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SYNOPSIS

Epoxy functionalized siloxanes (EFS) are a novel class of UV curable monomers that can
be rapidly photopolymerized to give transparent coatings and composites. Thin films of
these materials have been subjected to low Earth orbit exposure to atomic oxygen (AQ)
aboard the space shuttle. It was found that UV cured samples of all four different EFS
monomers exhibited excellent AO resistance both to ambient in-flight conditions as well
as exposure at 120°C. Based on SEM, STM, XPS, and weight loss data, it was proposed
that AO exposure of these materials efficiently produces a thin layer of SiQ, at the surface
of the sample. This layer provides a barrier toward further attack by AO. © 1995 John Wiley

& Sons, Inc.

INTRODUCTION

Evaluation of Oxygen Interactions with Materials-
IIT1 (EOIM-III) is the third in a continuing series
of materials exposure experiments flown aboard
the space shuttle. The objective of this experiment,
which was flown in August 1992 aboard Atlantis
(STS-46), was to expose material samples to the
low Earth orbit (LEO) environment under con-
trolled temperature conditions. Subsequently, the
samples were brought back to Earth for charac-
terization and assessment of environmentally in-
duced effects on a variety of material properties.
The samples were mounted on temperature con-
trolled exposure trays and the temperature was
monitored during the course of the flight experi-
ment. Most of the epoxy functionalized siloxane
(EFS) samples discussed herein were mounted on
the 120°C exposure tray only because there was
lack of available space on the ambient temperature
exposure tray. The temperature fluctuation was
recorded as +10°C during the exposure period.
The primary parameters of concern for organic
polymeric materials in LEO are degradation due to
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atomic oxygen (AQ) and ultraviolet (UV) radiation.
Other parameters that can affect organic polymeric
materials such as vacuum, thermal cycling, partic-
ulate radiation, and micrometeroids and debris are
somewhat less important for short-term LEO space
flight experiments. The materials in this flight ex-
periment were exposed to 2.3 + 0.1 X 10%° oxygen
atoms/cm? and 30.6 UV sun hours. AO is known
from previous space flight experiments, of both short
and long duration, to cause substantial erosion and
mass loss of organic polymers.}™ Certain perfluor-
inated polymers, such as poly (perfluoropropylene-
co-tetrafluoroethylene) (FEP Teflon®) have exhib-
ited good resistance to AO in both ground based and
space flight exposure experiments. However, simul-
taneous exposure to AO and UV radiation can dra-
matically increase the rate of degradation of this
material.>® Coatings of inorganic oxides such as alu-
minum oxide,” silicon oxide,” chromium oxide,® and
indium-tin oxide,? as well as decaborane-containing
polymers, '® have been shown to protect organic ma-
terials from oxygen plasma and/or AO erosion. To
provide maximum protection, the coatings need to
be ~ 500-2000 A thick, relatively uniform, and de-
fect free.

UV radiation present in LEO is of sufficient en-
ergy to cause organic bond cleavage. Organic poly-
meric materials can undergo UV induced chain scis-
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Scheme 1 Representative photoinitiated cationic cure of epoxy functionalized siloxane.

sion and crosslinking reactions resulting in dark-
ening, thermal conductivity, optical and mechanical
property changes, embrittlement, and loss of
strength. These material property changes can dra-
matically affect spacecraft performance and lifetime.

As a means to improve AO or oxygen plasma re-
sistance, silicon in the form of siloxane groups was
incorporated in polyimides as backbone or pendent
substituents. Enhancement of oxygen plasma/AQ
resistance occurs through the formation of inorganic
silicon (i.e., silicates /silicon dioxide) species by in-
teracting with AO or oxygen plasma.>>!'"'® Other
polymers containing silicon, such as poly (carborane
siloxane)s, have also exhibited excellent oxygen
plasma resistance.'®

The EFSs flown on this experiment showed very
low weight losses after exposure to an oxygen
plasma.'® As expected, the silicon near the surface
of the oxygen plasma exposed specimens was con-
verted to silicon oxide upon exposure. The cured
resins are derived from epoxy functional monomers
that contain a catalytic amount (0.5 mol %) of pho-
toinitiator and cure on UV exposure via a cationic
mechanism as shown in Scheme 1.2

The photoinitiator (Ar,] + X 7) used in these
studies was (4-octyloxyphenyl)phenyliodonium
hexafluoroantimonate salt with the structure shown
in Scheme 2.

The resins are liquids at room temperature and cure
very rapidly on exposure to UV radiation at wave-
lengths from 230 to 250 nm. Once cured, the films
are clear, reasonably tough, and relatively colorless
at thicknesses of 0.001-0.004 in. Recently, the fab-
rication of carbon fiber reinforced composites based

on the EFS resin systems and electron-beam radia-
tion as a curing medium has been reported.’® The
effects of the LEO exposure on material properties
of UV cured EFS resins is discussed herein.

EXPERIMENTAL

Materials

a,w-Dihydrogen functional oligopolydimethyldisi-
loxanes were purchased from the Hiils America and
Silar Laboratories and distilled prior to use. 3-Vi-
nylbicylclo[4.1.0 ] heptane (4-vinylcyclohexene ox-
ide) was purchased from the Union Carbide Chem-
ical Co. FEP Teflon® is a product of the DuPont de
Nemours Co. RhC1[(C¢H;P)]; was obtained from
the Alfa Products Division of Morton Thiokol, Inc.
The Lamoreaux (octyl alcohol complex of plati-
num)?! and Karstedt (platinum complex of 2,4,6,8-
tetramethyl - 2,4,6,8 - tetravinylcyclotetrasiloxane)
catalysts®? were gifts of the General Electric
Company. The photoinitiator, (4-octyloxyphenyl)
phenyliodonium hexafluoroantimonate, was pre-
pared as described previously.?

+
1
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Scheme 2 Chemical structure of (4-octyloxy-
phenyl)phenyliodonium hexafluoroantimonate salt.
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Monomer Characterization

Routine infrared (IR) spectra were obtained on a
Buck Scientifie Model 500 spectrometer. Gas chro-
matographic analyses were performed on a Hewlett-
Packard HP-5890 Gas Chromatograph equipped
with 72 in. X 0.125 in. OV-17 phenylsilicone columns
and a flame ionization detector. 'H- and *C-NMR
spectra were obtained using a Varian XL-200-MHz
Spectrometer at room temperature in CDCl; solvent.
Elemental analyses were performed by Quantitative
Technologies ( Whitehouse, NJ).

EFS

The EFS were synthesized from the corresponding
H-functional siloxanes by reaction with 3-vinyl-7-
oxabicyclo[4.1.0] heptane in the presence of a plat-
inum or rhodium catalyst as previously described.?*-*
The following procedures are typical of the prepar-
ative methods used for the synthesis of all the EFS
monomers and oligomers whose chemical structures
are shown in Figure 1.
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Preparation of 1,3-Bis[2-(3{7-oxabicyclo
[4.1.0]heptyl })ethyl] tetramethyldisiloxane (EFS-1)

A solution of 64 g (0.52 mol) 3-vinyl-7-oxabicy-
clo[4.1.0]heptane in 50 mL n-hexane was placed
in a 300-mL, three-necked, round-bottom flask
equipped with a thermometer, addition funnel, reflux
condenser, and magnetic stirrer. To the solution 3
drops of the Lamoreaux catalyst were added and
then 33.55 g (0.25 mol) of 1,1,3,3-tetramethyldisi-
loxane were added dropwise via the addition funnel.
The reaction mixture was cooled to control the exo-
thermic reaction. During the course of the reaction,
periodic samples were taken and the infrared spec-
trum was recorded. The reaction was deemed com-
plete (approx. 2 h) when the 2100-cm™! band as-
cribed to the Si—H bond had completely disap-
peared. The solvent and excess epoxide starting
material were removed under 0.10 mm Hg vacuum.
There were obtained 82 g (95% yield) of product
diepoxide EFS-1.

ANAL. Caled for Cy;0H3505S8i1,: C, 62.83%; H, 9.95%.
Found: C, 62.64%: H, 9.72%.

CH; CH,
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Figure 1 Chemical structures of epoxy functionalized siloxane (EFS-1) monomers prior

to curing with a UV source.
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Synthesis of Epoxy Functional Oligomer EFS-4

A solution of 13.65 g (0.1 mol) of 1,1,3,3-tetrame-
thyldisiloxane and 6.20 g (0.05 mol) of 3-vinyl-7-
oxabicyclo[4.1.0] heptane in 80 mL of toluene were
placed in a 250-mL round-bottom flask equipped
with a magnetic stir bar and a reflux condenser. To
the solution there was added 1-2 drops of the Kar-
stedt platinum catalyst. The reaction mixture was
heated at 50-55°C for 3 h and then cooled to room
temperature. Approximately 5 mg of 2-mercapto-
benzothiazole was added to deactivate the hydrosi-
lation catalyst and the solvent and unreacted start-
ing material were removed in vacuo. There were ob-
tained 12.4 g of crude product {(95% yield). The
product was fractionally distilled to give the desired
monoepoxide, 1-[2- (3 {7-oxabicyclo[4.1.0]heptyl })
ethyl]-1,1,3,3-tetramethyldisiloxane, having a boil-
ing point of 65°C at 0.3 mm Hg (6.9 g, 56% yield).
'H-.NMR (CDCl;, 200 MHz); § (ppm) 4.64 (m,
Si—H); 0.138 (d, HSi(CH;),); 0.027 (s, O—
Si(CHjs),); 0.561-0.42 (m, Si—CH,); 2.15-0.72 (m,
CH,—CH,—CH—). #Si-NMR (C¢Ds, 40 MHz);
5 (ppm) 1042 (s, HSi(CH3);,—0); —6.408 (s,
O—Si— (CH;),—CH,).

ANAL. Calced for C;3H,60,S8i,: C, 55.76%; H, 10.14%.
Found: C, 55.75%; H, 10.24%.

Combined in a 50-mL round-bottom flask
equipped with a magnetic stirrer, reflux condenser,
and thermometer were placed 11.0 g (0.01 mol)
of 1,7-octadiene freshly distilled from CaH,, 5.16 g
(0.02 mol) of 1-[2-(3{ 7-oxabicyclo[4.1.0 Jheptyl })
ethyl]-1,1,3,3-tetramethydisiloxane, 10 mL of dry
tetrahydrofuran (THF) and 2.78 X 10 7% g (0.01 mol
%) of RhC1[(CeHj)sP15. The reaction mixture was
heated to reflux (70-80°C) in an oil bath. After 6 h
at reflux, the IR spectrum showed complete con-
sumption of the starting materials by the absence
of a band at 2160 cm™! (Si— H band). The solvent
was removed on a rotary evaporator leaving 6.08 g
(97% yield) of the desired difunctional epoxy ter-
minated oligomer EFS-4. 'H-NMR (CDCly);
(ppm) 3.11 (m, 4H, O— CH —epoxy); 2.20-0.78
(m, 30H, —CH,—cyclic); 0.46 (m, 8H, —CH,
—8Si); 0.01 (s, 24H, CH;—Si).

ANAL. Caled for C3.Hg0,Si,: C, 61.34%; H, 10.45%.
Found: C, 61.22%; H, 10.41%.

Thin Film Photopolymerizations

Solutions of the diepoxide monomers and oligo-
mers containing 0.5 mol % of (4-octyloxyphenyl)

phenyliodonium hexafluoroantimonate as the pho-
toinitiator were prepared. The solutions were spread
as (0.001-0.003 in. thick) films onto glass plates us-
ing a drawknife and photopolymerization was car-
ried out by exposure to UV irradiation for 10-20 s
using a 200-W GE H3T-7 medium pressure mercury
arc lamp. The distance of the films from the lamp
was approximately 10 cm. Following polymerization,
the films were carefully removed from the glass
plates using a razor blade.

In-Flight Exposure to AO

Free-standing thin films were prepared as described
above and characterized prior to integration onto
the EOIM-III experimental platform. Both control
and flight experiment specimens were taken from
the same piece of film. Both control and flight spec-
imens for the 120°C exposure experiment were
thermally treated for 24 h at 120°C under vacuum
prior to integration on the exposure platform.
Shortly after the return of space shuttle Atlantis to
Earth, the film specimens were deintegrated from
the exposure platform and stored in a dessicator un-
til they were weighed. The control films were stored
in a desiccator and were analyzed concurrently with
the postflight specimens. The characterization data
determined on the flight specimens presented herein
is relative to that of the control specimens that had
been stored on Earth for ~ 2 years.

Polymer Film Characterization

UV-visible (UV-VIS) transmission spectra were re-
corded on a Perkin-Elmer Lambda 5 spectrometer.
IR spectra were obtained by diffuse reflectance on
a Nicolet Magna-IR System 750 spectrometer (DR-
FTIR). Scanning tunneling microscopy (STM) was
performed in air on a Nanoscope Il instrument
(Digital Instrument, Inc., Santa Barbara, CA) using
a tungsten tip and G-Head accessory. Specimens
were prepared by coating with 5-8 nm of gold-pal-
ladium using a Hummer IV sputtering system ( An-
atech, Ltd., Alexandria, VA). A Cambridge Ster-
eoscan 240 ( Cambridge Instruments, Deerfield, IL)
scanning electron microscope (SEM) was used to
obtain SEM photomicrographs of Au-Pd coated
specimens. Glass transition temperature (7,) de-
terminations were conducted on a DuPont 9900
Computer/Thermal Analyzer-Model 943 Thermo-
mechanical Analyzer (TMA) at a heating rate of
5°C /min.



RESULTS AND DISCUSSION

The chemical structures of the EFS monomers prior
to cure via UV radiation are presented in Figure 1.
Typically, polymeric film samples that have been
eroded by AO exhibit a diffuse or frosted appearance
easily detected by visual examination. However, vi-
sual inspection of the LEO exposed EFS films re-
vealed no evidence of frosting and the specimens
remained transparent. The initial weights, and
weight losses of the films after LEO exposure are
presented in Table I. For comparative purposes, the
weight loss data for FEP Teflon® on EOIM-III is
included. The samples were either 1.0 or 0.5 in. in
diameter and 0.001-0.003 in. thick. Consequently,
the initial weights varied considerably. The EFS
films were exposed at 120°C only, with one exception
(EFS-1), due to limited available space on the am-
bient exposure tray. In general, the EFS films ex-
hibited weight losses after 120°C exposure compa-
rable to that exhibited by FEP Teflon® after ambient
exposure (Table I). The initial sample weights are
included in Table I. The ambient LEO exposed film
from EFS-1 was brittle and broke apart during
deintegration, thus the weight loss could not be ob-
tained. However, the pieces were large enough to
perform other analyses. The weight losses exhibited
by the EFS films were similar or less than that of
FEP Teflon®, with one exception. Unlike FEP Tef-
lon®, these materials do not undergo linear weight
loss rates due to the formation of a silicon oxide
coating upon exposure to AQ. The overall trend ex-
hibited by the weight loss data correlates well with
observations from other analyses such as STM and
X-ray photoelectron spectroscopy (XPS) discussed
later in this section.

UV-VIS Spectroscopy

The films were analyzed by UV-VIS spectroscopy
to assess any LEQO environmental induced changes
in optical transparency. Relative to siliconless or-
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ganic polymers exposed to AO,?*28 the EFS films
exhibited only minor reductions in optical trans-
mission after LEO exposure {Fig. 2). These minor
reductions in optical transmission are likely due to
the slight amount of surface roughening that oc-
curred as a result of the reaction of the silicon with
AO. In contrast, most organic polymers exhibit dra-
matic reductions in optical transparency after AQ
exposure. No visible darkening of the samples were
observed. Because the amount of UV exposure was
low, most of the observed changes are probably due
to AO exposure. The effects of higher doses of UV
radiation on these materials is not presently known.
The organically bound silicon (siloxane) was oxi-
dized to inorganically bound silicon (silica/silicate)
by AOQ (see XPS section). The thin SiO, layer sub-
sequently provided protection from further AO at-
tack; consequently the optical transparency was not
significantly degraded. Silicon oxide is known to be
an excellent protective barrier to AO erosion and is
utilized for that purpose on spacecraft in LEO. The
chemical transformation of siloxane-containing
materials to silicon oxide upon exposure to AO or
an oxygen plasma has been known and utilized in
the microelectronics industry for some years.? This
phenomenon has also been observed with other sil-
icon-containing materials flown on several space
flight exposure experiments,?>3%-32

IR Spectroscopy

Selected representative specimens were examined
by FTIR spectroscopy. Because control and ex-
posed films were too thick for high quality trans-
mission spectra, somewhat lower quality diffuse re-
flectance spectra were obtained. Differences be-
tween control and exposed samples were difficult
to assess by visual examination of the spectra.
However, subtle differences could be detected by
subtracting the two spectra.

The result of subtracting the exposed EFS-1
spectra from that of the control is presented in Fig-

Table I Weight Losses of Films after Exposure at 120°C in LEO

Film Sample Exposure Area (in?%)

Initial Weight (mg)

Weight Loss (mg) Weight Loss (%)

EFS-1 0.196 8.37
EFS-2 0.785 31.27
EFS-3 0.785 30.48
EFS-4 0.785 43.55
FEP Teflon®* 0.196 15.60

0.36 4.3
0.01 0.032
0.21 0.69
0.11 0.25
0.03 0.19

* Exposed at ambient temperature.
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Figure 2 UV-VIS overlay spectra of cured epoxy functionalized siloxane (EFS-1) before

and after LEO exposure.

ure 3. An upward inflection is indicative of a higher
concentration of a particular functional group in the
control specimen. Although differences in DR-FTIR
subtraction spectra were generally not dramatic,
several trends were noted.

The exposed EFS polymers exhibited less ali-
phatic character with loss of methyl bands around
2970 cm™ . Film thinning was also observed with
exposure as evidenced by an upward inflection in

CONTROL

DIFFERENCE

3355

subtraction spectra of most specimens. The band
around 3350 cm ! in the exposed film is presumably
due to moisture absorption (hydration) of the SiO,
surface that formed upon AO exposure.

Surface Analysis

The silicon-containing films exhibited no discernible
differences between exposed and control samples by

1644

I I
4000 3500 3000

| J 1 T T
2500 2000 1500 1000 500

FREQUENCY, cm -1

Figure 3 DR-FTIR subtraction spectrum of cured epoxy functionalized siloxane {120°C
exposed sample spectrum minus control spectrum).
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Figure 4 STM lineplots of cured epoxy functionalized siloxane (EFS-4) before and after

LEO exposure.

optical microscopy and only minor differences were
observed by SEM. However, analyses by STM in-
dicated that some surface erosion did occur. The
STM line plot of EFS-4 is presented in Figure 4.
STM line plots of the LEO exposed film exhibit the
beginnings of the egg-crate-like pattern seen pre-
viously in AO exposed polymer films.*® Presumably,
initial AO erosion occurs until a sufficient layer of
Si0, is formed from the reaction of the oxygen atoms
with the silicon. This initial erosion is most likely
responsible for the slight changes observed in the
optical transparency of exposed specimens. Once
this layer is formed, the erosion rate is reduced dra-
matically.

XPS

XPS was performed at Virginia Polytechnic Insti-
tute and State University (NASA Langley Grant

Table II XPS Results for EFS-1

Ambient 120°C
Photopeak Control Exposed Exposed
Cls
Binding energy, eV 284.6 284.6 284.6
Atomic concn, % 65.9 38.7 18.3
Ols
Binding energy, eV 532.1 532.8 533.1
Atomic concn, % 19.5 38.5 53.1
Nis
Binding energy, eV 0.0 399.0 399.5
Atomic concn, % 0.0 1.4 0.5
Si2p
Binding energy, eV 101.8 103.7 103.2
Atomic concn, % 14.6 21.4 28.2

NAG1-1186). Representative samples of control and
exposed EFS films were analyzed using XPS. The
results of XPS analyses of EFS-1 and EFS-2 are
presented in Tables II and III, respectively. EFS-1
was exposed to LEO at both ambient temperature
and 120°C. Both ambient and 120°C exposed sam-
ples exhibited increases in the binding energies of
the oxygen 1s and silicon 2p electrons relative to
that of the control sample. In addition, the concen-
tration of both oxygen and silicon near the surface
of the LEO exposed samples increased significantly.
The ratio of oxygen to silicon in the LEO exposed
samples was ~ 2 : 1. These changes are consistent
with the formation of SiO, on the surface of the
LEO exposed samples. LEO exposed samples of
EFS-1 were contaminated with a small amount of
nitrogen from an unknown source. It is unlikely that
this contamination played a significant role in the
behavior of this material.

The XPS data for EFS-2 (Table III) exhibited
the same general trends as those described for EFS-
1. The increases in binding energies and atomic

Table III XPS Results for EFS-2

Photopeak Control 120°C Exposed

Cls

Binding energy, eV 284.6 284.6

Atomic concn, % 64.3 27.1
Ols

Binding energy, eV 532.2 533.2

Atomic concn, % 19.6 49.6
Si2p

Binding energy, eV 102.1 103.9

Atomic concen, % 16.1 23.3
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concentrations are consistent with AO induced or-
ganosilicon to silicate/silicon oxide chemical trans-
formations. After exposure, the silicon-containing
materials typically exhibited a ratio of silicon : ox-
ygen of approximately 1 : 2. Similar behavior, with
respect to organosilicon to inorganic-silicon chem-
ical changes, was observed for copoly(imide-silox-
ane) flown on Long Duration Exposure Facility
(LDEF).2>% The silicon and oxygen in these ma-
terials exhibited increases in binding energies and
relative concentrations that were attributed to SiO,
formation as a result of the AO exposure. In addition,
these materials exhibited lower weight losses than
other siliconless organic polymers.

SUMMARY

EFS films were exposed to LEO at 120°C aboard
the STS-46 materials exposure flight experiment,
EOIM-III. The materials were exposed to 30.6 UV
sun hours and 2.3 = 1 X 10%° oxygen atoms/cm?
under controlled temperatures. The observed
changes in material properties were primarily due
to AO exposure. The films remained clear after LEO
exposure with no significant reduction in optical
transparency. Changes in the surface chemistry of
the exposed film consistent with conversion of the
organosilicon to silicate /silicon oxide were evident
from XPS analyses. Formation of this surface un-
doubtedly protected the underlying material from
further erosion. Initial erosion due to AO was ob-
served by STM. Presumably, this slight erosion is
necessary to allow sufficient reaction of the AO with
the silicon to form an in situ SiO, protective coating.

These materials have potential applications on
spacecraft in LEO in the form of coatings/paint
formulations and carbon fiber reinforced composites.
At the time of this flight experiment, no carbon fiber
reinforced composites had been prepared. Recently,
carbon fiber reinforced composites have been pre-
pared and cured via electron radiation. As a matrix
resin in fiber reinforced composites, these systems
offer advantages over composites protected only by
AQ resistant coatings. They offer through-the-
thickness protection because if the protective surface
layer is imperfect or damaged, the underlying ma-
terial will react with AO to reform the silicon oxide
protective coating. In contrast, composites protected
by only AO resistant coatings are subject to rapid
erosion by AO if the protective coating is imperfect
or sustains damage in orbit. This consideration is
very important for longer duration missions in LEO
where micrometeroids and debris are abundant and

the chances of impact with a spacecraft are signif-
icant. These impacts would probably not cause cat-
astrophic damage to the spacecraft, but would cer-
tainly damage painted or coated surfaces.

Two of the authors (J.V.C. and D.B.) would like to grate-
fully acknowledge financial support of this work under
NASA Grant No. NAG-1-980.
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