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In Situ Oxygen-Atom Erosion Study of Polyhedral Oligomeric
Silsesquioxane-Siloxane Copolymer

Rene I. Gonzalez* and Shawn H. Phillips
U.S. Air Force Research Laboratory, Edwards Air Force Base, California 93524

and

Gar B. Hoflund*
University of Florida, Gainesville, Florida 32611

The surface of a polyhedral oligomeric silsesquioxane-siloxane copolymer film has been characterized in situ
by using x-ray photoelectron spectroscopy before and after exposure to incremental fluences of oxygen atoms
produced by a hyperthermal oxygen atom source. The data indicate that the atomic oxygen initially attacks the
cyclohexyl groups that surround the polyhedral oligomeric silsesquioxane cage, resulting in the formation and
desorption of CO; from the surface. The carbon concentration in the near-surface region is reduced from 65.0
at% for the as-entered surface to 16.3 at% following 63 h of O-atom exposure at a flux of 2 X 10'* O atoms/cm? s.
The oxygen and silicon concentrations are increased with incremental exposures to the O-atom flux, but the rates
of increase slow with increased exposure. The oxygen concentration increases from 18.5 at% for the as-entered
sample to 55.7 at% following the 63-h exposure, and the silicon concentration increases from 16.6 to 28.0 at%. The
data reveal the formation of a silica layer on the surface, which serves as a protective barrier preventing further
degradation of the underlying polymer with increased exposure to the O-atom flux.

Introduction

HE aggressive conditions present in low Earth orbit (LEO) at

altitudes ranging from 200 to 700 km in the ionosphere re-
duce the longevity of organic materials used in the construction
of space vehicles, thereby restricting the number of space-certified
materials. The predominant environmental species in LEO respon-
sible for this material degradation is atomic oxygen (AO).'"* AO
is formed by the dissociation of molecular oxygen by ultraviolet
radiation from the sun, resulting in an AO concentration of approx-
imately 10® atoms/cm’. The reverse reaction in which an oxygen
molecule forms from AO does not have a high reaction rate be-
cause it requires a teratomic collision. The third atom is required
to carry away the energy released by the formation of O,. For this
reason the predominant species in LEO is AO. The actual flux of
the impingement of ~ 10'> atoms/cm?® s on a spacecraft is high as
a result of orbiting speeds of approximately 8 km/s. At these rel-
ative speeds AO particles collide with a kinetic energy of ~5 eV
(Refs. 5-7). The effect of AO on spacecraft material degradation
has been studied on space-exposed materials (in STS missions and
at the NASA Long Duration Exposure Facility, or LDEF)!% and in
simulation facilities.'®~!2 In these studies the samples were analyzed
by x-ray photoelectron spectroscopy (XPS) but only after the AO-
treated samples were exposed to air. Recent studies have shown that
exposureto air chemically alters the reactive surfaces formed during
AO exposure.'*!* Therefore, in situ AO erosion studies of polymers
must be performed to avoid artifacts induced by air exposure.

In this study a thin film of polyhedral oligomeric silsesquioxane
(POSS)-siloxane copolymer has been characterizedin situ by using
XPS before and after incremental exposuresto the flux producedby
an electron-stimulated desorption (ESD) atomic oxygen source.!?
POSS molecules are hybrid inorganic-organic structures synthe-
sized from the self-condensationreactions of alkyl trichlorosilanes.
Over the past seven years, Lichtenhan and coworkers'*~2° have fo-
cused on incorporating POSS frameworks into traditional polymer
systems by means of copolymerization, grafting, and blending pro-
cesses. Significant property enhancements have been reported for
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these hybrid polymers, including an increased use temperature, in-
creased toughness, decreased flammability, and increased oxida-
tion resistance. These property enhancements are attributed to the
nanolevelinteractionof the POSS framework with the polymer ma-
trix. Traditionally, silica fillers have been used in polymer appli-
cations requiring alterations in physical and mechanical properties
such as tensile strength, abrasion, and fatigue resistance. In addition
to numerous property enhancements, POSS polymers have lower
densities (1.2-1.5 g/ml) than silica fillers (2.4-2.6 g/ml) (Refs. 21
and 22). Unlike silica fillers, POSS frameworks can be easily func-
tionalized for polymer compatibility without significantly affect-
ing processing conditions. Compared with silica fillers, POSS hy-
brid polymers are able to impart similar property enhancements,
including many not possible with the use of filler technology. Pre-
vious studies have also shown that Si-O systems exhibit a superior
resistance to AO degradation, partly because of their oxophilic-
ity and high bond strength (~8 eV) (Refs. 23 and 24). However,
pure siloxanesystems have displayedmany disadvantagesfor space
applications, including the generation of a volatile cyclic species
when exposed to AO that can recondense on optical surfaces?® The
present study details the results obtained from exposing a POSS-
polydimethylsiloxane (PDMS) film to a simulated LEO environ-
ment. Specifically, it describes the formation of a protective sil-
ica layer with exposure to an O-atom flux. This layer serves as a
protective barrier, preventing further degradation of the underlying
polymer with increased AO exposure.

Experimental

O-Atom Source Characteristics

The ESD source used in this study was developed by Hoflund and
Weaver" and is commercially available through Atom Sources, Inc.
It is ultrahigh vacuum (UHV) compatible, operates with the sample
atroom temperature, and produces a high-purity,hyperthermal, AO
flux with an O atom:O* ratio of ~10%. These sources are superior
to plasma sources in that they produce hyperthermal, ground-state
O atoms and operate at UHV pressures (~ 107 torr) with negli-
gible amounts of other species, including ions, contaminants, and
UV radiation. The operational concept of the hyperthermal oxygen
atom generator is shown in Fig. 1. Ultrahigh-purity molecular O,
dissociatively adsorbs on a metallic Ag alloy membrane at the high-
pressure side and permeates at elevated temperature (~400°C) to
the UHV side. There the adsorbed atoms are struck by a directed
flux of primary electrons, which results in ESD of O atoms forming
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Fig. 1 Schematic diagram of the atom source.

a continuous flux. Many processes have to functionin series at suf-
ficiently high rates for the system to work, including dissociative
adsorption of the molecular gas on the metal surface, permeation of
atoms through the membrane, and formation of the neutral flux by
ESD. Some bremstrahlung radiation is produced by the electrons’
striking the Ag membrane. Because the UV componentis small, this
radiationhas only a small effect on the chemical processesoccurring
at the sample surface. Another potential problem is the sublimation
of Ag from the membrane surface, which could accumulate on the
sample surface. Studies have been performed to optimize the power
inputto the membrane surface so that the O flux is maximized while
the Ag sublimation rate is negligible. This is possible because the
Ag sublimation rate decreases exponentially with temperature.

The O atoms produced by this source have been shown to be
hyperthermal, but their energy distribution has not been measured.
Corallo et al.*® measured the energy distribution of O ions emitted
by ESD from a Ag (110) surface and found that this distribution
has a maximum of ~5 eV and a full width at half-maximum of
3.6 eV. This ion energy distribution would set an upper bound for
the neutral energy distribution because ESD neutrals are generally
believed to be less energetic than ESD ions. This point has been
discussed often in the ESD literature but not actually demonstrated.
A mass spectrometerhas been used to characterizethe flux produced
by this ESD source. The ion acceleration potential was set at 0.0 V
in these studies. Because calibration studies demonstrated that the
ions entering the quadrupolesection had to have a minimum kinetic
energy of 2.0 eV to reach the detector, the ESD neutrals have a
minimum energy of 2 eV. Therefore, the hyperthermal AO produced
by this ESD source has an energy higher than 2 eV but lower than
the ion energy distribution.

Preparation of the POSS-PDMS Copolymer

The POSS siloxane copolymer used in this study and shown in
Fig. 2a was synthesized by using a method similar to that described
by Lichtenhan et al.”” and Gilman et al.?® The diol-silsesquioxane
monomer (5.00 g or 4.54 mmol) shown in Fig. 2b was dissolvedin
10 ml of tetrahydrofuran (THF) in a 50-ml flask to which 1.98 g
(4.54 mmol) of bis(dimethylamino)polydimethylsiloxane(approxi-
mately 4.9 silanes per oligomer, Mw =435.5 g/mol) was added with
an additional 15 ml of THF. The reaction mixture was stirred and
heated to 65°C under nitrogen for 48 h. The polymer was then pre-
cipitatedinto 350 ml of methanol, stirred for 2 h, and filtered and air
dried for 12 h. To end cap the polymer with trimethylsilane, it was
dissolvedin 25 ml of THF with an excess of N, N-(dimethylamino)
trimethylsilaneand reacted at 65°C under nitrogen for another 48 h.
The polymer was again precipitatedinto 350 ml of methanol. After
decanting the solvent, fresh methanol with dilute HCI was added to
neutralize any excess amine. The solution was again decanted, and
the remaining white solid was dried under vacuum for 2 h, producing
a yield of 6.27 g (95% theoretical yield). Molecular weights were
determinedfrom multianglelaserlight-scatteringmeasurements ob-
tained from a DAWN-F detector (Wyatt Technologies) equipped
with a gel-permeation chromatography column. The number aver-
age molecular weight, mass average molecular weight, and degree
of polymerizationwere found to be 62,000, 118,000,and 43, respec-
tively. A peak area analysis of the **Si nuclear magnetic resonance
(NMR) data gives a degree of polymerization of 38 and shows on
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Fig. 2 Scheme for synthesis of the POSS-PDMS copolymer used in
this study.

average 4.8 SiOMe, groups per repeat unit. Relevant peaks in the
29Si NMR spectrum are a singlet at 7.2 parts in 10° (ppm) (Me;Si
endgroups, peak area of 2.0); a multiplet at 21.5 ppm (Me,Si-O,
peak area of 184); and four singlets at 66.39, 68.13, 68.20, and
69.51 ppm (POSS, peak area of 305.6).

Preparation of Thin Films by Solvent Casting

Thin films of the trimethylsilane-terminatd POSS-PDMS were
made by dissolving 100 mg of the coarse powder in 15-20 ml
of THF, solvent casting onto 1 X1 cm aluminum substrates, and
drying at room temperature for 24 h. The aluminum substrates
were prepared and cleaned with Boraxo soap and water, and then
deionized water followed by ultrasoniccleaningin toluene, acetone,
trichloroethylene,acetone, and ethanol, respectively.

Surface Characterization

A solvent-casted POSS-PDMS film was wiped with isopropanol
and inserted into the UHV chamber (base pressure < 10710 torr).
XPS was performed by using a double-passcylindrical mirror ana-
lyzer (DPCMA; PHI Model 25-270AR). XPS survey spectra were
taken in the retarding mode with a pass energy of 50 eV, and high-
resolution XPS spectra were taken with a pass energy of 25 eV
by using Mg Ka x-rays (PHI Model 04-151 x ray source). Data
collection was accomplished by using a computer interfaced, dig-
ital pulse-counting circuit?® followed by smoothing with digital-
filtering techniques® The sample was tilted 30 deg off the axis of
the DPCMA, and the DPCMA accepted electrons emitted into a
cone 42.6 = 6 deg off the DPCMA axis.

XPS spectra were first obtained from the as-entered, solvent-
cleaned sample. The sample was then transferred by means of a
magnetically coupled rotary-linear manipulator into an adjoining
UHV chamber that houses the ESD AO source. There the surface
was exposed to the hyperthermal AO flux and reexamined without
air exposure after total exposure times of 2, 24.6, and 63 h. The
approximate normal distance between the sample face and source
inthis study was 15 cm, at which distance the flux was approximately
2 X 10" atoms/cm?’ s for the instrumentsettings used. The substrate
temperature was determined with a chrome-alumel thermocouple
attached to the Al substrate. At this distance the sample remained at
roomtemperatureduring the AO exposures. The sample temperature
did increase to 50°C during XPS data collection. After the 63-h AO
exposure, the sample was exposed to air (room temperature ~22°C
and relative humidity ~60%) for 4.75 h and again examined by
using XPS.
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Results and Discussion

XPS survey spectraobtained from a solvent-wiped POSS-PDMS
surface before and after the 2-, 24.6-, and 63-h AO exposures are
shown in Figs. 3a-3d, respectively. Spectrum e in Fig. 3 was taken
after the 4.75-h air exposure following the 63-h AO treatment. The
peak assignments shown in Fig. 4 pertain to all five spectra. The
predominant peaks apparent in these spectra include the C 1s, O
s, Si2p, Si 2s, O 2s, and O Auger peaks. No Ag features are ap-
parent in these spectra. Significant changes in relative peak heights
are observed for the C, O, and Si features following the O-atom
exposures. An estimate of the near-surface compositions has been
calculatedfrom the peak areasin the survey spectraby assuming that
this region is homogeneous and by using published atomic sensitiv-
ity factors.>! The compositions determined in this manner are pre-
sented in Table 1 for the as-entered, AO-exposed, and air-exposed
surfaces. XPS probes the near-surface region of the sample and
yields a weighted average composition, with the atomic layers near
the surface being weighted more heavily because these photoemit-
ted electronshave a lower probability of scatteringinelastically. The
sampling depthis ~30 atomic layers, and ~ 10% of the signal orig-
inates from the outermost atomic layer.’? This near-surface region
is nonhomogeneousbecause the AO reacts with the outermost few
atomic layers. Therefore, the region that is affected to the greatest
extent as a result of the reaction with AO also makes the largest
contribution to the XPS signal. This fact implies that XPS is an

Table1 Near-surface composition determined from XPS data
obtained from the as-entered, solvent-cleaned, and
AO and air-exposed POSS-PDMS sample

Surface sample AO fluence, Composition, at% Atom ratio
treatment O/cm? (0] C Si O/Si
As entered, solvent 185 650 16.6 1.11
cleaned
2-h AO exposure 1.44 x10'7 338 484 178 1.90
24.6-h AO exposure  1.77 X10'®  49.1 221 28.8 1.70
63-h AO exposure 453 %x10"® 557 163 280 1.99
4.75-h air exposure 453x10"® 528 195 277 191
following the 63-h
AO exposure
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Fig. 3 XPS survey spectra obtained from a solvent-cleaned, POSS-
PDMS film after a) insertion into the vacuum system; b) 2-h,
¢) 24.6-h, and d) 63-h exposures to the hyperthermal AO flux; and
¢) 4.75-h air exposure following the 63-h AO exposure.
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Fig. 4 XPS Clsspectraobtainedfrom asolvent-cleaned, POSS-PDMS
film after a) insertion into the vacuum system; b) 2-h, ¢) 24.6-h, and 63-
h exposures to the hyperthermal AO flux; and e) 4.75-h air exposure
following the 63-h AO exposure.

excellent technique for studying the AO erosion of spacecraft ma-
terials. Even though the distribution functions involving the depth
of chemical reactions in the near-surfaceregion and the XPS deter-
mination of the weighted average composition of the near-surface
region are complex, the compositional values, determined by using
the homogeneous assumption and shown in Table 1 as a function of
AO fluence, provide a trend that is indicative of the chemical alter-
ations occurring during AO exposure. This trend is supported by the
chemical state alterations determined by XPS, which are discussed
next. The O-to-Si atomic ratio is 1.11 for the as-entered sample;
it is increased to 1.90 after the 2-h exposure, then reduced to 1.70
after 24.6 h, and increased again to 1.99 after the 63-h O-atom ex-
posures. This behavior indicates that complex chemical reactions
occur during AO exposure. After the 4.75-h air exposure the O-to-
Si atomic ratio is 1.91. These changes in the O-to-Si atomic ratio
resulting from exposure to the AO flux indicate the formation of
SiO, and are consistent with the high-resolutionspectra that follow.
Alargereductionin the C 1s peakis observedas aresultof the incre-
mental exposures to the AO flux. The near-surface C concentration
decreases from 65.0 at% for the as-entered sample to 16.3 at% after
the 63-h exposure. This decreaseis caused by the reactionof C in the
near-surfaceregion with O to form CO,. A small increasein the car-
bon contentto 19.5 at% is observed after exposure to air for 4.75 h,
probably as a result of the adsorption of C-containing molecules
such as hydrocarbons from the air. Hydrogen in the POSS-PDMS
would also react with the AO to form water, which would desorb.

High-resolution XPS C 1s, O 1s, and Si 2 p obtained from the as-
received, solvent-wiped surface before and after the 2-, 24.6-, and
63-h AO exposures are shown in spectra a-d of Figs. 4, 5, and 6,
respectively. Spectrum e was obtained after the 4.75-h air exposure
following the 63-h O-atom exposure. Variations in peak shapes and
positions are observed between the nonexposed, AO-exposed, and
air-exposed surfaces, indicating that the chemical species distribu-
tion is altered by exposure to the AO flux and then to air.

The C 1s peak shown in Fig. 4a is centered at 285.2 eV, indicat-
ing that the predominant form of carbon present for the as-entered
sample is in the form of a fully substituted hydrocarbon, that is, the
cyclohexyl groups on the POSS cage.** In spectra b, c, and d the
C 1s peak becomes broader, and the peak center shifts to a lower
binding energy (BE) with increasing exposure to the AO flux. Af-
ter the 63-h exposure, the C 1s has a BE of 284.4 eV. This value
is characteristic of methyl groups on the PDMS chain.?* The fact
that these changes coincide with a decrease in the total carbon con-
centration in the near-surfaceregion from 64.1 to 13.5 at% implies
that the cyclohexyl groups are being removed selectively, leaving
the methyl groups. This selective removal is caused by the larger
size of the POSS cage (1.5 nm) compared with the PDMS chain as
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Fig. 5 XPS O 1s spectra obtained from a solvent-cleaned, POSS-
PDMS film after a) insertion into the vacuum system; b) 2-h, ¢)
24.6-h, and d) 63-h exposures to the hyperthermal AO flux; and
¢) 4.75-h air exposure following the 63-h AO exposure.
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Fig. 6 XPS Si 2p spectra obtained from a solvent-cleaned, POSS-
PDMS film after a) insertion into the vacuum system; b) 2-h, c¢)
24.6-h, and d) 63-h exposures to the hyperthermal AO flux; and
e) 4.75-h air exposure following the 63-h AO exposure.

shown in Fig. 2. Small shoulders are visible on the high-BE side
of the C 1s peak in spectra b, ¢, and d. These probably are from
species such as alcohols, formaldehydes (BE ~286.0-287.7 eV),
and organic acids (BE ~287.5) that form by reaction with the AO
flux. Exposureto air (spectrume) produces an increase in the shoul-
der near 285.0 eV, indicating adsorption of hydrocarbons from the
air at reactive surface sites produced during the AO exposure. This
observation is consistent with the increase in the C concentration
after the air exposure, as shown in Table 1.

The O 1s spectra obtained from the sample before and after the
various treatments are shown in Fig. 5. These peaks are broad, in-
dicating that various chemical states of oxygen are present. After
the 2-h exposure to the AO flux, the contribution from oxygen is
significantly increased from 18.5 to 33.8 at%, and then it increases
further to 49.1 and 55.7 at% after the 24.6- and 63-h exposures,
respectively. However, the peak shapes and positions do not change
much with treatment indicating that the O-containing species have
closely spaced O 1s BEs. A previous XPS study of PDMS has shown
that the oxygen in the PDMS chain has a BE of 532.0eV (Ref. 33),
whereas SiO, has a BE of ~532.5 eV (Ref. 33).

The Si 2p peaks obtained from the sample before and after the
various treatments are shown in Fig. 6. Similar to the O 1s peak, the
Si 2p peak for the as-entered sample (spectruma) is broad, indicat-
ing the presence of several chemical states of silicon. This peak is
centered at a BE of 102.7 eV, which corresponds to RSiO, 5 in the
POSS cage. However, spectra b, ¢, and d reveal the formation of a
SiO, layer with incremental exposures to the AO flux. The fact that
little difference is observed in the spectra obtained after the 24.6-
and 63-h exposures indicates that this silica layer forms a protec-
tive barrier on the surface that prevents further degradation of the
polymer with longer exposure to the AO flux. The significant com-
positional changes observed indicate that most of the near-surface
region examined by XPS is altered by the AO exposure. The chem-
ical reactions that form CO, and H,O are exothermic so that the
local surface temperature may be relatively high. This fact and the
fact that the AO provides a chemically induced driving force at
the surface result in diffusion of subsurface C and H to the surface
where they react with the AO. This mechanismis responsiblefor the
subsurfacecompositionalalterationsobservedby using XPS and for
the formation of a relatively thick SiO, layer.

Conclusion

The surface of a POSS-PDMS copolymer film has been char-
acterized in situ by using XPS before and after exposure to dif-
ferent fluences of AO produced by an ESD hyperthermal oxygen
atom source. The XPS data indicate that the carbon content of the
near-surfaceregion is decreased from 65.0 to 16.3 at% after a 63-h
exposure to an AO flux of 2 X 10'* atoms/cm?® s. The oxygen and
silicon concentrations in the near-surface region increase with in-
creasing exposure to the AO flux, with the oxygen-to-siliconatom
ratio increasing from 1.11 for the as-entered sample to 1.99 after a
63-h AO exposure. High-resolution XPS data suggest that the AO
initially attacks the cyclohexyl groups on the POSS cage forming
CO; and H,O, which desorb. Increased exposure to the AO flux
results in the formation of a silica layer on the surface, which acts a
protective barrier preventing further degradation of the underlying
polymer.
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