature.
Temperature Dependence. The dependence of OTR on

temperature was investigated for OAPS/TGMX and OAPS/
ODPA (Figure 4), as they represent the most flexible epoxy
and imide films that still maintain excellent barrier properties.

As expected, the permeability of each film increases at
temperatures above room temperature due to increased molec-
ular motion of polymer segments in these films even though
they rarely exhibit significantTgs. Conversely, at lower tem-
peratures the decreased motion of these segments improves
OTR. In addition, the temperature-dependent asymptotic de-
crease in permeability is also attributed to the corresponding
decrease in kinetic energy of the permeating O2 molecules at
lower temperatures.43

At room temperature, the majority of epoxide films withN
) 0.5 exhibit better barrier performance while films withN )
1.0 perform better at higher temperatures. This suggests that
the increased cross-link density for OAPS/TGMX films im-
proves OTR but only at low temperatures. The decrease in
barrier performance at elevated temperatures, however, may be
attributed to both a significant increase in motion of the
permeant gas and the organic tethers, which leads to increased
O2 transport. This suggests that a high degree of cross-linking
is unfavorable since any significant increase in tether motion
could lead to nanosized cracks in the films.

At N ) 1.0, the degree of cross-linking is essentially halved,
and the film may be able to relieve any strain caused by motion
via flexing at the molecular level. This strain relief may explain
why polyimide films behave relatively poorly at elevated
temperatures due to the short length and rigidity of cross-linking
units. At lower temperatures, however, increased cross-link
density is not a problem due to both the decreased motion of
the tethers and lower gas mobility.

Since increased cross-link density improves OTR performance
at temperatures<50 °C yet presents a liability at higher
temperatures, it may be possible to tailor these films across a
broad temperature range by maintaining maximum cross-link
density with longer and somewhat more flexible epoxy tethers.
Theoretically, these systems should present the same barriers
to oxygen permeation at lower temperatures while decreasing
OTR at increased temperatures by flexing to avoid strain that
leads to cracking. It could also lead to easier processing and
perhaps the opportunity to align tethers through uniaxial or
biaxial stretching.

Conclusions

We have found that OAPS/imide and OAPS/epoxide films
exhibit excellent barrier properties, competitive with current

commercial grade barrier films.41 While cast OAPS/ODPA and
OAPS/ECHX epoxide films have promising OTRs of 25 and 6
cm3 20 µm/(m2 day atm) (at optimum curing conditions), a
significant improvement is achieved with warm pressing. A
combination warm-pressed, bilayer film system consisting of
OAPS/ECHX and OAPS/TGMX was found to have OTR of
<1 cm3 20µm/(m2 day atm). It should be noted that commercial
barrier films with similar performance are usually achieved with
three or four different film layers and may utilize adhesives to
keep the films together.44

The structures of the organic tethers, as well as cross-link
densities, determine O2 permeability. Long and flexible organic
tethers improve the film’s overall flexibility, an important factor
during warm pressing. While increasing cross-link density
traditionally improves OTR, high cross-link density of short and
stiff tethers leads either to cracking during curing or nanosized
cracks or more free volume at elevated temperatures for reasons
stated above. At low temperatures, however, the movement of
short and stiff tethers is minimized and high cross-link density
improves OTR. We have determined that the ideal silsesqui-
oxanes film would have a high cross-link density of long,
flexible tethers to achieve maximum performance at a wide
range of temperatures.

Silsesquioxane films, particularly OAPS/imide and OAPS/
epoxide films, provide excellent O2 barrier properties potentially
of use for a wide variety of packaging applications. The
silsesquioxanes films can in principle be further functionalized
to tailor barrier properties or for selected transport of specific
gases for separation applications. It was recently demonstrated
both theoretically and experimentally that silsesquioxanes offer
higher barriers to N2 diffusion than O2.40 They also offer high
thermal stability of potential use in high-temperature applications
such as electronics packaging.

Note that our results contrast considerably with polysiloxane
films, which are well-known to have high oxygen permeabilities
(>19 000 cm3 20 µm/(m2 day atm)) due to the high degree of
chain flexibilities.44 Consequently, our results again support the
utility of using nanoscale tailoring with nanoscopic silsesqui-
oxane units to closely control global properties.
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