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ABSTRACT: In this contribution, the advanced aromatic polymers with
excellent antiatomic oxygen (AO) performance were designed and
synthesized using molecular precursor strategy and copolymerization of
polyhedral oligomeric silsesquioxane (POSS). A soluble poly(p-phenylene
benzobisoxazole) (PBO) precursor, that is, TBS—PBO (fert-butyldime-
thylsilyl was denoted as TBS), was designed to overcome the poor solubility
of PBO in organic solvents. Then the new copolymer of TBS—PBO—POSS
was synthesized by the copolymerization of TBS—PBO and POSS, which
possessed good solubility and film-forming ability in common organic
solvents, such as N-methylpyrrolidone, N,N-dimethylacetamide, and
dimethyl sulfoxide. More importantly, the TBS—PBO—POSS films
exhibited outstanding antiatomic oxygen properties because of the
incorporation of POSS monomers with cagelike structure into the main
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chain of copolymer, which drastically reduced the AO-induced erosion owing to the formation of the passivating silica layer on
the surface of polymers. When the TBS—PBO—POSS films were exposed to AO effective fluences of 1.5495 X 10*° atom cm ™2 (5
h) and 4.6486 X 10* atom cm™ (15 h), the relative mass loss was merely 0.19% and 0.41%, respectively. This work provides a
new perspective and efficient strategy for the molecular design of aromatic heterocyclic polymers possessing excellent
combination properties including processing convenience and antioxidative and mechanical properties, which can be employed as

potential candidates to endure the aggressive environment encountered in low earth orbits.
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1. INTRODUCTION

Over the past decades, aromatic heterocyclic polymers have
received intensive attention because of their excellent thermal
resistance, mechanical performance, and chemical stability."”
Poly(p-phenylene benzobisoxazole) (PBO) is one of the
important types of aromatic heterocyclic polymers with
inherent ladderlike rigid structures and almost the highest
thermal stability (decomposition temperature >600 °C).>”’
However, the application of PBO is often limited because of
poor solubility, processing convenience,’ and ultraviolet
radiation resistance.” In general, the PBO is insoluble in
common organic solvents, which tremendously limits the
formation of films, composites, and other desired shapes.
Moreover, the PBO is severely eroded upon exposure to
multiradiations and atomic oxygen (AO) when being applied in
the low earth orbit (LEO) environment.'””"® Thus, the
effective strategy to improve the processing convenience as
well as anti-AO property is of significant importance and highly
desirable for PBO with outstanding thermal property.'*"
Traditionally, the PBO was synthesized via the polyconden-
sation reaction between the 4,6-diaminoresorcinol dihydro-
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chloride (DAR) and terephthalic acid (TPA) or terephthaloyl
chloride (TPC) in strong acid solvent with high boiling point
such as poly(phosphoric acid) and methanesulfonic acid.'®"”
However, the strong acid was usually difficult to be totally
removed, and the residual solvent would severely damage the
physical properties of PBO.'"® Fukumaru et al. designed and
synthesized soluble precursors of PBO named TBS—PBO via
the polycondensation reaction between tert-butyldimethylsilyl-
functionalized 4,6-diaminoresorcinol (TBS—DAR) and TPC,
which exhibited excellent solubility even in common organic
solvents including N,N-dimethylformamide (DMF) and
dimethyl sulfoxide (DMSO)."” The intramolecular cyclization
of TBS—PBO at elevated temperatures resulted in the
formation of PBO with excellent thermal resistance, mechanical
property, and multifunctionalities. Thus, the molecular design
of PBO precursors provides a new insight and efficient strategy
for improving their processing ability and convenience.
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Scheme 1. Schematic Representation of the Synthesis Route
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Polyhedral oligomeric silsesquioxanes (POSS) are typical
organic—inorganic hybrid materlals possessing nanoscaled
cube-octameric framework® with application in numerous
fields, such as thermoset resins, self-assembly, and biomate-
rials.”' > They are the nanostructures with the empirical
formula RSiO, 5 in which the inorganic silica-like core (SigOy,)
is surrounded by organic corners such as hydrogen, alkyl aryl,
arylene, acrylate, hydroxyl, epoxide, or amino groups.”*”*° The
silsesquioxanes include random, ladderlike, cagelike, or partial
cage structure. Since POSS are inorganic—organic hybrid
network materials with an inner core of inorganic Si—O—Si
framework and an outer layer of organic polar or nonpolar
constituents, in principle, they have been proved to possess
high antioxidative property.”” It is attributed to the fact that Si—
O-Si could first be oxidized leading to the subsequent
generation of silica inert protection layers, which protect the
inner organic materials from further oxidation and degradation.
Therefore, the cagelike POSS with Si—O—Si inorganic—organic
framework possess favorable potential application in the
environment with multiradiations and high AO.**™*° In this
study, the POSS monomers were incorporated into the main
chains of TBS—PBO via copolymerization to obtain soluble
TBS—PBO—POSS copolymers with excellent processing
convenience and AO-resistant property. It provides a new
perspective and efficient strategy for the molecular design of
advanced aromatic heterocyclic polymers possessing excellent
processing, antioxidative, and mechanical properties with
potential in LEOs.

2. RESULTS AND DISCUSSION
2.1. Synthesis of TBS—PBO—POSS Copolymers. The

main objective of this study was to produce an efficient TBS—
PBO—POSS copolymer via a facile approach, possessing high
thermal stability and satisfactory AO resistance. Scheme 1

shows the schematic representation of the synthesis of TBS—
PBO—POSS copolymers via a benign condensation reaction of
TBS-functionalized DAR (TBS—DAR), TPC, and POSS—
diacyl chloride. The detailed polymerization condition is listed
in Table 1. The DAR and TPC were employed as starting

Table 1. Polymerization Conditions of the Polymer

Precursor

concentration (mmol) condition

POSS—

TBS— diacyl temperature  time
samples DAR  chloride TPC (°C) (h)  solvent
TBS—PBO 1 0 1 r.t. 48 NMP
TBS—PBO— 1 0.1 0.9 r.t. 48 NMP
POSS

monomers; however, DAR was easily oxidized and insoluble in
common solvents. Herein, we selected TBS as a functional
group to obtain TBS-functionalized DAR, which exhibited
superior solubility and stability even in air environment.

The TBS—DAR monomer was obtained as a taupe powder.
Figure Sla (Supporting Information) shows the characteristic
peaks of Si-CH; and secondary amine at 1275 and 3400 cm™,
respectively. Moreover, the absence of associated band peaks
corresponding to hydroxyl groups and primary amines of DAR
monomers at 3200—3500 cm™' suggests the complete
protection of the terminal hydroxyls and primary amines by
TBS groups. The successful protection of hydroxyls and
primary amines by TBS groups resulted in an excellent
solubility in CDCl,. Figure 1 shows the "H NMR spectrum
of TBS—DAR. The protons of TBS group (0.24 and 0.98
ppm), primary amine group (3.68 ppm), and aromatic group
(6.24 and 6.28 ppm) can be easily recognized. The ratio of
integrated areas of peaks a, b, ¢, d, and e is
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Figure 1. '"H NMR spectrum of TBS—DAR in CDCl,.

24.19:36.34:1.00:1.03:2.01, which is consistent with the
expected structural formula of TBS—DAR. It clearly indicates
that the hydroxyl groups and primary amine groups of DAR are
completely protected by the TBS groups.

Further, the POSS—diacyl chloride for polycondensation was
prepared by an esterification reaction between POSS—
dihydroxy and excess of TPC in the presence of TEA as an
acid-capturer. The products were purified by passing through a
silica gel column with dichloromethane as an eluent. POSS—
diacyl chloride with acyl chloride and Si—O—C bond was
inherently moisture sensitive and kinetically labile, so the fresh
POSS—diacyl chloride was used to be reacted after character-
ization. For POSS—dihydroxy, the FTIR characteristic peaks at
~3200—3600 cm™' are associated with hydroxyl groups in
Figure 2. For the POSS—diacyl chloride, the stretching

POSS-dihydroxy

POSS-diacylchloride

T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 2. FTIR spectra of POSS—dihydroxy and POSS—diacyl
chloride.

vibration peaks of C=0 are shifted to low wavenumbers due
to the conjugation effect of phenyl groups. Further, the
stretching vibration peak corresponding to C=O connected
with chlorine appears at 1780 cm™' because of the electron-
accepting halogen. Moreover, the C=O peaks connected with
oxygen appear at 1720 cm™". The intense absorption peak at

1080 cm™! confirms the presence of Si—O—Si framework in
POSS-containing monomers.”

The POSS-containing monomer exhibited a good solubility
in CDCl; to form a homogeneous solution. Figure 3a shows
that the resonance peaks observed at 0.66, 0.98, and 1.92 ppm
are assigned to peripheral isobutyl groups of POSS monomer,
and the ratio of integrated area of peaks a, b, and c is
1.98:6.04:1.00. Simultaneously, the proton peak of the reactive
hydroxyl groups (5.08 ppm) is not detected in the NMR
spectrum shown in Figure 3b after esterification reaction,
suggesting that the modification of dihydroxyl groups was
completed. The proton signals at 7.83 and 826 ppm are
attributed to different chemical environment in benzene, where
the ratio of integrated area of peaks ¢, d, and e is 1.00:0.55:0.48.
It is in accordance with the structural formula of POSS—diacyl
chloride. In addition, the *C NMR spectrum of peripheral
isobutyl groups of POSS—dihydroxy is shown in Figure S2a.
Owing to the effect of hydroxyl group, the -CH,- peaks of
isobutyl groups are splitting into a’ and a (22.6 and 23.2 ppm),
which is in correspondence with the -CH,- groups close to Si—
OH and Si—O-Sj, respectively. The ratio of integrated areas of
peaks a’/a is 1.00:2.96. Since the effect of Si—OH is weak with
the extension of alkyl chain, the -CH- and -CH;- of isobutyl
groups have not appeared as the split peaks, and the chemical
shifts are at 24.1 and 25.9 ppm. As seen from the *C NMR
spectrum of POSS—diacyl chloride in Figure 3¢, the new signals
at 131.0, 163.2, and 167.7 ppm are assigned to phenyl —O—
C=0 and CI-C=O0, respectively, which suggests that the
modification of dihydroxyl groups is conducted by TPC.

The *°Si NMR spectrum in Figure S3 also supports the
conclusion mentioned above, where the chemical shifts of Si—
C=0, Si—0-Si—0, and Si—0-Si—C=0 are at —59.0, —
66.1, and —67.2 ppm, respectively. As a contrast, the chemical
shifts of Si—OH, Si—O—Si—0, and Si—O—Si—OH of starting
monomer of POSS—dihydroxyl are at —58.7, —66.7, and —68.6
ppm, respectively (Figure S2b). The above-mentioned results
indicated that the TPC was covalently bonded to POSS—
dihydroxy. It should be pointed out, since the POSS—diacyl
chloride is moisture sensitive, some complex peaks are also
observed on the '*C and *Si NMR spectra. So the POSS—
diacyl chloride is directly used to synthesize TBS—PBO—POSS
copolymers after preparation.

Subsequently, the soluble TBS—PBO—POSS copolymers
were synthesized by the polycondensation reaction between
TBS—DAR, POSS—diacyl chloride, and TPC. The so-obtained
TBS—PBO—POSS copolymers exhibited excellent solubility in
common organic solvents, such as N-methylpyrrolidone
(NMP), dimethylacetamide (DMAC), DMF, and DMSO,
which provided a convenience for the formation of free-
standing films or resin matrix composites. In Figure S1b, the
characteristic peaks corresponding to the amide bonds (1610
and 1530 cm™', C=0O stretching mode, and N—H bending
mode, respectively) of TBS—PBO and TBS—PBO—POSS are
all observed as a result of polycondensation reaction. Further,
the characteristic peak at 3420 cm™ is ascribed to the N—H
stretching vibration. Moreover, for TBS—PBO—POSS copoly-
mer, the intense absorption peak at 1080 cm™ from Si—O—Si
framework confirmed the POSS-containing segments of TBS—
PBO—POSS. The '"H NMR spectra of TBS—PBO and TBS—
PBO—POSS in DMSO-dg are illustrated in Figure 4. The
proton at 9.73 ppm is ascribed to N—H (—C=0), which
indicates that the polymerization reaction is successfully
achieved. Notably, the 'H NMR spectrum of TBS—PBO—
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Figure 3. NMR spectra of monomers in CDCl;, (a) 'H NMR
spectrum of POSS—dihydroxy, (b) 'H NMR spectrum of POSS—
diacyl chloride, and (c) *C NMR spectrum of POSS—diacyl chloride.

POSS (Figure 4b) is similar to that of TBS—PBO (Figure 4a);
their resonance peaks are almost at the same chemical shift, and
thus the two types of polymers contain similar molecular
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Figure 4. "H NMR spectra of (a) TBS—PBO and (b) TBS—PBO—
POSS in DMSO-d;.

structures. The difference is observed in the peaks correspond-
ing to the protons of the peripheral isobutyl groups, which are
covalently bonded to silicon atoms in TBS—PBO—POSS in
Figure 4b. It demonstrates the incorporation of POSS units
into the copolymers.

Since the copolymers are strongly absorbed on the
chromatographic columns, the molecular weight can not be
measured by size exclusion chromatography (DMF—SEC).
Herein, their intrinsic viscosity was measured using an Ostwald
viscometer in DMF at 30 °C. The intrinsic viscosity of TBS—
PBO and TBS—PBO—POSS was 1.03 dL g~* and 0.87 dL g7/,
respectively. According the classic Mark—Houwink equation,
[7] = KM the intrinsic viscosity of polymers is related with
their molecular weight. Owing to the steric hindrance of POSS
units, TBS—PBO—POSS copolymer presents a little lower
intrinsic viscosity and molecular weight in comparison to TBS—
PBO, which both possess film-forming property.

2.2. Anti-AO Erosion Behavior of Copolymer Films.
The free-standing TBS—PBO—POSS films with sufficient
strength and toughness could easily be obtained via solution

DOI: 10.1021/acsami.5b05490
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casting. Thus, the anti-AO erosion measurement could be
conveniently performed in the ground-based simulated AO
exposure apparatus. The AO possesses strong oxidizing capacity
for atoms on materials surface, such as carbon, hydrogen,
nitrogen, and silicon. Therefore, it can induce the polymer
surface to convert to volatile oxidation products accompanied
by an obvious mass loss and roughness of surface. The
introduction of POSS segments with Si—O—Si frameworks can
form a silica passivation layer under the AO erosion. Since the
silica is not sensitive to the oxidation, therefore, the as-
generated silica passivation layer can be expected to protect the
TBS—PBO—POSS copolymers from further damage from AO
erosion.

Figure 5 shows the histogram of the TBS—PBO—POSS films
exhibiting good AO resistance. When the TBS—PBO—POSS
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Figure 5. Relative mass loss of TBS—PBO film and TBS—PBO—-POSS
film when exposed to the AO erosion.

films are exposed to AO effective fluence of 1.5495 x 10* (5 h)
and 4.6486 X 10*° atom cm™ (15 h), the relative mass loss of
TBS—PBO—POSS film is merely 0.19% and 0.41%, respec-
tively. However, the mass of TBS—PBO film is decreased
dramatically from 2.15% to 14.06%. Notably, after 15 h of AO
exposure, the relative mass loss of TBS—PBO—POSS film and
TBS—PBO film was ~2.16 times and 6.54 times as much as
that after S h of AO exposure. The detailed results of the
ground-based simulated experiment are listed in Table 2. It
significantly indicates that the POSS content plays an important
role in anti-AO erosion when TBS—PBO-POSS film is
exposed to AO fluence. As is well-known, the PBO is also
sensitive to a long-time ultraviolet (UV) radiation. If the TBS—
PBO and TBS—PBO—POSS materials are applied in space
environment, the ionizing and UV radiation resistance should

Table 2. AO Erosion Results for TBS—PBO and TBS—
PBO—POSS Films before and after Exposure to § and 15 h
of AO Fluence

AO
AO  fluence (1 relative
erosion x 10%° mass loss
time atom 1 X RMS
samples (h) em2)?  my (mg) m, (mg) 107%) (nm)”
TBS— 0 0 1.314
PBO
S 1.5495 76.817 75.166 2.1493 17.050
15 4.6486 75.102 64.546 14.0562 35.519
TBS— 0 0 2.729
PBO—-
POSS
S 1.5495 67.439 67.309 0.1928 4.608
15 4.6486 69.340 69.054 0.4112 7231

“AO fluence (F) is the total fluence per unit area of thin film during
AO erosion time (t); AO flux (f) is 8.6086 X 10" atom cm™ s, and
F = f x t. "Root-mean-square roughness values is measured by AFM.

be considered. In this ground-based AO exposure measure-
ment, a combined space effect testing facility (CSETF)
equipped with neutral AO beam and vacuum ultraviolet ray
(VUV) source was employed. Consequently, during the AO
exposure process, TBS—PBO and TBS—PBO-POSS films
were also etched by VUV, which was an even more abominable
circumstance than pure UV irradiation. The results mentioned
above suggest that POSS-containing copolymer films also
possess a satisfactory performance under a combination of AO
beam and UV radiation.

To quantificationally investigate the AO resistance of
copolymers, the erosion yield was employed as a relevant
parameter for comparison of AO resistance. The erosion yield
was defined as shown in Equ.1*

E= Am
ApF (1)

where E is the erosion yield (cm® atom™), Am represents the
mass loss (g), A is the exposed area (cm®), p denotes the
sample’s specific gravity (g cm™>), and F is the AO fluence
(atoms cm™). The density of the TBS—PBO film and TBS—
PBO—POSS film was 1.213 and 1.089 g cm™>, the exposure
area of AQO erosion is a circular domain with a diameter of 3.0
cm. The erosion yield of polymer films was calculated, and the
detailed results were listed in Table 3. The erosion yield of
TBS—PBO—POSS film is much lower than that of TBS—PBO
film, suggesting good AO resistance. The low erosion yield was
also observed for the various polyimade-based advanced
materials.””**The erosion yield of TBS—PBO—POSS film
after 15 h of AO erosion was slightly less than that of 5 h.
According to the given formula, when the AO erosion duration
is increased from 5 to 15 h, the parameters p and A are nearly
invariant, while F is increased 3 times. With the increase of AO
fluence, the SiO, frameworks are degraded, and silica-rich
protective layers are generated as denoted as SiO,; the Am is
slowly increased than that of F. So after 15 h of AO exposure,
TBS—PBO—POSS film shows unexpected low erosion yield in
comparison to TBS—PBO film.

2.3. Surface Morphologies of Copolymer Films. The
AO erosion led to etching of materials surface. The field
emission scanning electron microscope (FESEM) and atomic
force microscope (AFM) observations in Figures 6 and 7
described the surface morphology of TBS—PBO and TBS—
PBO—POSS films. Prior to the AO attack, the films are flat and
without defect points such as cavities, cracks, and other erosion
(Figure 6a,d) with a smaller root-mean-square (RMS) value.
However, the Figure 6b,c,e,f shows the appearance of a few
cavities when the films are exposed to the AO flux. The surface
of TBS—PBO film was significantly influenced in comparison to
TBS—PBO—POSS film. Numerous breakdown points were
observed on the surface of TBS—PBO film when the AO
exposure time was 15 h. However, for the TBS—PBO—POSS
film, there were relatively few specks or spots even after 15 h of
AO erosion (4.65 X 10%° atom cm™2). Moreover, all the defect
points were amplified with the extension in AO erosion time.
The surface roughness of the measured samples is increased
gradually with the increase of AO flux. In another word, the
probability of high-energy AO affecting the surface of films is
increased, and AO drastically destroyed the impact sites. These
defect points (cavities or microcracks) served as channels for
the AO to undercut into the polymer matrix and eventually
etch the surfaces.

DOI: 10.1021/acsami.5b05490
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Table 3. Erosion Yield of TBS—PBO and TBS—PBO—POSS Films after Exposure to 5 and 15 h of AO Fluence

sample p(gem™) A (cm?)  AO erosion time (h)
TBS—PBO 1.213 7.069 S
15
TBS—PBO—POSS” 1.089 7.069 S
15

“POSS content was 8.9 wt % in TBS—PBO—POSS film.

F (1 X 10% atom cm™2)

Am (1 X 102 g)  E (1 X 107 cm® atom™)

1.5495 1.651 12.426
4.6486 10.556 26.482
1.5495 0.130 1.089
4.6486 0.286 0.799

Figure 6. FESEM images of (a—c) TBS—PBO films and (d—f) TBS—PBO—POSS films before and after exposure to S and 15 h AO attack,

respectively.

Figure 7. 3D AFM images (10 ym X 10 ym) of (a—c) TBS—PBO films and (d—f) TBS—PBO—POSS films before and after exposure to S and 15 h

of AO attack, respectively.

Figure 7 shows the three-dimensional (3D) AFM images,
where TBS—PBO film becomes dramatically rough and
acquires numerous basinlike folds. In contrast, the surfaces of
TBS—PBO—POSS films gradually display some short cones
with a less extent with an increased AO exposure time. In
general, the surface of TBS—PBO—POSS film was much
smoother than TBS—PBO film after the same AO erosion time.
The RMS value in Table 2 confirms the surface morphologies

and surface structures, which are well in agreement with the
result of FESEM. In the two-dimensional (2D) AFM images in
Figure S4, the AO exposure of 15 h leads to the appearance of a
certain amount of defect points such as cavities and breaking
points on the surface of TBS—PBO film. However, only a few
defect points appear on the surface of TBS—PBO—POSS film

besides some SiO, particle-like structure. The silica-rich layer

DOI: 10.1021/acsami.5b05490
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Figure 8. High-resolution XPS spectra of TBS—PBO films: (a) C 1s, (b) O 1s, (c) Si 2p, and (d) N 1s before and after AO exposure with total AO

fluence of 1.5495 X 10%° (5 h) and 4.6486 X 10?° atom cm™> (15 h).

was ascribed to the generation of SiO, passivation layer during
the AO etch process.”

2.4. X-ray Photoelectron Spectroscopy Analyses of
Copolymer Films. The surface nature and chemical
component of TBS—PBO—POSS films after AO exposure
were investigated via X-ray photoelectron spectroscopy (XPS).
In Figures 8 and 9, the films exhibit carbon, oxygen, silicon, and
nitrogen on the surface, where the atomic concentration is
presented in Table 4. The atomic ratio of TBS—PBO and
TBS—PBO—POSS prior to AO erosion is in correspondence
with the theoretical calculation of polymers. The strong
oxidizing AO could be reacted with the polymer surface
atoms such as carbon, hydrogen, nitrogen, and silicon;
therefore, some of these atoms are transformed to volatile
gases, and the concentration of carbon and nitrogen is
decreased significantly on surface. During the AO exposure
process, the formed silicon dioxide and other oxides generated
were nonvolatile, so the concentration of oxygen and silicon is
increased on surface.

In detail, the XPS spectra of TBS—PBO film before and after
AO exposure are shown in Figure 8. The concentration of
carbon atoms is decreased significantly; however, the
concentration of oxygen atom is increased to some extent
with the increase of AO exposure time. In Figure 8a, the
intensity of peaks at 285.0 eV (C—H, C—C), 286.8 eV (C—-O,
C—N), and 288.3 eV (C=0) is all decreased with the increase
of AO exposure time. In particular, the peaks of C—H or C—C
at 285.0 eV demonstrate that the alkyl groups of TBS—PBO
polymer were predominantly broken by the AO irradiation.***”
Furthermore, the peak at 531.6 ¢V in O 1s, 102.3 eV in Si 2p,
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and 399.0 eV in N 1s was assigned to C=0, Si—0O, N—H, and
N—-C, respectively.”® The relative intensity of peaks and
shoulders were changed slightly when the film was exposed
to AO fluence. It was related to the change in chemical
environment of atoms on surface. When the AO exposure time
is increased from S to 15 h, the atom concentration of TBS—
PBO film is changed significantly. The extension in AO erosion
time results in a decrease in the exposed carbon or nitrogen
atoms and a reduction in the concentration of absorbable AO
fluence with reduced antioxidizing ability.””

For the TBS—PBO—POSS film, the significant difference is
the O 1s signal as shown in Figure 9b. In a long AO erosion
time, the RSiO, 5 at 531.6 eV was oxidized and transformed to
high oxidation state of SiO,. Simultaneously, the shape of the
spectra is also changed with respect to that before AO erosion.
It is confirmed by the relative increase in intensity of SiO, at
532.7 eV, which indicates that the cagelike POSS units with
Si—O—Si frameworks in copolymer are more effective in the
formation of SiO, layer during the AO corrosion. Under the
protection silica layers, the long AO exposure time (15 h) leads
to a significant decrease in the concentration of carbon and
nitrogen atoms to a lower level. Accordingly, the TBS—PBO—
POSS films show excellent anti-AO properties as described
above.

2.5. Thermal Properties of Copolymer Films. Figure 10a
shows the air-atmosphere thermogravimetric analysis (TGA)
curves. For the pure POSS—dihydroxy, the initial sublimation
or decomoposition temperature is 230 °C, which is followed by
an extremely rapid sublimation and thermolytic degradation in
the range of 230—400 °C. Subsequently, the TGA curve forms
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Figure 9. High-resolution XPS spectra of TBS—PBO—POSS films: (a) C 1s, (b) O 1s, (c) Si 2p, and (d) N 1s before and after AO exposure with
total AO fluence 1.5495 X 10%° (5 h) and 4.6486 X 10* atom cm™ (15 h).

Table 4. Surface Atomic Concentrations (%) of TBS—PBO
and TBS—PBO—POSS Films before and after 5 and 15 h of
AO Erosion

AO erosion time  C Is O Is Si 2p N 1Is

samples (h) ©6) (%) (%) (%)

TBS—PBO 0 76.40 11.82 5.83 5.85

N 49.12 29.89 17.16 2.64

15 46.13 31.79 18.93 1.73

TBS—PBO— 0 74.26 13.81 6.97 4.95
POSS

N 59.28 21.47 16.69 217

15 46.52 33.15 19.21 1.03

a platform at 55% in the range of 400—750 °C. For the TBS—
PBO and TBS—PBO—POSS, The intramolecular cyclization at
300 °C leads to the formation of oxazole rings on the main
chain of PBO and PBO-POSS, which provide thermal
resistance in argon atmosphere higher than 350 and 650 °C
as shown in Figure 10b, respectively. Notice that, in argon
atmosphere, the PBO—POSS film exhibited lower thermal
stability than PBO film. However, in an air atmosphere (O,/N,
=20/80, v/v), the PBO—POSS shows almost the same thermal
stability with PBO film. They both start to be thermolytically
degraded from 350 °C and show an extremely rapid
thermolytic degradation in the temperature range of 550—700
°C because of the strong oxidation. In comparison to PBO, the
results demonstrate that the PBO—POSS is more stable in
oxygen-containing atmosphere owing to cagelike Si—O-Si
frameworks.
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In the LEO circumstance, the space effect on materials is very
severe and complex because of the synergistic interaction of
orbital environments such as high-energy radiation particles,
atomic oxygen, micrometeoroids, orbital debris, and ultraviolet
irradiation interacting synergistically, along with thermal
exposure.”’ It was reported that AO fluence in LEO was
from 1 X 10" to ~1 X 10" atom cm™ s, and exposure of 2.0
X 10%° atom cm > was roughly equivalent to 6 months exposure
to AO in an LEO circumstance.”* The polyimide films were
exposed to atomic oxygen in the space environment on the
Materials International Space Station Experiment (MISSE)
platform. The flight experiment was retrieved after 3.9 years.
The samples were exposed to the ram and therefore all
components of the LEO environment, including atomic oxygen
and vacuum ultraviolet light, with the AO fluence of ~8 X 10%!
atom cm™% When the free-standing films of polyimide reach to
a Kapton blanket and are exposed to a sweeping ram (a variety
of incidence angles) in LEO on MISSE-S for ca. one year, the
AO fluence is estimated to be 1.8 X 10?° atom cm™"* So the
duration of materials in LEO environment can be approx-
imately predicted based on AO fluence, although there is no
linear relationship. For these TBS—PBO—POSS copolymers,
the AO exposure of 15 h (4.6486 X 10*° atom cm™2) amounts
to ca. two years in LEO environment.

2.6. Mechanical Properties of Copolymer Films. As is
well-known,** the thorough dispersion of POSS into polymer
matrix could obviously improve mechanical properties of
composites. Therefore, in this study, the mechanical properties
including the Young’s modulus, tensile strength, and ultimate
strain of TBS—PBO—-POSS and TBS—PBO films were
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Figure 10. TGA curves of (a) POSS—dihydroxy, PBO—POSS
copolymer, and PBO at a heating rate of 10 °C min~' under air
flow; (b) POSS—dihydroxy, TBS—PBO polymer, PBO, TBS—PBO—
POSS copolymer, and PBO—POSS at a heating rate of 10 °C min™"
under argon flow.

investigated as listed in Table 5 to observe the influence of AO
exposure.

Table S. Mechanical Properties of TBS—PBO and TBS—
PBO—POSS Films before and after § and 15 h of AO
Exposure

Young’s tensile
AO erosion modulus strength elongation at
samples time (h) (GPa) (MPa) break (%)

TBS—PBO 0 2.72 4.90 0.18

S 1.69 6.24 0.37

15 1.45 8.27 0.57

TBS— 0 8.37 26.77 0.32
PBO—
POSS

S 6.34 36.13 0.57

15 392 15.17 0.38

Figure 11 and Table S show that the tensile strength and
elongation at break of the TBS—PBO films are relatively poor
and improve slightly with the increase in AO erosion time. In
contrast, the TBS—PBO—POSS films exhibit a much better
tensile strength than TBS—PBO films either before or after AO
exposure. The incorporation of cagelike POSS units in
copolymer main chains significantly improves the mechanical
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Figure 11. Selective representation of stress—strain curves of TBS—

PBO films and TBS—PBO—POSS films before and after exposure to 5
and 15 h of AO erosion.

properties. The tensile strength of TBS—PBO film and TBS—
PBO—POSS film prior to AO erosion is 4.90 and 26.77 MPa,
respectively, and the elongation at break also increased from
0.18 to 0.32%, which indicates that the ductility of TBS—PBO—
POSS film is improved due to the introduction of POSS units.
The low elongation at break of TBS—PBO and TBS—PBO—
POSS films is ascribed to the stiff rigid structure of PBO.
However, under the AO exposure, the tensile strength and
elongation at break of TBS—PBO—POSS film are both
increased. The maximum tensile strength and elongation at
break is 36.13 MPa and 0.57%, respectively. The bulky spheroid
and cagelike structure of POSS units may enhance the interval
between the PBO matrix, which resulted in the increase in free
volume of the copolymers.**® The tension stress in TBS—
PBO—POSS film leads to the uniform dispersion of the energy
to cagelike Si—O—Si frameworks. Under the AO exposure, the
regular structure of TBS—PBO—POSS copolymer is further
destroyed, and the poor interaction is helpful to increase the
ductility and toughness of copolymer films to some extent.**

3. CONCLUSIONS

A novel and facile synthetic strategy was established to obtain
soluble and film-forming TBS—PBO—POSS copolymers via
polycondensation reaction of TBS-functionalized monomers.
The TBS—PBO—POSS films exhibited outstanding anti-AO
property because of the incorporation of POSS units with
cagelike structure into the main chain of PBO. When the TBS—
PBO—POSS films were exposed to AO fluences of 1.5495 X
10%° atom cm™ (5 h) and 4.6486 X 10*° atom cm™ (15 h), the
relative mass losses were merely 0.192 and 0.411%, respectively.
Accordingly, the erosion yield is obviously decreased.
Furthermore, the POSS units presented an effective reinforce-
ment toward the matrix, and the ductility for TBS—PBO—
POSS films before and after AO exposure was higher than that
of TBS—PBO films. This study provides an efficient strategy
and important fundamental results for the molecular design of
aromatic heterocyclic polymers possessing excellent processing,
antioxidative, and mechanical properties, which are potential
candidates to endure the aggressive environment encountered
in LEOs.
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4. EXPERIMENTAL SECTION

4.1. Materials. tert-Butyldimethylsilyl chloride (TBS), 4,6-
diaminoresorcinol dihydrochloride (DAR), and terephthaloyl chloride
(TPC) were purchased from TCI Shanghai Chem. Industry Co., Ltd.
(China). 1,3,5,7,9,11-octaisobutyltetracyclo (POSS—dihydroxy) was
purchased from Hybrid Plastics Inc. (USA) and used as received.
Triethylamine (TEA) was purchased from J&K Scientific Ltd. (China)
and purified by distillation over potassium hydroxide. Dichloro-
methane (DCM), N-methylpyrrolidone (NMP), N,N-dimethylforma-
mide (DMF), and silica gel (70—230 mesh) were purchased from Alfa
Aesar (China). TPC was purified by recrystallization from n-hexane,
and the other reagents were used as received without further
purification.

4.2. Synthesis. 4.2.1. Synthesis of 4,6-Di(tert-butyldimethylsily-
lamino)-1,3-di(tert-butyldimethylsiloxy)-benzene (TBS—DAR). DAR
(213 g 10 mmol) and anhydrous DMF (50 mL) under argon
atmosphere were added into a 250 mL anhydrous and anaerobic
Schlenk flask equipped with a magnetic stirring bar and an argon inlet.
tert-Butyldimethylsilyl chloride (15 g, 100 mmol) was dissolved in
anhydrous DMF (50 mL). Subsequently, TBS solution and TEA (27.3
g, 270 mmol) were simultaneously charged dropwise into the above-
mentioned reaction mixture with continuous stirring to form slurry.
The mixture was allowed to react under stirring at ambient
temperature (rt.) for 24 h to produce precipitates. Following the
completion of the reaction, the mixture was filtered and then rinsed
several times with deionized water. The obtained solid was dried at 80
°C for 24 h in a vacuum oven to obtain a cinereous powder (523 g
87.6%). "H NMR (400 MHz, CDCl,, §): 6.28 (1H, Ar—H), 6.24 (1H,
Ar—H), 3.68 (2H, N—H), 0.98 (36H, (CHj)5), 0.24 (24H, Si(CH,),).

4.2.2. Synthesis of POSS—Diacyl Chloride. A dry and argon-flushed
100 mL anaerobic Schlenk flask equipped with a magnetic stirring bar
and an argon inlet was charged with TPC (2.51 g, 12.36 mmol) and
anhydrous DCM (20 mL). POSS—dihydroxy (5.0 g, 5.61 mmol) was
dissolved in 20 mL of anhydrous DCM. Subsequently, POSS-
containing solution and TEA (1.25 g 12.36 mmol) were
simultaneously added dropwise into the reaction vessel under stirring
in an ice—water bath. The mixture was stirred at r.t. for 24 h. The
crude product was passed through a silica gel column with
dichloromethane as eluent, and the fractions were rotary-evaporated
to obtain white fatty solids (5.63 g, 82%). 'H NMR (400 MHz,
CDCl,, 5): 8.26 (4H, Ar—H), 7.83 (4H, Ar—H), 1.92 (8H, C—H),
0.98 (48H,(CH,;),), 0.66 (16H, CH,).

4.2.3. Synthesis of TBS—PBO—POSS Copolymers. The polymer-
ization was performed in an argon-filled Schlenk tube by the following
general procedure: TBS—DAR (0.597 g, 1.0 mmol) was dissolved in
NMP (2 mL) and then cooled to 0 °C, following which POSS—diacyl
chloride (0.1225 g, 0.1 mmol) and TPC (0.183 g, 0.9 mmol) were
added. The solution became moderately viscous and was stirred at r.t.
for 48 h. After the completion of the reaction, the solution was added
into 200 mL of deionized water to produce a precipitate, which was
filtered and rinsed several times with water. The obtained solid was
dried at 80 °C for 24 h in a vacuum oven that afforded a brown
powder (0.47 g, 78%). The molar ratio of monomers was 1:0.1:0.9,
and the synthetic copolymer was denoted as TBS—PBO—POSS. In
this study, we mainly focused on two types of polymers for the
comparison purposes. The other polymer (TBS—PBO) was prepared
in accordance with the above-mentioned method, and the polymer-
ization conditions are listed in Table 1.

4.2.4. Fabrication of Free-Standing Copolymer Films. The
solution of synthesized TBS—PBO—POSS (100 mg) or TBS—PBO
(100 mg) in DMF (2 mL) filtered through a filter with a diameter of
0.22 pm was casted on a dust-free glass plate and immediately placed
in an air-circulation oven at 80 °C for 4 h, respectively. An amber and
visibly tough film was formed. The film was peeled off the glass
substrate by immersing the substrate in deionized water. The residual
organic solvent and water were removed at 80 °C for 12 h in a vacuum
oven, and the round films with diameters of 3.0 cm were sealed for
measurement and testing.

4.3. Characterization. Fourier transform infrared spectroscopy
(FTIR) measurement was performed using a Nicolet iS10 IR
spectrometer. FTIR spectrometer was operated at r.t. in the range of
4000—500 cm™" with a resolution of 2 cm™' and 16 scans. Powder
samples were prepared by dispersing the samples in KBr and
compressing the mixture to form disks. Nuclear magnetic resonance
(NMR) spectra were recorded in CDCly with tetramethylsilane
(TMS) as internal standard for '"H NMR and *C NMR, using a
Bruker Avance 400 spectrometer (400 MHz, Bruker BioSpin,
Switzerland). 2°Si NMR spectra were recorded on a Bruker Avance
500 spectrometer (Bruker BioSpin, Switzerland) operating at 50.7
MHz in CDCl;. Chemical shifts are referenced to TMS. Intrinsic
viscosity measurement was performed on an Ostwald viscometer with
the capillary inner diameter of 6 mm.

Field emission scanning electron microscopy (FESEM) analysis was
performed using a ZEISS SUPRA SS Instrument (Carl Zeiss Jena,
Germany). The sample was sputtered with a thin layer of gold (1 to 2
mm) prior to each measurement. Atomic force microscopy (AFM)
analysis and RMS roughness values were obtained using an SPI3800-
SPA-400 (Japan, NSK Ltd.) scanning force microscope in tapping
mode equipped with Olympus cantilevers (spring constant is 1.6 N
m™") under ambient conditions.

X-ray photoelectron spectroscopy (XPS) measurement was
conducted using a Ka spectrometer (Axis Ultra, Kratos Analytical
Ltd, UK., and the core level spectra were measured using a
monochromatic Al Ka X-ray source (hv = 1486.7 eV). The analyzer
was operated at 23.5 €V pass energy, and the analyzed area was 200—
800 ym in diameter. The lowest energy resolution was 0.48 eV (Ag
3d;/,). Binding energies were referenced to the adventitious
hydrocarbon C 1s line at 285.0 eV, and the curve fitting of the XPS
spectra was performed using the least-squares method. Thermogravi-
metric analysis (TGA) was performed using a thermoanalyzer STA
449 F3 (Netzsch Group, Germany) in a temperature range of 40—
1200 °C, with a heating rate of 10 K min™' in an argon or air
atmosphere (a gas flow of 50 mL min~'). Stress—strain curve was
measured using Instron OP336—43 instrument (Instron Corporation,
US) at r.t. with a crosshead speed of S mm min™".

The ground-based simulated AO exposure experiment was
performed with a combined space effect testing facility (CSETF)
equipped with neutral AO beam and vacuum ultraviolet ray (VUV)
source.'*”*” Atomic oxygen was emitted by a microwave electron
cyclotron resonance (ECR) with a dominating section for the ECR-
AB200 plasma AO production instrument. The ECR oxygen neutral
beam source was operated at 3 kV and 55 mA to emit the microwaves,
and the oxygen molecules were dissociated and ionized into the
oxygen plasma. The oxygen plasma mainly includes neutral O atoms,
electrons, O,", O, and molecular oxygen (ionic component <0.1%).
The mole fraction of atomic oxygen in the beam was above 90%. The
AO flux in the system was finally calibrated to be 8.6086 X 10" atom
cm™ s7. The translational energy of AO was 3.0—10.0 eV. The
neutral AO beam had a peak energy of ~7 eV, with a full width at half-
maximum in the distribution of +3 eV. The AO equivalent fluence
measurement was calibrated based on 50 pm thick Kapton H film
(DuPont, Inc.) mass loss, assuming an erosion yield of 3.0 X 1072* cm?
atom™. The mass loss of test films was determined by using an
analytical balance (HEG42—120200—7), which was a combined device
for ECR-AB200 plasma atomic oxygen production instrument with an
accuracy of +1 ug.*® All the polymer films were kept in a vacuum oven
at 80 °C for 12 h to ensure the complete removal of water and residual
solvents prior to the measurement.
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